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INTRODUCTION

rom the earliest times

when men could recount
the past, the tales which the
PO S san% included those
elling of heroes and mIPht
warriors. The storiesreflected
asimple"worldinwhich
enemies were overthrown
the manly virtues of strength,
courage andforce of arms.
The poets were less kind to
those who sought to achieve
their end by trickery or
stealth; Homer's"wily
Odysseus' islessfavourably
depicted than vaiant warriors
such as Hector and Achilles.

In dl these stories,
deception and stealth are seen
as evil or ill-intentioned,
an opinion widely held in
many societies. Throughout
history, armieshavenot
hesitated to execute enemies
found guilty of wearing false
colours, whilein mediaeva
Japan the black-robed ninja
wasmuchfeared.

With the arrival in the 1930s
and early 1940s of the cinema
SNashbuckllrég heroes,
deception suddenly became
innocent sub-plot, asErrol
Flynn's Robin Hood and his
Merry Men dressed as simple
peasants in order to sneak
Into Nottingham. Such
innocence was not to last.
Wartime commandos,
saboteurs, special forcesand
fifth columnists soon restored
deception to itstraditional
role. In Tolkien's saga of elves
and hohbits, the power of
invighility is given not by
Gandalfs benevolent magic
but by an evil ring of power. In
the"Star Trek" TV series, it's
the Klingons who equip their

ace vessels with invisibility-

rouding "cloaking devices'.
Such trickery is beneath the
honour of the stedly-jawed
crew of the Starship
Enterprise. Concealment by
shape-(;han%l ng reached its
dramatic but gory cinematic
climax in John Carpenter's
1982 movie"The Thing", a
remake of the earlier black-
and-white classc directed by
Howard Hawks.

Yet inthe late 1970s, the
concept of stealth and
deception suddenly became
respectable. Within the
aviationcommunity, rumours
began to circulate of anew
and highly-secret technol ogy
which would make aircraft
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and missles near-invisibleto
radar systems.

The Washington-based
magazine Aviation Week and
Fpace Technology was once
described by an éx-astronaut
ashbeing"...to airplane and

people what Rollin

onelIsto rock musicians'.

Around the aerospace
industry, it issometimes
knownas'Aviation Leak"
because of itslong record of
being first into print with
sengitive items of aviation
news. (In 1947 it published the
first news of Chuck Y eager's
then-classified pioneering
supersonicflight.)

LEAKS

For a@rosevace professionals,
Aviation Week is essential
reading. For anyone

attempting to téll the story of
stealth tec! noIogP/, itisan
essential source. Its name will
appear again and again
throughout this book.

Inthe struggle for opinion
and support among the key
members t)?f the defence
community, aerospace
industry éxecutives, Pentagon
"topbrass’, USpoaliticiansand
the inevitable consultants and
anaydts, the US miilitary often
turn to the magazine as an
ideal vehiclefor judiciously-
timed leaks. In ust such
an operation seemed to be
under way, as stories of stealth
appeared in its pages and in
several US newspapers, lifting
the vell on the new ]
technology. Following a series

.......

Above: Presdent Carter
inspectsaSACB-52.1n1977
he decided to re-equip these
old bomberswith air-
launched cruise missiles.

of stealth-technology stories
in Aviation Week, President
Carter and US Defense
Secretary Harold Brown
finally confirmed that radar-
invisible stealth aircraft had
been test flown but ordered a
security clampdown on the
entiretopic.

Itissimple to declare a
brand-new technology secret
but -when the secret consists
Iar%ely of ablend of existing
technologiesitismore
difficult. Such isthe case with
stealth. For three years
following these earIP/
revelations, very little useful
information on stealth was

ublished. Behind the scenes

owever, the new technology
was creeping out of the closét.
e death tecmaldy first
idess, echnol ir
appeared in theworlc(j)%)]£
nature. The simplest stealth
technigueisthat of
camouflage. Any child will be
able to lig examples from the
animal world such as the
polar bear's white fur, the
gtick insect's ability to mimic
atwig and the colour-
changing capabilities of the
chameleon.

Other examples of "low
observable technology" can
be found in nature. Many
large marine predators such
as killer whales, sperm
whales, dolphins and
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Below: Until theunveilingof  blending and extensveuse of  Above: When first released, porpoises, searchfor their
theF-117A latein 1988, most RAM. Thankstotight ) this Testor/Italeri kit of the prey by means of aform of
analygspredicted that the security, the concept of usng " F-19" wasseen by some soniar. They emit beams of
aircraft would rely on faceting asameansof RCS observers as a potential sound waves and measure
rounding, wing/body reduction remained secr et. breach of security. how long the echo takesto

returnfrom "targets'. To cope
with this threat, some fish and
cephalopods, such as squid
and octopuses, have evolved
"stedth” defences. The bodies
of some fish and squid are
poor reflectors of the -whale's
sonar waves, theresult of

their not having an air-filled
swim bladder (a good sonar
target) for depth control. One
scientist has even speculated
that the mucus on their skin
may be a sound absorber, a
natural protatypefor the
radar-absorbing materials
(RAMS) carried by stedlth
arcraft.

CLASSFICATION

Much the same concepts lay
behind the new and secret
stedth technol - avoid
radar-reflective structura
features and absorb the
incoming energy - but they
were shrouded 1n secrecy.
Since the mid-1970s, dl hew
work on scattering, shaping
and RAMs had been highly
classified (some observers
would argue excessively 0).
Despite this, a substanti
amount of information
remained in the public
domain. Enginegrsand
scientists working in the field
could hardly be éxpected to
surrender their filesand
persond libraries for security
Vetting, or to de-programme
their brains.
~ Giventhe amount of _
information in the public
engine exhausts are not domain, it wasinevitable that
too unlike those actually stealth would begin to creep
used by Lockheed. out of the closat. Tn 1982,

Right: Inward canted tail
fins, plus 'Venetian
blind" exhausts were
seen as likely "F-19"
features. In practice, the
F-117A tail surfaces were
tilted outwards (an
equally effective low-
RCS shape), butthese

n



Above: Taken by aground-

based photographer, this
unauthorised picture of the
F-117Arevealedthetrue
leading edge angle of the
air cr aft' shighly-swept wing.

Professor AllenE. Funsof the
USNaval Postgraduate School
began to lecture onthe
subject of radar cross-section
(RCS) while onasabbatical to
NASA's Ames Research
Center. A short course on the
subject wasintroduced at
Geor%;i aTechinJanuary of
the following yesr.

STEALTH MODELS

in agpecid dectronics
supplement published in
September 1984 by the
journal International Defense
Review my former Flight
colleague Bill Sweetman
pushed back theboundsof
what was in the public domain
in asx-page article smply
entitled"Stedith”. He
returned to the subject again
in 1985 with athree-page
article, "TheVanishing Air
Force', inthe August Issue of
International Defense Review
and again on "Sedth" inthe
pages of the November
edition of Interavia.

By thispoint, Bill was
rapidly becoming aone-man
gedth industry whose
detective work was not aways
appreciated by those

©

Right: The B-2 was assembled
at Palmdale, so could not be
kept under wraps
indefinitely. Even so, guests
at therollout wereallowed
only a frontal view.

attempting to keep stedth
technology under wraps.
Eehi nd the scenes, rr]1ovwever,

e was preparing the
manuscript of an entire book
onthe subject.

Beforeit saw print, two
textbooks on the subject
appeared. Professor Fuhs's
RCS lectures were printed in
1985 by the American
Institute of Aeronauticsand
Astronauticsin avolume soon
dubbed "The No-See-Um
Book", whilethe Georgia
Tech courseresulted in
EugeneF. Rnott, John F
ShaefferandMichae T. Tuley
publishing their massive
textbook Radar Cross Section:
itsprediction, measurement
and reduction.

These were both highly
theoretical treatments of the
subject, but 1986 saw the
appearance of apopular
account in the form of Bill
Sweetman's Sealth Aircraft -
secrets of future empower.
Stealth technology had "come
in from the cold".

InJuly 1986 toy stores
around the USA beganto sl
apladtic congtruction kit
which claimed to depict the
Lockheed"F19' stedlth

fighter. 'Attention al foreign
soies’, announced the 26 July
editionof TheWashington
Post, "if youwant to know
what the Air Force's
supersecret stealth fighter jet
lookslike, try your locdl toy
gore". The $9.95 model wasa
product of the Testor
Corporation of Rockford,
[llinois Within afew weeksit
had registered orders of
around 100,000.

Following the release of the
Testor model, aPentagon
official told Congressthat it
was inaccurate and that any
aircraft built to that shape
would crash. Model designer
John Andrews retaliated
claming that the moddl was
"80 per cent accurate" and
that more than 100 copies had
been sold by amodel shop
close to the Lockheed plant
wherethered aircraft was
being built.

FIRST LOOK

Testor national field sdles.
manager, Steve Kass, denied
that classfiedinformationhad
been used to design the model.
"Everything we got, you can get
out of any library™, he explained
to a Washington Post reporter.
The model revealed no
informationwhich haven't
aready been published in trade
journals, heclaimed. Inpractice,
the model's rounded shape bore
little resemblance to that of the
till-classified F117A. Indeed
there has been speculation that
its configuration, and the
similarly rounded shapes shown
inotherunofficial artist's
impressions of the US stedlth
fighter weretheresult of a
successful US "disinformation”
campaign.

By late 1983, thevell of
secrecy had to be relaxed. Asthe

e




first edition of thisbook was
being written, theUS
Department of Defensefindly
released thefirst photograph of
the F117A sedth fighter, while
the roll-out of the first Northrop
B-2 reveded the shape of the
USAFs second stedlthy combat
arcraft. Herewerethefirst
aircraftdesignedspecificalyto
operatein theradar equivaent
of Talkien's"land of darkness,
wheretheshadowsfie".

Inthe yearsthat followed, two
other USgtedth aircraft wereto
beunveiled - the Lockheed
Have Blue technol
demonstrator which had
preceded the F117A, and the
Northrop Tacit Bluetechnology
demonstrator for aproposed
Sedthy radar-survelllance
aircraft. The F117A wasto make
its operationa debut over
Panamain 1989, andwasto goto
war inthe skiesof Iraqin 191 In

thepreviousyear, L ockheed and

Northrop had rolled out their
respective Adv

Technology Fighter (ATF)
technology demonstratorsfor a
combat aircraft whichwould
combinethe manoeuvrability of
the F-15 with the stedlth of the
F117A.

Stedlth had now come out
from under its cloak of secrecy.
Asthe number of books onthe
subject increased, aerospace
companies beganto talk about
the subject, and at the 1991 Paris
Air Show, Lockheed evenhelda
Eaef?sAconfermce topublicisethe

In the 1920s and 19305 the
nations of Western Europe were
apprehensive about the threat
posed by the primitive but near-
unstoppable piston-engined
bombersof theday. Withinafew
¥ears, radar wasto give the

ighter an over the
medium-and high-altitude
bomber.

At first sight it might seem
that stedlth technology has
simply restored the statusquo
but, in practice, the Stuationis
more complex. Appliedto
bombers, fighters and even
missles stedth is completely
rewriting the book of ar combat
operations and tactics.

In Bram Stoker's gothic
classcDracula, vampirehunter
Professor VanHelsing
describesthe difficultieswhich
his party will experiencein
their attemptsto locate and
destroy the evil Count. "He can,
within limitations, appear at
will, where and when, and in
any of theformswhich areto
him... he can grow and become
andl; and at times he can
vanish and come unknown.
How then areweto begin our
gtrifeto destroy him?' Itisa
good description of the
problems faced by would-be
vampire hunters but is almost

INTRODUCTION

equally applicable to the
problemsfaced by future air
defences which must cope with
arange of stedthy attackers.
Yetthetaskisnot an
impossible one. The sight of
Yugodavian civilians dancing
triumphantly on the wreckage
of an F117A in late March 1999
showed that stedth aircraft are
not invulnerable, although the
exact circumstances under
whichthe aircraft was shot
downremainclassified.
Thisbook will describe
the underlying principles of
stealth technology, give the
history of the programmes
which have used it, and look
towards the future to report
on the next generation of
sedthy aircraft. It will dso
examine the technologies
which help the stealth aircraft
fulfil its mission, and those
needed in order to detect and
track them.




DECEIVING
THE EYE

hen the first militar
V V aircraft werefielded,
little thought was given to
colour schemes which might
help reduce detection. The
fact that they flew at dl
seemed more than adequate.
Like their civil counterparts,
military aircraft had no paint
finish to speak of but were a
pale yellow, the result of
plyi ngfabrl c-tautening
ope and protective varnish to
the linen or cotton covering.
“Some work on reducing
visibility had been done prior
to the war. This had not been
done by the application of
deceptive colouring but
rather by the even more
obvious approach of trying to
make the aircraft near-
invisible by covering its
wooden framework not with
doped fabric but with a
transparent skin. It may
surprise those working with
today'shighly-classified
stealth aircraft to learn that
thefirst attemptsto build
aircraft of thistype date back
to the era of their great-

grandparents. g 22 Yava M Sy L
In the United States Below: USFirst WorldWar wings of an aircraft were was to give aircrew a better
War Department carried out air aceEddieRickentaacker manufactured with what a view of the ground. )
experiments intended to oses alongside his French- contemporary newspaper In 1914 the magazine Flight
assessthefeasibility of uilt Spad fighter. Although ~ account described as "a reported similar experiments.
building an aircraft which mor e complex than the material of a semi-transparent  "Only theframework isdimly
would be invisible to the contem#)orary British nature, composed partly of visble, and this and the
naked eye when flgl ng at an camouflage scheme shown cdluloid”. Other trials outline of the motor and the
atitude of 1,000ft (300m). In above, the colour finish on involved the use of the same  pilot and pas@enigers_ resent
an attempt to meet what by theaircraft wasprobablyno  material in the o so small anareafor ritle or
any standards must be seen as moreeffectiveasan "understmcture” of airships. gunfire, that at the rate of
an impossible target, the antidetection measure. A secondary goa of the work eed at which aeroplanes are

flown today, accurate aiming
at such surtraces becomes
nearly impossible."

CAMOUFLAGE

British troops had adopted
khaki uniforms as aresult of
casualtiesto long-rangerifle
fire in the South African wars,
so this colour was the |ogical
choice for an aircraft finish.
When the state-owned Royal
Aircraft Factory (forerunner of
the Royal Aerospace
Establishment) developed a
pigmented compound )
intended to protect the fabric
covering of aircraft from the
adverseeffectsof strong
sunlight, the colour chosenfor
the resulting Protective
Covering (PC) No. 10 wasof
the khaki type. The exact
shade used is a matter of some
debate, involving fading
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Right: RAF Handley P
Hampdenintypical early
WWI1 bomber camouﬂge.
Thewhiteringisomitt
fromthewingroundels.

Below: Thisreplica of the late
WW!1 Sopwith Snipehasonly
nominal camouflage, heavily

compromised by roundels
andwhitelettering.

Below: Thewinning side can
ignore camouflagerules. The
bold insignia.on thisBf 109E
spoil theeffect of the linter
greenfinish.

Bottom: For abrief period
prior tothe United States
entry into WWI1, traditional
tail Sripeswereretained
despitethe new olive drab.

memoriesandfaded paint
samples, and seemsto have
ranged from agreeni sh khaki
to what can best be described
as chocolate brown.

French aircraft started the
First World War without
c_amouflage._EarIK Nieuport
fighters carried the com
standard silver-grey fini
example. A nominaly
"standard" French
camouflage scheme wes later
adopted, a digtinctive finish
made up of green and two or
even three shades of brown.
This was often retained by
French built aircraft taken
into Roya Flying Corpsor US
Army sarvicé, Describing the

XIIl Cl ina1960s
monograph, CF. Andrews
summed up the French
atitude to camouflage: "The
variations of French )
camouflage patterns during
1917 and have been
somewhat obscure”.

‘The Germanstook a_
different approach. Initia
experiments involved
aPpIylng two or three shades
of colour to the aircraft by

'S
, f())/r

Early WWII German Colours

HNG THEEYE

means of paints or distempers
but this was soon superseded
by a schemeinwhich
camouflagecolouringwas
printed on the fabric used to
cover theaircraft. This
approach alowed the use of
camouflage patternstoo
complex to be cost-effectively
led by hand. The pattern
chosen was a complicated
one, adense network of
hexagons in four or five
colours, and there is no
evidence that this "lozenge
fabric" was any more
effective than the RFC's
single-colour PC No. 10.

NIGHT COLOURS

Bomber units operating b
night adopted specidi

colour schemes, Black seemed
the obvious choice for an
aircraft intended to operate
under the concealment of
darkness, but nobody seems
to have redised that'to be
effective such afinish must be
matt so that reflectionsfrom
searchlight beams be
minimised. So disappointing

weretheresults of testson.
black aircraft that few service
machineswere painted inthis
manner. ThehugeHandley
age 0/400 - atwin-engined
biplane of 100ft (30.5m)
wingspan developed to meet
Commodore Murray Sueter's
requirement for a"bloody
paralyzer of an aeroplane” -
wasfinished overal in PC No.
10compound.,

A better paint finish for _
night operations emerged in
early ] Developedé/the
Experimental Station
Orford Ness, Suffolk, the
grey-green varnish known as

Nivo" was optimised for use
on moonlit nights and had a
surface sheen intended to
match that of open water. It
wastoolatefor largescde
wartime use.

Withthe arrival of peace,
camouflagewas soon
abandoned by most squadrons
infavour of brighter colours.
The inter-war years were to
prove the zenith in the art of
aircraft decoration and
nowhere was this more true
thaninBritain'sRoyal Air
Force S:RAF), successor to the
Roya Hying Corps. A |
generation of pilotsservingin
what they sometimestermed
"the best flying clubinthe
world" flew s ver-dpﬁeo!
biplanes adorned with highly-
conspicuous squadron
markings. Inthe United States,
the Army_ Air Corps preferred
toleaveaircraftintheir
natural finish but added
bri ghtly-col oured tai| stripes
andsquadroninsignia

TONING DOWN

By the mid 1930s Britain faced
thegrowing air strength of a
reborn German Luftwaffe,
whichwould soonre-equip
withmodernmonoplane
fighters and bombers. As the
likelihood of war increased,
bright colours gave way to

drab low-vighbility schémes.

15



Reconnaissance Spitfires

Top: As WWII progressed, the
Royal Air Force developed
special low-visibility =~
schemes. Thisrecce Spitfire
sportsabluefinish.

Camouflagewasre-
introduced. Thebasic RAF
scheme involved upper
surfaces painted in two
colours - dark ?reen and
dark earth, applied in large
areas with curving outlines.

Atthe sametime, theRAF's
night bomber units bade
farewell to "Nivo". Tests had
shown that the varnish's
surface sheen reflected too
much light if the aircraft were
illuminated by asearth_lg#t.
Upper surfaceswerefinished
in dark green and dark earth,
while the undersides received
amatt black known asRDM2.
The low-visibility roundel was
retained, however, and aso
applied to thewings of
camouflagedaircraftwhich
operated mainly by day.

Other nations similarl
toned down their aircraft. The
United States opted for olive
drab upper surfaces and sides
and grey or azure undersides.
The US Navy's pale grey or
even bare metal gave way to
finishes based on blue or grey.
A typical scheme had upper
surfacesin non-specul ar
blue/grey and under surfaces
in non-specul ar light grey.

For much of the war, the
Luftwaffe used a distinctive
two-tone"splinter” colour
schemefor the upper surfaces
of itsaircraft. Thisused two
shades of green - dark green
(dunkelgrun) and avery dark
green (schwarzgrun) applied
In large patches with angular
outlines. Undersides were
painted in light blue

helMau).

As the war progressed,
camouflagefinishesonboth
sides were improved and new
schemes devised to suit
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Above: A pink colour was
alsofound to be effective at
high altitude, helping to
match theair craft with the
sky background.

various specialised roles or

eographical regions. In the

K, thebasic"Temperate
Land" dark green/dark earth
finish was atered in 1941 with
sea grey replacing dark earth.
This basic tinish was
supplemented by a
combination of dark date grey
and extra dark sea grey
("Temperate Sed") better
suited to the over -water role,
while aircraft assigned to the
North African campaign and
the Middle East were finished
in a combination of dark
earth and middle stone
("Middle East"). o
Undersurfaces were finished
in grey or blue, depending on
the eograp_hlcal areain

e a

which t rcraft was
operating. .
RAF night bombers retained

their dark green/dark earth
upper surfaces but the matt

black area was extended
initially over the entire lower
half of the aircraft then to all
but the upper surfacesin
1941 From1943 onwards,
Coastal Command aircraft
were finished in white, except
for the upper surfaceswhich
were dark date grey/extra
dark sea grey.

NEW COLOURS

The most novel colours were
those applied to high-altitude

hoto-reconnaissanceaircraft.

hese were finished ina
single colour overall, varying
from several shades of blue to
gnk. nghtﬂghters of the

AF and USAAF were dso
painted black overall.

The US Army Air Force
entered the war using its olive

Above: Red outer wings and
largered starsmake
nonsense of the white winter
camouflage applied to these
Soviet MiG-3fighters.

Right: This 1918 photo of the
Royal Navy battleship
Revenge showsthe
disruptive" dazzle"
camouflage scheme.




drab paint scheme, dbeit
without the brightly-coloured
unit inggnia and tail marking
of thepre-war era. Tail stripes
had been deleted from
camouflaged aircraft in 1940.
It was to retain this scheme
until 1944, _

The bright colours ap#hed
to some areas of Luftwaffe
aircraft dowly disappeared
and new paint schemes
attempted to reduce the
vighility of aircraft. For day
operationsthehelblau
undersi deswerefrequenet(ljy
retained but often merg
gradudly into the green
upper surfaces,

-Bombers assigned to the
night-time blitzagaing the UK

often carriedhasti fY
improvised camouflage. On
the undersides, black replaced

German Nightf ighter Colours

Above: Paingaking research
resulted in the bizarre
mottled blue/gr% paint
scheme used on WWII
Luftwaffe night fighters.

Below: AsUSAAF grength
roe and that of the Luftwaffe
faded, US fighters and
bombers flew combat
missionsin metal finish.

the traditiona hellblau and
was often carried up over the
fuselagesides. In somecases,
thefuselage crosseswere
toned down or even painted
out completely.

New camouflage colours
were devised to match the
aircrafttotheir theatre of
operation. FortheNorth
Africancampaign, asand
brown colour with a digtinctly
pinkish cast was used on
upper surfaces. This worked
well over the desert but, on
aircraft operating in areas
where scrub was common,
thisbasic colour was often
overlaid with aress of dark
]green. These varied in Sze

rom large sections of the
aircraft downto small patches.
Given the right
circumstances, the effect of
the latter was to make the
aircraft near-invisble when
seen from above.

WINTER COATS

Winter operations on the
Russianfront again demanded
acustom paintjob - in this
case dll-white upper surfaces
intended to reduce vishility
over a snow-covered

land . Asthe spring saw
areas of greenbreaking .
throughthe snow andice, itis
hardly surprising that many
white-finished aircraft sported
green aPatc_ha A non-dryin
tglypt paint was develg

0 ad the application and

DECEIVING THEEYE

removal of suchtemporary
colour finishes.

For early night fighter
operations,” the  Luftwaffe
adopted an al-black finish
smilar to that used on Allied
night fighters. So obviousdid
the virtues of black colouring
seem that throughout the war
the RAF and US Army Air
Force never fielded a )
successor, Giventhe EI‘OV\{I n%
magnitude of the RAFs nigh
bomber campaign against
German cities, the Luftwaffe
could not be so complacent
and had to launch aresearch
p_r(_)g_ramme_ totestlow-
vighility paint schemes for
night use.

dne suspects that much to
their surprise, they foundthat
theidedl finishwasvery far
from the traditional black.
Tedts showed that the night

over Western Europe ill

contained sufficient I_|% tto
silhouetteabl ack-painted
bomber when seen from the
sde or below. Asthetests
proceeded, lighter shades
replaced black until aircraft
wereflyinginanodd-looking
scheme or overal pdeblue
with mottled grey. Thiswas
soon widely applied to
nocturnal hunters such as the
Ju 88 and He 219.

DAZZLE SCHEMES

At best, these traditiona
camouf|age schemes could
only delay visual detection. A
moresub Ieaﬁproagh involves
applying markingsintended
to déceivethe eyeinto .
wr(_)ngI%_lder]tl Q/I ngwhat itis
seaing. Thefirst military
application of the concépt had
been during the First World
War when Royal Navy
warships sported what

e known as "dazzle"
camouflage. Thistook the
form of large jagged panels of
bold colouring and was
intended to break up the
vesd's visud outline. It could
dso hdp create afalse

ive. Painted-on bow

waves could completethe
illusion, seenthougha .
submarineperiscope,giving
the attacking U-boat afalse
idea of the warship'strue
course and speed. The idea
wastaken to its extremein
the Second WorldWar when
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the Japanese aircraft carrier Above: For almost a decade, Below: LikeBritain and the the thermal effects of nuclear

Zuiho had its flight deck USNF-14 Tomcatsreliedona  Soviet Union, France explosions. With the US Navy
painted to represent a light basic grey and white finish, operated its first-generation operating aircraft from its
cruiser. and carried brightly-coloured ach 2war planesinnatural  carriersin bright paint

With the end of the Second  unit insignia. metal finish. schemes reminiscent of the
World War, camouflage was inter-war ?/ears, the concept
once more abandoned, with of camouflage seemed to be

most air forces flying in
natural metal finish. Navies
stayed with camouflagefor
their carrier-based aircraft.
Britain's Fleet Air Arm settled
for medium blue upper
surfaces, whilethe USN
adopted light greys.

nearly forgotten.

Two factors restored the
need for visual stealthinthe
1970s One was the downing
of Gary Powerss L ockheed
U-2 spyplane over Soviet
territory on 1 April 1960 and
the othér was the outbreak of
the Vietnam War.

POSTWAR Early Vietnam War
operations were flown by

In 1955 the USN threw

caution to the wind, adopting v

upper surfaces of non-

specular light gull grey and
lower surfacestinishedin
]glossy insignia white which

ormed thebackgroundfor
brightly-colouredunit
markings reminiscent of the
1920s and 1930s.

With the escalating Cold
War, the UK re-adopied
camouflagein 1947. Fighters
once more sported gr% and
green upper surfaces. The
new Canberra light bombers
started lifein with Erey
upper surfaces and blac
under sides. Soviet aircraft
operating in North Korea
followed suit, theresult of
Allied air superiority.

For the main part, the USA
and Soviet Union stayed with
natural metal for bothfighters
and bombers. Thiswas a
particularly good choice for
supersonic arrcraft since it
reduced drag and posed no
abrasion problems. In the late
19505, the RAF fielded the
Lightning in natural metal but
thelong-range V-bombers
carried an all-white anti-flash
finish designed to minimise
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Above; TheVietnam War
saw USre-adopt camouflage,
but the schemes used weré
little improved over those of
two decadesearlier.

uncamouflaged aircraft, but
the growing threat posed b
the North Vietnamese fighter
force resulted in the re-
introduction of camouflage.
Upﬁer surfacesof USAF
fighters and fighter-bombers
were given a three-tone
treatment of Forest Green,
Medium Greenand Tan
Brown, whiletheundersides
were finished in the much
lighter Very Pde Grey.
uring the war, the USAF

radud]y reduced the size of

e nationa insignia applied
to its aircraft, the final version
being only 15in (38cm) high.

—

Left: AstheeRAF Harrier
GR3sshow, theartof
applying temporary winter
camouflage schemes is il
very much alive.

Another change applied to
some aircraft [ater in the war,
intended to reduce the
demarcation between the
inggnia and the camouflage
scheme, was the deletion 0
the blue outline from the
"wmﬁs' of the indgnia

Other nations followed the
USlead in reedoptlng
camouflage. Several broad
patterns emerged, setting the
style for many of today's
colour schemies.

GREY AND GREEN

Camouflage finishes were not
aways the result of careful
research or study. When the
Indian Air Force hastily
camouflaged its fighter force
during the December 1981
war with Pakistan,
considerable "artist's licence”
seems to have been granted to
those who wielded the paint
brushes. Great variationsin

Above; The "air superiority
blug' finish used on
prototypeand early-
production F-15 Eagles
proved unsuccessful.

int_eéﬁreti ng the new standard
finish were displayed by the
men who worked on
individual aircraft, or evenon
different partsof thesame
aircraft. Some aircraft sported
two-tone dark green and
grey/green for example, while
others displayed afinish
reminiscent of the 1940s
Luftwaffe  “"mirror"
camouflage. _
When the F15 Eagle first
entered service in the mid-
1970s it wasfinished dl over
inai r-sm;P_erlprlty blue.
National insigniawere small
in Sze and had no border. It
was short lived. The skies may
be blue over Texas but grey i$
closer to thenormal in
Western Europe. Paeblue
gave way to the grey-based
Compass Ghost™ finish. This
uses two different tones of
Erey in an arrangement.
nown as " counter-shading” in
which the lighter toneis
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applied to the parts of the
arcraft likely to bein shadow.
. The year 1983 saw the .
introductionof low-visibility
markin sfgrjttrp]e LIJSN Overdl

rey replaced the long-
&%’ufﬁm_ ull grey and
insignia white, while national
and unit insignia shrank in
size and were applied in a
medium grey only.

In 1979thé RAF tested an
aternative to its then-current
dark green and grey with
light grey undersides. This
took theform of an al-gr
scheme retaining standard-
sized national and sguadron
markings. Radomes remained
black. This period aso saw
the introduction of the pale
brown "hemp" finish onlarger
aircraft such asthe Nimrod,
Victor and C-130 Hercules.
Thelatest RAF scheme sees
tactical fighters given an dl-
greenfinish. Thiswasfirst
Seen on the Harrier GR5
(British version of the AV-8B
and BAe's second Hawk 2
prototypesingle-seater.

Reséarch into multicol oured
camouflage continued. During
br\}eJAWS(éomt )Atttg]ck i

on System) trials of the
A-%pm 15%/7 the Second
World War Luftwaffe concept
of temporary finishes was
taken to its Togical extreme.
Aircraft were regularly
repainted to match the

Right: This mottled
camouflage was just one of
thosetested on the A-10
during the 1977 Joint Attack
Weapon Systemstrials.

current terrain and weather
Colnd':ﬂ ¢ ly 1980s, th

nine early. e
USAF recognised that its
Vietnam-era scheme was not
ideal for NATO low-level
operations. As an interim
measure, the pale grey of the
undersides was replaced b
the three colours used on the
upper surfaces instead,
creating a completely "wrap-
around™ finish.

Eventually the USAF settled
on what it termed "European
One" - a"wrap-around”
scheme using medium green,

Below: Dark tones on well-lit
areas, pluslighter tones
elsewhere are a featur e of
the USAF'scurrent " Compass
Ghogt" finish.
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dark green and dark grey.
This entered service in
gradually replacing the older
colours as paint stocks for the
latter were used up. At the
same time, Phantoms assigned
to air defence were painted in
the pale blue and grey finish
used for other intercéptors.
Experience showed that the
USAF fighters spent more
time at atitude than at low
level. Since the green and
8rey scheme had been
esigned for low-level use, it
was thus far from the
optimum. Two permutations
suitablefor medium-altitude
use were tested in the
mid-1980s. "Hill Gray I"
combined medium grey and
dark grey upper surfaces with
|I%h'[ grﬁ( undersurf aces,
while™Hill Gray 1" wasa

"wrap-around” mediumgr
and%oark grey finish. B %
USAF aircraft assigned to air-
defence and multiple
operations "were beginning to
Eopear in"Hill Gray 11".

arlier schemes had involved
a separate colour for the
aircraft undersides but this
new finish was applied over
the whole airframe.

FERRIS SCHEMES

Given the number of colour
schemes which have been
tried, abandoned and, in some
s, retried, it is hard to
avoid the conclusion that
camouflageis at least in part a
matter of fashion. Asalimited
number of colours and ideas
are regularly changed, little
effort seemsto be going into
novel alternatives. The
"dazzl€" experiments of the
early 1940s have not really
been pursued. One of the few
individuals to explore the
unusual has been US aviation
artist Chris Ferris.
Camouflage has been a
subject of great interest to
Ferris. One of his paintings of



Above: TheUSN went
visually stealthy in 1983 with
an all-over grey scheme, plus
low-visibility national
markings.

Right: Aviation artist Chris

Ferrisdevisedthisnovel
aint schemefor theF-4
hantom, but it wasnever

adoptedfor service.

Below: F-14stest another
Ferrispaintscheme More
recent experience suggests
that luminescenceismore
important that colour.

apaeblue 15 against agr
skry)/ background was g &
Specifi intended to point
out the folly of that aircraft's
initial finish. Both the F-14
and the K15 have been tested
in acamouflage scheme
devised by Ferris with upper
surfaces finished in a medium
blue whose jagged edges are
vaguely reminiscent o
"dazzl€" camouflage.
Inthelate 1970s acomplex
"dazzl€" paintschemewas
devisedfor Lockheed'sHave
Blue stedlth demonstrator
aircraft. Thiswasintendedto
makeithardfor adistant
observer to determine the
aircraft'sshape. Itworked so
well that, when thefirst
photograph of aHave Blue
prototypewasreleased, details

of the aircraft's shape were
hard to discern, parti cullgg/
around theregr of thef e
Ferris considersthan an dl-
over grey would have been
better in Vietnam than the
three-tone treatment which
was actually used. Canada,
seemsto havetaken hispoint;
today's CF18 Hornet fleet is
camouflagedinadull non-
specular grey, whilethe tone
used for the national insignia
and other markings offers
little contrast. One neat touch
of deceptive camouflageisthe
false canopy painted on the
underside, afeatureintended
to encourage tactical errors
by the opposition during air
combat manoeuvres.
Theimportance of
camouflage was demonstrated

|

|
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during the 1991 Gulf War, where
the use by Irag of opticdly
amed anti-aircraft guns and
shoulder-launched SAMs made
it important that aircraft
operating by day should avoid
detection. During the air
campaign, most 25 per cent of
US aircraft casudties were A-10
close-support aircraft, 20 of
whichwerehit during thewar.
Nonewas damaged or shot
down while operating at night.

The aircraft dill had the dark
green paint scheme originally
devised to concedl them from
above when flying low-leve
operations in northern Europe,
and some pilots believed that
this colouring madethe A-10
stand out in the desart against
both sand and sky. At night,
the dark paint scheme
probably helped concedl the
aircraft, or at the best did not
makeit stand out.

Some A-10 units began to
paint their aircraft the same light
grey colour used
most other USAF aircraft, but
werelater ordered by the Air
Force Component, Central
Command (CENTAF) to change
them back to dark green.
However, a postwar USAF
aircraft-survivability study
concluded that the concerns
over the A-10 paint scheme
were "vaid' and recommended
that, in the future, paint schemes
should match the environment




inwhichthe aircraft werebeing
required to operate.

SMOKE AND LIGHT

Someeffort hasbeen
expended on active optical
camouflage - the use of lights
and sensors to adjust

the luminance of the airframe
to match the background.
Work onwhat were
nicknamed "Y ehudi lights'
started in the USA after the
Second World War. Various
modelsof piston-engined
arcraftincludingtheB-24
Liberatorand SBD Dauntless
naval bomber werefittedwith
an experimental arrangement of
lamps built into thewing
leadingedge."Y ehudi lights' are
aso reported to have been
tested in the engineinlets of
someF-4 Phantomsduringthe
VietnamWar. Studieshave
shown that at longer rangesit
ismoreimportanttomatch

the luminance than the actual
shadeof colour. _

‘Most modernjet engines are
virtually smokeless, but thiswas
not the case 30 or 40 years ago.
Early-mode B-52 bombersand
KC-135 tankers tended to lift of f
fromtherunway amidst dense
cloudsof smokewhichwould
send today's environmental
pressure groups scampering for
their protest banners. Jet
fighters of the 1950s and 1960s
were almost asbad, andthis
could beamajor weaknessin
air combat. Experienceinthe
skiesover North Vietnam soon
taught the USAF and USN that
enginesmokecouldeffectively
pinpointtheir fighters.

10ke emisson wasto
remain abugbear of the
Phantomthrmgrr]loutthe
VietnamWar. Smokeoutput
peaked sharply whenthe
engine was run at full military
Dower. To avoid this effect
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Above: Smoke pours from the
engines of an F-4C. Combat
experience in Vietham
showed that smoke trails
could betray an air cr aft.

Below: Good camouflage
discipline is essential when
deploying V/STOL fighters
such asthese Royal Air Force
GR3s off-base.

during combat operations,
pilots would sometimes run
with one engine on
afterburner and the other
throttled back. This resulted
in the same total thrust as two
engines at full military power,
while the close spacing of the
Phantom's engine bays
minimised the effects of thrust
asymmetry.

TRAILS

Contrails are another )
unwanted phenomenon which
can betray an aircraft's
osition. More accurately
nown as "condensation
trails', these are formed at
altitude by the condensation
or even freezing of the water
vapour created as a by-
Broduct whenjet fuel'is
urned. _

During trialsin 1962 of the
first Teledyne Ryan Firebee
reconnaissance drones g:\
programme which will be
described in alater chapter),
test interceptions by USAF
and USN fighters showed how

Bottom: L ockheed' sBur bank
plant vanishes under
protective camouflage in the
early 1940s. Fake" trees' help
maintain the illusion.

easily contrails could guide an
attacker, so work was started
in that year on a'no-con"

stem. Thisinvolved two

-2C drones equipped with

a system which injected a
chemical agent into the
exhaust. It was not very
successful; thebest method of
eliminating contrails proved to
be giving the drone the
ceiling performance needed
to fly above the altitudes at
which contrailsform.

Details of anti-contrail
measures are scarce. Like the
1962 experiments, most are
thought to involve the use of
chemical additives in the
exhaust. These alter the size of
tﬂe water droplets created in
the arr.

AIRFIELDS

Since a combat aircraft spends
most of itstime on the ground,
where it is vulnerable to
sneak attack, low-visibility
aircraft ideally require low-
visibility airbases. Application
of camouflageto theairfield
from which military aircraft
operate was a Second World
War development. One of the
first experiments in heavily
camouflaging military bases
was conducted in the United

Below. Almost two decades
after the Six Day War,

aircraft could still befound
parked in unprotected lines
during major exercises.

Voo
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Right: The Swedes place great
emphags on off-base
operations Ther " Ba290"
programme emphasisad the
useof roadsasairgrips.

States. In 1940 Brigadier
Genera Thomas M. Robin
then assistant chief of theUS
Army'sCorpsof Engineers,
was responsible for building a
new airfield at Windsor Locks,
Connecticut. Toillustrate
what camouflagecoulddo,
RobinsworkedwithLt
Colonel JohnBragdonto
build the new basg to conform
to the principles of visua
deception rather than the
formal arrangementswhich
the conventional military
mind would regard as neat

andtidy.

Airfieldbuildingswere
Bo_stl_oned among exigti

uildings present at the Ste.
The latier, like the natural
vegetation, wereleft in Place
wherever possible. Roads
followed normal ground.
contoursrather thantaking
directroutes, fuel tankswere
buried and barracks were
built to resemble the tobacco-
drying sheds common on
nearby farms. To bresk up the
outlines of thefield'sthree
runways, their surfaceswere
painted to match the shape
and colour of nearby fields
and to create theillusion of
being crossed by many paths
orroads.

camoufl

e

HIDDEN FACTORIES

Other efforts saw the

¢ agetreatment of US
aircraft factories on the west
coad. The most famous
instance was L ockheed-Vega's

Burbank works which was
exposed to the full talents of
Hollywood's special-effects
men. Theentire site,
InCLL_IdI n?()tbw I é.‘l_l ngs an((jad
arking Tots, di
Bnder % jant ca%pgljﬁ e
shelter which incorporated
fake houses, gardens, roads
andeven parked cars. To
maintain theillusion, the
positionsof the "cars" were
regularly changed, while the
"houses™ even had fake
"washing" hurE; out to d
once aweek. An idea of the
cost and complexity of the
illusion can be gleaned from
the fact that thehill for its
removal after the war came to
$200,000. A smilar scheme
saw Boeing's vital Sesttle
plant disappear under a fake
camouflage "town'".
Researchersinthe USA
haveinvestigated methods of
a?plyl ng an'up to date version
of stichfechniguestoNATO's
\r}{}:]hly-vul nerable air bases in
edtern Europe. Theam isto
fool not just the human eye
but dsoInfra-red and radar
sensors. Someofthe
techniques being studied were
revededin whenthe
Londonnewsp Sundag
Times reported that the U
Government was funding
screttridsinthe UK of
methods of reducing the
vighility of airfilds. The
report linked this work with
the development of USstealth
arcraft. "If dl according
toplan, invishleNATO
aircraft could be landing at

DECEIVING THE EYE

invisblearfields dl over
Europe within adecade”,
wrotedefencecorrespondent
JamesAdams. )

Some of thetechniques
used were are-run of the
10swork. Treeswere
planted to break up the
outline of buildings and
perimeter fences, while dl
concretesurfaces,including
therunways, weretreated
with a chemicd solution
intended to givethem an IR
signature Similer to that of the
surrounding E(izjrass .

The article dso described how
the Roya Air Force base sdlected
for thétests had been eguipped
with water sprinklers which
wouldbeusedtodousehangars
and other major facilities wi
water if the airfield was about to
be attacked. Thiswould reduce
the IR signature of the genuine
targets, while hegtersinsde
inflatable decoy hangars would
cregte aternative redistic visua
and therma targets.

_Asradar-invisble gedth
aircraft enter servicein
growing numbers, air defences
will placeincreasing reliance
onaternaivesensors. These
will include long-range electro-
opticaltelevisonsystems
mounted on interceptors and
SAM fire-control unitsin_
addition to the more traditiona
"Mark 1 eyebd
having been made obsolete, the
visua countermeasures
describedinthis chapter are
likdy to grow inimportance as
the éffecliveness of radar and
thermal sensors are degraded.

I". Far from
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RADAR AND RADAR
CROSSSECTION

To theLatin-spesking
inhabitants of Dark Ages
northwestern France, theregion
was the end of the known world.
Looking out over the oftenangry
seawhich stretched to the horizon
and beyond, they named it "Finis

Terre' - the End of the Land. In
the centuriesthat followed, this
peninsulathrusting out into the
Atlantic Ocean became adtrategic
Pos'ti onwhichrequired

ortification, o the 16th century-
French castle builder Vauban
erected afort to guard the shore
against naval thrests, particularly
the growing maritimepower of
the British Navy.

In most countries, afort of this
agewould beatourist ettraction,
complete with ticket office and tea
room, but thisoneisguarded by
barbed wire, and of f limitsto
tourists. Itsrampartsarenow
protected againg athreat the like
of whichitsbuilder could never
have dreamed

The upper part of the stone
battlements are now covered
with blankets of thick rubber-
like material. Known to the
electronics industry as Radar
Absorbent Material (usually
abbreviated to RAM), the
coating is designed to absorb
radar energy, ensuring that
the old fort does not reflect
the radar energy radiated by
the nearby Mengam
electronic-warfare test site
run by electronics giant
Thomson-CSF.

Inaccessible though
Vauban's battlements may be,
they are agood starting of f
point for astudy of the most
secretive of 20th Century
military technologies -
"stealth” - the art of making
aircraft, missiles and other
military systemsinvisible to
radar. Let usreturnfora
moment to the threat against
which Vauban'sfortress was
designed, the traditional
sailing ship armed with
broadside-firingcannon. As
will have been seen by
anybody who has watched old
movies, the standard naval
cannon (or at least the
Hollywoodversion) fireda
spherical cannonball about 8
inches(20cm) indiameter.

How big would such a
cannonball have looked to a
radar at \Vauban'sfortress, had
it been so equipped in
Napoleonic times. The most
obviousanswer is of coursethe
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Above: Mogt radarsoperate
at microwavefreguencies,
and mugt haveadirect line of
dght tothetarget. If over the

areaof acircleof 8inches(20cm)
in diameter. To save the reader
from reachingfor apocket
calculator while muttering the
schoolboy formula”"RitimesR
uared”, the areain question is
squarefeet (0125 sgm).
Substitute ametal plate Win
(ﬁSSom) uare, andyou'd have
the same physica cross-section,
but the radar cross-section could
be anything from lessthan a
tenth of a square metre to
severd hundred sguare metres,
depending on the frequency of
theradar. For any given
frequency, that radar cross-
section would be at its
maximum when the plate was
positioned at right angles of the
radar beam. Tilt it, and the radar
reflectivity will fall dramatically.
The position of the edge of the

horizon, the latter will be:
masked by terrain, soraising
the antenna improves long-

range cover age.

Elear;\tanith r to the radar
adso influencesthe plate's
radar cross-section. Welcometo
the strange world of stedlth, a
universe where nothing is quite
what it seems even before the
electronic wizards have begun
practising their super-secret
electronictrickery.

RADAR WAVES

The key to understanding
stealth Is to understand how
radar works and in particular
how radar signals are
reflected from aircraft
structures. The following
"crash course” on these
subjects will strike a radar or
stealth engineer as grosdy
oversimplified but it will
attempt to cover in asingle

crgf)ter subjectsto which a
stealth technology textbook
swould devote 400 pages,
while at the same time
steering clear of the sort of
mathematics and numerical
analysis which would satisfy
only the expert.

A radar waveisaform of
electromagnetic radiation, as
are the lower freguencies
used for radio and TV and the
hi?her frequencies such as
infra-red energy and visible
light. The basic theory of
such waves was first described
in the 19th Century by Clerk
Maxwell who predicted their
properties long before the
technol og)é needed to prove
him right became available.
The early pioneers of radio
were starting from a blank
sheet of paper; they were
trying to find amethod of
creating and detecting -waves
whose existence had been
foreseen by Maxwell.

An electromagnetic wave
consists of two components -
an electric field and a
magnetic field - positioned at
right angles to one another
and whose values rapidly
fluctuate in strength, rising to
apeak, falling away to zero,
then rising to apeak in the
opposite direction before
falling back towards zero. The
entire process then repeats
over and over again. The
whole electromagnetic -wave
travels (engineers would say
"propagates”) in adirection at
right angles to the electric
and magnetic fields. Think of
the latter as the vanes on a
dart or arrow; the direction of
propagation will then be
along the length of the shaft.

FREQUENCY
In any book onradio or radar, let
alone stealth technology, the

terms "frequency"” an
"wavelength" areunavoidable.
Bothdescribemethodsof )
measuring the rate of this cyclic
variation."Frequency" isa
measurement of thenumber of
timesthis cycle occursin every
second. Until the 19605, it was
expressed in cydes, kilocycles
thousand of cycles), megacycles
millionsof cycles)oreven
gigacycles (thousands of millions
of ch&s) per second. The self-
explanatory term "cycles per
second” was replaced by the



totaly artificial term "Hertz"
during the 1960s (after the
GermanphysicistHeinrich
Hertz, 1857-94) inthe
interestsof international
standardisation, sointhis
book we refer to megahertz
(MH2) and gigahertz (GHz).

"Wavdength" isan older
concept. The wave propagates
at 90 degreesto its eectric
and magnetic fields. The
wavelength is the distance
betweentwo successive peaks
in either of thesefields. It'sa
useful measurement, being,
directly related to the physical
sizeof componentssuch'as
antenna elements - which is
why it was widdly used in the
early days of radio. Thetwo
are directly inter-related.
Increase the frequency and
the wavelength is reduced.
Decreasethefrequency and
the wavelength increases.

RADAR BEAMS

Asthereader isprobably
aware, radar sets illuminate
thelr target with abeam of
high-frequency radar energy
and detect the resultin i
reflections. A good andlogy is
the Second World War
searchlight. Lostinthe nl?ht
sky, abomber wasvirtualy
invisible from the ground.
Once caught in the beam of a
searchllPht, itbecamevisible
and could be engaged by anti-
arcraft gunfire.

Only two countermeasures
were available to aid the
aircraft, one ve and the
other active. For most of the
war, dl ar arms engaging in

Right: Abovethemain
antenna of this Thomson-CSF
TRS-22XX radar isan upper
unit for theinterrogation of
aircraft-mounted civil or 1FF
trangponder sysems.

Below: Asfreguencyrises,
waveength falls, asdo the
dimensions of antenna feeds
and waveguides.

Wavdengths
Frequency  Wavelength
|00kHZ 3,000m
IMHz 300m
10MHz 30m
100MHz 3m
1GHz 20cm
10GHz 3cm
100GHz 3mm

velocity of light =
300 X 10°m/s approx

Right: The wavelength of a
dgnal isthe disance
between successve peaks.
The higher the frequency, the
shorter the wavdength.

Below: An dectromagnetic
wave hastwo components at
right angles - an dectric
field (shown inblue), and a
magnetic field (shown in red).
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night bombing painted the
underside of their aircraft
black, so asto minimisethe
amount of light reflected
should they be caught
momentarily inasearchlight
beam. If caughtandfoll owed
by the beam, the aircraft's
o_nIP/ hope was to manoeuvre
violently in the hope of
dipping out of the narrow
beam of light. If successful,
once outside of the beam it
was once more cloaked in
darkness.

Bothmeasureswere
partially countered by having
several ‘searchlights
concentratetheir beamsonto
any target detected by one of
their number. Aircrew
dreaded being "coned" by a
group of searchlights. The
cluster of beams interesecting
on the coned aircraft
illuminated alarge volume of
sky intheaircraft'simmediate
vi€inity, while the additional
light from every beamjoining
the cone increased the light
levd illuminatingtheaircraft,
and thus the amount reflected
back to the ground for the
AA gunnersto see.

REFLECTIONS

When British scientists started
work onradar in 1935, th
realisedthei mportanceo
targhetreflec.tlwty. If thenew
method of aircraft detection
(then known as Radio
Location) wastowork
effectively, it was essentia
that the réflection be as
grong as posshble. The
illuminating sgna would have
to be as powerful as ble,
given the state of radar
technology asit existed then,
whilethefrequency used
would haveto be onewhich
the aircraft would reflect
grongly.

“Use of the word "reflect"
smplifies amore complex
process. The radar energy
does not just bounce the way
asquash’ball does off the
courtwall. When an
€l ectromagneticwave meets
anelectrica conductar, such
asawire, it createswithin
that conductor el ectrical and
magnetic currents at the same
frequency. That ishow aradio
antenna works - the
electromagnetic wave from
the distant transmitter
induces atiny current within
the antenna which the radio
receiver thenamplifies. At
thetransmitter, the process
worksinreverse. The )
transmitter feedsan el ectrical
current of theappropriate
freguency into the antenna
This current creates an
electromagnetic wave which
the radiates outwards from
the antenna. The process



Reflection of Radar Energy

Scattered radiation
\ in many directions

' Incoming
J,; r{:\cIarI
//  signa

works both ways - a current
in a conductor can create an
€lectromagnetic wave, and an
electromagnetic wave can
create acurrentina
conductor. o

Thisisthe central principle
of the phenomenon which
causes an aircraft or any
other target to reflect radio
ener%/. hen the radar wave
hits the target, it induces
electric and magnetic
currents within that object.
By the act of flowing, these
currentsin turn cause an
electromagnetic wave to be
created. It1sthis latter wave
which the radar sees as a
reflected echo.

From work on antenna
(cerial) design, the engineers
who developed Britain's first
radars already knew that a
wire whose length
corresponded to half the
wavelength of the radio signa
would re-radiate strongly.
Assuming that the wing of a
metal aircraft would behavein
the same way as asmple wire,
this suggested that the
optimum frequency would be
that which had a wavelength
twice the length of the wing
of atypical bomber of the
period.

At that time the latest
generatlon of German

ombers was beginning flight
tests and the equivaent
British types-were about to
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left Thescientistsand
engineer swho developed the
firg radarsjust beforethe
Second World War found it
difficult if not impossible to
predict how aradar wave
would reflect from an
aircraft. It seemed to scatter

in all directions. No smple
theory could explain what was
happening.




Above Theftrs British

" Chain Home' early-warning
radar stationswer ebasedon
short-waveandtdevison
broadcasting technology.

Belowleft: On 26th February
1935, Sr Robert Watson-Watt
used thisprimitivereceiver
to makethefirst detection of
an aircr aft target.

fly; so agoodideaof the
dimensions of wingspans of
likely targets was available.
Althoughafollow-on
generation of heavier
bomberswith wingspans of
around 100ft (30m) or more
could already be envisaged,
the radar engineers decided
to regard 80ft (25m) as agood
compromisevalue, fixingthe
frequency of their equipment
at 6MHz, wherethe
wave ength would be 50m.

CHAIN HOME

Unfortunately, these
frequenciesproved unreliable
dueto ionospheric refraction.
Wave engths/frequencies of
26nV11.5MHz and eventuall
13mV23MHz were both tried,
before the latter was found
satisfactory and was adopted
asthebasisfor the pioneering
"ChainHome" radar network.
Theuse of 23MHzfor
"Chain Home" had been
unduly conservativefroma
theoretical viewpoint. From
the practical point of view, it
was nearly idedl, since the
power transmitters and
sendtive receivers required
could be developed using the
experience gained by short-
wave radio equipment. The
amateur radio enthusiasts
who had steadil red#ced
operating wavelengths
(increased frequencies) from

Below: Early researchinto
radar reflectivity showed
that theappar ent echoing
area- known astheradar
cross-section (RCS) and

RADAR AND RADAR CROSS-SECTION

80m (3.75MH2) to 40m
5MH2) thento 20m

14MHZz) during the inter-war
era of radio experimentation
were aso to provide a
valuable pool of trained
manpower able to help with
thetask of keeping the
network of "Chain Home"
dations operational around
the clock during the early
stages of thewar.

During the war, engineersin
Britain and Germany found
that further increases in
operating frequency had little

fect on target detectability.
Since increased frequency
(shorter wavelength) allowed a
narrower beam to be obtained
from agiven sze of antenna,
the use of ever higher
freguencies became the key to
both improved accuracy and
resolution and of ways of
producing compact yet
effective setsfor airborne and

calculated asanimaginary
ihere— varied widdly with
anging aspect angle. A
anall changein angle could
affect the observed RCS

VariationinRCSwithAngle

Viewing angle

Possible RCS
o~ B

other applications in which
space and weight were et a
premium.

Soon after the war, security
restrictions on the massive
amount of research and
development which had been
invested in radar technology
were relaxed, alowing the
publication of severa
textbooks, culminating in the
classic Radiation Laboratory
s=ries, acollection of
definitivetextbooksprepared
by the Rediation L aboratory of
the Massachusetts Ingtitute of
Technology to record the
contemporary state of the art.

CROSS-SECTION

Reading these and other early
radar textbooks books shows
how far theengineersof the
early 1940s had progressed in
studying the complex
processes by which radar
energy isreflected by an
aircraft. "It is essentia to
redise that the cross-section
of agiven target will depend
not only on the wavelength,
but also upon the angle from
which the target is viewed by
theradar”, wrote EM. Purcdll
in the 1947 Radiation
Labor atoryvolumeonradar
stems engineering. "The
fluctuation of [radar cross-
section] with 'target aspect’ as
itiscdled, isdueto the
interference of reflected
waves from different parts of
thetarget.... Only for certain
special cases can [radar cross-
section] be calculated
rigorously; for mosttargetsyit]
has to be inferred from the
radar data.”

Todefinetheradar cross-
section of atarget, the radar
engineer calculates the size
of a sphere which would
reflect the sameamount of
radar energy asthe aircraft
he has measured. The RCSin
square metres is then the area
of acircle of the same
diameter asthisimaginary
sphere.

ATaylorcraftlight aircraf
had an RCS of 170 ft (16n),
Purcell and collaborator A.JE
Siegert reported, while aB-17
bomber_had an RCS of SO0
ft (74n?). (Since those early
days, RCShasby convention
been measured In metric
terms, so the corresponding
imperial/US unitswill no
longer be given in the text
whichfollows))

"Only arough estimate of
the cross-section of such
targets as aircraft or ships can
be obtained by calculation”,
they warned. "Evenif one
could carry through the
cdculation for the actual
target (usually one hasto be
content with considering a
simplified model) the

27



comparison of calculated and
observed cross-section would
be extremely difficult because
of the strong dependence of
the cross-section on aspect.”

RCSVARIATIONS

Toillustratethis, they
reported on tests made using a
B-26 bomber. In many cases,
the level of radar energy
reflected could vary by as
much as 15dB when the
viewing angle was changed
by only athird of a degree.

The decibel (dB) is aunit of
measurement much used in
electronics. It is often found
in technical articles on
anything from hi-fi to
electronic warfare. The key to
understanding it is to redise
that it describes aratio
between two values and that
it is calculated logarithmically
and not arithmetically. An
increase of 3dB amountsto an
arithmetic doubling, for
example, while an increase of
I0dB represents a tenfold
increase.

What Purcell and Siegert
were saying in "scientific
shorthand" was that a third of
a degree change in viewing
angle could affect the
measured RCS of the B-26 by
afactor of up to 32. Post-war
research has shown that in
practicethe RCS of real-world
t%r(?Bets can fluctuate by up to
8 (up to amillion).

One facth)r influencing RCS
was propeller position, they
reported, while the effect of
propeller rotation both
increased and modulated the
radar return. Tests had shown
that shutting down the
starboard engine of the test
B-26 reduced RCSinthe
sector from 2 to 5 o'clock by a
massive amount. Much
research in the 1950s and
1960s was devoted to studying
the exact mechanisms by
which electromagnetic beams
werereflected by objects of
various shapes and sizes.

Much of the results remain
classified to this day but the
little information which has
leaked suggests that, although
the individual phenomena
which caused reflection from
different types of basic shape
were becoming better
understood, the problem of
calculating and predicting
RCS remained close to
unsolvable.

Two factorsresulted in the
eventual breakthrough. One
was the Vietnam War, where
US military aircraft and their
crews had been exposed to
radar-directed air-defences.

The other was the
development of the
supercomputer. These giant
and incredibly fast machines
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Variationin RCSwith Propdler Position

Rotating propeller

Above Wartimeresearchers
tryingtounderstand RCS
even found that stopping and
garting an engineand its

asociated propeller could
markedly affect the radar
cross-section of abomber.

Right: In the 1930s, UK radar
designerstried to match
waveength with the
wingspan of typical bombers.
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Static RCS
(at one angle and frequency)
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had been developed for two
basic applications -
codebreaking and computer
simulation of the intricate
rocesses and reactions at the
eart of anuclear or thermo-
nuclear explosion. As soon as
enough of these costly
machines had been built to
satisfy at least partially the
needs of the codebreakers
and nuclear weapon
designers, radar engineers
applied their massive
capability to those thorny
problems of RCS prediction.
Tounderstandthe different
ways in which an aircraft or
missile reflects radar energy, a
good starting point is the
principle stated earlier in this
chapter. "When the radar
wave hits the target, it induces
electric and magnetic
currents within that object.
By the act of flowing, these

Typical Wingspansof 1930sBombers

Aircraft First flight Wingspan
Dornier Do 17 1934 59ft (18m)

Heinkel Helll 1935 74t (22.4m)
Armstrong Whitworth Whitley 1936 84ft (25.6m)
Bristol Blenheim 1936 56ft (17.1m)

A& ove The devdopment of
radar-guided AA weapons
such asthe SA-2 Guiddine
created new interest in
methodsof reducing RCS.

Right: A radar wavewhich
grikesaflat metal platesuch
asafinreflectsin muchthe
sameway asalight beam
reflectsfrom amirror. Likea

o

transmittedbeam, this
reflected energy forms
amain beam, flanked by
several smaller beamsknown
assdeaobes.



currentsin turn cause an
€lectromagnetic waveto be
created. Itisthislatter wave
whichthe radar seesasa
reflected echo.”

Thisiswhat radar and
gc%?t th engineers cf[aihl the I

ering process, the new
created vgaix)/e being known )a/s
the"scatteredfield”. Stedth
technology istheart of
controlling that scattering
S0 asto minimise the amount
of energy returned to the
radar.

The wavelength of aradar
wave can havethree possble
relationships withthe )
dimensions of the target - it
can be much bigger, roughly
the same sze or much
sndler. Ineachcase, a.
differenttypeof scattering
will take place.

SCATTERING

If thewavelengthismuch
larger than the dimensions
of thetarget, dl parts of the
target are illuminated by the
same part of the wave and the
result iswhat isknown as
Rayleighscatteri ngl. Under
such conditions, only ?ross
size and shape of the target
areimportantand RCSis
roughly proportionateto
target §ze. Snce afreguency
of around 100MHz isthe
lowest normally usedfor
radar, thelongest military .
significant wavel ength which
afarget will receiveisthus
around 3m. Inmost cases, this
will be smdler than the
tar(%et_, s0 Rayleigh scattering
isor littleimportance,
athoughit couldbe
significant when predicting
the RCS of smd| details such
as gun muzzles, vents, grilles
and protrusions.

In cases where the
wavelength is close to the
target dimensions, resonant
sca%ten ng isobserved. This, it

Reflection

Diffraction
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tubular structure
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conical point, asharp edge
auch asaleading edge, or a
corner arescatteredby a
processknown asdiffraction.

may beremembered, iswhat
the British tried to achieve
with the original choice of
"ChainHome" operating
frequency. Targetbehaviour
under such resonant and
near-resonant cases (known
asthe Mieregion) isthe most
difficultto predict. The phase
of the incident wave changes
severd times dong the length
of thetarget, Overal
geometry of thetarget is
important, Snce every part of
the target affects every other
art. Resonancemay occur
een lar réflected
waves and creeping waves.
The resulting Mie-region RCS
isvery dependent on
angle’and can fluctuate
massvely. )
Whenthewavelengthis
very much smdler than the
target, interactions between
thelatter's different parts are
minimal and the target can be
treated as a collection of
independent  scattering
centres. Theincomingwave
actsinamanner smilar to
light and the laws of optics, s0
dedth engineers use
%eometrlcoptlcs GO)tohelp
em predict theRCSof a

tarﬂﬁx.

e smdllest target for most
radarswill be ajet fighter or a
cruise missle “4% fl%mer
is normally about 45ft (14m)
inlength, while amodern
cruise missle is often around
21ft (6.5m)inlength. The
radar sgnds directed against
themwill havewave engths of
between 0.75in and 10ft i&m
and 3m). In most cases, the
target will be 10 or more
wavelengths long, making
high-frequency Scatteringthe
mostimportant component of
theoveral RCS.

INTERACTIONS

Withhigh-frequency
scattering, every part of the
target scatters energy
independently of therest of
the structure, Thisin theory
would makeit relatively easy
to estimate the effect of each
and, by integration, the
scattered fidld and thus the
RCSof the entiretarget. In

ractice, the interaction

etween dl the individual
scatterers which make up a
complex shapesuchasan
aircraftis so complex asto
require the use of powerful
computers.

Just as acurved surface on
an aircraft will exhibit a
reflectionin sunlight, that
surfacewill haveasmilar
radarreflection. Thisis.
termed ular reflection
andisastrong component of
RCS. Whenaradar waveis
reflected from a flat surface -
another formof specular
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reflection - it behaves rather
like abeam of light striking a
mirror, or asquash ball
bouncing off thewalls of the
sguash court. The angle of
incidence equals the angle of
reflection. A smple example
of thisiswhen a child "skips"
astone acrossthe surface of a
pond. The stone descends
towards the water at a shallow
grazing angle of 10 or 15
degrees (the angle of
incidence) then after striking
the water beginsto rise at the
same 10 to 15 degree angle
(theangleof reflection).

The reflected energy does
not confine itself to asingle
beam or lobe. Diffraction
resultsintheformation of
sidelobes which send smaller
amounts of energy offina
number of directions dightly
displaced from the axis of the
main lobe.

DIFFRACTION

This simple theory breaks
down completely when
dealing with such
discontinuities as edges, tips
and corners or changes in
slope or curvature. Here the
re-radiated field is the result of
aprocess known as
diffraction. It dependsonthe
shape of thefeaturein
question, the direction from
which it is being illuminated,
the position of the observer
and the polarisation of the
radar wave. To calculatethe
result, engineers rely on the
geometrictheor of

iffraction (GTD).

Bdow: Aircraft fuselages,
external goresand eventhe
metal kin of thewingor fins
can all provideahabitat for
traveling waves.
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Typical Radar Wavdengths

Frequency Application Wavelength
150MHz Long-range surveillance 6.5ft (2m)
2GHz Surveillance 6in (15cm)
|OGHz Tracking 1.2in (3cm)

Surface waves of electric
and magnetic current flowing
aong the structure of an
aircraft or missilein response
to the arrival of radar ener
pose further problemsfor the
stealth designer. These
surface waves come in severa
forms. Rounded targets such
as cylinders or spheres suffer
from creeping waves. Asits
name suggests, the creeping
wave flows around the skin of
atarget. Starting fromthe
point where the radar wave
Just grazes the edge of the
curved surface (known asthe
"shadow boundary"), the
currents creep round onto the

Travdling Waves

Above: A combat air craftis
likely to beilluminated by

many different radars, and a
wide range of wavelengths.

Right: Radar wavesgrazinga
long metallic gructuresu
asthisMiG-21fusdageand
itsexternal tanksinduce
travelingwavesin the skin.

Below: Travelingwavesr e-
radiateradar ener gy away
fromtheradar. Onreaching
adiscontinuity or the end of
thegructure theyare
reflected, and now add this
energytothetotal RCS
observed by thereceiver.

=

e =

Travelling

Incoming
Re-radiated radar signals
signals
=

travelling
waves

Signals re-radiated
towards receiver

side not illuminated by the
radar, then back towards the
opposite edge. Once at the
opposite edge, they then re-
radiate energy back towards
thﬁ'r?]darh. If the object around
which t are creeping Is
morethaﬁy 10o0r 15eep 9
Wwdmﬁ;ths in diameter, they
are of little importance.

TRAVELLING WAVES

Much more troublesome are
what are known as travelling
waves which affect long slim
objects such asmissile
airframes, fuel tanksand
underwing stores, or even the
entire fuselage of aslender
aircraft such asthe =104 or
TR-1. Radar energy striking
such atarget at low angles of
incidence, that isto say close
to head on, create what
engineers call asurface
travelling wave. Thisisan
electric and magnetic current
which heads down the length
of the target object.

Asit does so, it will emitits
own electromagnetic field, a
signa which heads in the
same general direction asthe
illuminating radar signa. The
principleof "angle of
incidence equals the angle of
reflection” still applies. Since
thisreflected si ?nal isdirected
away from the illuminating
radar, it adds nothing to the
target RCSand isof no
immediate concernto the
stealth designer.

The problem comeswhen
the travelling wave reaches
thefar end of the object along
which it isflowing. Having
nowhereto go, itisreflected
back up along the body, till
emitting itsown
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electromagnetic field.
Unfortunately, thistimethe
reflected energy is directed
back towards the illuminating
radar, adding to the target's
overall RCS. _

In the case of an aircraft
fuselage illuminated from the
forward sector, smilar surface
waveswill be set up. Asthese
travel backwards aong the
fuselage, they may meet
discontinuitiés such as seams,
gaps, changesinsurface
material or sudden changesin

I3E. -

Interms of traditional
aircraft engineering, such
featuresarecommon and
pose no problems. For
example, mid-1960svintage
MiG-21swerenotoriousfor
large gaps between individua
fuselage pands. On agtedth
aircraft, such surface
discontinuities must be
diminated. If the surface wave
cannot continue along its
route, itwill reflect
backwards aong the fuselage
as did the travelling wave,
adding its own unwanted
contributiontoaircraft RCS.
All discontinuities such as
edges, gaps and corners are
good scatterers of radar
energy. ) )

_ When an aircraft is
illuminated from the rear
sector, fuselagetravelling
waves can become amajor
problem.Movingforward
aloer;% thefusdage, they
eventudly arrive at the n
where théy are reflected
down thefusd %e, adding to
therearward R

Aswe have already seen,
thelargest RCS componentis
specular reflection. Ona
typica aircraft, creegping and

travelling waves will account
for around 1nt of thetotal. As
RCS-reduction measures
reduce specular reflection,
these |esser sources become
more important, so must be
treated.

DIHEDRALS

A major headachefor the
stealth designer isthe
dihedrd, aradar-reflective
area created whenever two
metdlic surfaces are
positioned at 90 degrees to

one another. Anincoming
radar Sgnd entering the right
anﬂleform_ed by two such
surfaces will carry out a
"double-bounce’ manoeuvre,
the geometry of which
ensures that the sgnd will be
returnedin exactly the same
direction astheincoming. To
seeasmple anaogy, drivea
ball towards the corner of a
pool table. It will bounceoff
one edge of thetable, then off
the adjacent ¢ and
emerPe heading back towards
the player

Typical Dihedral Reflector
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Tocontinuetheana ogy, if
you sawed the corner off the
pool table leaving a 12in

30cm) wide gapin place of
the pocket, then drove the
ball back towards the corner

(but not directly into the gap)
it would il carry out a
similar bounce manoeuvre
from the sides and re-emerge.
This illustrates the fact that
the two surfaces of a corner
reflector need not mest; they
or)IK need be at 90 degrees
with respect to one another.

CORNERS

Armed"withthisknowledge,
the reader should have no
difficulty is identifying radar-
reflective corner reflectorson
amodernwarplane.
Horizontd stabilisers are
often at right anglesto the
vertical fin, underwing pylons
are at right angles to thewing
lower surface, cruciform

wings and fins of missiles and
bombsfit thebill nicdy, while
common featuressuch as
wing fencesand stiffening
ribs’add their share of 90
degree corners,

Let three surfaces meet at
90 degrees and an even more
dangerous triple-bounce
manoeuvreispossible,
returning a strong radar
signd over awiderange of

angles. Thisjunction of
three surfacesis called a

L eft: Two surfacesat 90
degresscanturn aradar
sgnalthroughl&)g%rea

rovidingastrongecho.

hree surfacesmesting
atrightanglesareeven
more effective at enhancing
the reflection.



corner reflector. In somenon-
aerospace applications corner
reflectors are deliberately
created. For example metal
corner reflectorsafew feet
(lessthan ametre) in size are
often fitted to the masts of
sailing beats to help
coastguard radar detect them.

No aircraft has such an
external feature but canopies
are transparent to radar waves
and cockpits contain many
box-like objects and 90 degree
corners. Accidental creation
of acorner reflector is only
too easy.

To seeacorner reflector in
action, watch when driving at
night for the reflective "cats
eyes' often used as road
markers. These are designed
to catch the light from the
car's headlamps, returning it
directly to the driver. The
more powerful the headlamps,
the brighter the "cat's eyes'
will shine. That is how a
corner reflector behaves
when seen by a radar.

CAVITIES

The corner reflector isjust
one of the features which the
stealth designer terms a "re-
entrant structure” - an object
*whichtraps and strongly
reflectsradar energy.
Substitute the word "cavity"
for "re-entrant structure”, pick
up aphoto of your
favourite warplane and youll
in to take ajaundiced view
of Intakes, j et pipes, suck-in
doors, air scoops and other
vents, gun muzzles and other
common features. All are
prominent radar targets.

Bear in mind the fact that
radomes, canopies and other
transparencies are aso radar-
transparent and a new set of
re-entrant structures can be
found. The cockpit and any
electro-optical (EO) fairings
are prime candidates, while
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Above: Hidden from sight
under nose radomes, radar
antennasaredesigned to
handle'friendly' sgnals, but
alsnaddtoRCS.

Below: Count the 90 degree
angleson thisTornado
interceptor and its weapons
- each will add itsshareto
thetotal radar sgnature.




_ il

behindtheradomelurksan
ided reflector in the shape of
the radar antenna,
particularly if thelatter isof
the traditional paraboloid
"dish" type. On some aircraft,
the radar antennaiis
deliberately dewed to an
extreme angle when the radar
isnot being used, so asto
reduceits contribution to the
head-onRCS.

RCSCALCULATIONS

In the Middle Ages, students
of the occult drew up long
lists of dermons and spirits,
solemnlydocumentingtheir
relative positions and powers
in asort of satanic hierarchy.

Stedlth engineers have their
own version of the"Hierarchy
of Hdl", with the three-
surface corner reflector cast
in the role of the major
villain. Such lists detail dl the
common geometric sh in
order of descending radar
reflectivity. Directly beneath
thethree-surface corner
reflector is its two-surface
cousin, followed by the flat
plate, cylinder, sphere,
straight edge, curved edge,
cone, followed by various
typesof curvature. Itmay
seem at first sight about as
pointless as the listing drawn
up by their mediaev
predecessors, but it is in fact a
list of many of thebasic
shapesinto whichalarger and
more complex target may be
broken down.

Intheory at least, al you
have to do is add up the RCS
from a dozen or so mgjor
shapes, plus dozens if not
hundreds of smaller onesto
get the RCS of the complete
aircraft. In practice, dl these
individual returnsinterfere
with one another.

Remember how the
components of an
electromagneticwave
continually swing from
positive to negative and back
again?If dl the hundreds of
individud reflectedsignals
were dl in step with one
another (engineers would say
"inphase" with oneanother),
such smple addition woul
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Left: This Grumman A-6
Intruder hasatypical
collection of exposed
cavities, inlets, ventsand
grilles- all highly reflective.

work. Unfortunately for the
stealth engineer they are not;
when one is peaking in the
positive direction, others are

proaching their peak or
@l ng away to zero, whileyet
more are doing the same
thing in the negative
direction. In engineerin
parlance, they are"out 0
phase' with one another. To
complicate matters further,
the polarisation of each
individual return may be
changed by the reflection
process, while the reflectivity
of eachindividual scatterer
will vary withfrequency, each
member of the hierarchy of
basic shapes isbehaving in a
different frequency-related
manner.

The summation of dl the
individua reflections from a
complex target ismade even
gore chaoticby the efflect_lpf

angesin viewing angle. Two
individual reflectionswhich
are in phase to the observer
(and thus boosting eech
other's strength) will be out of
phaseif the observer moves,
while further movement will
bring them back in phase,
then out of phase again, and
0 on. Signaswhich are out of
phase with each other will
Interferewith one another. If
they are of opposite phase,
one will tend to cancdl out
the other - a process known
asdestructiveinterference.
Takeinto account the fact
that literdly hundreds of
sgnds are involved, then it is
little wonder that the total
fluctuates violently.

Such then are the complex
and intractable rules of radar
reflection.Giventheir
compexity, it islittle wonder

that as late as 1981, in IEEE
Transactions on Antennas and
Propagation, Edward M.
Kennaugh was to describe
how " Asmeasurement
capabilitiesimproved,
investigation of the variation
of RCS with these parameters
Parget aspect, radar

requency and wave
polarisation] provided the
radar analyst with a plethora
of data, but few insightsinto
thisrelation." Despite his
pessimism, enough was
understoodto alow engineers
to devise methods of reducing
RCS, creeting design rules
which would make stedlth
aircraft possble

Thebreakthroughhad come
in the mid-1960s, when Pyotr
Ufmitsev, then the chief scientist
at the M oscow Ingtitutefor
RadioEngineering, madea
study of theequationsdevised
by Clerk Maxwell and
subsequently refined by the
German physicist Arnold
Johannes Sommerfield. From
these, hedevised aworkable
theoreticd method of
cdculatingRCS.

The computer technology of
thetime could not accurately
computetheRCSof acollection
of curved surfaces, but could
tackle aseries of flat surfaces.
Sncethedesgnof anaircraft
requirestheuseof curved
surfaces, Ufmitsev found that the
Soviet aircraft desgnersof the
timewere notinterestedinhis
theory, which was finall
published in unclassified form
under thetitle"Method of Edge
WavesinthePhys cd Theory of
Diffraction”. The key to creating
adedth aircraft now existed, yet
wastobeignoredfor dmosta
decade.

Below: One of the bi

radar -r €flective cavitieson
any aircraft is the cockpit
and itsduttered consoles.
ThisisaMiG-29 Fulcrum.
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DESIGNING A
STEALTH AIRCRAFT

reation of astealth

aircraft or missile requires
that the visual, radar, thermal
and acoustic signatures be
reduced. There are other
more exotic signatures, some
of -which have potential asthe
bad sfor anti-stedlthsensors,
but these are the most
important. o

_Toachieveamilitarily

significantreductioninRCS,
three techniques may be used:
(1) avoid designfeatureswhich
will create strong reflectionsin
the direction of the radar;
(2) absorb rather than reflect the
incoming radar energy;
(3) mask or cancd out any
remainingreflections;

No single approach will
provide enough RCSreduction.
Thefirst and second of these
techniques are already used in
different degrees by existing
stealth aircraft and missiles; the
third could be in use already
and will certainly play a
significant role in future arcraft
designs.

Earlier we used the analogy
of comparing aradar system
with a searchlight. In one
respect, this analogy was
badly flawed - the
searchlight illuminated its
victim so that other air-
defence weapons could detect
the reflected light. Once the
powerful beam had lit the
target aircraft, the reflected
light could be seen by anti-
aircraft gunners on the
ground and even by the crews
of any friendly nightfighters
operating within visua range.

REFLECTIONS

In the case of almost all
present-day radars, the sensor
whichislooking for the
reflected echo uses the same
antenna as was used to send
out the illuminating pulse.
Only the reflected energy
which returns directly to the
radar is usable. Energy which
is redirected in other ™
directions "will do nothing to
betray the target.

Careful control of aircraft
shape plays avitd part in
reducing RCS at microwave
frequencies by directing the
scattered signal away from the
radar which'istrying to
receive it. On early stealth
aircraft, includingthe :
Lockheed F117A, it was the |
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main RCS-reduction measure.

For shaping to be useful
as an RCS-reducing
measure, it must be done
when the aircraft is first
designed, and compromises
must be avoided. For this
reason, little can be doneto
retrofit stealth onto an
existing aircraft - the best
the desgner can hopeto
achieveisto delay
detectability. Thé end result
is not agtedth aircraft.

To avoid directing reflected
energy :
radar, the stealth designer
triesto observe a series of
rules. One of the most
important is to avoid the use
of largeflat vertical surfaces.
No attempt was made when
designing the B-52 to keep
RCSto aminimum, so that
aircraft's dab sides and
rdatively straight lines make
it aprominent radar target. If
vertical fins or fuselage sides
must be used, these should be
canted inward. Canted

back to the hostile

fuselage sides may be seen on
theBoelngAGM- B ALCM
and on Teledyne's Model 324

and 350 RPV's, while the same
company's AQM-91A
Compass Arrow RPV shows

left Thismid-1980s
Lockhesd AFT "artid's
impresson” showstwo-
dimensional afterburner
nozzles.

an example of inward-canted
tail surfaces. Man

early-1980s artist )
impressions of stedth fi ghters
aso incorporated inward-
tilted vertica fins.

Two approachesmay be
taken to diminate reflections
from the fuselage. The most
obviousisto curvethe
fuselagesurfaces, preferably
in two dimensions - a
technique used onthe SR-71
and B-I'bomber. For best
results, this curvature should
be concave (inward); convex
(outward) curvature would be
reflective. The designer
should avoid discontinuities
such as corners and abrupt
changes of shape/profile,
blending and smoothing al
wing/fin and surface
junctions. This removes
geometric  discontinuities
which would result in wave
scattering.

FLAT CANOPY

There remain limitsto what
can be done with curvature,
especidly given the fact that
most practical designs
demand convex curves. An
early morning wak dong a
fighter flight-Tine on a sunny
day will just how

effectively curved surfaces
such as fuselage sides and
cockpit canopies can reflect
the sunlight over a range of

DESIGNING A STEALTH AIRCRAFT

aspect angles. Radar waves
would aso reflect in a smilar

manner.
The first arcraft to try to
eliminate this problemin

optical terms was the US
Army'sBell AH-1S Cobra On
the earlier AH-1G and AH-1],
the canopy used conventional
rounded transparencies but

Left: Features of the B-52
whichcreatehighRCS
indudethe dab-sded
fusdage, and theenginepods
and pylons.

Above: Light glintsfrom the
curvedfusedlageofaMirage
2000. Radar energy canhe
reflected inthesamemanner,
increasng RCS.
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Above: Theangular " flat-
plate’ canopy on thisAH-1S
uses faoet_ln% to reduce optical
glint. A smilar technique can
I%I?:Osbe employed to reduce

theversion adopted for the-I1S
was of flat-panel design,
consi sting of seven surfaces.
Each individual section
reflected sunlight in one
direction only, makingthe
overal design lesslikely to
betray theaircraft'sposition.
The wing leading edge can
be a strong reflector inthe
forward sector. Giventhat the
reflected energy from an
incoming head-on radar signal
will leave awing leading ﬂe
at an angle egual to twice that
of the leading-edge sweep
angleat the ﬁOi nt of "impact”,
increasing the sweep angle
will increase the amount by
which the reflected energy is
shifted away from the forward
sector, thus reducing the
chances that it will be
detected by thereceiver of
the head-on radar. At high
angles of sweep, most of the

reflected energ¥/ is deflected
at angles away from the
critical forward sector.

FACETING

Onmost aircraft, theleading and
trailing edges are straight or
near-straight, sothereflected
energy will be concentrated
over anarrow range of angles.
This phenomenon was noticed
by the Swedish Air Force, "which
realised that its Seab J35 Draken
wasadifficult radar target when
seen head-on. Thetwo sweep
angles of itsdouble-deltawing
served to direct radar ener

well away from the forwar
direction. )

Since wing and horizontal
leading/trailing edges are
good radar reflectors, the
ana%l_e_s used on the wing and
stabiliser leading and trailing
edges must either be kept
common (scattering the radar
energy inafew carefully-
chosen directions) or made as
different aspossible (so asto
"dump" the reflected energy
in several pre-planned
sectors).

TheRCSEffectsof Wing Sweep Angle

Moderately
swept

As wing sweep isincreased,
the delta wing becomes more
attractive but, by itslong
chord, will provide an
opportunity for travelling
wavesto be set up. These can
in turn be minimised by
rounding the wingtips,
minimising the reflective
discontinuity which the
travelling waves will meet
when they reach the trailing
ed_?eof the-wing.

"hese are the basic rules

which defined the
configuration of the first
stealth aircraft. Both the
L ockheed éXST /F-117A) and
Northop (B-2) teamscameup
with the same solution in
terms of wing planform -
strallght leading edges which
would re-direct the radar
energy well away from the
frontal sector, plusamoderate
sweep angle which would
keep the chord short enough
to avoid theworst effects o
surface travelling waves.
L ockheed opted for afaceted
fuselage - probably the only
practical configuration given
mid-1970s technology - and

Crescent

eliminated horizontal and
vertical tail surfacesby
adopting a"V" configuration.
Faceting would have imposed
asignificant range penalty on
a long-range bomber, so
Northrop backeda
combination of curvature and
advanced RAM foritsflying
wing design and relied on a
sophisticated flight control

'stem which would alow the

imination of all vertical
surfaces.

CAVITIES

Creation of apractical stealth
aircraft or missilerequires
meticul ous attention to detail
if RCSisto be minimised.
Cavities such as air intakes,
known to stealth engineers as
"re-entrant structures’, havea
high RCS. Prediction of the

RCS of a cavity is difficult and
depends on what is in the
cavity. As a first order
approximation, the stealth
engineer can assume that the
RCS will be similar to that of a
flat plate of equivalent size.

A cavity must either be
shielded in some manner so that
the radar energy cannot enter,
or must betreated with redar-
absorbent material (RAM). The
techniques used to create
effectiveformsof RAM will be
described |ater in this chapter.
For themoment it shouldbe
noted that devisng RAM to
treat cavitiesis not essy, Snce

Lett: The wing leading edge
of an aircraft can beastron
radar reflector but incr
sweep angles will direct
radar r eflectionsaway from
the critical head-on sector.
Use of achanging sweep
angle, such ason the crescent
wing of the Handley Page
Victor, can scatter the
reflected energy over awide
range of angles.



the radar frequencies used for
military purposes cover at
bet-ween two and three orders
of magnitude, and o
electromagnetic characteristics
of the chosen materid (such as
permesbility and diglectric
constant) will vary considerably
with frequency, aswill the
optimum thickness required.
The powerplant and its
associated inlets and nozzles
are large cavities, and can be a
major contributor to RCS. The
front and rear faces of the
engine are the primary
signature source, followed by
theinlet edges, and any
variable-geometry coritrol
surfacesused for adjusting
arflow. . .
Many stealth configurations
have engine inlets mounted
above the wing or fuselage to
keep them hidden from
ground-based radars, but an
aerodynamicist will warn of the
possibility of airflow problems
during high angle-of-attack
manoeuvres. When radar
energy strikes, the compressor
or fan face of ajet engine
effectively actsasasolid
surface, preventingthe-wave
from proceeding further. The
most obviousway of reducing
intake RCS would be to coat
thefirst-stage bladeswith
RAM. Thiswould havethe

Faceting on the F-117A

R
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desired effect, but is not a
practical solution - the
absorbent material could not
cope with the stresses caused
by the high rotational speeds.
Onahigh-flying
reconnaissance aircraft or
maritime patrol aircraft, the
threat may be primarily from
below, alowing high-RCS
features such as inlets and
exhausts to be moved onto
upper surfaces where they

Above: The L ockheed F-117A
Nighthawk stealth fighter
makes extensve use of
faceting in order to reduce
RCS.Itsshaperemained
secret until latein 1988.

Below: Thehugeinletsof the
AV-8A (and other membersof
the Harrier family) will give
radarsagood view of the
front face of the Pegasus
turbofan engine.

will be screened from below
by the -wing. On a low-level
rikeaircraft, themain threat
may well proveto belook-
down/shoot-down radars,
forcingsuchreflective
features onto the aircraft's
underside. _

In cases such as an air-
superiority fighter where
attack could comefrom above
or below, shaping startsto get
tricky. In his massive textbook
Radar Cross-Section Reduction
EugeneF. Knott posesthe
question "What rationale can
be taken if dl threat
directionsareequally likely?'
Hisanswer isnot comforting
- "It isa question that has
not been satisfactorily
answered.”

_ Conventional ramp-type
inlets often give ahead-on
observer agood view of the
enginefan or compressor face,
So are near-ideal radar
reflectors. A quick look down
the intake of a MiG-29 at the
1983 Farnborough air show
ave me a good look at the
ront face of the powerful
R-33 turbofan and the
realisation that a reduced RCS
wasfar frombeing a
significant design goal -when
Belyakov and histeam
developed this agile and
effective fighter aircraft.
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Above: Theinletsof theB-1A
weredesigned for Mach 2
dash performance, 0
incor por ated variable ramps
intended to match the airflow
totheengine

Intakes may be designed to
use half-cone centre-bodies of
the sort used on the Mirage
fighter. Efficient and light,
these would block much
radiation, preventing it from
reaching the engine. Further
measures which would
prevent radars from "seeing”
the highly reflective front
face of the jet engines include
long sinuous serpentine or
even zig-zag air trunking in
which radar energy could be
trapped inside the inlet, then
bounced back and forth and
damped by radar-absorbent
material (RAM).

In the 1940s, the US
National Advisory Committee
for Aeronautics (NACA)
developed flush inlets. Visible
from a smaler range of angles
than a conventional inlet,
these could be a viable
aternative to conventional
designs. Tested in 1950 on the
first of two experimental
YF-93A prototypes, these
were replaced on the second
aircraft by conventiona
lateral intakes. The sole
current application is on the
McDonnell Douglas Harpoon
anti-ship missile.

In the early 1960s Teledyne
Ryan reconnaissance drones
were flown with wire-mesh
screens over their
prominent "shark's mouth" air
inlets. This worked well
against long-wavelength
threats such as Soviet
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surveillance radars but would
be difficult to implement
against modern centimetric
radars. To be effective, the
mesh must be smaller than a
small fraction of a
wavelength. A quick look at
the window of a microwave
oven will show just how small
a centimetric mesh must be.

Treatment of enginenozzlesis
adsovery important, andis
complicated by high
temperatures created by the
efflux of ajet engine. The
electromagnetic design
requirementsfor radar-absorbent
coatings are not different from
those used for lower-temperature
cavitiessuch asinlets, but
maintaining structural integrity is
much more difficult.

The efflux from ajet engine
will dso have someleve of radar
reflectivity, and is dependent on
maximum gas temperature. While
the radar return from the efflux of
an engine running in dry
(military) power is insignificant,
therisein temperature which
resultsfromafterburning could
resultin strong radar reflection.

COCKPITS

One of themost troublesome
cavitieson an aircraft isthe
cockpit. Virtually astransparent
toradar energy asit istolight, the
canopy or windshield dlows
radar energy access to the
cluttered and radar-reflective
cockpit interior. The pilot'shead
and helmet, the gjection seat and

al thevarious controlsand dis-
playsinthe cockpit al contribute
amajor shareto the signature of
the arcraft.

Oneway of;revmti ngthisisto
use an external shapefor the
canopy -which conformsto good
low RCSdesignrules, thento
metaliseit with a coating which
will have minimal effect of
vishility, but will be"seen" by the
radar as being an eectrically
conductive surfacerather thana
transparency - virtualy an
extension of theaircraft'sskin.

Such coatings must pass at least
85 per cent of the visble energy
andreflect virtualy al of the
radar energy. The techniquesfor
doing thisarewd| established. A
thin layer of gold onthe canopy
transparency of the EA-6B




Above: TheB-1B is
optimised for high-subsonic
cruise, so the inlets were
redesigned as smpler fixed-
geometry units with engine-
concealing anti-radar
baffles.

Below: Side-fuselage flush
intakes (seen here on the
experimental North
American YF-93 derivative
of the F-86 Sabre) prevent
radar from " seeing" the
engineinlet.

Right: The antennas,
equipment racksand L RUs
within the radome of this
Tornado I DS may act as hot
spots when illuminated by
enemy radar.

Prowler protects the crew fromthe
powerful sgna emitted by the
arcraft'sjammers. Indium-tinis
another possible canopy coating,
and isreported to dlow 98 5)er
cent transmission of visble light.

For canopy-platingto be
effective, the conductive film on
the transparency must be
eectricaly continuous with the
fuselage. Thisimpliesthe use of
conductive seals such asthe
inflatable fabric-reinforced
dliconerubber sealsusedonthe
Saab JAS-39 Gripen. CanoFy
profile should aso be kept low in
order to minimise scattering at
the fuselage/canopy junction.

Since any form of radio or radar
antennaisrequiredtobean
efficient receiver or radiator of
€lectromagnetic energy, itisa
difficult feature to incorporate into
a stedth aircraft. On the RF117A,
theradio system uses retractable
antennasthat canbeextended
when the pilot wishes to receive
or transmit radio messages, but
are kept retracted when the
aircraft needs to be stedlthy.

Radars are even more of a
problem. Aircraft radomes are
custom designed to match the
operating frequency of the radar
they cover, but are dso
transparent to a much wider band
of frequencies, exposing the
antennato hostile radars.

A radar antennamakestwo
contributionsto RCS. Oneisthe
scattering duetoitsstructure,
the other iIsmore subtle, and due
toitsfunction-rel ated shape.
Radar energy arriving at a
conventional paraboloidal "dish”
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antennawill be gathered and
focussed onto theantennafeed
in exactly the same way asthe
echo return signa. Not being
at the frequency for which

the feed was designed, it will
reflect, travelling back along
the same route and being sent
off on its unwanted way by the
mai nreflector.

Flat planar-array antennas
of the type used in more
recent designs are less of a
problem but measures must
till be taken to reduce their
RCS. The design used on the
B-1B isdeliberately canted
downward to reduce its
signature, relying on
electronic beam steering to
direct the radar energy ahead
of the aircraft rather than in
the direction the planar
antennais facing.

In the long run, the antenna
must be concealed from
hostile radars by mounti ng it
within a specia radome. One
possibility for stealth aircraft
would beto devise a"band-
pass' radome transparent
only to the relatively narrow
band of frequencies used by
the stealth aircraft's own
radar. A moreintriguing
possibility isthat of an
electrically-switchable
radome. This takes the band-
Ba$ concept a stage further
eP/ arranging for suitable

ectrical impulses to turn the
band-passcharacteristicoff
and on in much the same way
that electrical impulses can be
used to darken or extinguish

the charactersonthe LCD
display on adigital watch. For
mostfre(tjenci es, andfor

even the band-pass frequency
whenever the radar was not
being used, the radome would
be opague.

Pands and doors aso add their
reflectivity to thetotal RCS of the
arrcraft. In a conventiona aircraft
the edges of such features are
often at right angles to the
direction of flight, alocation
which makes them reflect radar
energy arrivingfromthe forward
sector. The solution isto sweep
the panel edges, aigning those
edges with other major edges on
the arcraft. On stedth aircraft,
door edges are either swept at a
constant angle, or at severd
anglesthat combineto create a
"sawtooth” edge.

TRAVELLING WAVES

Travelling waves and other
surfacewaves flowing onthe
skin of an aircraft or missile
can giveriseto re-radiation of
energy if they meet
discontinuities such as seams,
gaps between panels, changes
in surface material or sudden
changesin shape. In designing
and building astealth aircraft,
care must therefore be taken
to ensure that all gaps and
seams are eliminated either
by closing the gap with an
ectrically conducting
material (the approach used
onthe B-1B) or by workingto
tight tolerances to eliminate
gaps(asontheB-2).




Wing dats and flaps can
create such gaps, particularly
when used for manoeuvring.
When an aircraft such asthe
F-14 Tomcat setsitswing
geometry to the combat
manoeuvring position, gaﬁs
exist between the wing, the
dat and theflap. When the
wing is |IIuBn|nated oy Irr‘gldar
energy, suc wi
refle%)t/asigna??ﬁl?\isis P
particularly trueif the aircraft
IS illuminated from head-on or
the rear quarter, when
surfacewaves moving across
the wing chord will meet one
of those gaps ]

A travelling wave flowing
along afuselage will
e/mtqalz% meet an
unavoidable discontinuity -
the point at which the
structure physically ends, for
example, a thetipof a.
radome or the end of ajetpipe
or exhaust. The best way of
dealing with it isto attenuate
the wave before it reaches the
end of the structure. Thisis
often done by applying radar-
absorbing material to the
surface, ]

Stedlth designers must aso
eliminate smal exposed
cavities such as gun muzzles,
sensor windows or refuelling
receptacles. Most features of
this sort should be screened
by small doors but the cannon
muzzle would probably
require a small frangible panel
of metallised plastic.

Other conventional features
which radar sees as scatter-
inducing discontinuities are
small farrings, protrusions,
?rgll_a domes and wingtip

airings. If alowedto
protrude, even rivets and
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other fasteners can act as
radar reflectors. Conventional
airflow and pressure sensors
can be strongly reflective.
These must be designed for
minimal radar signature and if
necessary treated with RAM.
The move towards stealth
technology in the former Soviet
Union must be demanding are-
think by Russian engineers, who
in the past have often resorted to
external fairings asameans of
accommodating featuressuch as
control surfacebell-cranks
which aWestern designer
would have buried within the
airframe. ]
Probes and other protruding
featureswill add tothe aircraft's
RCS, and designing low-
observahility versionsis not
essy. ThelL ockheed Have Blue
stedlth demondtration aircraftis
reported to have used
retractable probes that were
extended for take-off and

Misson Adaptive Wing

Above: Themechanism
within the US-designed
Mission Adaptive Wing
(MAW)isclassified, butthis
photo gives a good view of
the unit'sflexible upper skin.

Belowright: Internal
weapons carriage reduced
the drag of the Convair F-102
Delta Dagger. On stealth
aircraft, internal ordnance
storage also reduces RCS.

Below: Unlike conventional
leading edge dats and
trailing edgeflaps, the
Mission Adaptive Wing
leavesthe upper and lower
skin surface unbroken.
Travelling waves flowing
within the wing skin asthe
result of illumination by
radar thus never meet gaps
which would cause them to
re-radiate energy and
increasetheapparent RCS.

<}

Supersonic cruise
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1

Supersonic Manoevring

T

Take-off and landing

landing, but retracted when the
aircraft'sstealth quaitieswere
being measured. Whilethey
wereretracted, theaircraft
derived information from
itsinertial navigation system.
F117A project manager Alan
Brownhasnotedthat, "Onan
ungtable, fly-by-wire aircraft, it is
extremely important to have
redundant sourcesof
aerodynamic data. These must




Above: Aspart of the
Advanced Fighter Technology
Integration programme, this
F-lll"'was used to flight test the
variable camber Misson
Adaptive Whig.

bevery accuratewith respect to
flow direction, and they must
operateice-freea dl times.

atic andtotal pressure probes
have been used, but they clearly
represent compromiseswith
sedth requirements, Severd
quitedifferenttechniquesarein

variousstagesof development”
_This need to keep the

aircraft asclean aspossible
effectively rules out the use

of traditional typesof
external stores such as
missiles, bombsand
equipment pods. External fuel
tanks are less of a problem -
they would be dropped before
coming into range of ahostile
radar just in the way that
Korean War Sabres dropPed
tanks before tangling with
agile MiGs.

All EW and EO systems
muﬁ be car_rl%d |r;¥ernal| I

S on interchan e

Egrletas?_whi_le _ordnan(?e must

e carried in internal weapon
bays or in semi-buried
conformal locations. The
latter might even be covered
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with expendable radar-
absorbing fairingswhich
could be dropped just before
weapon release.

WEAPONS CARRIAGE

If any other type of )
underwing store is needed, it
would have to be carried in a
radar-absorbent container. A
clue to how this may be done
can be seen in surface-ship
installations of the Harpoon
anti-ship missile. Thisis
mounted on the vessd in a
cylindrical storage
container/launcher. Asthe
round leaves the tube at

launch, its wings and fins
unfoldtotheir flight position.
Deletethe solid-fuel tandem
booster (which would not be
needed for air launch) and
make the tube dightly greater
indiameter to alow for radar-
absorbent material, add
streamlined nose and tail C
and you've got a stealthy air-
launched Harpoon
installation. )
Missiles and small-sized
bombs could probably be
carried in alarge underwing
container treated with radar-
ahsorbent material and fitted
with"bombdoors' or
frangible panels on the




Possble Stealth Weapons Carrier
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End cap

End cap

treated
with RAM

Harpoon missile inside RAM-treated launch tube

treated
with RAM

T =

Fins unfold as missile
launches from tube

underside - a stealthy
version of the carriers
currently used for light
practice bombs.

To reducethe spacewhich
missiles take up in aweapon's
bay or the sort of weapon carrier
described above, folding or
cropped wings andfinsare
likely to beused One of the
weapons due to arm the USAF's
F-22 Advanced Tacticd Fighter
is the Raytheon AIM-120A
Advanced Medium Range Alir-
to-Air Missle (AMRAAM). The
AIM-120C5 version wasthe first
to introduce cropped surfaces
which would dlow more
missilesto be carried within the
aircraft's internal weapons bays.

The exhaugt plume from a
rocket motor contains radar-
reflective ionised gases, which
n&aj\y limit the degree of RCS
reduction possible on a stedlthy
missle Anair-breathing
powerplant such as asmdl
turbofan would be more useful.

Moving dl the ordnance into
aninterna bay, and eliminating
traditional underwing sensor or
EW pods, reduce RCS, but eat
intothe space availablefor
internal fudl. The use of a
weapons bay may aso reduce
the maximum weapon load,
mledimi nati(r)]n of @((jtemal

s preventsthe rapi
updan%g of the aircraft by add-
ons

Ima%inehow dowly EW
might have developed during
the Vietnam Wear if dl the vitaly
needed new jamming year had
been internally mounted, rather
than fielded as add-on
underwing pods. The stealthy
air force standsto lose this kind
of fast-reaction capability. If a
sudden requirement emergesfor
anew sensor or item of EW kit,
someoneisgoingto haveto find
goace within an aready tightly-
packaged warplane.

COMPOSTES

Thefact that stealth aircraft
are made from composites has
aready taken adeep hold in
aviation folklore. After dl,
composites are not metal and
do not show up on radar.
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End
caps

O detach

Such, at least, isthe popular
theory. What may prove
surprising is that the use of
compositesisnot one of the
mostsignificant RCS-
reduction measures. The
wartime de Havilland
Mosquito light bomber was
made of wood but nobody
ever suggested that it had
stealth Capahilities.

The sad truth isthat
building an aircraft from
materialsthrough whi Ich radar
energy may pass sim ives
the r%ar %yg%od VIGI_\FI) gf he
alrcraf]:[‘fh"lmards".t- in the
case of the Mosquito, engines,
fuel pumps, el_ggrlcal WI?I n?
and the primitive avionics o
the time. The Mosquito
undoubtedly did have alower
RCSthanafour engined
Lancaster or Halifax but this
was not militarily significant.
The aircraft's survivability
camefromitshigh
performance rather than any
reductioninRCS.

Onmogt stedthaircraft, the
outer surfaces are coated with a
metalic paint, so that theradar
cannot penetrate the composite
materials and enter the interior.

Therole played b )
composites in reducing RCS is
amore subtle one. Carbonisa
Bo_or conductor of electricity,

eing widely used in the
manufactureof resistorsused
téy the eectronics industry.

poxy resinisaninsulator. As
aresult, the electrical
conductivity of composite
materialsislow. Radar energ
arriving at acomposite pan
or structure has ahardjob
setting up the electrical and
magnetic currents-whichre-
radiate the energy and form
troublesome cregping and
travelling waves.

By Northrop had more
than 30funded contracts
worth close to $50 million to
develop advanced composites
technology. Inthe early
1980s, thé company built
experimental structures
which were then subjected to
along-term study to
investigate the effect of
thermal "spikes', radiation

End
caps

detach

Above: Many types of missile
are aready fitted with folding
wings and fins so that they can
be fired from tubular
sorage/launch tubes. If the
tube and itsend capswereto be
treated with RAM, stealth
aircraft could carry such
weaponsas|ow-RCS external
gores

Right: The de Havilland

M osquito light bomber was
built from wood but thishad
aurprisingly little effect on the
arcraft'sRCS.

Below: Composite
manufacturing techniques used
ontheB-2weretheresult of
Northrop R& D effortsinthe
early 1980s

used to built low-RCS exhaust
systems. Tothe stealth
R et G Bimeathe

isthat it combinesthese
RAM CONCEPTS_ o physical virtues with another
In the struggle to minimise useful property - the ahility to
RCS, amore useful aly will be  absorb radar energy.
reinforced carbon-carbon Oncethemainreflection
(RCC). Thisiscreated by problemsareidentified, )
baking and carbonising a engl neerlscan modify the design

and em

from nuclear explosons and
laser energy.

matrix” containing, carbon £ oy goecid materids
fibres. Asamaterial itis vulner Iee(F0| nts. Reflections
strong and exceptionally heat- rggyber uced by meansof
resistant. Used in the radar-absorbent materias - the
manufacture of missilere- radar equivaents of the black
entry vehicles and the nose finish used on the undersides of

and wing leading edges of the  SecondWorldWar night
US Space Shuttle, it couldbe  bombers.
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There are two broad classes
of RAM - resonant and
broadband. Resonant
absorbersare designed for
use at a specific frequency
but maintain some
effectiveness over arange of
frequencieson either side of
thisnominal operating point.
Broadband RAM maintainsits
effectivenessover amuch
wider rangeof frequencies.

Thesimplest type of
resonant RAM isthe )
sandwich-typeabsorber. This
operates on the same
BI’I nciple asthe blue- or .

rown-tinged antiref|ection
optical coatings applied to the
lenses of caméras, optical
instruments and even

ectacles. When the light

rikes such alens, aportionis
reflected by the coeting. The
remainder “passes through the
coating and strikes the front
face ofthelens. A portionis
reflected, while the remainder
enters the lens.

RESONANT ABSORBER

There are now two
reflectionsto consider.
Careful choice of coating
material ensures that the
amounts reflected by the
coating and the glass are
similar. The coating is
arranged to have athickness
equal to one quarter of a
wavelength of visible light. As

Principlesof Resonant RAM
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a result, the reflection from
the glass surface has travelled
an extra distance totaling haf
awavelength by the time that
it re-emerges from the coating
and meets the reflection from
the front surface of the
coating. That vital half-
wavelength difference makes
the two waves of light out of
phase with one ancther. As
one wave rises above zero, the
other falls below zero by an
equal and opposite amount.
Oneisthe exact opposite of
the other and the two cancel
each other out, aprocess
known as destructive
interference. Intheory, d| of
the reflection shouldvanish,
but the cancellation is never

Left: The Salisbury Screen is
thestIest_typeof resonant
RAM.Aredgivescreenis
ositioned in front of the
ack plate. Theresigtivity of
the screen issuch that
per cent of thelnoomlnP
radar wave (shown in blue)
is reflected from the screen
surface whiletheremainder
asses through to reflect
rom the back plate. |If these
two surfaces are positioned
quarter of a-wa\_/elen?th
apart, the reflections from
the screen (mauve) and back
plate (red) cance one
ancther.

perfect, so someminimal
reflection remains.

The earliest resonant RAM
materials used the same
g:muple. The Salishury

reen consisted of athin
sheet of resstive naterial held
at a quarter wavelength
distance ahead of ametal
backing plateby alow
dielectric spacer. Dielectric
materials have the property of
resisting an electric current,
swhileallowingelectrostaticor
el ectroma%netl cforcestopass
freely. Inthe Salisbury
Screen, this often takes the
form of a specially-designed
foam or honeycomb material.
Another type’of absorber
known as'a Dallenbach Layer
consistsof aquarter-
wavelength thick dab of
eectricaly lossy material
aPplled t0 ametal backing
P ate. Exposing aradar signal
0 adab of lossy material 1s
rather like exposing a
marathon runner to astrong
headwind. The dab does not
conduct electrical currents,
but does have the ahility to
dissipate asignificant portion
of any electric energy to
whichitis exposed. A radar
wave arriving at thefront
surface of thelossy material
meets a change in electrical
impedance which givesrise to
the front-surface reflection.
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Below: Rockwell engineers
applied RAM tokey ar easof
the B-1B in the effort to
significantlyreduceRCS. The
wing root area was a sour ce

of reflectionsand required
car eful redesign. A thin dark
strip of RAM isvisibleon the

wing of thisaircraft in

construction.

e

Althoughwidely used for
many applications such as
damping the radar returns
from buildings at airports or
harbours(applicationsin
which asingle or at most a
few frequencies need to be
countered at minimal cost),
interferenceabsorbersare
narrow-band and physically
bulky, so are not very useful
for applications such as
stealthaircraft.

DIELECTRIC RAM

In more practical types of
resonant (narrow-band)
absorber, two effects are used
to soak up the incoming radar
energy - destructive
interference between the
reflections from the surface
and the backing, and
attenuation of the wave by
the dielectric material. This
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tg/pe of material isknown as a
iel ectrically-loaded absorber.
Thegod of the RAM
designer is to create a
material the front surface of
which "will admit aradar wave
rather than reflect it. Once
within the RAM, the radar
wave should then be
absorbed, dissipating its
energy in the form of heat.
For décades, component
manufacturershavefabricated
electrical resistorsfrom
carbon, soitishardly
surprising that the same
material should form the basis
of many types of RAM. When
radar waves strike sucha
RAM, itslimited conductivity
causes losses, as does the
effort whichthemolecules
must make while attempting
to follow the alternating
fields. Thisisknown as"lossy
dielectric' RAM.

errom

N SR

orato

Above: Small dark patches
on the unpainted skin of this
B-1B around thenose-
mounted control vane
indicatethepresenceof RAM.

Had dielectric RAM been
the sole solution, stealth
technolo% might never have
left the |
second type of
developed which proved much
essier to apply to many types
of aircraft structure. K
magnetic RAM, thisis based
on magnetic material such as
compoundsof iron, ferrites
ceramiccompoundsof
netic materials) or
carbonyl iron. These
materials are often embedded
in sheets of natural or
synthetic rubber which can
easily be glued into position.
A resonant absorber based
on magnetic materials works

Right: RAM madefrom
yramid-shaped elements
inesthewalls of this

anechoic test chamber at the

University of Eindhoven.

in much the same way as its
dielectrically-loaded
counterpart, combining
destructive interference with
attenuation. Here the energy
is dissipated as the magnetic
dipoles within the material
move in response to the
impinging radar wave. The
amount of lossy material and
binder is selected in order to
provide the optimum
€lectromagnetic
characteristicsfor therange of
frequencies which the
designer istrying to counter.
Most readers who own a
cassette recorder or video
recorder will be familiar with
the brand name TDK. The
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company istheworld'slargest

manufacturer of magnetic
recording tape. It owesthis
lead to Doctor Y ogoro Kato of
Tokyolndustrial University,
who passed the patents for
the newly invented ferrite to
aventure capitalist in 1932.
This co-operation resulted in
the founding of TDK.

FERRITE ABSORBER

Inthe 1970s the company
teamed with NEC to study

methods of reducing the metal

contamination of water
discharged by Japanese steel
mills. Having learned how to

precipitate this metal waste as

find acommercial application
for what was essentially a
waste product. ]

An application which
suggested itself was the
creation of RAM. By mixing
magnetic material with an
g:)@éy liquid, NEC tried to

evelop a paint which could
be applied to the structure of
metal bridges to reduce their
reflectivity as seen by radar.
é\_ 1979 t_l’l::[:\_| prot\aed -

i inting; the pain
cpsaat?rﬁ)g pliqed to F'?he bridge
did absorb alimited amoun
of radar energy but not over a
wide enough range of
freguencies.

Left and Below: In his book
Dragon Lady, author Chris
Pocock revealed how U-2
aircraft werefitted with
panelsof radar-absorbing

DESIGNING A STEALTH AIRCRAFT

Narrow-band absorbers can
be designed to operate at any
frequency but, for any
practical stealth applications,
abroader coverage is needed.
One way of accomplishing
thisis to make a multilayer
absorber, each layer of which
is designed to reSonate at a
different frequency. One
smple exampleisthe
multilayer Salisbury Screen.
The addition of extra resistive
sheets and spacers broadens
the range of frequencies on
either side of the nominal
deﬂ?n freguency. For best
results, the resistivity of each
sheet is arranged to be lower
than the one ahead of it, so

Salisbury Screen (fuselage
sides below and ahead of the
cockpit) and Eccosor b (below
theinlets) duringlate-1950s
stealth experiments.

that the incoming wave meets
sheets of decreasing
resistivity. Thistype of screen,
known as a Jaurnann
absorber, can havetwo, three,
four or even six layers. Since
al layers are spaced by the
same amount, the total
thickness of the screenis
increased accordingly. Its bulk
makesit unsuitable for most
airframe applications.

One early practical
ggpllcatlon of the Jaumann

sorber wasaRAM
developed during the Second
World War by the German
Navy for thetreatment of
submarines. It consisted of
seven layers of carbon-
impregnated paper, each of
increasin conduct|V|t¥,
separated by layers of foam
plastic dieléctric. It was
effective a the 3cm and 10cm
fre%:ency band, but was 2.5in
(6.35cm) thick andrigid. Asa
result, it was never deployed
on operational U-boats.

PYRAMID ABSORBER

Once again, a more practical
solution can be found based
on dielectrically-loated and
magnetically-loaded
materials. What the ideal
RAM should doisto gradually
match the impedance of the
air to that of the metal aircraft
skin. If thiswere achievable,
the incoming radar wave
swould never meet achan%e in
impedance sharp enough to
cause areflection.

First attempts at creating
raded material involved
ipping mats of curled animal

hair into a conductive mixture
of carbon and neoprene. The
mixture clung to the hair but,
as the newly-dipped mats
were laid out horizontall e/ to
dry, the mixture tended to
flow downwards, creating a
rogg_h and ready dielectric
gradient. The resulting
material was largely used in
the laboratory and on the
walls of thefirst anechoic
(reflection-free) radio test
chambersdeveloped for
indoor antenna testing.

A morepractical method of
rading the di ricisto

grading the didlectricist
mould the materia into a
pyramid the apex of whichis
pointed in the direction of the
radar wave. Asthe wave
moves forward and thus down
the axis of the pyramid, it
exposes itself to more of the
dielectric material. This
techniqueisideal for usein
the construction of anechoic
chambers, whose pyramid-
studded walls are a
conspicuousf eatureof ]
modern photographs showing
indoor antenna or RCStedts.
The dielectric used hereis
carbon-loaded foam.
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Right' The assembly-line view
ofan SR-71enginenacd leand
outer wing clearly shows how
triangular patches of RAM
wer e built into the wing
eading edge, a measure
Qéesrjded to reduce overall

A pyramidal absorber of
this classical typeis
impractical for aircraft use,
except in atwo-dimensional
formburiedwithinwing/fin
leading or trailing edges. This
txpe of material "was used in
thewings of the L ockheed
SR-71 and can be clearly seen
insome photographs of
aircraft under construction.

Pyramidal or hair-mat RAM
may be satisfactory for
laboratory use, or for the
treatment of large structures,
butisfar too bulky for most
aerospace applications. When
creating more practical
designs, the RAM designer
achieves the desired dielectric
grading by forming the
material from layers of
dielectric. If alimited number
of radar bands must be
countered, amultilayer
narrow-band RAM may have
one of its layers designed to
cope with one band and a
second to deal with the other.

RAM PRODUCTS

Wide-bandRAMsare
normall Iy created by adding a
carbon-loaded ﬁl ic material
tothebasesuchas
polyuretﬁanefoargd TIhIS
creates the required "
dielectric". 'Igﬁethickeroﬁé
material, the better the
absorption. Maximum values
of 90 to 99.9 per cent are
possible.

MAGNETIC ABSORBER

Very littleinformation has
been released on the )
characteristicsof ferritepaint
- often referred to as "iron
ball" paint in press reports of
stealth technology. Advanced
Absorber Products AAP-021is
a polyurethane-cased
sprayable coating, aheavy

rey liquid which dries tack

ree in 40 minutes and
hardensin 12 to 24 hours. Its
RAM properties depend on
the thickness to whichitis
applied. A 0.03in(0.76mm)
coat will reduce the reflected
energy by an amount
increasing from 3dB at 6GHz
to 13dB at |SGHz.

Being based oniron-like
material, magnetic RAM is
heavy. It also has atendency
to oxidise, aprocess which
degradesiits effectiveness.
Oxidationisparticularly
severe at temperatures of
morethan900°F(500°C),
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creating problems when
hypersonic aircraft or ballistic
missile re-entry vehicles are
being considered for RAM
treatment.

Offsetting these
disadvantages are the fact
that it is thin and that it
maintains its effectiveness
down to sub-gigahertz
frequencies. A Salisbury
Screen intended to operate at
100MHz would be 29in (75cm)
thick; even adielectric
absorber would be many
inchesthick. A magnetic
RAM ableto operate at the
same frequency might be only
atenth of the thickness of its
dielectric counterpart.
Different magnetic materials
havetheir peak efficiency at
various frequencies but by
layering them one on top of
another abroader-band
absorber will be created.
Ferrite paint may also act as
an electrical bonding agent
between panels.

MagneticRAM ismost

Above: The composite wings of
Japan'sF-2fighter make
extensive use of locally
developed radar-absorbing
material.

Below/eft Theradar
reflectivity of the ferrite paint
used onthel ockheed TR-1can
bevaried by changing its
thickness.

effective at lower frequencies,
dielectric types at the highest
frequencies. Thelogical
approach istherefore to
combinethetwo, creating
hybrid RAMseffectiveover
the highest possible range of
frequencies.

A typical advanced
multilayer RAM of thetypein
service in the late 1980s
apparently consists of three
layers. The outer and inner
layers are partly radar
reflective and act rather like a
Salisbury Screen. The central
layer, madefrom lossy
dielectric material, isintended
to help contain the energy
reflected from the innermost
layer for long enough for
cancellation to occur. It dso
acts as atraditional lossy
dielectric absorber.

CIRCUIT ANALOGUE

Another type of RAM can be
created by replacing the
resistive sheet used in
Salisbury or Jaumann
absorbers with one on which
conductive material is
arranged in geometric
patterns such as thin strips,
grids, crosses or more
complex sh . Theresult is
known as a Circuit Analogue
(CA) absorber. The material
offers a higher performance
within a given volume than
simpler types of absorber but
must be custom-designed for
each application, atask
normally handled by a
powerful computer.

CA absorber technol ogx is
probably the principle behind
one new method of producing
stealth?/ canopies. The easiest
way of creating a canopy for a

DESIGNING A STEALTH AIRCRAFT

stealth aircraft was mentioned
earlier - application of a thin
film of gold or indium-tin to
the transparent material. This
conducting film keeps the

radar energy out of the
cockpit but will tend to reflect
it. A more recent technique
involves making the entire
transparency absorb radar
energy. Thisis done by
embedding within it a
network of thinwires cut to
dipole (half-wavel en%th) size.
When combined with an
inner conductive layer, this
treatment probably turns the
entire transparency into a CA
absorber.

Most RAM used in stealth
aircraft fals into one of two
categories - sheets or other
off-the-shelf bulk materials
for general use and custom-
designed components made
from RAM material. Although
RAM solves many RCS
problems, it also createsits
own constraints. Its weight
will reduce aircraft
performance and its bulk may
prove troublesome in volume-
restricted applications such as
missiles. Its purchase and
machining and installation
cost will make the aircraft
more expensive, while its very
presence may well create new
servicingdifficultiesfor

ground crews, increasing
direct operating costs.

By combiningRAM with
rigid radar-transparent
substances, it is possible to
create Radar-Absorbent
Structural (RAS) materials,
one of the most classified
forms of radar absorber. Little
information hasbeen
published on materials of this
tﬁe. RAS candso be created by
taking a non-metdlic
honeycomb, treatingitssurface
with carbon or other lossy
materials, then bonding non-
metdlic skinsto itsfront and
back to create arigid panel.
Honeycomb sections can absorb
low-frequency radarif the
individua cdlls are at least one-
tenth of awavelength of the
radar sgndl.

Early stealthaircraft made
ed(jelws)(/jeuseofd RAM ank%t RASaI
and paid a penalty in substanti
additional weight.
Improvementsinanaysisand
designtoolshave dlowed a
significant reductioninthe
amount of RAM carried by more
recent designs such asthe 22
Raptor.

One intriguing but little-
discussed possibility for
reducing RCSisthat of
cancellation of the scattered
signal by the transmission of a
second signal of equal
frequency and amplitude but
of opposite phase. Intheory,
this 'C%Iuldbbe achieved
passively by creating a
suitable reflector (such as an
accurately-machined cavity of

propriatedimensions)

esigned to create the
appropriate echo. In practice
however, thistechniegue (often
referred to as"impedance
loading") would only work at
asingle frequency for which
the reflector had been
designed, while each
scattering source on the
aircraft would require its own
associated and matching
reflector.

Circuit Analogue Absorbers

e
I
IEE

Aboveandaboveright: By
printing conductive geometric
patternson suitablebase
material, engineer scan create
CircuitAnalogue(CA)RAM ,a

highly effective radar absorber,
but onewhich must becustom-
designed by computer to suit
each new apsorption
application.
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CANCELLATION

The only realistic method of
creating the waveform needed
for cancellation would be by
activemeans. Unfortunately,
the technical problems are
formidable. Alrcraft-mounted
sensors would have to
measure the frequency,
waveform, strength and
direction of the signal to be
countered. Complex signal
processing equipment whose
software contained detailed
information on the aircraft's
radar reflectivity at awide
range of anglesand
frequencies would have to
predict how the incoming
wave would reflect, then
create and transmit a suitable
cancellation signal.

Cancellation would not
need to be 100 per cent to be
militarily useful, -while the
task of matching the
cancellation signa to the
threat could be reduced in
magnitude by reducing the
threat sector and frequency
range to be countered. Active-
cancellation systems have
been discussed in technical
publicatior.s and it is possible
that equipment of this type is
being used on the Dassaullt-
Bre%uet RafdeandtheNorthrop
B-2 bomber.

Confirmation that France has
developed active-cancellation
techniquescameata
conference on guided missiles
heldin Londonin April 1999 by
SMi. During apresentation on
stealth technology for missiles,
Jean-Francois Gondet, senior
technical adviser at MatraBAe
Dynamics said that the
techniques which the company
has developed for minimisin
RCSincluded"activesystems’,
but added that these were too
highly classifiedtobe
discussed at an unclassified
conference.

Alsointhelate 1990s came
news of anew and novel
techniquefor controlling RCS.
Devel gﬁed in Russiaby the
KeldyshResearchCentre, it
breaks the perceived theory
held in the West that since
shage has such astrong effect
on RCS little can be doneto
reduce the RCS of an existing
aircraft. TheWesternview may
be true when attempts are
being made to reduce RCS by
retrofitting RAM, but the
Russian scheme creates an
artificially generated plasma
around the aircraft.

Two phenomenareduce the
RCSof anaircraft protected by a
gasmacl oud, say theRussians.

adar energy tendsto pass
around a plasma cloud rather
than dpenetrate it, and the energy
that does penetrate interacts
withthepl asma-charaﬂed

y

particles, andisparti
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Aboveand below: TheB-2
programme made extensve use
of computer-aided design and
manufacturing (CAD/CAM)
techniques. Computer screens

linked toa 3D database
replaced drawing boards,
allowing the automatic
manufactur e of accur ate
components.

absorbed. Western steelth
techniques degrade the
handling characteritics and
agility of theaircraft, the
Russiansclaim, whiletheir
system dlows the designer
greater freedomintermsof
aerodynamic design. The
hardware that must be added to
the aircraft weighs less than
2201b (100kg), and consumes
between 1 and IOkW of eectrical
ef.

Three generations of plasma-
protection system have been
developed and tested by the
Keldysh Research Centre. The
firstwasasmpleRCS-
reduction system, while the
second changed the freguency
of the greetly attenuat
reflected signal, and produced
"somefalse signals’ which
helped to concesl the aircraft's
location and speed. Progress
swith a further-improved third-

eneration system alowed the
ussian government to clear

thefirst- and second-generation
versionsfor export.

Theeffectivenessof plasma
shielding has been
demonstrated by ground and
flight tests, say its devel opers.
These have shown that the radar
observabilitg of an aircraft can
be reduced by afactor of more
than 100. The effectiveness of
such a scheme depends on what
the Russians define as"radar
observability". A reductionin
RCS of 100 would reduce the
radar cross-section of aMiG-23
from around 64.5 s ft (6 s rgk to
around 0.6sqm. Thisislessof a
reduction than that achieved by
US stedlth aircraft but, aswewill
see later in this chapter, would
be enough to sharply degrade
the effectiveness of radar-based
defences.

Given present-day sensor
technologgérgas_sve Roffers
the only realistic option to
radar for the long-range
detection of aircraft targets.

With the growing use of IR
sensors as a radar substitute,
measures must be taken to
reduce the thermal signature
of astealth aircraft.

The main sources of IR
energy are hot metal
components of the engine
turbine and the exhaust
nozzle, componentswhich
have been heated by the
1,800 - 2,300°F §1,
1,300°C) efflux from the
engine's combustors. The
eftlux leaving the tailpipe
contributes relatively little -
only some ten per cent of the
total IR emissionfroma
turbojet and evenlessfrom a
turbofan.

If the engineuses an
afterburner, thelR emission
from the efflux can be
increased by up to 50 times,
causing it to rival or even
eclipse that of the jetpipe. For
this reason, &l the first-
generation of stealth aircraft
- the XST, F117A and B-2 -
make use of non-afterburning
en_?| nes.

The hot interior of the
tailpipe isvisible over a
conical sector to the rear of
theaircraft. From outside of
this sector, an IR sensor will
see only the outside surface of
the nozzle, the temperature of
which will be lower. The IR
signature can be reduced by
using the aircraft's aft )
fuselage and/or vertical tail
surfaces to shield the jetpipes
from view over as Iarge apart
of this sector as possible.

IR SCREENING

"Venetianblind" horizontal
louvres arranged across the
nozzle will restrict tailpipe
visibility to anarrow range of
vertical angles but woul




probably require cooling to
ensure that they did not begin
toriva thetailpipein
temperature.

Exhaust masking has been
widely used by the designers of
helicopters, but they have the
advantage that much of the
energy inthe efflux hasbeen
removed by the turbine which
drives the output shaft. On ajet-
powered aircraft, thejet provides
thebasic propulsveforce, so
must bemasked by aircraft
structure over aswide arange of
anglesasposshle. Onthe
FU7A, YF23, and B-2, the hot
exhausts could not be seenfrom
the lower hemisphere.

In much the same way that
RAM has been devel oped to
reduceradar reflectivity,
materials have been devised to
control IR reflectivity, but the
critica dimendons such as
thicknesses are now expressed
in angstroms rather than in
millimetres.

Whilealow levd of IR
emissivity may at first sght
seem avauablefeature of the
inner surface of ajet pipe or
efflux duct surface, ance it will
reduce the emitted energy, it
will dso act asagood IR
reflector, increasingthereflected
energy that may be coming from
ahotter interna region of the
exhaudt system. F117A
programme manager Alan
Brown has stated that, "a careful
optimization must be made to
determinethepreferred
emissvity pattern indde ajet
engine exhaust pipe. This
pattern must be played against
the frequency range availableto
[IR] detectors, whichtypically
covers a band from one to 12
microns” Inalate-1990s
technica paper, he noted that,
"Recently someinteresting
progress has been made in
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Active Cancdlation Sysgem

Incoming

radar wave Reflected

wave

directed energy, icularly for
multiple bour%e F;%ations%,but
coyly added, "...that subject will
not be discussed further here".
Metd layers are currently
used in such materids, says
Brown, but "the big push at
Prm isinmoving from metal
ayersin thefilmsto metal
oxidesfor radar cross-section
compatibility. Getting the
required ormance as a
function of frequency is not easy,
and itis adgnificant feat to get
downto an emissivity of 0.1,
?anicularly over a sustained
requency range. Thus, the
biggest practical ratio of
emissvitiesisliableto be one
order of magnitude.”
Despite the traditiona

Active
cancellation
avionics

,_"/
{/ Transmitted wave
i matches and cancels

{ reflected wave
4B

Above: Another method of
reducing RCSisactive
cancdlation. The incoming
(strongblue) radar waveis
sampled by a receiving
antenna. Having predicted the
aircraft'sreflectivity at this
frequency and angle, the
avionics create and tranamit a
falseecho (mauxg?, asgnal
designed to cancd out the
?muine reflection (pale blue)
rom theaircraft's sin.

Below: InredesigningtheB-1A
tocreatetoday'sB-1B, Rockwell
reduced RCShy afactor of ten,
taut could dolittletoreducethe
I R output fromfour
afterburning GE F-101
turbofans.

military preference for keeping
ever?tzi ngfromsoldiers boots
to warships nicely dean and
polished, theinside of military
Jetpipesisunlikely to satisfy a
fastidious inspecting officer. The
heat and carbon particlesfrom
jet efflux will soon dull the most
carefully manufactured
components. Jet fuel is a
hydrocarbon, sotendsto
produce carbonwhen burned,
though today's combat jets are
virtually smoke-freecompared
with those of the 1950s and
1960s In an engine efflux,
carbon particles are
comparatively harmless, adding
littleto the RCS of the exhaust
gasss, but onthe indde of a
jetpipe the build-up of carbon -
amaterid with avery highIR
emissivity - can create problems
for the designer of astedth
aircraft, who will demand that
the powerplant designer
controls carbon output. "For the
infrared coating to be effective, it
isnot sufficientto haveavery
low particulateratiointhe
engine exhaust, but to have one
that is essentidly zero,” says
Alﬁn B_rowg. el R

aving denied an enemy
sensor sight of the hot engine aft
section, the sedth aircraft
designer must dso reduce other
sourcesof IR energy. Anobvious
target for treatment is now the
exhaust plume. The efflux
leaving the tailpipe contributes
rdativdy littletothe IR
signature - only some ten per
cent of thetotal IR emissonfrom
aturbojet, and even less from a
turbofan.

If the engine uses an
afterburner, the efflux emisson
can be increased by up to 50
times, cajsgfg ittorival or even
edipse that of the jetpipe. For
this reason, dl the first-

eneration of stedlth aircraft -
theHaveBlue, F117A and B-2 -
usenon-afterburning engines.
Tominimisethe R signature of
the efflux, the latter must be
cooled quickly by mixing the
flow of hot gas from the core
with cooler by-passair. Thisis
dready donein aturbofan
engine but it can be taken a
gdage further in a gedth desgn
by using additiond air to
provide a codl shroud around
the exhaugt. Diverting alarge
flow of air through the engine
bay and around the engine will
a0 minimise the temperature
rise in the structure of the rear

uselage.

Another way of reducing
the IR signature is to replace
the traditional circular
exhaust nozzle with an
elliptical or rectangular
pattern. Thiswould increase
the perimeter of the plume,
creating awide"beaver-tail" of
hot gases rather than a
compact circular jet. Itwould
increase the surface area of
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Above: Thetail surfacesof the
Fair child A-10weredesigned to
mask the engine exhaustsfrom
theseeker headsof | R-guided
weapons.

the plume, increasing the rate
at which the gases cooled,
and would aso reduce the
band of heightsfromwhich
an attacking fighter could
observe astrong IR signature.
A two-dimensional
rectangular nozzle of thetype
flight-tested on the F15 STOL
Demonstrator probably hasalow
IR andradar signaturewhenthe
engineisrunningindry thrust.

AIRFRAME HEAT

Asthe modern all-aspect IR
missile demonstrates, the
airframeisalso asource of
detectable IR energy. This
heat comes from several
sources - the engine, the
avionics and the thermal
effects of friction with the
atmosphere at high speed.

As any designer of engine
bays will testify, ajet engine
runs hot. Nearby structure
must either be built from
titanium or other

temperature-resistant alloys or

be shielded from engine

heat. Stealth aircraft are
through! to have linings within
the engine bay to prevent
engine heat from spreading
into the structure, warming
the aft fuselage and
increasing the aircraft'sIR
signature. )

At present, most aircraft
simply dump the heat
gathered by the cockpit and
avionics cooling systems but
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Aboveandbel ow: Two-
dimengonal vectored thrust
nozzles have a rectangular
outlet and alower IR
dgnature than conventional

round nozzles. This
experimental nozzlefor the
FIDO turbofan was developed
for use on the F-15 STOL
demondgrator.

Right: Thejet flap/lift concept
tested in the early 1960s on
the Hunting 126 research
aircraft probably reduced the
IRsgnature.
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stealth aircraft will probably
rely on closed-loop cooling
stems. The heat could be
umped into the fuel, a
technique pioneered in the
SR-71Blackbird, or radiated at
frequencies not well
transmitted by the
atmosphere. Another
component of the IR signature
isretlected or re-radiated
sunlight. This can be
minimised by the use of
suitablesurfacefinishes.

ENGINE NOISE

Currentstedthaircraftare
subsonic. Thelevesof airframe
heating induced by supersonic
flight would make'the aircraft an

easy target for IR sensors, while
the'noise of aroaring
afterburner would betray a |
covert reconnaissance of strike
aircraft operating at medium or
low dtitude. i ]
Severa books discussing
stealth technology have
suggested that as a general
rule; supersonic speads and
the use of afterburning are
not compatible with low-
observable operations. This
had led their authors to
question the wisdom of the
hypersonicfighter or
réconnaissance designs
proposed by some aircraft
companies, such asthe Mach
5 methane-burning monster
whose proposed configuration

DESIGNING A STEALTH AIRCRAFT

was released by Lockheed in
the early 1980

Such aview overlooks one
of the odder aspects of flight
at high Mach numbers. AS
arcraft speed builds up,
increasing ram pressure at the
engine infet reduces
efficiency, so efflux
temperaturebeginstofall. By
Mach 3 it can be lower than
that of the same engine
running at militar drg}5
thrust, Move to Mach 35 and
the taléPéPe emission will
completely dominate that
from the efflux.

One unavoidable factor
associated with high
supersonic speed iSairframe
heating dueto atmospheric
friction. Thiswill beamajor
problem in creating any
'Super Blackbird" typeof
aircraft. Workingonthe
assumption that the possible
threats to such aircraft will be
SAMsor interceptors
attempting "snap-up" missile
attacks, it'is possible to
envisage partial solutions
based on cooling systems
which extract heat Trom the
lower surface on the aircraft,
re-radiating it upwards. Such a
system would confound most
present-day and future air
defences but the Super Powers
can affordto orbit space-
based IR sensors such as the
experimential US"Ted Ruby"”.
These would find upward
radiation from hypersonic
aircraft an easy target.

COMPROMISES

Working with these basic
rules for signature reduction,
the designé& must tackle the
problemof creating a
practical stealth aircraft or
missle. Thedesign of any
aircraft it essentially a matter

of compromise between
conflicting requirements. This
is even more so when creating
a stedlth aircraft, since the
desi (%ner must duggle anew
st of rules and constraints
over and above those of the
Bast. Theprice paidfor low
CS may be lower
performance, reducedrange

or alighter payload. In ,
Lt Gen Kell)f) urke, at that
time USAFDeputy Chief of

Staff for Research™and
Development, summed up the
F{oblan_of developing alow

CSdesign: "You d_ont%et any
desirableteature withou
glw_ngbup some other

esirablefeature.”

Even within the field of
stealthtechnol qu
compromiseswill be called
for. Onedisadvantageof
shaping asan RCS-reduction
measure isthat reducing the
returnsinonedirection™
involves increasing themin
another. No matter how
surfaces are angled, there will
aways be direcfions from
which they are seen at normal
incidence ‘and where their
reflectivity ishigh.

Beforethe desSignerscan
shape the aircraft, the authors
of the operational
requirement may have to
indicate the approach to be
followed. Should RCSbhekept
moderately low over awide
range of viewing anﬂleﬁ, or
does the user want the RCS
from acertain critical sector to
be kept aslow as possible at
the expense of "dumping” the
enrgy intheform of strong
refléctions at other less
important angles? Techniques
such as operational analysis
may help provide the answer
here by allowing hypothetical
aircraft using both )
approachesto RCSreduction
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to be "flown" against the
postulated enemy defences.

The powerplant and its
associated inlets and nozzles
create their own problems.
Many stealth configurations
have engine inlets mounted
above the wing or fuselage to
keep them hidden from
ground-based radars but an
aerodynamicist will warn o
thegossi bility of airflow
problems during high angle-
of -attack manoeuvres. The
sort of ventral air intake flight
tested on the North American
F-107 was not dropped just
because it looked ugly.

When radar energy strikes
the compressor or fan face of
ajet engineit effectively acts
asasolid surface, preventing
the wave from proceeding
further. The most obvious way
of reducing intake RCS would
beto coat the first-stage
bladeswith RAM. Thiswould
have the desired effect but is
not a practical solution - the
absorbent material could not
cope with the stresses caused
by the high rotational speeds.

Moving dl the ordnance
into an internal bay and
eliminating traditional
underwing sensor or EW pods
reduces RCS but eats into the
space available for internal
fuel. The use of a weapons
bay may also reducethe
maxi mum weapon load, while
elimination of external pods
prevents the rapid updating of
the aircraft by add-ons.

HOT SPOTS

A major part of the design
processisto identify at an
early stage the main elements
which contribute to the final
RCS, To maketheprocess of
RCS reduction cost-effective,
the stealth designer must
identify these dominant
scatterers, the features on the
aircraft which make the
greatest contribution to total
RCS. These are known as "hot
spots' or "flare spots'. Stealth
measures applied in these

7SS
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Above ThisL ockheed Mach 5
concept would beagood IR
target. Hyper sonicealth

air craft will haveto'dump’ this
unwanted thermal energy in
safedirections.

Below: Thomson-CSF has
studiedthelikely radar-

r eflectivity of thefan bladesof
M 88 tur bofan enginewhich
wereto beusad inthe
production Rafale D and M.
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critical areas will make the
largest overall differenceto
total RCS.

When an aircraft is viewed
from the front, the largest
contributor to RCSislikely to
be the inlets. Being re-entrant
structures, they tend to act
like corner reflectors,
efficiently trapping and re-
radiating radar energy. Any
cooling ducts or other inlets
visible from the front will
prove equally efficient radar
reflectors. Another will be any
forward-facingantennas
in the nose radome of the
aircraft or itsmissiles. If a
radomeis not fitted, anear-
spherical metal nose may also
act as an efficient scatterer,
while travelling waves moving
along the fuselage may add
their own contribution. The
coc;kﬁit is another cavity
which may return strong
echoes.

Moving away from the
centre line, the wing leading
edges play amajor rolein
scattering. At broadside
angles the fuselage sides,
vertical fin, underwing stores
and pod-mounted engines

become major sources. When
radar waves strike wing and
fin leading and trailing edges
at near-grazing incidence,
travelling waves can be set up,
while further towards the rear
sector radar returnsfrom the
wing and fin trailing edges
will be observed. From behind
the aircraft, the most
important contributorswill be
the engine exhausts and any
travelling waves set up along
the fuselage.

RCS also varies with
elevation angle. When an
aircraft is viewed from the
side and above, the wing/
fuselagejunction creates a
radar-reflective 90 degree
feature, -whiletheright angle
between the vertical fin and
the horizontal stabiliser adds
its own component. Radar
waves arriving from above or
below will also find the near-
flat areas on the wings and
horizontal control surfacesto
be good radar targets.

Experience will alow
designersto identify these
features but their effect on
overal RCS must be assessed.
In the earliest stages of a
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Above left: Lockheed's
experimental Q-Star may look
crude, but thisadapted
sailplane proved the sound-
reduction technology used on
the low-noise YO-3A.

hypothetical design, this can
only be done using RCS
prediction codes, specialised
computer software which makes
use of acompany or nation's
accumulated RCSexpertise. A
L ockheed RCSprediction
programme hamed Echo 1
provided the information
needed to develop the Have
Blue technology demonstrator
and the F117A.

By aprocess of analysis, the
shape of the complete aircraft
is broken down into simple

Above: The North American
F-107A (an unsuccessful rival
toRepublic'sF-105
Thunderchief) istheonly jet
fighter to have flown with a
dorsal air intake.

parts - the plates, c¥lind35,
edges, spheres and the like
swhoseindividual RCSis
redictable. Then comes the
ask which only a
supercomputer” can
redigticaly handle -
synthesis of these into a
highly-complextotal RCS.
hére |:;,t useg_o tnl% Sor q
easy way o predic an
the magnitude of the task
which the designer facesis
dependant on the complexity
of the shape heis considering.

Non-Stealthy Features of MiG-25 Foxbat

Large
intakes

.--/‘

External weapons
with right-angled

Exposed
engine faces

Wing fences and
protrusions

surfaces

Unshielded
cockpit

Protruding
antennae

It is thus no accident that one
of thefirst applications which
Thomson-CSF isapplyingto
its RCS-prediction software
suiteisthe design of stealthy
re-entry vehicles. The sheer
computer "number-
crunching" power needed to
ca(reg_/ outtealisticRCS |
predictions was not available
until the mid to late 1960s.

MEASUREMENTS

The next stage is to carry out
measurements using an
accurate model of ether the
whole aircraft or the areas of
the aircraft identified as "hot

ots'. The latter can be tested

full-scale but, when the
entire aircraft must be

Gaps and breaks
in skin

Large flat
slab sides

Large overall

size

examined, the normal
approachisto build an
accurate scale model of the
proposed design. This must
either be madefrom metal or
be electroplated or silver
ainted after construction so
hat its surface becomes
electrically conductive.
Unless alow electrical
resistance is obtained dl over
the skin of the model, surface
waves will not build up to the
correctintensity.

In the 1960s and 19705
most RCStesting was done at
outdoor test ranges. These
facilitiesconsisted of a
mounting able to hold the
model and turnit to an
direction required for thetest.
The radar transmitters used to
illuminate the model and the
receiver which sampled the
returned signal were located
at afair distance away, at least
100ft (30m), and often” 1,000ft
(305m) or'more. Theradar
beam directed at the target
would a least partl_all¥
illuminatetheterrain. To
reduce the effects of this, the

round between the
ransmitter site and the test
%osm onwas carefully treated.
ne technique involved
creating aberm, avee-shaped
raised area running from the
transmitter to the fest site.

Below: The MiG-25 Foxbat was
optimised for high-speed dash at
Mach 2.8 and no attempt was
made to minimiseradar sgnature.
I tshugeinletsand abundanceof
right angled surfacesall help
reflect radar energy.

Large right-angled
tail surfaces

Large
afterburning
engine
nozzles

Sharp tips
on wings and
tail surfaces
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Another involved erecting a
series of low lateral fences
coatedwithRAM.

The problem with outdoor
ranges is that their Sze makes
them expensive to build and
run, while the accuracy of the
testresultsisaffected by
weather. Thereisaso arisk
that the se,curlatfy of the design
of anew aircraft may be
compromised. Givena
photograph of a stealth
aircraft, alow-observables
expert can estimate its
characteristics.

Indoor test ranges alow the
radar cross-section of highly-
classified stealth warplanes
and missiles to be tested in
complete secrecy and also
eliminate the effécts of
weather on the measurements
being made.

For the designer of such test
facilities, the problemisto
devise away of creating the
same condifions as an outdoor
range, The most obvious
techniqueis to line the walls
of the test chamber with
RAM, absorbing the beam
once it has passed the target
and maintaining the
electronic "illusion” that the
target isout of doors. Thisis
normally done usi n%the
pyramidal typeof RAM
material described earlier. A
radar signa directed into such
a chamber will almost ]
completely disappear when it
meets the wall, with less than
afraction of one per cent
being reflected.

If good results are to be
achieved, thewave-front must
be asflat as could be obtained
from an antennaalong
distance away. The most
common technigueisto direct
the radar energy from the
antenna not directly at the
target but indirectly, viaa
specially designedreflector.
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This collimates the energy,
creating an evenly distributed
signa identical to that from an
antenna located along
distance avay. An alternative
but less common technique
involves passing the radar
beam through a collimating
lens made of plastic but the
manufacture of large enough
lens structures has proved
difficult.

Atfirst, compact ranges
were seen Smply as
convenient alternatives to
outdoor ranges, useful largely
for initia testing only but no
substitute for definitivetrials
on a good outdoor range.
Improvementsin computers,
range instrumentation and
range design have now

RCSM easurement Plot

Above: This L ockheed
conceptof an ATF
production lineillustr ates
the computer-controlled
technol needed when
building the structure of
future low-RCS fighters.

Right: The complex shape of
theB-2inlet followsa precisdy
calculated stealthy profile,
development of which caused
programme delays.

Below: Thedigital computer
hasrevolutionised the science
of RCSprediction. Asthis
Thorn EMI polar diagram of an
unidentified RPV shows, the
measured RCS(redtrace) is
closeto theforecast value (blue
trace).

reduced or even eliminated
this performance gap. With the
rise of stealth technology, most
of the major US aircraft
companies own both outdoor
and Indoor ranges.

RCSTESTING

Whether tested indoors or
outdoors, the proposed design
must be examined at varying
radar freguencies. Whenever
the wavelength being used is
of the same order asthe size
of any feature on the aircraft,
aresonance may occur,
producing alarger radar
echo. Asdifferentfreguencies
aretested, different-sized
components on the aircraft
will resonate when
illuminated at the
appropriatefrequency. All the
possiblereflection
mechanisms, such

as specular reflections, edge
diffraction, plustravellingand
creeping waves are
frequency-dependant,
creating a mass of ever
changing variables. To keep
the magnitude of the task




Indoor Test Chamber

Flat wavefront
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Above: Indoor RCS test ranges common scheme involves

shiedd gealth designs from collimating the ener gy by means
prying eyes, but the radar of a carefully sh
energy reachingthetarget must  that it presents a flat wavefront.
behave asif it had travelled a Thechamber islined withRAM
to absorb excessradar energy.

long distance. The most

within bounds, engineers will
often confine their tests to
the forward sector or any
other direction in which'RCS
will be critical for the aircraft
under investigation.

ed reflector, so
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Many features
of the proposed design
can be checked with a simple
plot of reflectivity versus
range, repeated &t
different aspect angles.

To get aredly detaled radar
"look" at acomplex target
requires more sophisticated
test methods, usually
involving synthetic aperture
techniques.

Ttrr]% most notrmal tus% of |
synthetic aperture technology
iSin the creation of high-
definition sideways-looking
radars (SLRS). These obtain
their n_ear-ghotograp_hlc
resolution by exploiti n%;
Doppler shift, the digh
modificationinsign
frequencies caused b
relative movement of the
signal source and observer.
IS e classic example of

oppler shift is the
aP?arent_drop inpitch
of the noise froma speeding
train as it passes an observer
standing_on the railway
platform. )
~ ForRCStesting,
instrumentation designers
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use inverse synthetic
apertureradar (ISAR) )
technology. Instead of moving
the radar, they movethe
target in order to create the
Doppler effect. Thetarget was
normally rotated, so that its
individual "hot spots” would
display a Doppler shift,
dependant onradar
frequency, and any radial
movement caused by their
distancefromthe centre of
rotation.

RADAR IMAGES

The end result of an ISAR test
isacomplex three-
dimensional radar image
whose basic co-ordinates are
range and cross-range and
where the third dimension
%_height) indicates reflectivity.
his can be compared with
the target and &l sources of
reflection swiftly located.
These tests alow the
designersto identify all the
high-reflectivefeaturesof the
proposed design - parts of the
airframewhich make an
unduly large contribution to
total RCS and whose physical
size may have little
relationship to their apparent
radar size. A large airframe
featuremay contributelittle
to RCSwhile asmall one may
roveto beamajor scatterer.
hese "hot spots' must either
be eliminated from the design
or be treated with RAM to
reducetheir reflectivity.

INDOORTESTS

Once aprototype of the )
aircraft has been completed, it
will undergo RCStesting to
verify theresults of the
earlier tests with scale
models. Until recently, this
work had to be done at an
outside test range, but can
now be done in a secure
manner thanks to a new
eneration of indoor test
acilities - the designation
"compact range" may seem
amost amisnomer for a
treated chamber able to
swallow an entire fighter!

SECRECY

An advanced indoor range
commissioned by Boeingin
1988 has a test chamber
measuring 225ft x 112ft
68.6m X 34m) under an 80ft
24.4m) roof. Thisislarge
enough to test many types of
aircraft, or half-scale models
of larger designs. Targets
under test can either be
mounted on aradar-invisible
pylon of ogival cross-section
or be suspended on a system
of cableswhich allowsthe
“fly-by" RCS to be measured.
High measurement accuracy

56

is a feature of the facility, asis
the rigorous security
demanded by "black”
programmes. Thefoundations
of one of the chamber's two
test turntables are isolated
from therest of the base
structure, while the support
structure of the ceiling-
mounted turntable is solated
from the walls by means of
dipjoints. In order to
maintain strict "need to
know" rulesfor modelstested,
a series of physically
separated roomsfor model
storage and preparation are
provided. o
Once any remaining "hot

spots* identified on the full
scale aircraft or missile have
been dealt with, the design
can then be cleared for full
production. All the test results
and additional knowledge
gathered during the

evelopment effort isthen
available for study, helping to
refine the low-observable
technologies, materials and
techniques to be incorporated
in the next generation of
stealthy aircraft and missiles.

RCSREDUCTION

At first sight, the effects of
reducing RCS do not seem
particularly valuable. By
inserting diminishing values
of RCS into the radar range
equation - a mathematical
formulawhich definesthe
basic relationship between the
various parameters of aradar
and its range performance - it
becomes obvious that a
halving of RCS does not result
in a halving of target )
detection range. Range varies
with thefourth root of RCS, so
halving the RCS reduces
range by only 15 per cent.

It has been reported that the
Folland Gnat lightweight
fighter of the late 1950s could
only be detected by radar
when closer than the larger
Hawker Hunter, but the
differenceisunlikely to have
been significant. The smooth
lines of the Avro (later Hawker
Siddeley) Vulcan are also said
to have made this aircraft a
difficult radar target, although
it probably did not translate
into any great military
advantage.

A key factor in determining
the degradation in range caused
by reducing RCSistheftigure
obtained by dividing the
reduced RCS by the original
figure, Ib determinethe
reduction in radar range, the
result must be raised to the
power 0.25.

reduced radar range =

reduced RCS\™
(Origina]_ RCS )

Assumethat an aircraft has an
RCSof IOOsgmetres- avalue
probably typical for ahead-on
B-52. Reducing RCShby 50 per
cent reduces radar range to:

-] " oy 025
(IE;&!E&.QQ&T&) — 05 = 0,84

TheB-1A isknownto have an
RCSone-tenth of that of theB-52,
so therangeresulting fromthis
improvement is reduced to:

(10/100)"* = 056

A radar tracking a B-1A
would thus have its ran?e_
reduced by 44 per cent. If it
couldjust detect aB-52 at a
rangeof 100 milesor
kilometers, it could only track
aB-1A at 56 milesor
kilometres. Substitute aB-1B
(which has an RCS atenth that
of the B-1A and one hundredth
of that of the B-52), and the
rangeisreducedto:

(1/100)" = 032

Radar range isthusreduced to
32 per cent. ReduceRCSbhy a
further factor of ten by
substituting an Advanced
Tacticd Fighter, andtherangeis
reducedto 18 per cent.

In his 198 book Radar Cross-
Section Lectures, Professor Allen
B. Fuhs pointed out that the
degradationinresal-lifemilitary
situations may be much grester.
For atracking radar, thetigures
givenabovedo apply, butin
order for atarget to betracked it
must first be acquired.

SEARCH RADAR

A ground-based or naval search
radar tasked with locating an
incoming target uses amoving
radar beam to search a selected
areain atime defined by the
antenna scanning rate.
Accordingto Fuhs, the
degradation in range resulting
fromreduced RCSisgivenby:

(Ofig'mal RCS )

A reduction of RCS by a
factor of 10 will cut detection
rangeto 0.32, whereas
reduction by factors of 100 and
1,000 will give detection
rangesof amere 010 and 0.03
of the _or(iggi nal range,

r ively.

radar mounted on an
aircraft has an even more
difficult task, being required to
search a volume of airspace in
agiven time. The formula for
degradation now becomes:

rangereduction =

reduced RCS\*
(01" iginal RCS )

Reducing the RCS is now
even more effective. Reduction
factors of 10,100 and 1,000 now
%ve rang&reducti onsof 018,
.03 and .006.

Briefing the press following
the downing of an F117A by
the Yugodavian air defences
in March 1999, USAF Director

Reduced radar range
RS Tracking Areasearch | Volumesearch

01 056 032 018

001 032 01 0.03

0.001 018 0.03 0.006

0.0001 01 001 0.001

Typical Missle Ranges
Missle Ma%<kr%e)nge Mir(lkwge Minlasa;/o
(%)

Crotae 85 05 59
Roland 6.3 05 79
Rapier 7 05 71
Sea Sparrow 18 1 56
SA-6 Gainful b 4 14
SA-5Gammon 250 80 32
R-550Magic 10+ 03 2
ATM-7F Sparrow 50-100 06 0612




Right: Thankstostealth
technology, the RCSof an
aircraft isnolonger
proportional toaircraft size. In
thisdiagram, theaircraftare
drawn to a constant scale, but
RCSsteadily reducesfromthat
of the B-52 and Blackjack to
that of the B-2 and F-117A
stealth aircraft.

of Operationa Requirements
Maj.Gen.BruceCarlson
explained that, "It'snot invisible.
It never hasbeeninvisble. We
know radars that can track our
stedthy airplanes. They can
sometimesfindus. Thekey is
that that zone ol detectability or
lethality is shrunk by orders of
magnitude, but it'still not
invisble. Our god is that on the
first day [of awar], we can,
because we've shrunk those
zones of lethality, find our way
into the target areausing good,
detailed misson planning
without being su ible to
enemy radars or their missiles
or their airplanes.”

RCSreductionwill aso blunt
the effectiveness of SAM
systems. Look up the
performanceof any anti-aircraft
missilein areference book, or
even the manufacturer's
brochure, and amaximum range
figure will inevitably be quoted.
Much more difficult to find is the
missil€srninimurnrange.

Immediately after leaving the
launchrail, aroundisnot fully
under the control of its
guidance system, but must be
brought on to the desired
trajectory. Thisi sfparti cularl
trueinthe case of SAMs, where
the round will take an
appreciable timeto reach full
flying speed. On someboost-
dideweapons, the control fins
arelocked until the rocket
motor has burned out, and only
theg does the weapon begin to
guide.

For the sake of argument, let
usinvent ahypothetical "Missle
X", amedium-range SAM with
amaximum range of 25 miles
(40km) and aminimum range of
around 5 per cent of maximum
- 125 miles (2km). In designing
the range of the acquisition
radar used to locate targets, the
designer will have to dlow
someperformancein hand, so
asto ensure that by the time
that the target iswithin range, it
shdll have been designated for
attack, and the missile launcher
will have dewed on to the
correct bearing and be prepared
forfiring. Thelonger the range
of the surveillance radar, the
larger, heavier and codtlier it
will be, so the designer isnot
free to set any maximum range
specification helikes. Let us
assume that the radar is
designed to detect atypica
target at three times the
maximum range of the missile -
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Physical Sze Compared to RCS

Blackjack

FB-111

F-4

MiG-21

MiG-29

Rafale-D

&t

T
mm)

15m2

7m2

Bm?

4m? ( |
. e 4

2m? ( )

0.75m?

0.1m?

F-117A

75 miles (120km).

If the enemy Introduces
stealth technology, and reduces
the RCS of atarget by afactor of
100 (the sort of improvement
which the B-1B shows over the
B-52), then the maximum range
of the acquisition radar fals -
accordi ngFto the equations
given by Fuhs - to only atenth
of its design value. Instead of
detecting thetarget at 75 miles
(120km) range, the radar
associated with "Missle X" will
not achieve detection until 75
miles (12km).

By the time that the target is
first detected, it will bewdll

withinthe missleslethal
envelope. Most of the weapon's
25 mile (40km) rangewill have
been wasted, and the newly
detected target will aready be
lessthan six miles (9km) from
the system's minimum range.

JAMMING

Like ground clutter, the radar
noise crested by chaff or radar
jamming will aso help mask
thelow-RCStarget. Reducing
theaircraft'sRCSaso helpsin
the EW battle. It can reduce the
amount ofH' amming power
needed, allowing designers of

0.025m2

jamming equipment to reduce
volume, weight and power
consumption of their systems, or
even to use nevvjammi_ggb
techniques made practicable by
the stealth aircraft's relative
radar invisihility.

The small radar "sze" of a
stealth aircraft also makes it
easier to shelter behindthe
protection of a stand-off jamming
arcraft. The powerful sgnal from
an aircraft such as the B-111A
was designed to mask a
conventional fighter. It will be
even more effective when
screening the tiny radar target
presented by a stealth aircraft.
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EARLY
STEALTH AIRCRAFT

bout once a decade or so

history throws u
momentous events, the sort of
thing which years later can
lead to reminiscences along
the lines of "I can remember
where | was and what | was
doing when | heard the news
thet...". For many readers of
this book, these events are
probably the assassination of
President Kennedy or the
shooting of John Lennon. For
our parents or grandparents, it
was Pearl Harbor, while a new
generation will probably refer
to the loss of the Space
Shuttle Challenger.

These eventsare by definition
memorable, butfew can
accurately date newsof a
different type - the new trend
whichmay create major
changesin some aspect of the
world, but which arrives
unbidden and unannounced.
"Internet” may havebecomea
household word by thelate
1990s for example, butwho
outsideof ahandful of computer
enthusiasts could dateits
apparent birth? ]

uch the same applies to
the first news of stealth
technology. It seemsto have
crept into the public domain
with virtually no publicity, a
classic example of how first
news of amajor development
can pass almost unnoticed.
Legends die hard and
aeronautical legends are no
exception. An "official version”
of the unveiling of stealth
seems to have evolved and
requires to be debunked
before politically expedient
claims become elevated to the
status of history.

According to anumber of
1980 pronouncements by US
Government officials and even
by President Carter, news of
the programme had first
leaked in August of that year.
A subseguent official release
of minimal information was
depicted by the Democratic
Party as a move intended to
damp down future pressleaks,
while the Republican Party
saw it as a blatant attempt by
ashaky Administration to
boost itsimage for the
forthcomingUSPresidential
election. o

Like many legends, it is
neat, colourful and bears little
relationship to reality. Reports
of stealth technology h
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been circulating for several
years before the August 1980
incident. Casting my mind
back over more than two
decades, | cannot remember
when | first heard of stealth. In
much the same way as a
police pathologist will give a
spread of times of the likely
moment of death for amurder
victim, | can only reply "not
before 30 June 1977 and not
later than 27 May 1978".

In 1977, Friday was press day
for the pages which contained
regular news features in the
British aviation magazine
Flight International. On 30
June 1977, the day was goin
much like any other. The fu
quota of news stories had not
yet been completed but the
remaining shortages were
nothing which a lunchtime
visit to the nearby Rose and
Crown public house was not
helping to cure (a process
known to staff reporters as
"lubricating the fingertips").
Defence Editor Charles Gilson
was working steadily on a
large news stor)é, while | was
on the phone obtaining the
regular weekly news report
from the magazine's US
correspondent.

At the end of alengthy
phone call and much
notetaking, | realised that it
was time to spoil Charles
Gilson's entire day. "Carter has
just cancelled the B-1", |
explained. Under normal

circumstances, Gilson was the
ideal boss, radiating a general
air of calmin aprofession
noted for stress and frayed
tempers. On this occasion, he
reacted asif | had kicked him
in the seat of the pants. "He's
WHAT?', washisshocked
response.

STEALTH APPEARS
Rapidly consigning most of

Below: Thesngle-seat
configurationidentifiesthis" US
Air Force' aircraft asa CIA
A-12, predecessor of the SR-71
Blackbird.

the material we had written
for that week's issue to
oblivion and warning the
production department that
our news pages -would be
closing for press late, we
started work on a massive
two-page news story. Entitled
"Rockwell B-l cancelled”, this
explained President Carter's
decision to abandon the
swing-wing manned bomber
programmeinfavour of
deploying the new air-

launched cruise missiles.

In the most important of my
research files on which this
book is based, a photocopy of
the B-I cancellation story is




Below: When Presdent Carter
cancelled theB-1A bomber
programmein 1977, thefirs
XST dealth aircraft was already
being built.

thefirst item. It's not there
because of what it says but
because of what it doesn't say.
Nowhere in Charles Gilson's
description of thereasonsfor
the B-l cancellation or my
account of how cruise missiles
would take over the Rockwell
bomber's intended role does
any mention of stealth
technology or even the very
idea of low-observables
appear. Obviously neither
Charles Gilson nor | had
heard of it, snceit would have
formed anatural part of our
report. First news that

L ockheed was working on
new types of aircraft camein

the Fiscal Year 1977 US
defence budget. The USAF
announced for the first time
that Lockheed was to develop
and build the TR-1 variant of
the U-2 family, while the
Defense Research Projects
Agency (DARPA) revealed that
Lockheed had received a
three-year development
contract worth and estimated
$90 million to develop and fly
an undesignated new aircraft
type. At the time, nobod
seems to have realised the
purpose of these unidentified
aircraft. The first rumours of
stealth technology were not to
leak to the world's aviation
pressfor sometime.

By thetime that | reported
the first crash of a stealth
aircraft in the 27 May 1978
issue of Flight International,
tales of radar-invisible aircraft
were ar inthe public
domain. Although the Flight
story is only the second
document in my own stealth
files, the fact that | did not
explain at great length within
its half-page length exactly
what a stealth aircraft was
indicates that f was assuming
that the reader was aready
familiar with the concept. My
contemporary notes have long
since vanished into Flight
archives - | left the magazine
18 months later - but | can
remember reading other {and
almost certainly earlier)
reports of the aircraft's
existence.

WORLD WARESTEALTH

The idea of stedlth aircraft had
been around for sometime.
DuringWorldWar |1 German
engineers dso tried to apply
RAM to anaircraftin order to
reduce its detectability. The
GothaGo.229]et-poweredflying
wing, ordered into productionin
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early 1945 following flight trials
of aprototypeaircraft

designated Horten Ho X, would
have been skinned with pands
which sandwiched a core made
of up charcod, sawdust and a
glue matrix between two sheets
of plywood. None had been
ddlivered by the time the war
ended.

In March 1963 the USAF drew
up aspecificationfor a
reconnaissance aircraft eble to
flg at heightsfar abovethose
obtainable from existing types
and interceptors. It proposed the
creation of a subsonic sngle-seat
aircraft with aradius of 1,500
miles (2,400km), and the ability
tofly over itstarget at aheight of
70,000ft (21,335m) or morewhile
carrying asensor payload
weighing between 100 and

(45-315kg). Theresulting
design was expected to combine
the latest in turbojet engine
technol with an airframe
whose light construction and
high aspect-ratio wings would
be more reminiscent of
salplanes than combet aircraft.

The aircraft would be
unarmed, so had to be difficult to
detect, and hard to intercept
IBOQEQI qualities werﬁ obtai rg?d

argey iving the aircraft a
cgcuisi né)%e? ght well above that
of contemporary interceptors.
The formaﬁ) sggcyificatigﬁpt
recognised that "the enemy will
have limited methods of
detection and/or interception of
avehicle of the requir
performance. ;Il'he grectest .

o) tion to the operation of
thl?g?ats rcraft can bepg<pected to
be encountered from guided
missles” h2 (@) of th

Paragraph 2 (g) of the
specification demanded that,
"Condderation will be given in
the design of the vehicle to
rninimising the detectability by
enemy radar.” The needto avoid
emitting signals which an

=3

enemy might detect was eso
appreciated. Navigation wasto
beby meansof "anon-
emanating system™ whilethe
soleitem of communi cations
equipment would be aSsmple
short-rangeUHFradio. "No
emanations from the aircraft will
be permitted over enemy
territory."

Although not invited to bid for
theprogramme, L ockheed had
learned of the new requirement.
InMay 1954, thecompany
proposedaJ73-engined CL-282
variant of its F104 Starfighter.
Thiswasrejectedinfavour of
theBeH Model 67 andMartin
294 designs. InNovember of the
sameyear, an evaluation of
updated Lockheed proposals led
to acontract being placed for a
small batch of aircraft. TheBell
Model 67 (designated X-16) was
cancdlled, while the Martin
desgnwasto emergeasthe
long-span RB-57D.

The task of building the new
Soyplane was assigned to the
Lockheed" SkunkWorks'. Based
a Burbank, Cdifornia, the
Skunk Works is the stuff of
which aeronautical legends are
made - a project office where
smdl, highly motivated design
teams worked with arninimum
of organisational constraintsand
even less paperwork to create
advanced aircraft.

The Skunk Worksisnot the
sort of establishment which
looksgoodin company
brochures. Eveninthe 19505
when companies expected
engineers to wear suits and ties,
Skunk Works staff took
advantage of the unit'sisolation
(it was off-limits to most
L ockheed employees) to dress
casudly. Accordingto astory in
The Washington Post, whena
Congressman visited the sitein
theearly 1980s "At Lockheed's
Skunk Works, which resembled
adightly seedy industrial plant,
the vidgtor ate sale doughnuts,
drank coffee from gclolastic foam
cup, and wes briefed by an
engineer who tapped cigarette
ashesinto his cupped hand as
he spoke™

Suchinformality might not
impressvisiting VIPs, but
attracts talented design
engineers the way wasps are
atracted to ajar of jam. Focus
that amount of raw talent witha
bureaucracy-free environment,
and advanced technology
aircraft can be created with
maximum speed and irunirnum
cos.

The Skunk Works had been
createdin 1943 by L ockheed
designer Clarence"Kdly"
Johnson, by dl accounts an

Left: This Lockheed U-2R of the
USAF's9th Strategic
ReconnaissanceWhigis
externally smilar to today's

L ockheed U-2S.
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irascible man with a penchant
for "bawlingout” or evenfiring
employees whose work
displeased him. Johnson was a
brilliant engineer, famous asthe
designer of the Lockheed
Congtellation piston-engined
airliner, thetwin-engined P-38
fighter, and the F-80 Shooting
Ster jet fighter. When the
reconnaissaance aircraft project
started, Johnson wasin hismid-
405, and wasL ockheed'schief

engineer.
Workinginconditionsof
unparalleled secrecy, Johnson

and his Skunk Worksteam built
thefirst prototypein only eight
months, rolling it out at thethen-
new GroomLakeAFB, Nevada,
inmid-July 1955 A brief and
unplanned hop during taxi trials
on 29 July wasfollowed by a
first flight on 1 August. This first
arcraftwasdesignated U-2, with
the production examplesbeing
U-2A.The"Uforutility”
designation was intended to
concesdl theaircraft'struerole,

On4 July 1956, the U-2 made
itsfirst overflight of the Soviet
Union, with CIA pilot Harvey
Stockman at the controls. Froma
baseinWest Germany, itflew
aé0$ Poland and into h
Belorussia, ing over the city
of Minsk befpgitugrni ngnorthto
fly upto Leningrad (now S.
Petersburg), then back to
Germany. It became obvious
that, despite its high operating
dtitude, it had been tracked by
Soviet radars, and MiG fighters
had made unsuccessful attempts
tointercept it.

After around half adozen
overflightsof Sovietterritory, it
was clear that the Soviet radar
network was successfully
detecting and tracking the U-2.
Latein 1956 the CIA ordered a
project known asRainbow to
findwaysof reducingthe
aircraft's vulnerability. Kelly
Johnson et his engineersto
work in attemptsto reduce the
arcraft'sradar signature.

Asorigindlyfielded, theU-2
flew with an dl-black paint
scheme designed to minimiseits
vishility at high dtitudes. Its
solealy in avoiding radar
detection wasits small size - not
much larger than ajet fighter -
anditsclean lines. At first sight,
its long-span wings might seem
likeideal radar reflectors, butin
practice their vast spanisso
greet that they resonate in the
HF band rather than at radar
frequencies.

Thefirst approach involved
stringing wire along the
fuselage to scatter the radar
energy arriving at the aircraft,
but the resulting aerodynamic
drag reduced cruising height by
3000ft (2135m). Radar-absorbent
material (RAM) in theform of a
Salishury Screen was then
added to the fuselage, but
proved of limited effectiveness.
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Finaly, an early form of ferrite
paint was applied. This reduced
RCSby an order of magnitude
hi July 1957 the first modified
aircraft - known asa"dirty bird"
- made asortieinto Russiain
the Black Seaarea. Recordings
showed that the reduced RCS
was not enough to prevent the
aircraft beingtracked, but
reduced the U-2's operatin
atitude to 58,000ft (17,600m).
Giventhelimited amount of
extra stealth which could be
added to theaircraft, an
electronic warfare unit known
asthe"Granger" was devel oped
toconfuseRussiansurface-to-air
missles, and was ingtalled in the
tail section of the small U-2 fleet.

U-2DOWNED

Lockheed and the CIA both
redlised that operations over the
Soviet Union could not continue
indefinitely. Inthewinter of
1959/60 Skunk Works engineer
Bill Shroeder studied the likely
effectiveness of thenew Soviet
S75(SA-2"Guiddine") SAM
system which had begun to
enter service. He concluded that
the aircraft had less than ayear
of operating life left. On 1 May
1980, aU-2flownby Francis
Gary Powers was shot down
near Sverdlovsk.

From analysis of photos of the
wreckage issued by the Soviet
Union, Kelly Johnson concluded
that the aircraft had been hit
fromtherear, and it was|later
concluded that shock waves
from anear misshad blown off
the aircraft'stail. Johnson also
suspected that the radar energy
emitted by the "Grandqer"
jammer may have helped the

Russians track Powers U-2.

Johnson had already started
work on a supersonic aircraft
ableto replacethe U-2 and
overfly current and future
Soviet defences with impunity.
Codenamed "Suntan”, the CL-
400 wasintended tofly a even
greater heightsthantheU-2,
andto have atop speed of
Mach 25. In appearance, the
design which took shape on
the Skunk Works drawing
boards resembled a giant F-104.
Around 300ft (90m) in Ieggth, it
would have been powered by
two wingtip-mounted Pratt &
Whitney engineswhich
burned liquid hydrogen rather
than kerosene. The
specification called for arange
of 3,000 miles (4,800km), but
this proved impossible to
achieve, and the project was
cancelled.

The earliest useful work on
low-observable technology did
not begin until the end of the
1950s When drawing up plans
from thespring of 1953 tothe
late summer of 1959 for aU-2
successor, Kdly Johnson's
team at the Skunk Works
investigated measuresfor RCS
reduction. Inthewinter of
1958/59 the CIA concluded
that asupersonic U-2 successor
was feasble, and Lockheed
and Convair were asked to
propose suitable designs under
aproject codenamed "Gusto”.
Once again, Kely and the
Skunk Works engineers
turned their talents to the task
of cresting asupersonic
goy lane, but thistime a

lesign whose engines would
burn some form of
conventional jet fuel.

Above: On the original photo
of this SR-71, triangular RAM
panesareclearly visble on the
sarboard wing leading edge
and chine.

A-12/SR-71 DESIGN

Theinitial design for what
would eventualy become the
Lockheed SR-71wastheA-l, an
aircraft designed tofly at Mach
3. However, President
Eisenhower was not prepargd to
accept a solution based purely
on high speed and high altitude
- he demanded the lowest




possibleradar cross-section. L ow
RCS had been a desirable
quality intheU-2, butfor the
new arcraft it was mandatory.

AstheA-l designgaveway to
more refined offerings, Skun
Works engineers decided to fit
radar-absorbingferriteand
plastic materialsto dl leading
edg%es and to make the vertical
surfaces from radar-absorbing
composites. The A-l concept was
followed by the A-2, then aseries
of further-refined layouts.

By May 1959, desgnA-ll had
acquired fuselage chines, anda
near-flat lower fuselage surface.
These measures had reduced
RCSby 90per centBythe
summer of 1959 both teams had
submitted designs. The
L ockheed proposal was selected,
and in August 1989 the company
was giventhe go-ahead for the
congruction of the first i
prototypeA-12, an aircraftwhich
wouldincorporatelow RCS
features such aswing/body
blending, built-in RAM, and
radar-absorbingferritepaint.

When designing the U-2,

L ockheed had been ableto take
onlylimitedRCS-reduction
meesures, but the A-12 took the
entire art amassive step
forward. AsNorthAmerican
designersworking on the XB-70
bomber and F108 Rapier fighter
had discovered, creating an
aircraft ableto cruiseat Mach 3
was difficult enough, but in
cregting the A-12 the Skunk
Workstackledthetasksof
combiningthislevel of
performance with stedlth.

Comparisonof theA-12with
thesmilar-szed F108is
instructive. Thefighter had an
angular appearance which
bordered on ugliness, with a
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Above: Inan attempt to
improve the effectiveness of the
AGM-28Hound Dogmissile,
theUSAForderedanRCS
reduction programme

Below: Havingproved a
difficult radar target, Teledyne
RPV sbecameuseful recce
platformsfor theVietnam War.

dab-sdedforwardfuselage, box-
shaped rear fusdage,

wedge inlets - features that
swerehighly radar reflective. The
A-12 rounded lines which
made extensive use of
wing/body blending, while its
engines were fed by inlets
whose conica centrebodies
would help shidd the
compressor face from radar
observation.

Theplagic materidsusedin
aress such asthe swing leading
edges, chines and elevens were
developed by Lockheed, and
took the form of aradar-
absorbent plastic honeycomb
designed to cope with
temperatures of up to 600 deg F
(315 deg C). Onthe A-12, it
accounted for 20 per cent of the
total wing area. It wasnot strong
enough be used structural(ljy ina
Mach 3 design, so was added to
the leading and trailing edge in
theform of V-shaped sections.
The Skunk Worksisdso
reported to have flown
experimental components such
asdl-plagticvertical fins.

The dark paint finish used to
help radiate heat away fromthe
aircraft gave rise to the unofficial
designation "Blackbird". It was
designed with two qualitiesin
mind. It offered high heat
emissivity, so helpedto radiate
friction-generated heat when
the aircraft was cruisng at Mach
3. It dsoincorporated the radar-
absorbing "ironball" pigment

Above: Soviet radarssuch as
Fan Song and itsassociated
SA-2Guiddinemissilefor ced
theUSAFtostudy anti-radar
measures.

usedontheU-2and TR-1.

Theorigina A-12wasasingle-
st reconnaissance aircraft built
to meet the CIA requirement
When the strategic
reconnaissance task was
transferred to the USAF in 1960s
thetwo-seat SR-71was
developed to handle thetask. A
third YF-12A version wastested
as along-range interceptor in
themid-1960s, butwasnot
adopted for operational service.

In November 198 L ockheed
started along series of RCStests
of afull-scalemodel of theA-12.
Tridswereto continuefor a
year and a hdf beforethe results
weredeemed satisfactory. RCS
of the A-12 and the follow-on
SR-71remainclassified,buta
reported figure of only 016sq ft
(0015gm) fortheSR-71seems
highly optimisticfor an early
1960s design.

"The SR-71 was an example of
where we took the
aerodynamic design and then
added some radar absorbing
materia totheairplaneto
makeit dightly stedlthy,”
explained USAF Director of
Operationad Reguirements, Mg.
Gen. Bruce Carlson, during a
1999 press briefing in stealth
technology. "Wefocusedthelow
observable technology inthe
front quarter at certain
frequenciesontheradar
spectrum, mostly inwhat we cdll
the target tracking or X-band
area. That'sthe areathat SAMs
normally do their target tracking
in. There's a dight degradation
inthe ility of that SAM as
that airplaneis coming toward
it." Fromtherear, RCSwas
essentially unaltered

Low-0 able technol ogy
was also seen as a method of
improving the survivahility of

6l



unmanned vehicles. In 1960,
even before the jet-powered
AGM-28A Hound Dog had
become operational with SAC,
North American was given a
contract to reducethe RCSof
the follow-on AGM-28B version.

RYAN DRONES

Early in 1960, Ryan
Aeronautical proposed to the
USAF the development of a
reconnaissance version of the
Ryan Q-2 Firebeetarget drone.
The company had toyed with
the idea of a reconnaissance
drone in the mid-1950s but it
was nhot until the growing
deployment of Soviet SAMsin
the late 1950s which
threatened the future of U-2
operations that the USAF
showed serious interest.

On 1 April of that year, a
Soviet SA-2 Guidelinemissile
downed the U-2 being flown
by CIA man Francis Gary
Powers. On 8 July, Ryanwas
given a$200,000 USAF
contract to demonstrate the
use of modified target drones
for reconnai ssance known as
project”RgdWagon". Oneof
the goals of this project would
be to assess RCS reduction
measures which might
improve survivability without
an extensive re-design.

A wire screen was fitted to
mask the air intake from long-
wavelength radars of the sort
which the Soviet Union used
for surveillance, blankets of
RAM werefitted to the
fuselage sides and the nose
section was treated with what
has been described as "non-
conductivepaint".

Test results were applied to
a new stealthy design known

as the Ryan Modd 13%6. This
featured a high aspect ratio
unswept wing, atwin tail with

inward canted verticals and a
dorsal air inlet and engine
installation. Work had barely
started on the programme
when Harold Brown (then
director of Defense Research
and Engineering) ordered the
cancellation of "Red Wagon™.

Ryan reworked its proposal,
offering in the summer of 1961
a design optimised for
operations along and close to
the Warsaw Pect borders
rather than overflight. Known
as"Lucy Leg", thiswould have
climbed from 65,000ft
(19,800m) to 72,000ft (22,000m)
asfuel burned off. Oncemore,
stealth would be a feature,
with the RCS being "reduced
to aminimum using
detraction (sic), transmission
and absorption technigues’.
Once more, Brown declined to
give the go-ahead.

Perhaps with the Brown
"axe' in mind, the company
had also submitted a
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minimum-modification rework
of the Q-2C drone as an air-
launched platform for
reconnaissance missions.
Known asthe 147A Fire Fy,
this ngsﬁgivm the go-ahead in
early funded under the
USAF"Big Safari" special
reconnai ssance programme.
The first 147A was a Q-2C
modified to act as a testbed
for the proposed navigation
and guidance system. The
remaining three were Q-2Cs
with afuselage stretch of 35in
(89cm) which increased fuel
capacity by 68 US gallons (257

Below: SR-71 technology was
taken agtagefurther in

L ockheed'shighly-classified
D-21 reconnaissance RPV
programme. |t proved
unsuccessful, and surviving
exampleswereretired in the
late 1970s

litres). Severad had extended-
span wings which the USAF
obtained from aUS Army Q-2
project. Flight trials started in
April 1962 with the first
camera-equipped sortie
taking place on 27 April.

On 17 May, a147A was
flown from Tyndall AFB,
Florida, to test the
effectivenessof theRCS-
reduction measures. The
crews of the five 106 Delta
Dart interceptors sent to hunt
down the 147A found it
virtually impossible to obtain
radar lock-on, even when
vectored to the drone by GCI.
Final interception was carried
out as tail-chase pursuits
followi nghthe drone's contrail,
while eight Hughes GAR-3A
(AIM-4F) Falconsemi-active
radar missiles failed to down
the Ryan aircraft.

Above: Although a good radar
target, the XB-70 cruised at
goeedsand heightsbeyond the
reach of present-day SAM s.

CUBA

During a test run over the
Atlantic missile range on 5
August, Air Defense
Command had launched
interceptors to catch the
drone. The result was
embarassment al round. The
fighters failed to locate the
drone but an over-confident
Ryan crew ran the tiny
aircraft out of fuel, dropping
it in the sea 65 miles (105km)
off the coast. Another flight
on 9 August saw the F-102
and F-106 interceptors
obtaining only momentary
radar glimpses of the drone
and eventually pursuing

a non-existent "target"




across Florida and into
Georgia. _
On 29 August, a U-2 aircraft
returned from asortie over
Cuba with photos which
showed the installation of
SAM sites. Although the
presence of ballistic missiles
would not be detected until
mid-October, this was the
opening move of what was to
become the Cuban Missile
Crisis. Following theloss of a
U-2over Cuba, two 147A
drones were rushed to Tyndall
AFB. A drone-equipped
aircraft had barely started
engines to begin the first
mission over Cuba when the
order to cancel the flight was
given. The 147A was not to see
actionbut Ryanhad
demonstrated that the tiny
craft was ready to go to war.
The company was rewarded
by a contract for the definitive
big-winged 147B. Flight trials
of this model started in May
1963 and missions were flown
to test the effectivess of the

craft's RAM blankets. A year
later, the 147B was rushed to

southeast Asia to play its role
in the early stages of the
Vietnam War.

NEW BOMBERS

The year 1964 aso saw the
much-delayed first flight of
the North American XB-70
bomber. Nobody watching the
maiden flight on 21 September
was under any illusion that
the six-engined Mach 3
monster would ever see SAC
service. The decision to make
the programme apurely
technological demonstration
had been taken in 1960. In my
opinion, it was a bad decision
and one ‘which "would be paid
in human lives in the skies
over North Vietnam later in
1972. Many of the bomber
crews who died over North
Vietnam in the Linebacker |1
raids would be dive today had
iloting 2,000mph

theZ been
(3,200km/h) B-70srather than
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elderly subsonic B-52s )
through the skies over Hanoi
and other heavily-defended
targets.

In its search for a new
bomber during the early
1960s, the USAF had carried
out studies of concepts such
as the Advanced Manned
Precision Strike System, the
Low Altitude Manned
Penetrator, the Strategic Low
Altitude Bomber and the
Extended Range Strategic
Aircraft. By this work
had focused on a concept
known as the Advanced
Manned Strategic Aircraft. A
specification issued that year
called for an aircraft able to
fly at hldqh subsonic speed at
low level or at supersonic
speed at high dtitude and
emphasised the need for RCS
reduction. It was to result in
the decision to build the
Rockwell B-1.

Researchinto stealth
technol redly got into its
snide inthe early to mid-1970s. It
was aimed at counteringthe
development by the Soviet
Union of jam-resistant high-
power monopulse ground
radars, and overcoming the
performance of modernlook-
down/shoot-down that were
radars able to observe targets
flying within ground clutter.

HAVE BLUE

In the 1960s Dr Leo
Windecker had designed and
built an all-composite
fibreglass light aircraft known
asthe AC-7 Eagle 1. Thiswas
afour-seat aircraft of

conventional appearance,
powered by aZSEﬁar 213kW)
piston engine. In he
offered thisto the USAF as a
possible low-RCS research

aircraft but the concept fell on
deaf ears. When he re-
proposed theideain 1972, the
concept of low-observables
was coming into vogue.

The prototype Eagle was
lent tothe USAF for RCStests
and Windecker Aviation was
given a USAF contract to
buildthe YE-5A, amodified
Eang]e with internal changes
such asthe addition of RAM.
Delivered in 1973, thiswas
tested by the USAF and
Lockheed, being usedin
studies of the radar
reflectivity of glass-fibre
constructedairframes.

By 1975the US Aiir Force's
Foreign Technology Division
had finally trandated and
republished Pyotr Ufmitsev's
"Method of Edge Wavesin the
Physical Theory of Diffraction”.
Ignored inthe Soviet Union, it
immediately caught the eye of
USmathematicianDenys
Overholser - an employee of the
Skunk Works. He decided to
bring it to the attention of the
chief designer. )

Kelly Johnson had retired, and
beenreplacedinJanuary 1975by
BenR. Rich. Formerly Johnson's
vice-president for advanced
projects, Rich had joined the
Skunk Works in 1954 to work on
theU-2, sowasaveteran of the
CL-400 and A-ll/ISR-71

raphy
oW

rogrammes. In his1994 bi
unk Works, Rich recalled
Overholser had " decidedtodrop
by my office one April afternoon,
and presented me with the
Rosetta Stone breakthrough for
stedth technology. The gift he
handed me over a cup of decaf
instant coffee would make an
attack airplane so difficult to
detect that it would be
invulnerable against the most
advanced radar systemsyet
invented, and survivable against
even the most heavily defended
tarlgets in the world."
eading Ufmitsev's paper,

Overholser had redlised that if
an aircraft could be built whose
surface was made up from flat
triangular shapes, itsRCS could
be predicted What can be
predicted can be controlled. Rich
gave him three monthsto
convert Ufmitsev'stheory intoa
practical RCS-prediction
programme. In only fiveweeks,
Overholser, assisted by retired
Lockheed mathematician and
radar expert named Bill
Shroeder, had created the new
"Echo 1" software and, in
conjunction with aSkunk Works
designer named Dick Scherrer,
had used it to devise the
optimum|ow-observableshape
for an aircraft.

Lett: ThisP-50 Barlock radar is
probably aUS-built replicaof
the Soviet original, a nove
resear ch tool intheUSanti-
radar effort.
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The breakthrough had come
a an ided time. By the summer
of 197/5theUSDefense
Advanced Research Projects
Agency (DARPA) hadbecome
interested in the concept of
gtedlth aircraft. It had awarded
five USaircraft companies
around $1 million each to
conduct proof-of-concept
studies, and planned to award
the company which produced
the most promising design a
contract to build two flying
technology demonstrators.

Unfortunately for Rich,

L ockheed was not one of the
five. Itsearlier sgnature-
reduction work had been
highly classified, and the
company's last successful
fighters had been built during
the Korean-war era. Although
theexisting DARPA fundingfor
stedlth studies had been
entirely alocated to the existing
five contractors, L ockheed was
dlowed the join the
competition

HOPELESS DIAMOND

By May, Overholser and
Scherrer had devised a design
they called the "Hopeess
Diamond". Shaped likean
arrowhead, it promisedto have
an RCSathousandth of that of
theD-21drone. Despite
opposition from Kelly Johnson
(\Who il served asapart-time
consultant to the Skunk Works,
and had dismissed the "Hopeless
Diamond" as "crap"), Rich st up
ateam to explore the new
configuration.

KeUy waspreparedtowager
25 centsthat the "Hopeless
Diamond" would not matchthe
low RCSof theD-21, butlost his
money on 14 September whena
comparativetest conducted
using models of the two designs
showed that the RCS of the
"HopdessDiamond" was exactly
aspredicted - athousandth of
that of the D-21. Theseresults
were confirmed by later tests
using al/10th scde mode of the
proposed aircraft.

By October, L ockheed and
Northrop had been declared the
finalists In the DARPA
competition, andinMarch 1976
L ockheedtested afull-scale
model of their proposed design
at the USAF radar test range at
White Sands, New Mexico. The
"HopdessDiamond" displayed
an RCSaround thesze of agolf
ball, and proved ten times less
detectable that therival
Northropdesign.

InApril 1976, Lockheedwas
declared the winner, and given
a$30 million contract to develop
and manufacture two XST
(Experimental Steelth Tecticd)
demonstrators. Theprojectwas
codenamed "Have Blue".
Congruction of thefirst aircraft
started in July 1976.
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Earlyin 1977, President
Carter's Defense Secretary
Harold Brown and his advisors
carried out asurvey of dl
current research and
development programmes in the
hopes of identifying key areas
which might yield useful
operationa advantagesfor the
US military during the new
Administration of President
Carter. A similar technology
survey inthe early 1970s had
resulted inthe US cruise missile
programmes, so Brown
doubtless hoped that another

tential breakthrough could be

ound. Herapidly identifiedlow-
observable technology as a
likely candidate. Spending on
stedth technol was already
running at around $10 milliona
year, and it was becoming
obviousthat RCSreductions
large enough to give red
military advantage were within
reach.

Under-Secretary for Defense
William J Perry established an
executive committee with
himself as chairman. Known as
Xcom, thisincludedkey military
procurement officialswiththe
clout needed to drive new
technologies through the
traditional DoD bureaucracy.
From the autumn of 1977
onwards, Xcom studied stedlth
proposasfrom the services and
industry. Those thought
promising received massive
funding; the otherswere
weeded out. Funding was
increased tenfold. Themain
beneficiarieswereHave Blue
and a Lockheed stedthy cruise
missile codenamed Senior Prom.

At the same time, knowledge
of the stealth effort was tightly
controlled. InDoD parlance,
dedth was classified as SAR -
Specid AccessRequired. Stealth
was given what Perry would
later describe as " extraordinary™
security protection "evento the
point of classifying the every
existence of the program™. The
long-termeffectivenessof such
secrecy was doubted. "In 19771
toldthe [Defense] Secretary that
with good luck we would
conced programme existence
fortwoyears," Perry wouldtell a
House Armed Services
Subcommittee in 1930.

TwoHaveBlueaircraftwere
built at atotal cost of $37 million.
Neither aircraft was given a
USAF seriad number, but were
numbered 1001 and 1002 by
L ockheed. Thefirstwould be
used to eva uate the flying
characteristics of the faceted
airframe, and the second to
explore the effectiveness of the
RCS-reductionmeasures.

Have Bluewassmilarin
genera configurationto today's
F117, but was only 47ft Sn
(2158m) long, and 22ft 6in (6.71m)
in wing span. Powered by a pair
of non-afterburning General

Above: A military pilot who
made an early unauthorised
sghting of the F-117 described it
aslooking smilar totheMartin
MariettaX-24.

Electric GE B5-4As turbojets, it
had amaximum take-off weight
of 120001b(5,400kg). Thewing
had aleading edge which was
swept back at 72.5 degrees. Its
control surfacesconssted of two
inboard trailing edge devens
and four spoilers (two on top of
the wing and two on the
bottom). Therewereno flapsor
speed brakes. The twin vertical
tail surfaces angled inward
about 30 degrees, and
positioned just ahead of the
engine exhauds.

Wherever possible existing
hardware was used to save time
and money. The cockpit
instrumentation and gjector
seat werefromthe Northrop
-5, thefly-by-wiresystem
neededto "tame’ the airframe's
aerodynamic qualitieswas from
the 16, and the undercarriage
wasthat of the Fairchild
RepublicA-10. Whencompl eted,
both aircraft were givena
complex "dazzl€' camouflage
paint scheme which made it
hard for adistant observer to
determinethe aircraft's shape.

Thefirst Have Bluewas
completedin November 1977,
then flown by C-5 Galaxy to
the"Ranch" airstrip at the
Tonopah test range near NeHis
AFB. Hereitmadeitsfirst flight

on1December 1977. Lockheed
test pilot William M. "Bill" Park
made the first flights, and was
laterjoinedby Lt. Col. Norman
Kenneth"Ken" Dysonof the
USAF.

Have Blue 1001 wasto have a
short life. The landing speed was
around 160kt, and when touching
down after aflight on 4 May, it hit
the ground hard enough to
damage the right main landing
gear. Worried that the aircraft
might skid off the runway, Bill
Park increased engine power and
climbed away, retracting the
undercarriage. Whenhebegana
second approach, the damaged
gear refused to lower. After
severd landingattempts,he
climbed to 10,000ft (3,050m) and
gected just as the arcraft ran out
of fuel. As he gected, he hit his
headandwasknocked
unconscious. Unableto control his
parachute, he landed heavily
enough to cause severeinjury
which was to force him to retire
from flying. The aircraft was
destroyed in the crash.

Right: Whilethe B-2 was ill
under wraps, several analysts
attempted artis's impressons.
This concept by Bill Gunston
was more sengble than many
rival "desgns', and boldly
predicted the absence of
vertical surfaces. Those
ventral inlets would have
been a poor gedlth featurein
ahigh-leve bomber whichis
theB-2smain role.



In his autumn 1980 testimony
to the House Armed Services
Subcommittee, Perry wasto
cdamthat, "Wehavekeptits
Ftedth‘s] very exisence secret

or morethan threeyears' rather
than the two years he had

redicted in 1977 It hasto

assumed that both he and the

subcommittee did not closdly
read the newspapers and
aviationpress. Contrarytohis
clams, the secret had been well
and truly "blown" two and a half
?{ears earlier by theloss of the

irst Have Blue.

Atthetime, the USAF didits
best to concedl theloss of such a
highly-classified aircrat.
Reportingthelossofan
unidentified aircraft operating
fromNélisAir Force Base, the
USAF declined to make any
gatement beyond the strai tht
admisson that an accident had
occurred inwhich a pilot was
dightlyinjured. AUSAF

kesman would add only that,
"for security reasonsthatisal
theinformationavailable’. Press
reports gavethepilotsnameas
William Park, noting that he
clamedtowork for Lockheed.
Admittedto aL osAngeles
hospital, and treated for multiple
fractures and concussion, he was
discharged four days ater.

At firgt, the aircraft was
thought to be aL ockheed TR-1,
but by late in the month sources
were confirming that the
incident involved a prototype
gedthaircraft. Thisinformation
led me to write anews story
"Stedth Aircraft Lost in Nevada'

Early" Sealth Bomber"

=

in Flight International's 27 May
Issuﬁ flight

Theflight test programme
resumed ?n June ]9% when Lt
Col. Ken Dyson madethefirst
flight of the recently ddivered

Over the next year and a
haf, Dyson flew 65 test sorties,
which assessed the ability of the
aircraft to avoid detection by
varioustypesof radar. Tridsare
reported to have been made
againg ground and airborne
radars, including the
surveillanceradar of the E-3
Sentry AWACS aircraft, and
captured Soviet radar and
misslesystems. All of this
development flying seems to
have been conducted from the
Groom Lake test fecility at Nellis
AFB, Nevada, athough Eidson
AFB in Arkansss was a0
linked to reports of stedth
aircrafttrias

On11.July 19/, HaveBlue
1002 was|ost et Tonopah Test
Range during what was to have
been its second-last scheduled
test flight One of its 185 engines
caught fire, burni ng? throughthe
hydrauliclinesandforcin
Dyson to gect. Unlike Park,
Dyson made asafe gection and
was uninjured, but the aircraft
crashed. The wreckage of both
Have Blues was secretly buried
a NelisAFB.

Despite the loss of both
aircraft, theprogrammehad
been successful, demonstrating
that the faceted fusdlage had
reduced RCSjust as theory had
predicted. It has dso shown that
maintaining alow RCS over a
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period of operationd use would
not be essy. Gresat care had to be
taken to sed dl joints between
doors and accesspandsand the
aircraft'sfusdage, and to make
aure that the aircraft's externa
surfaces were completely
smooth. Hight tests showed that
even afixing screw not fuII%/
tightened to bringits head flush
with the skin was enough to
sharply degradethe R
Maintaining the stealth
characteristics of an
operational stedlth aircraft
would require painstaking
attention to detail, but could be
achieved by a skilled ground
crew.

Theresults of Have Blue
tridlsgavethe USthe
Ceoc:?]ﬂ clance ]Eo adopt the r;aN
technology for operation,
aircraft and missljloe%r By the
autumn of 1980, severa gedth-
related programmes had been
launched. USspendingonthe
new technology rose by a
further factor of 10, bringing it
to 100 timesits early-1977 levd.

In the late 1970s and early
1980s DARPA had conducted
a series of cruise missile
penetration evauations.
Intended to assess the
weapon's ability to cope with
Soviet defences, these tested
the weapon'sradar and IR
signaturesin the presence of
background clutter and its
ability to use terrain masking.
{0 broalcting hikely capebity

o predi e likely ili

of future Soviet defence
systems against small cruise

missile targets.

Work on the stealthy Senior
Prom cruise missile had been
under way at L ockheed since
1977 under a "black” Iproject
budgeted at $24 million.
Senior Prom was designed to
fly atlowlevd, andby 1980it
was being test-flown from B-52
aircraft based at Edwards AFB.
Senior Prom was never
adopted for service. It was
foUowed by DARPA's 1980
"Ted Dawn" programmeto
develop technology for stedlth
cruise missles At least one
company - General Dynamics
- is known to have flown test
hardware aspart of this
programme.

SABER PENETRATOR

By this time the B-l seemed
likely to emulate the XB-70 in
being reduced to a museum
piece. As recounted earlier,
President Carter announced
in June 1977 that he would not
approve production ol the new
bomber. Althoughconvinced
that conventional bombers
were too vulnerable to
modern air defences, behind
the scenes he gave the go-
ahead for studies of possible
bombers based on low-
observable technology. These
were carried out under a
secret programme code-named
"Saber Penetrator”.

By 1978 the L ockheed Skunk
Works was beginning to turn its
attention to apossble stedth
bomber, anditislikdy that
smilar studies were under way
both at Northrop and el sewhere.
With the hel p of two senior
bomber pilots on loan from
Strategic Air Command, the
Skunk Works drew up proposals
for atactical bomber. Ableto
carry a100001b (4,500kg)
payload, it wasinthe
performance dass of the US Air
Forcgs Il The result was a
two-year study contract
codenamed 'Senior Pegl.

A second contract codenamed
"Senior log' was awarded to
Northrop, whichin 1975 had lost
the competition to sdlect a new
lightweight fighter for the USAF,
and had to take aback seet to
McDonnel Douglasinthe
programmeto convert the
unsuccessful YR-17intothe
carrier-capable HA-18. Having
subsequently lost the
competition to build the Have
Blue, andfacing the problem
that saes of itsTong-running 5
series would soon end, the
company launched amajor
effort to maintain itsdesgn
capatiility by offering anew
single-engined F-5 derivative on
the fighter market, and an
advanced stealthy bomber
design to the US Air Force

Inhis 193 memoirs, BenRich
claimed that Northrop may have
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received thebomber study
contract because by then the US
Governmentwanted to
compensatethecompany for the
damagedonetothesdes
prospectsof theF20Tigershark
by awithdrawal of aUSlicence
to sl thelatter aircraft to
Taiwan, themostlikely customer
for the new fighter. His
recollectionsmay not beaccurate
- the 1978 study contractswere
awarded around thetimethat the
F20 (thenknown asthe F—SGR
was being designed, and wel
before the Carter Administration
effectivelyvetoeditssaeto
Tawan.

Management of both" Senior
Peg" and"Senior Ice"
programmeswas handled by the
USAFs new Low-Observables
Project Office, which was dso
managing the Senior Prom cruise
missile project.

In the summer of 1980, a
growing number of Executive
and Congressional officias
were briefed on the stealth
bomber concept. At the same
time, the political battle
between President Carter and
CaliforniaGovernorRonald
Reagan for the US Presidency
began to hot up. Stealth was
about to become afactor in
the US dection.

Initsissue of 4 August
1980, Aviation Week quoted
anunidentified
Administration official as
talking of "agrowing
perception that we have made
a mistake in cancelling B-I"
and reported that the House-

Below: Whitenosemarkingson
the B-1B may aid refueling-
boom oper ator sbut under
some conditionsm.

compromise camouflage.

Top: Densecloudsof smoke
from eight Allison J35turbojets
madethetake-off of Northrop's
Y B-49flyingwingfar from
dealthy!

Senate Authorization
Conference Committee
favoured the purchase of one
or even two new types of
bomber. Insistent that anew
bomber be fielded by 1987, the
committee suggested the
building of 100 modified B-Is,
followed by 100 new-
technology bombers "using dl
new technology, particularly
stealth technology to avoid
radar detection".

A week later, the magazine
carried an item headed
"Bomber Biases'. President
Carter remained opposed to
the B-I, the magazine
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Aftove.'The experience needed
to design flying wing bombers
wasobtained fromtheprivate-

ventureNorthrop N-1M, which
flew in 1940.

reported, and was not
convinced that the USAF was
agreed on the need for a new
bomber. Identifying one of the
aircraft candidates as "the
advanced stealth bomber”, the
story stated that "the White
House intends to continue
studies’ of new bombers,
adding that "Some
Administration officials
believe a delay in the studies
will allow more time to
perfect steath technology".

LEAKS

In the September issue of
Armed Forces Journal
International Benjamin F.
Schemmer reveded that
hundreds of millions of dollars
were being spent on
?rogrammes to which only a
ew dozen US Government
officialswereprivy to full
details. "Severa different
types of aircraft have been
built. Scores of flight test
hours have been accumulated
on severa prototypes,
although only ahandful of
pilots have flown the planes.”

No one single technical
trick was responsible for
stealth, he explained, correctly
identifying dl the main
technigues used for signature
reduction - structural
shaping, composites, IR
shielding and surface
treatment with RAM.

AFRJ had known about
"essential elements of the
program for severd years',
claimed Schemmer, "but has
not revealed them following a
reguest by a senior Pentagon

official inmid-1978 that AFJI

not print, on national security

1g_rounds, astory...about the
irst stealth test prototypes”.

Acting in response to the
growing number of stories, on
22 August Defense Secretary
Harold Brown released some
limited information on the
classified programnme. The
United States had built
aircraft which could not be
intercepted by existing or
ﬁrojected Soviet air defences,

e explained. He denied that
the existence of stealth
technology had been afactor
in President Carter's decision
to cancel the B-I bomber but
suggested that "any new
bomber will use some
elements of this technology".

Backgroundinformation
was presented by Perry, who
explained how stealth was a
"complex synthesis' of many
techniques which were now
classified at the "highest
security level". In the three
years since 1977 the USA had
made "remarkable advances"
in the new technology and
was ké?i nning to develop
practical applications. A
degree of stealth technology
could be applied to existing
aircraft, he explained, but
stealth would be most
effective when applied to a
new design. The cost of a
stealth aircraft would not be
substantialy different from
that of conventional designs.

The Republican Party
claimed that i nformation of
stealth technology had been
improperly released by the
Administration in order to
boost its image on the
sensitive topic of defence -
Reagan was attacking the
Democrats asbeing "soft" on
defence issues. It was even
suggested that the source of
the leaks might have been
none other than Defense
Secretary Brown.

Two months later, Reagan
won the Presidential election,
bringing into power a new
Administration determined to
boost America's defence
capability. The most obvious
way of doing thiswasto
exploit the new stealth
technology.

FLYINGWINGS

The year 1981 was to prove to
be a key year for stealth.
Inthe summer of that year,
Lockheed was given a secret
contract to develop and
manufactureaproduction
aircraft based onthe XST. The
comaﬁany also received the
go-ahead to develop astealthy
cruise missile. In early 1981,
Congress directed that a new
bomber be developed for SAC
but did not specify what form



thisaircraft should take,
simply ordering an initial
operating capability (I0C) by

. A total of $300 millionin
development money was
added to the 1981 defence
budget, along with $75
millionforlong-lead
procurement.

The USAF was ordered to
decide by 15 March 1931 on
the type of aircraft to be
ordered. Theobvious
candidate was an advanced
derivative of the B-l but the
USAF was pushing a
stretched derivative ol the
FB-111A known asthe FB-
111H, while behind the scenes
lurked the possibility of an
all-new aircraft based on
stealthtechnol ogy.

Around thetimethe new
Adminigtration took office in
early 1981, the USAF assgned
ther nsibility for stealth
aircraftdevel opmentto General
Alt Say, the head of Air Force
SystemsCommand. Slay was
not interested in having an FIl-
sized stealth bomber, and
orderedthat work bere-focused
onagtrategic bomber.

A Request for Proposals on
what was then known as the
Advanced Technology
Bomber (ATB)wasissuedin
1981 Tobidfor thetask of
building the new aircraft,

L ockheed linked up with
Rockwell to create ateam
combining massive expertise
instealth and bomber
technol(.)g?/.

Inalittle-reported
erogramn"_le inthelate 1970s,

orthropinvestedlarge
amounts of company money in
secretly developing expertise
inlow-observablestechnol ogy.
By 1981, it was ready to
challenge L ockheed for the
task of building the new
bomber. LikeL ockheed, the
company teamed up with an
established bomber design
team, in this case Boeing.

In addition to its stealth
expertise, Northrop aso had
extensive experience with
flying wings, a configuration
which potentially offered low
RCS. The experimental N-1M
had flown in 1940 and was
followed by several examples
of the NM-9 - one-third scale

rototypesfor the planned

B-35bomber. Thelatter had
awing span of 172ft (52.4m)
and was v\;)o.wered by four
Pratt & Whitney WaspMajor
engines driving
contrarotating propellers
mounted at the trailing edge
of the wing. The first flights
were on 25 June 1946 but,
even beforethey had flown,
the decision had been taken
to rebuild both prototypes as
jet bombers, redesignating
them XB-49.

The first modified aircraft
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took to the air in October
1947, powered by eight 4,0001b
1,815kg) thrust Allison J-35-A-
5 engines, and was followed
in January 1948 by the second
example. Thelatter aircraft
crashed in June 1948
followinganin-flight
structural failure. Although
some pre-production Y B-49
and YRB-49 aircraft were
subsequently built, the USAF
abandoned the flying wing
concept in the early 1950s
and none of the Northop
bombers saw operational
service.

Northrop was not the only
com,oany to seethepotential of
the flying-wing layout for a
stealth bomber. Initslate 1970s
bomber studies, Boeing had
looked &t tailed and tailless delta
designs. LikeNorthrop,
Boeing wanted to exploit the
fact that radar energy tends to
diffract off flat horizontal
surfaces, whilelong-chord
wing sections of the type used
in delta or flying wing designs
are deep enough to dlow the
use of radar-absorbent
structures, and internally-
mounted RAM. Rockwell had
also looked at flying wings
during the same period,
including a 77ft (23.5m) span
designinthe ABB-111
performance class, but it isnot
clear whether a similar
configuration was offered for
the ATB competition.

At the Skunk Works, theteam
sworking under Ben Richadso
concluded that the flying-wing
was the best layout for a
strategic-range stealth bomber,
and his team produced a
design which was so similar to
that on the Northrop drawing
boards that a visitor mistook a
model of the Lockheed design
displayed on Ben Rich's desk
forthat of theNorthrop
concept. The Lockheed design
was smadler than that proposed
by Northrop, however.
Lockheed decided that the

lower cogt of the smdlest
aircraft ableto meet the
requirement would be attractive
to the customer, while Northrop
opted to offer adesign optimised
for maximumrange.

LikeHaveBlue, thenew
bomber was selected following
competitive RCStests. For Have
Blue, full-scale modds had been
used, but the sheer Sze of the
rival ATB designsrequired the
use of quarter-scale models.

ADVANCED BOMBER

Attractivethoughthe ATB
might be, there seemed little
chances of its being
developed or fielded by the
1987 deadline imposed by
Congress. In July 1981 US Aiir
Force Secretary Verne Orr
stated that a stealth bomber
mlght take ten to twelve years
to develop. Any attemptsto
field it earlier would involve
"tremendous cost". Inthe
decade or more which
development of a stealth
bomber would take, the Soviet
Union might be able to
develoE new types of sensor
other than radar and IR which
could be used to detect stealth
aircraft, providing apartial or
even total countermeasure.
The Air Force would prefer a
B-I available in 1936 rather than
a stealth bomber in 1992, he
suggested.
eagan solved the bomber

dilemmaon 2 October 1981 b
announcing that the B-I would
be restored to production
status allowing a batch of 100
to be built. While these aircraft
provided alow-risk boost to
SAC's strength, anew
advanced technology stealth
bomber aircraft could be
developed in great secrecy for
service in the early 1990s

Following the RCS model
tests, Lockheed heard
unofficially that its design had
offered alower RCS than the
Northrop submission, so was

Above: Heavy shadowsand a
dark matt finish hidethelong

winggpan of theB-2 asthefirst
rototyperollsout fromthe

angar .

surprised when it was
informed in October that the
Northrop design had been
sected. Thelono%er rangeand
heavier payload of their design
had tipped the scdesinits
favour. In hismemoirs, Ben
Rich says that the USAF told
Lockheed that while the
Skunk Works design had been
stealthier than the Northrop
aircraft, the latter aircraft's
heavier payload would require
fewer sorties to achieve the
same result.

Later that month, the
Northrop public relations
department issued what was
probably its shortest-ever press
release, The entire text
consisted of amere 75 words:
"LOS ANGELES - Oct. 20,
1981 - Mr. Thomas V. Jones,
Chairman of the board of
NorthropCorporation,
confirmedtoday that Northrop
has been notified by the Air
Force of its selection as prime
contractor to conduct initial
research and development on
advanced bomber concepts.
Thiseffortwill haveamaterial
impact on Northrop. The key
team members are Boeing,
LTV/Voughtand General
ElectricAircraftEngine
Group. o
All detailsare classified,
and no further comments will
be made"’.

They meant what they said.
Infuturepressbriefingsfor
Northrop products, it was
consistently made clear that
this one subject would never
be covered. With virtually al
details of the new stealth
fighter, stealth bomber and
new cruise missile shrouded
in ablanket of secrecy, the era
of the "black" programme had
arrived.
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THE WORLD OF
BLACK PROGRAMMES

ne consequence ot the

build-up in USmilitary
strength during the eight-year
Reagan Administration was a
concentration on high-
technology programmes such
as the Strategic Defense
Initiative ("Star Wars"). In
parallel with this has been a
%:owi ng tendency for much of
the Pentagon's high-
technology budget to
disappear under a cloak of
secrecy in what were dubbed
"black™ programmes.

"Black", that isto say,
virtualy invisible
programmes are not new. The
"Project Manhattan" effort to
develop the atomic bomb
during the Second World War
was probably the first. Similar
secret efforts saw the
development of the U-2
spyplane and its A-12
successor, while the same
category of high security has
aways shrouded the US
reconnaissance satellite
programme.

Astheir formal title of "Specid
AccessPrograms’ (SAPS)
indicates, "black” programmes
use arigorous ?/stem of security
control, withinformationbeing
provided only to carefully
sdected individuds. SAPsfall
into two categories -
unacknowledged and
acknowledged. Projects often
start life in the first category, and
move to the second when their
exigenceisfinally reveded.

Anunacknowledged SAPis
one whose exisence is dasdified
asa"coresecret”. Thisisdefined
inUSAFregulationsas"any
item, progress, strategy or
element of information, the
compromise of whichwould
resultin unrecoverablefailure".

Having decided that outside
knowledge of the existence of
any "black" programmewould
undermine its military vaue, the
USDoD st thestegefor severd
formsof deliberate
"dignformation” which makes
deniasthat aspecific
programme exigts of little vaue.
For agtart, an individual
questioned by an outsider about
a"black” programme may

enuinely have no knowledge of
that programme, evenif that
individua's position or rank
that he or she should.
In 197;; General George
Sylvester was commander of the
USAFsAeronautical Systems
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Divison and responsiblefor dl
USAFaircraftprogrammes.
Despitethis, he was not aware of
the existence of the Have Blue
aircraft

If the questioned individua
does have knowledge of the
"black" programme, that person
isby definition required to deny
the programme's exisence. The
traditional "'no comment” will
not be enough to guard what
has been classified asa"core
SeCret”.

Intheory SAPsmust report to
four committees of the US
Congress - the House National
Security Committee, the Senate
Armed Services Commiittee, and
the defence subcommittees of
the House and Senate
Appropriations Committees.
SAP briefings are conducted in
closed, classfied sessons, andin
some cases are minimal. For the
most highly classified SAPs, the
need to conduct even this level
of briefing can be waived by the
Secretary of Defense.

Watertight secrecy may be
good for security but, asthe
"black" cloak fell over a
greater portion of the
Pentagon budget, some critics

uestioned whether such
classified military
programmes were spending
money wisdly. Denied specid
security clearance, most
members of Congress cannot
even review the budgets of
"black" programmes.

For anation so committed
to openness, democracy and

accountability as the United
States, "black™ programmes
have introduced a new "way of
working. Secrecy covering
stealth projects has been so
tight that the USAF is
reported to have filed false
flight plans with civilian
agencies when stealth aircraft
were being flown, according
to Washington Post sources in
1987. In the same year
Aviation Week reported that
the DoD had even instructed
some contractorsto falsify
their records in order to
conceal the fact that they
were running "black”
programmes.

SECRECY

In some cases, excessive
secrecy was hampering
procurement decisions. In
1987, Congress learned that
one US service had recently
attempted to start a major
"black" development
programme, unaware that a
similar programme had been
under way for several yearsas
a"black" programme by
another service. During the
long-running lawsuit over the
A-12 Avenger nprogramme
(described later in this chapter),
McDonnell Douglas and
Genera Dynamics claimed that
technology developed in other
gedth programmes but denied
to the A-12 team could have
s0lved some of the problems that
led to the project's cancellation.

Above: Givenitscoat of " Iron
Ball" paintin 1970, thiswasthe
last 100th Strategic
ReconnaissanceWingU-2to
literally go" black" .

A few recent figures show the
scaeof current US"black”
programmes. InFinancia Y ear
2001 éFYOl), theUSAF plansto
spend $4.96 billion on classified
research and devel opment
programmes, afigurewhich
accountsfor amost 40 per cent
of itstotal R& D budget. It will
spend afurther $74 billion on
classifiedprocurement
programmes.

LOCKHEED F117

Tothisday, thebest-known
"black" programmeisthe
Lockheed F117 gtedth fighter. A
secret contract awarded on 1
November 1978 covered
devel opment of theaircraft, and
manufacture of afirst batch of
Production examples - initidly
ive, but soon expandedto 25. In
parale with thiswork, GE was
given a contract to develop a
non-afterburningversionof the
F404 to power the new aircraft.
TheFY 82 defencebudget is
thought to have contained as
much as$1 billionin"black"
funding for theprogramme. The
project was given the codename
"Senior Trend". Somereports
suggested that the arcraft's
popular namewas" Ghost" or
" Specter”, but it eventua ly
received the name "Nighthawk".



Although the stealth fighter
was often referred to as the 19
during the early 1980s, the
USAF has dwaysindsted that
the designation F-19 has never
been assagned. The ogtensible
reason - therisk of confusion
swith the MiG-19 - is obvious
nonsense; thedesignation 21
was cheerfully assigned to the
Kfir fighters leased from lsrael
for usein dissmilar combat
training programmes. There
were suggestions that the true
designation might be"RF19", or
evenAR-19 (Attack/
Reconnaissance19). L ockheed
Martin now admitsthat “the
designator 'F-19 wasbriefly
reservedfor theaircraft, but it
was never officialy gpplied”.

Thetruedesignation"F117A"
first emergedinthewinter of
1987/88. It reflects not the post-
1962 systemof aircraft
designations, but the older
USAF system which produced
the fighter and bomber
designations from before World
War I until the eraof the
"Century-series’ fighterssuch as
the 100 and F-104. It seemsthat
the USAF applied "old-styl€’
designationsto various Soviet
fighters whichit had acquired
for evaluation, and that when it
needed a designation for what
should have been the F-19, it
took the next available " Century-
series’ number.

The firg F117 was completed
in May 1981, and flew on 18 June.
It confirmed the basic design of
theaircraft, which-was70 per
cent longer and 97 per cent
grester in win than the
Have Blue, and had amaximum

Right: Thisearly impression by
aL ockheed artist would have
revealed the basic shape and
faceting of the "F-117" that the
DoD wanted kept secret.

take-off weight four and a half
times heavier.

The initia batch of five
aircraft (780 to 784) was used
for aerodynamicsand
propulsion tests. The onl
significant change foun
necessary was a stiffening and
15 per centincreasein sizefor

the twin tails. This followed the

loss of one tail surface on an
aircraft during the initia test
programme.

Aircraft 785 -was the first
production example, but crashed
Immediately after take-off on its
first flight on 20 April 1982,
injuring company test pilot Bob
Riedenauer. An investigation
showed that the wiring for the
pitch and yaw controls had been
reversed. The first aircraft to be
handed over to the USAF was
786, which was ddlivered on 23
August 1982

Thefirst USAF squadron to
operatethe 117 A wasthe
4450th Tectica Group. Formed
a Tonopah, Nevada, on 15
October 1979, it was equipped
initially with18 A-7D Corsair Hs
until thefirst F117A Arrived.
Located at the edge of the
Nevadatest range, Tonopah had
been renovated under a $295
million programme, and given a
12,000ft (3,660m) runway, and 54
single-aircraft hangars intended
to Keep the aircraft out of sight
duringtheday.

Next F117 A unittoformwas
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P-Unit (which later became the
44511 Test Squadron) in June
1981 Q-Unit (later the 4452nd
TS) began operations on 15
October 1982, while Z-Unit
(later the 4453rd Test and
Evaluation Squadron) was
formed on 1 October 1985. The
Group was transferred from the
direct control of Tactical Air
Command to Tactical Fighter
Weapons Center at Nellis AFB
in 1985,

The F-117A was a demandin
assignment for the hand-pick
aircrew selected to fly the new
fighter. Pilotswererequiredto
have aminimum of 1,000 hours
of flyingtime, mostly on fighters.
Normal tour of duty wasfour
years, later reduced to three.
Families were not alowed on
the base, but lived in or around
LasVegas. Personnel spent five-
day duty periods at Tonopah,
flying to andfromthebasein

ialy chartered Boeing

%%—:ZOOysof KeyAirlines.

Tomaintain security, thenew
aircraft flew only at night.
Hangar doors were not opened
untilhalf and hour after sunset,
and only after the hangar lights
had been extinguished. Ground
movements were lit only by
flashlights. Thereis no two-seat
trainer version of the aircraft, so
new aircrew joining the 4450th
faced the daunting prospect of
making their first flight in the
type at night from ablacked-out
airfield and without the benefit
of acheck ride. They were
trained by Lockheed instructors
using what has been described
as(then) themost realisticflight
simulator in USAF service. This

Below: Lockheed M artin could
not persuadethe USNavy to
order theproposed A/F-117X
srikelattack aircraft.
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was developed in the mid-1980s
by Li r|1k-Si nger.

Early operating experience
showedthat after flying, pilots
had to beindoorsbefore sunrise.
Seeing sunrise disturbed deep
patterns, and pilotsfrying to
deep having seen the dawn
found it difficult to do 0. Ben
Rich has described the pilots
existence as being like that
"a avampiresconventionas
daybreak approached scurrying
totheir blacked-out roomsbefore
they were caught by the sun."

These congtraints proved a
problemin the summer months.
Hying could not get under way
until around 9pm, often
continuing until well after Sam,
with aircraft sometimesflying
two sorties per night - one
starting beforemidnight,
followed by another inthe early
morning hours. Anyonewho has
worked shiftswill redisethe
havoc which changing time
cycles can play on the human
condtitution. Inthisrespect,
pilotsareno differentto their
?rc_)und—based counterparts, and

atigue became arecognised
problemat Tonopah.

On 10 July 19865 the
commanding officer of one
squadron wrote areport stating
that, "fatigue-inducedburnoutis
ggt_ti ng worsewithtime. |

ievewe areon acollison

coursewithamishap." Tha
ni?ht, Maj. RossE Mulharetook
offinF11/A no. 792tofly a
trainingmission. At about
1.45am, theaircraft crashed ona
hillside 15nm (28km) northeast of
Bakersfield, Cdifornia, killing its
Pi lot. A yeer later, aircraft 815

lown by Magj. Michad C.
Stewart struck the ground
withinthe NeHisRange during
another training mission. Both
E” ots had lessthan 80 hours of

117A flight time, and were

atempting demanding sorties
on nightswith little or no
moonlight. An official USAF
investigation concluded that
both crashes could have resulted
from pilot fatigue and
disorientation.

Aircraft 804, last of theorigina
production batch, was accepted
on 20 June 1984, but by thena
follow-on batch of 39 had started
downtheline, thefirst being
handed over in August One of
these aircraft - 815 - crashed on
14 October 1987, dmosttwo
years after entering service,

Until itsunveiling inlate 1988,
theF117A didntofficially exig,
but no-onewas working hard at
the pretence. During apress
conferencehheld on 26
September 1986 a& Mamstrom
Air ForceBaseinMontana, SAC
commander General John T.
Chain told reporters, "l've visited
thefactory. I'veseenthe
arplane" He pronounced
himsdlf pleased with the
aircraft's technical performance,
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Above Released on 20 April
1988, thisartist'simpresson of
theB-2 gavetheworlditsfirst
view of aUSAF gsealth air cr aft.
Somejournalists wer e sceptical,
but thedrawinginfact proved
reasonably accur ate, apart from
the missing engine exhauss

citi n%;th.e development of
stedlth aircraft and other new
Air Force programmes as being
partly respongble for the high
morale in his command.
Thefirst artist'simpression of
the B-2 bomber wasreleased in
April 1988, and many observers
wondered why the existence of
the older F-11/A had not been
released before. Air Force chief
of staff Genera Larry D. Welch
explained in May 1983 that the
Air Force was more concerned
about the Soviets seei
examples of early stealt
technology than the B-2. The
low RCSof thefirst stedlth
aircreft (he did not specifically
describethisasthe F117A)
depended amost exclusively on
the aircraft's shape, he clamed,
whilethe B-2 combined a
variety of low-observable
technologies. A good
hotograph the F-117A would
ave betrayed most of its secrets,
thus explaining the extensve
measures the USAF had taken
to keep thetype away from

ing eyes.
p%ro%n%en‘id—lgmsomards,
there were rumoursthat the
severd F117As had been flown
by C-5 Galaxy to bases outside
the USA. The UK was often
mentioned as a destination, and

Right: 10 November 1988 -
Assgtant Secretary of Defense
for PublicAffairsJ.Danid
Howard releasssthe first F-117A
phaoto.

the 37th TFW's A-7sareknown

to havevisted RAF
Woodbridge. Inaconversation
with the author, the Soviet air
attache in London even claimed
to have seen the Lockheed
arcraftataUK base. A
diplomatic cocktail party didn't
seem the best time to pursue
such addlicate subject, but
before | next had achanceto
meet him, he had joined the
long series of Soviet diplomats
expelled by Prime Minister
Margaret Thatcher during the
mid to late 1980s

Earlyin 1987, USAFand
Pentagon seriously considered
reducing the classfication of the
F117A, amove which would
make senge with the B-2 stedlth
bomber dueto rall out inthe
followingyear, followed inthe
early by other stedlthy
designs such asthe Navy's A-12
and the USAFs Y22 and
Y F-23. If the Pentagon continued

totry to hide stedth aircraft,
"were going to have to build a

roof over the Air Force', one
defense specidigt told The
Washington Post in March of that
year. Despite the pressurefrom
Congress, nothing was done.

F117 "OFHCIAL"

By early October 1988 thetime
finally seemed right to unvell
the F117A. Withthe B-2 dueto
berolled out inthe following
month, continued hi?h ]
classfication of an older design
seemed illogica, while acourt
caseli nwhich son:;l Lockheed
employees were dleging
damage to health from exposure
to dangerous chemicals usedin
F117A manufacture seemed
likely to uncover more
informationabout theaircraft.
On 4 October, dl was ready
for thebig event. Presskits
(completewith photo) were
prepared, and Senator Chic
Hecht of Nevada was ready to
present apress briefing that
afternoon. At thelast moment
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By July 1990 L ockheed had
built atotal of 64 F117As - five
pre-seriesaircraft plus 59
production examples. It had
planned to build 100, but the
arcraft's higher than anticipated
cogts had forced a cutback.
Seven aircraft were ddivered in
1982, eight ayear from 1983 until
1985, seven in 1986, four in 1987
and three in 1983. Thefinal
example was 88-0843, handed
over on 12 July 1990.

There is no chance of the
F117A returning to production.
The USAF has dl the
Nighthawks it can afford, and
the US Government isreluctant
to export stedth technology to
any but its closest dlies. Britain
is reported to have considered
the F117 as apossble
replacement for the Hawker
Siddeley Buccaneer light
bomber, but the existence of the
Tornado madethisunlikely.
"The K117 production line has
closeddown," 117
programme manager Paul
Martin told Flight

Above: Clandestine photos of the 415th TFS "Nightstakers', AFB to be viewed by the International in September
F-117A oper atingby day gave 416th TFS"Ghodtriders', and families of 37th personnel, and 1990,"... any application of
theworlditsfirst glimpseof the  417th TFS"Bandits'. In October more than 200 reporters and that airplane to the RAF's
aircraft's planform. 1989, the 4450th was photographers. The F117A gave  needswould be something
redesignated the 37th Tactica the United States that the [UK] MoD and the
Belowcr;aight: How a gealthy Fighter Wing, coming under the  unprecedented military US Aiir Forcewould haveto
advanced bomber apparently operational command of the 12h  capabilities, pilot Capt Randall agreeon.”
looked to a L ockheed Skunk Air Force, Atthe sametime, the  Peterson, told onlookers, but
Worksartist workingonthe ugietdphased out its A-7Ds, and admitted that, "Were not B-2 BOMBER
concept of adetaplanform. used T-38sfor thetraining role. alowed to discuss any
InApril 1990, the Defense _ce#)ebtllty. Alotofthe Theinitid development contract
the plan was scrapped, Department announced that the  information istill classified.” for the larger and more
apparently after intense debate  total cost of developing and "l only wish | could tdll you sophisticated stealth bomber

a what one newspaper report building the F117A had been whet thisfighter canredly do," wasworth $7,300 million. Based
described as the "highest levels  $6.26 hillion, and the unit cost said Ben Rich, whowasvisiting on the successful Senior Ice

of the Defense Department and ~ was $1062 million. Nellisfor theoccasion. "The design, it was codenamed

on Capitol Hill". Onetheor Public debut of the aircraft performanceisawesomeandthe  Senior CJ. Thefirgt fiveyears of
behind the sudden clampdown ~ cameon 21Aapri| 1990, when weagpons system is unmatched the programme were a
wasthat unveiling of the aircraft ~ several aircraft visted Nellis anywhereintheworld." technol ogy-demonstration

during a presidential dection
could be seen as apaliticd ploy.
"There was a bipartisan view
that this was not the most
aJsBidousti mefor this," one
DoD sourcetold the Associated
Press, suggesting that the
aircraft might be unveiled after
the presidential eection.

Although the Washington
Times had managed to obtain a
draft copy of the press rdease,
publishi ngepls on the morning
of 4 October, the photo stayed
under wraps until 10 November.
Underexposed and heavily
retouched, thepicturefinally
released to the press was amost
asunmformative asearly-1960s
photos of Soviet space exploits.
But it did represent alandmark
inthe history of "black”
programmes. No aircraftin
aviation history had remained
"under wraps' for solong.

By April 1989, the F117A was
operating by day, alowing the
first clandestine photographsto
be taken, reveding the aircraft's
true appearance for the first
time. The4450th Teclica Group,
was reclassified asthe 37th TFW,
its three squadrons becoming




Above: Every lineof those
curvesisdictated by sealth.
Thedark patchesunder the
leading edgearefor conformal
radars

Phaea whichmay havebeen
imed to end in early 1985 just
about the sametimeas B-
roduction was runni gg down.
ad problems emerged with the
flying-wing aircraft, a follow-on
order for the B-1B or the proposed
B-1C could have been placed.

Work onthetechnol
needed for what would become
theB-2initidly went faster than
anticipated, provingmore
effectivethan plannershad
hoped when confronted by the
technology usedin current-
generation Soviet radar systems
and new threats gill under
development in Soviet
laboratories.

The technol ogh/—
demonstration phase of the
programme may have
included the airborne testing
of ascaled-down pyototype.
Probably built to */, scale and
powered by four non-
afterburning F404s, this
would provide RCS data,
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information on stability and
control of such an
unconventional shape. Most
sources agree that it flew
sometimein 1982.
_Itis possible that this trials
aircraft was rebuilt in the
mid-1980s to become more
representative of the
proposed production
configuration. One source
told me in the spring of 1988
that the sub-scale aircraft had
been flying for about 15
months, a date in complete
disagreement with earlier
accounts and which (if true)
could only be explained by
either arebuilt, or even an dl-
new second test aircraft.
"From the outset, we
stressed that the B-2 is on the
leading edge of technology,
and there were some very
significant technical risks
associated with the B-2",
USAF Chief of Staff General
Larry D. Welsh was to tell the
British magazine Defence in
early 1988. "We had some
twelve risk areas we
identified, and insisted on
closure of each of those risk
aress before we embarked on

full-scale development. Since

we closed out that risk
reduction effort, we really
haven't had any surprises.
Since that time, development
has proceeded quite
smoothly".

By 19383, the results
obtained from early ATB
development work were
already better than had been
anticipated, giving the USAF
the confidence needed to
press ahead with the new
aircraft at the expence of any
follow-on B-1B procurement.

PUBLICITY

At the Farnborough Air Show
held every two yearsin
England, the world's
aerospace companies rent
chalets Whi(c:ﬂcI ace ﬂc}e |
runways and flying di S.
Best-%%sitione&/ ol thegé gy
Chalet Al, a coveted location
hired years ago by the
Northrop Corporation of the
USA, whose booking was
promptly renewed for each
subsequent show. However,
1983 saw a break in this long-
running scheme. Not only was

e - Kot g il

the US company not ]
occupying its traditional site -
it was not exhibiting at the
show at dl. )

The reason for abandoning
this prime piece of
Farnborough real estatewas
not penny-pinching but the
fact that the company wasin
the embarrassing position of
being unable to discussits
latest products - all were
highly-secret "black"
programmes the end results of
which would not be available
for export in the foreseeable
future,

Back in the days when
Chalet Al was Northrop
territory, many aviation
journalists - including the
author - would rendezvous
there onthefirst "press-only"
day of the show. The object of
this exercise was to meet the
company's chief designer Lee
Begin. Most companies are
nervous about letting their
head of advanced projects mix
withjournalistsbut Northrop
allowed Beginto "hold court”
with asmall audience of
experienced defence
journalists with whom a



o - _.--r.
e G Sy

mutual rapport had been
established over the years.

At these sessions, Begin
would talk about his
company's projects - some-
times on the record and
sometimes as unpublishable
background - with a degree
of freedom which would'have
induced apoplexy in the
Public Relations departments
of lesser corporations. That
swas the way he worked - the
journalists he trusted were
glven extensive briefings

ut they in turn accepted the
restrictions which he
sometimes imposed as the
price of gaining accessto a
man "who was hel ping shape
thefuture of aviation.1 do not
know of any occasion where
anyone let him down.

CONFIGURATION

At the 1983 Paris Air Show,
Begin showed me sketches of
someof hisfutureconceptsfor
jet fighters - concepts which ill
remaned"under wraps' (and
unreported by me) fiveyears
later. When| askedif 1 could
have copies of his sketches, he

laughed, but declined. "The
public relations department
would lose ther lunch if they
even knew you'd seenthem! But
I think youTl findthis ]
interesting.” Reachinginto his
briefcase, he handed me a
copy of arecent paper he had
wriften on the history of
Northrop"HyingWing"
aircraft.

| was puzzled. L ee knew that
my interest in 1940s and early
1950s aviation history was
minimal. Why did hé think |
would find his paper of
interest? Not until severa
weeks later did the long-
delayed penny finaly drop -
the only concelvable reason
swhy Begin would be spending
his valuable time dusting off
Flying Wing History had to be
that the same configuration
was being used for the then
hlghly-secret Northrop
Advanced Technology
Bomber.

When first planned, the
Northrop aircraft was designed
to be an approximate match
for the Soviet Tu-26 Backfire.
Specified to cruise at Mach
0.8 over ranges of up to
5,000nm (9,250km) - a
distance equal to the Soviet
aircraft's range - the ATB
was to weigh 280,0001b
(127,000kg) “at take-off and
carrgoa payload 0(% 10,0001b
54,5 kﬂ)' uringtheearly

980s, the design was scdled .
up severa times until it was in
the same genera range and
payload class asthe B-1B. In
early 1984, the B-2 was
Eﬁ))orted to weigh around

,0001b (181,400kg) at take-
off and to carry a maximum
internal weapon load of
e%)rom mately 40,0001b
(18,100kg).
 Work onthe B-2washandled
inaformer Ford M otor Co. auto-
assembly plant in Pico Rivera,
Cdifornia. By 1986, afull-scae
engil neering mock-up had been
built a Pico Rivera. Thisalowed
the basic designto befrozen,
with the last Sgnificant chan(%es
being added in"1986. Early inthe
programme, the decison'was
made to build the prototypes
using productiontooling. This
"wasprobably donefortwo
reasons. For agtart, trangition
from prototype to production
aircraft would be made easier.
Less obviousisthe fact that the
use of production tooling would
dlow engineersto maintain
closetoleranceswhen
assembling the aircraft's
structure and skin.

At ameeting of Northro
shareholdersheldin May
company chairman Thomas
Jones déscribed how the tqolqu
"can be adjustedto accuracieso
within one thousandth of an
inch. The end resultisasystem
that alows every mgjor
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structural assembly of theB-2,
regardlessof complexity, to fit
{/(\)/gr;]ether exactla/ as deﬁ%ned.

at Jones did not tell the
meeting was that the reason for
these exacting tolerances was
related to the aircraft's sedth
characteristics. The eectricd
discontinuity created by small
gaps cargD thteé e l%ctrognagnet! c
energy. OntheB-1B, sm. Sin
thed nwereclosedby,adf?g?ve
tape, but amore sophisticated
solution was required for the less-
observahle B-2.

On 19 November 1987, the
USAF awarded Northrop a
$2,000 million production
contract for the B-2, amove
which was not cleared for
public release until 26
January 1983. On that date,
the Air Force confirmed that
production funding would be
f%rantecj to Northrop and to

e main sub-contractors -
Boeing, LTV and General
Electric - but spokesman
Captain Jay DeFrank would
not identify the roles of these
companies, give the number
of bombers which the money
"would buy nor even say
"whether a firm, fixed-price
contract or some other type

ad been awarded. Nor would
the Air Force comment on
reports that the date of the
first flight had dlipped.

NEW METHODS

For along time, the date of
the aircraft'sroll-out and first
flight remained classified.
These were widely expected
to take place in lafe but
the date came and went.
Delivery to Northrop's new
final-asSembly facility at
Palmdaleairport, Cal IfOI‘nI% of
the first set of B-2 wings di
not take place until August
1987 when they were flown in
by aLockheed C-5 Galaxy.

The USAF was not disturbed
by the dippage to early 1988,
having foreseen the

0ssi bl % of delays. General

homas McMullen, then head
of the USAFs Aeronautica
Systems Division (ASD) had
explained a year earlier that
the new bomber had "met
chalenges, and there are
more to come, but they are
straightforward enginieerin
issues. That is not to say th
there are no risks; theré is
certainly a schedule risk, and
some technical risks'.

Early in January 1983 the
Los Angeles Timeés quoted
two unidentified Northrop
employees involved in the
programme and Wall Street
securities analysts as saying
that the bomber's first tést-
flight had been delayed by
four months and "was not
expected until August of that
year. Northrop sources had

declined to discuss the
reasons for the g 1|_%page, the
newspaper said. The
Washington Post suggested
that the shg{;age might delay
initial operational capability
(10C) "perhaps morethan a
year" due to unspecified
technical and production
problems".
ditfioarty 1 i the s B
ifficu in the inlets.
April l%,?he prototype hgl/d
not yet received its engines.
Instdllation of the powerplant
"was reported not to be
imminent. Aviation Week
sggge_ﬂed that a"major
redesign of the inlet 'and
powerplant mounting
structure” waslikely and
could be implemented on the
fourthfull-scaledevel opment
aircraft. o
Some of the difficulties may
have sprung from the
aircraft'smassiveuseof
composites, as engineering
staff learned to adapt
conventiona tooling and.
metal-orientated production
and assembly methods to the
new materials, For this reason,
"holes drilled in composite
materials sometimes come out
oblong-shaped”, Aviation
Week reported In early 1983,
Despite the use of production-
typetooling, installation of
components on the prototype
was largely amatter of labour-
intensive hand fitting.

One unfortunate side effect
of the high degree of
compartmentalisation
demanded for security
reasons was that sub-"
contractors whose equipment
had to work together were
not able to communicate with
each other. Only after
delivery did incompatibility
roblemsemerge, forcing
ime consuming and
expensive modification and
redesignwork. Technical
drawings were in many cases
being reworked ratherthan
confirmed.

PROBLEMS

Problems were aso reported
with the aircraft's windscreen
- part of the load-bearing
structure - and with cracking
of the com%oswe leadin

edges. The B-2isthefir

large and heavy aircraft to
use large areas of composite
honeycomb, so such problems
were always a possibility as
designers ‘and assemblers
learned how to handle and
fabricate componentsmade in
the new material.

The short timescale may
also have resulted in sub-
assemblies being shipped to
the Palmdal efinal-assembly
BI ant before al testing had

een completed, causing
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unplanned trouble-shootin
and modification work on the
assembled aircraft. "Ship One
isliterally crawling with
people”, an unidentified
observer told Aviation Week
inApril 1983, "and most of
them aren't Northrop people,
because they can't even get
on the airplane’.

Below: Shrouded in white
plastic and rubber mats,
Produdlon B-2stake shape on
he Northrop line. Black
sreens cover al inlets, plus
the leading edges on the rear
two aircraft.

Despite highly-publicised
programme-management
problems at Northrop, Under
Secretary of Defensefor
Strategi¢ and Theater Nuclear
ForcesDr LawrenceWoodruff
told the House Armed
Services Commettee in the
spring of 1988 that the
programme was "progressing
Welﬁ' but insisted that, in
response of Congressional
concerns, the USAF has set up
"an initiative for maintaining
cost, contractor performance
and management discipline
within the B-2 program” and
that Northrop was assessing

"the condition of its own
management system”".
News that Boeing was hiring
extra staff for the PAlmdale
final assembly plant, -while
Northrop was apparently
laying of f hundreds of staff
from its Pico Rivera facility,
led to speculation that Boeing
had been secretly given an
increased role in the
management of the
programme. Thiswas strongly
denied by Northrop which
issued a USAF-approved

statement emphasising that no
changes in programme
management had been made

or were Planned. Boeing's
hiring of staff was directly due
to that company'swork asa
sub-contractor to Northrop, the
statement indicated.

B-2REVEALED

On 20 April 1988 The USAF
released an artist's impression
of the B-2 and confirmed that
the prototype would fly in the
autumn. "The first flight of the
Advanced Technology
Bomber, or B-2,iscurrently
scheduled, for this fall”, the
service said. The bomber
would take off from the final

—_—id
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assembly facility at Air Force -
et A S A AT B-2 Advanced Technology Bomber

land at the Air Force Flight
Test Center at EdwardsAFB,
where flight testing would be
carriedout."Theinitial flight
of the B-2 will highlight the
return of theflyingwing .
design to military aviation’, it
was stated. No date was given
forthemaidenflight,
however, and the service
refusedto givefurther details ~ Above: From above, straight
of theaircraft'ssize, crew linesdominatethe planf orm of
number, weapons|oad, theB-2. Fromthe side, the

performanceor cost. curved linerulessupreme.
Thedrawingwhich Theseruleswereneeded to
provided few details of its minimiseRCS.

construction aside from its
genera shape was not totall
accurate; the USAF admitt
that several details had either
been omitted or altered. The
science-fiction shape created
some scepticism but, during
an interview with Defence
magazine, USAF Chief of Staff
General Larry Welch insisted
that the drawing was
generdly accurate. "There are
afew détals that are
obscured for security reasons.
Y ou will note that there are no
exhausts in the picture.”

According to the USAF, the
shape of the new bomber had
been declassified because the
prototype would soon "be
outside doing things and
Peoplewnl seit". Some saw

he sudden de-classification as
apublic-relations ruse, an
unexpected move designed to
defuse growing Congressiond
demands for greater access to
information on the growing
number of major "black”
programmes.

) RollioutbhadltgnI gggectqtd
in ember ing to
a f%ﬁjflight in October org
November, but these dates
could not be met. On 12th
November, the long-awaited
roll-out finally took place. The
audience was given only a
frontal view of the new
bomber, but alight aircraft
which overflew the rollout
ceremony provided Aviation
Week with an unauthorised
view of the hidden rear
section. ,

For the next e%ht months,
the B-2 became the world's
best known and most
criticised "hangar queen™
Technical problems del ayed
tlrggmaldenfllght until 17 July

CRUISEMISSLES

The B-2 may have been
developed in near-total
secrecy, but the security
blackout around Americas
stealth cruise missile work
has been even tighter.
Despite laie-1970s claims that
exiging cruise missles such as

the ALCM and Tomahawk
were virtually unstoppable,
by the early 1980s Pentagon
anners féared that growing
viet EW expertise might
alow themto'interfere with
the radar elements of the
TERCOM guidancesystem
and that cruise missiles -
Bartl cularly the GLCM - were
ecoming vulnerableto S-300
(SA-10) attack.

During the devel opment of
Tomahawk and the ALCM,
tests had been carried out to
measure the weapons' radar,
IR and visual signatures. Asa
resultof thiswork, RCS, IR
output and luminosity were
al reduced. It was now clear
that this was not enough. In
the short term, the USAF
hoped to counter the SA-10
and interceptor threats by
modifyingitscruisemissile
fleet, adding an on-board
active ECM system based on
work carried out in an
extensiveprogramme
codenamed"HaveRust".

A three-year development
programmewasenvisaged,
allowi n% deployment inthe
mid-1980s ALCMswould
haveto bemodified but
GL.CM roundswouldbe
delivered complete with the
EW sub-systemwhenthese
weapons were deployed in the
early 1980s The status of the
cruisemissile EW programme
remainshighly classified. One
sourcetold mein 1983 that
the scheme had not gone
aheadintheform orlgmalzla%/
planned but confirmed th
some improvements had been
made to the weapons.

InJuly 1982 the USAF
completed a study of possible
next-generation Cruise
missiles and concluded that
development of ani Q:)roved
model using the lat
technol ogies could counter
the sort of air defence system
which the Soviet Union'was
expected to field in the 1990s.
Just asthe AGM-86 and
BGM-109 had exploited
mid-1970sbreakthroughsin
technology such asminiature
electronicSand small low-
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consumption turbofan
engines, the new weapon
would use the improved
guidance systems and better
engines of the 1980s coupling
these with stealth technology.

Theideaof alow-RCS cruise
missilewasnot new. In
testimony before the Senate
Armed icesCommitteein
1977 JohnB.Walsh,DoD
Deputy Director of Space and
Stretegic Systems described
how studies had been carried
out into v(v:asys of reducing
missileR

A formal requirement for a
new cruise missile was drawn
up that same month and the
programme was approved by
President Reagan In August. A
request for proposals was
issued to industry in
September. Technology for a
new cruise missile was
aready in hand, thanks to
Programmessuch asDARPA's

ittle-publicised Tea Dawn.

This had explored areas such
as airframe shaping, RAM and
advanced propulsion. All
designs to be evaluated would
use the same engine, the
Williams|nternational F112
turbofan which entered full-
scale development in July
1982. The IOC date for the
new missile was targeted for
1986, a goal which some saw
asunrealistic evenin 1982 It
was in fact to prove hopelessly
optimistic.

COMPETITION

Boeing, L ockheed and
General Dynamicsal
competed for the task of
building the new missile.
Having developed the ALCM-
A and-B, Boeingwas
obviously in agood position
to win the new programme
and, giventhefact that ALCM
Broducti on was being cut
back, had the strongest
incentive to do so.
Unfortunately, Boeing faced
severecompetition. L ockheed
had the useful experience
gained from its own stealth
cruise missile programme,
while General Dynamics had
worked on Ted Dawn and so
was clearly in a good position
to bid for the new weapon.

Atthetime, Generaf
Dynamics was somewhat
under a cloud, the results of
cLuaI ity-control problemswith
t

e Tomahawk. Workinginthe submission was a Boeing was "scrambling to Above: Security breach or
company'sfavour was the development of the AGM-86 come up with a new publicreationsploy? A light
fact that its Teal Dawn design but the company soon  aeronautical design”, aDoD aircraft overflew the B-2 rollout
experience would give it the realised that this could not official told Aviation Weekin  and revealed the nove shape of
head start needed to match provide the performance November of that year. theexhauds.
the ambitious timescale of the  needed to gain the new Like Boeing, Lockheed
new missile. From the first, contract. By late 1932, the redesigned its entry. Thefirst ~ low-RCSwarplanes.
the company seems to have company was reported to be design offered was stealth Progress was swift enough
set the pace, whileitsrivals frantically workingon a but proved aerodynamically to dlow the USAF to scale
had to embark on redesigns of  higher-risk concept able to unstable. It aso required downitsALCM procurement.
their submissions. take greater advantage of the  external carriage, afeature The Air Force had planned to

Theinitial Boeing latest stealth developments. not desirable in aworld of buy 3418 ALCMsbut, in
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Top: Inthecourseof
development, ALCM-B was
modified toreduceitsRCS, a
move dictated by advancesin
Soviet air defences.

February 1983, announced
that production of the
ALCM-B would end after the
FY 83 buy, bringing the total
number of rounds delivered to
only 1,499. The planned
ALCM-C would not be built.

AGM-129

On 15 April 1983, General
Dynamics was announced
winner of the Advanced
CruiseMissile (ACM)
competition. It was given a
fixed-pricecontract "which
coveredfull-scale
development of the AGM-129
and contained options on the
first two production lots. Such
was the new programme's
high classification that the
Air Force would not release
details of the total value of the
contract, the number of
rounds to be procured or the
programme schedule.
Unofficial estimates suggested
that the unit cost of the new
missile would be about $3
million, with the entire ACM
programme costing about
$7,000million.

The targets set for the ACM
were ambitious. In addition to
being stealthier than the

Above: AstheB-2liftsoff the

runway, the huge main

under carriage door s probably
act asvertical stabiliang
surfaces,

current ALCM, it was
required to have better

uidance, alower terrain-

ollowing altitude and a
longer range, probably around
2,300miles(3,700km). After
launch, the new missile was
e>§|oected to fly up to 1,000
miles (1,600km) farther than
current cruise missiles,
travelling around, rather than
through, Soviet air defences.

Asinthe caseon manned
stedlth aircraft, reducing the RCS
involvedcareful ing. The
AGM-129A has aflattened body
shapewith awedge-shaped nose,
forward swept-wings, a folding
vertical fin and folding horizontal
tailplane surfaces. The air inlet for
the Williams International F112-
WR-100 turbofan engine is under
themissilebody justbehindthe
wings, and the exhaust forms part
of the missiles flat-wedge tail
asembly.
By April 1988, the

Brogrammewasreported to

e at |east three years behind
schedule and likely to cost an
additional $2,000 million. A
report issued by House
Armed ServicesCommittee
ChairmanLesAspin
described the ACM
programmeasa

Below:The ﬂyramid-shaped

absorberswi
of thistest chamber allow

accurateRCSmeasurementsto

betaken of theMatra Apache.

'('jpr(_)c.uremen; disaster", citin
eficienciesinguality control
and inept supervision by the
Air Force and the

manufacturer. Aspin blamed

the delays and cost over-runs

on what he described as
mismanagementby General
Dynamics and the USAF. "The

highly classified Advanced
Cruise Missileistheworst
system| reviewed", he stated.

ich linethe walls

Thereport was vague asto
the exact nature of the ACM's
problems, notingsimply that
the project was "protected in
nearly all interesting details
by high classification”.
Problems seemto have
arisenin several areas.
Quality control problemsat
General Dynamicshadbeen
responsiblefor theinitial one-
year slippage. In 1987 atotal of
44 critical componentsin
the missile were singled out
forquality control checks,
whilethe company accepted
Air Force recommendations
for groundtestingthemissile
prior to beginning flight tests.
Inthe spring of 1988 General
Welch spoke of unspecified
"designandmanufacturing
concerns' whichwouldrequire
further testing.

DEPLOYMENT

Early flight trials seem to have
high-lighted other problems.
The weapon's low-RCS shape
seems to have had an adverse
effect on its fIyin%_
characteristics, while other
problems emerged with the
missile's computer software. In
June 1988, SAC commander
General John Chain told an
Air Force Association
symposium that the
programme "...isnot coming
along as quickly or aswell as |
would like". Deputy Chief of
Staff, Plans and Operations,
Lt.Gen. Michael Dugan
expained that the results of
early flight trials had been
erratic, having included "a
couple of flights that didn't do
especially well". Work was
under way to identify and
correct the problems, he
stated, but "testing has not
been completed yet, so how it
\l/(wII all sort out, I just don't

now".

The AGM-129A findly
became operational in 191 By
the early 1990s the USAF
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expected to deploy 1,500 ACMs,
which would have made up
around hdf of the services
cruise missile strength.
Although McDonnell Douglas
was awarded a contract in 1987
to qualify it as asecond source
producer of ACM, in 1992
procurement was 'scdled back to
only 460 rounds, and production
ended in 1993 The AGM-129A
was designed for use on the
B-52H, B-1B, and B-2A, but it is
understood that only 48 B-52H
were equipped with the
gg)on A scheme to modify a

| batch by replacing the
200KT range W80 nuclear
warhead with a conventional
HE payload was proposed in
1998, but was not adopted.

Stedth is ds0 an important
featureof morerecent air-to-
surface wegpons, Inthelate
1990s the USAF drew up plans
for al,000nm (1,800km) range
stedthy Long-Range Cruise
Missle(LRCM), aconceptwhich
has attracted interest from the
UK, raisingthepossibility of a
J_(I_)I nt devel opment programme,

he resulting weapon would
use stedlth to penetrate hogtile
defences, but could improveits
survivability by using very-low-
atitudeterrain-Mowing flight,
or even active countermeasures.
Itis expected to have adatalink
permitting in-flight target
updates, plussomeformof
terminal-guidance seeker, and a
warhead able to ded with very
deeply buried or hardened
targets,

Some degree of stedlth
technology isdsobeingbuiltinto
tactical misslesduetoenter
savicein the current decade,
Theseinclude the L ockheed
Martin AGM-158 Joint Air-to-
Surface Stand-off Missle (JASSM),

the Franco-German MatraBAe
Dynamics Storm Shadow (known
asSCALPEGinFrenchAir Force
service), and the Norwegian
Ko gNyttSomdamissile
(NSW) antl -shipmissile,

Once the Norwegian wegpon
has been launched, the lugs on

itsupper surfaceretract, A cover
then closes over them to
maintain the weapon's low radar
signature, The entire nose
sction is roll-gabilised with
respect to the missile airframe,
As the missile banks to turn, the
nose section counter-rotates o

S—

78

that its steal th-configured nose
remains at the optimum angle
for low detectability,

NEW FIGHTERS

By 1976, the USAF was planning
to incorporate stealth
technology in its next-
?eneratlonflghter Firg studies
or what would become the
Advanced Tectica Fighter (ATF)
were begun in 1969-70, and by
1975 atentative plan had been
drawn up to test prototypesin
197781, L ack of money doomed
these original Plans but by 1976
sedth technol og%/
promising enough to persuade
the USAF to begl n the Have
Blueprogramme, andtoadd a
low-observability requirement to
the specification for its F45

replacement.

In 1981 the USAFissued to
industry a request for
informationonpossbleATF

Lett; Under the watchful eye of
achaseaircraft, thegealthy

L ockheed Martin Joint Air-to-
Surface Stand-Off Missle
(JASSM)fliesatest mission.

Right: Wing/body blending,
outwar d-canted tail fins, and
Inletsunder the wing wer e low-
RCSfeatures of this Rockwell
ATF proposal.
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Left: General Dynamics AGM -
129 Advanced CruisesMissle
seen herebeing carried by a B-

2trialsaircraft) isstealthywith
morerangethan ALCM.
Following the end of the Cold
War, or der swerecut back to
only 460 examples.

designs. The proposed fighter
had to be able to handle air-to-
ar and air-to-ground missions,
and was intended to have the
performance needed to evade
Soviet air defences, dlowing the
aircrafttofly deepinside
Eastern Europein order to
attack Warsaw Peact fightersand
ar bases To echievethis, itwas
to combineadvanced |ow-
observables technology with the
ability to supercruise (fly at
supersonic speeds without
afterburning).
The ATFwasrequiredto give

[Il?t(':s;gg_slt_-looﬁ, fi rstr-]sl;l10t, fi rsi—f

i Ility through the use o
reduced observ abl&g and
advanced sensors. Itsavionics
suite wasto be ahighly

p—

integrated
dlow the pilot to concentrate on
the mission, rather than on
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Above: A Have Blue
prototype. Very small, and
with lessfaceting than the
definitive F-117A, it differs
mainly in theinward canted
fins and rudders, which
actually increased the infra-
red sgnature.

stem that would

managing the sensors, asin
current fighters. Other demands
werefor higfher rliability,
maintainability, and sortie
generation rates than were
available from the F15.

In October 1985 the USAF
asked contractorsto submit
proposalsfor afighter ableto
enter service in the mid-1990s as
the eventua replacement for its
F15 Eagle and F16 Fighting
Falcon. Bidswereto be
submitted by December of that

Bel ow: Theincredibly high
sweep of theHaveBlue
Prototypeﬁlsseen here, asisthe
act that the under-sde is
faceted, unlike the F-117, which
iscompletely flat. Handling was
extremey difficult, with high
ank ratesat low speeds.

year, and would leed to between
two and four companies or
teams being selected to take
part in athree-year study
Intended to balance the
performance and cost of the
new fighter againgt its
operational requirements.
Choiceof acontractor to develop,
flight-test and produce ATF
would bemadein early 1989,
withtheplanemakingits first
flightinlate 1991 and entering
serviceinthemid-1990s

By July 1986, theUSAF
decided to restructure the
programme. Instead of flyinga
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sngle selected design in late
1991, it would now sdlect two
rival concepts to be flown as
competitive prototypes, an
arrangement which the service
last used in the mid-1970s
YF16/YF17Lightweight Fighter
competition. On 31 October 1986
it announced that Lockheed and
Northrop had been sdlected for
this demonstration/validation
phase of the programme.

InApril 1983 the US Air Force
Sysems Command awarded
two industrial teams contracts
worth $691 million covering a
50-month deve
programme. Each company was
to produce two prototypes and a
ground-based avionics testbed,
A target date of October 1989
was st for the first flights of the
Lockheed YF-22 and the
Northrop YF-23. Lockheed
teamed with General Dynamics
(Fort Worth) and Boeing Military
Airplanesto produceitstwo
YF-22prototy

One of thefirst activities
carried out by both teemswas a
study of possble methods of risk

Betow: By 1986the
of theLockheed AT
changed grestly. L aterally

raked intakesappear ed, much
smaller canardswerenow
located high and aft of the
cockpit, and thefinsweremuch
more steeply canted.

pearance
had

Bight: An artigt'simpresson of
theLockheed ATF contender
rdeased in 1985 showsachined
nosesmilar tothat of the SR-71,
afairly orthodox delta win
with canard foreplanes, an
vectoring engine nozzles.

reduction, and alternative
technologies. This was ordered
as part of alarger Systems
Requirement Review carried out
by the Air Force, On 11 October
1989 the eva uation phase of the
programme was extended by sx
months.

Powerplant development was
running ahead of that of the
airframe, awise policy in an
aircraft programme. In Oct
1983, General Electric and Pratt
& Whitney were given $200
million contracts covering the
development and ground testing
of rival designs of Joint
Advanced Fighter Engine
(JAFE). Pratt& WMtney'sengine
was the PW5000, designat
XF119 by the USDaD. Thisran
for thefirst timein late 1986.
Rival design from Generd
Electric was the GE37.
Designated XF120, this variable
bypass design began bench tests
in mid-1987 In early 1988, both
teams received contracts worth
closeto $342 million for the
development of flightworthy
"YF' engines One Y22 and
one Y23 wasto be powered by
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the YF119, the other example of
each by the YRL20.

The task of producing the
ATFradar swasgivento
Westinghouse, teamed with
TexasInstruments. InApril 1987,
the team won this vital contract
for both the YF-22 and the
Y23, ablowtoriva radar giant
Hughes Aircraft, which had
teamed with General Electric to
bidfortheATFradar.

YF-22 AND YF-23 DESIGNS

Lockheed and Northrop
produced very different designs.
The Lockheed YF-22 had a
trapezoidal wing and twin tails,
and bore a vague resemblance
to the F-15, The need for stedlth
dictated the use of aforward
fuselage that was diamond-

Right: Were the Lockheed
artig'sATFimpressonsof 1985
and 1986 ddliber ate
disnformation? TheY F-22seen
hereshowsnosgn of atail-less
canard delta; only thethrust-
vectoring nozzles remain.

Below: ThelosngATF
contender wasthe
Northrop/McDonnell Douglas
YF-23. A moreradical design
thantheY F-22, itsoutsanding
featureswerethetrapezoidal
wing planform and steeply
canted ruddervators.
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shapedincross-section, and
largeflat fuselagesides. The
inlet ductswere curved inwards
and upwards, shidding the front
faces of the twin engines from
directillumination by hostile
radars.
TheNorthrop/McDonnell
Douglas Y F-23 was about 7t
(21m) longer than the YF-22, and
had a more "science-fiction"
appearance. It was more sender
thanthe Lockheed aircraft, and
had adiamond-shaped wing,
andall-flyingtwintail surfaces
canted 50 degrees outwardsina
"V" configuration. The wing
leading edge was swept back at

40 degrees, whilethetraili
edge was swept forward at the
sameangle. Every lineinthe

e T
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Above: Withitsrounded lines
and outward-canted V-tail,
Northrop'sYF-23lookedlike
something out of science
fiction.

aircraft'splanformwaspard el
to one or the other of thewing
leading ameasure
intended to concentrate the
radar returns from the aircraft
intoafew well-defined
directions. As on the YF-22, the
inlet ductswere curved intwo
dimensionsto shield thefront
faces of the engines. The engine
efflux wasreleasedinto trench-
shaped cut-outsin the rear
fuselﬁle. Thishelped cool the
hot exhaust gases, reducing the
arcraft's IR sgnaure.

achieved its early milestones

Below: On the YF-23, all sraight
edgeswer epositioned at oneof
a handful of predetermined
angles, ameasureintended to
reduceRCS.

One significant difference
between the two designs was
that the Y =22 had two-
dimensiona engine nozzles
which could be vectored 20
degrees up or down at any
power setting. Northrop opted to
rely on aerodynamic control
surfaces, believing that thrust-
vectoring would compromise
gedth, particularly inthe
rearward sector.

Duringtheflight-test
programme, Northrop'sY F23

Above: This futurigtic shape
formed the basis of several " sedlth
fighter" congtructionkits, but was
only an advertising artwork used
by EW manuf actuer Loral.

ahead of Lockheed's YF-22.
Thefirst YF23 was powered
by P& W engines, andwas
rolled out at Edwards AFB on
22 June1990. It flew for the first
time on 27 August 1990, with
test pilot Paul Metz at the
controls, in a sortie which
lasted for 20 minutes.

The first YF-22 was rolled out
on29 August 1990. Powered by
GE YF120 engines, itflewforthe
firsttime on 29 September 1990,
withLockheedtest pilot Dave
Ferguson at the controls. The



BefowNot much sealth
technology Isvisblelnthis
Grumman advanced lighter
Proposal ol theearly The
nletswould be good radar targets,

sacond Y22 was powered by
P& W YF119 enginesand flew on
30October 1990, withL ockheed
test pilot Tom MorgenMd at the
controls, Neither carried any
radar or cannon, but both were
ableto carry and launch
Sidewinderand AMRAAM
missles, Thesecond Y23 was

ered by GE engines, and

lew on 26 October,

Bothaircraft demonstrated
"supercmise’ ility. The first
YF-23"supercruised” onits fifth
flight, and achieved itshighest

recorded supercruise of Mach
143 on 14 November, The GE-
powered Y F-22 had an optimum
supercruise speed of Mach 158
dightly faster than the Mach 143
of the P& W-powered example,
With afterburning, both Y22
aircraft could exceed Mach 2 at
50,000ft (15,250m),

On 15 November, the GE-
powered Y22 demonstrated
thrust-vectoringfor thefirst
time, The con proved
successful; trials showed that the
Y F-22 could achieve supersonic
roll and pitch ratesin excess of
those that can be achieved by a
conventiona fighter at subsonic

The YF23 demonstrated a
maximum speed of Mach 18
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manoeuvred at upto 7 g, and
reached amaximum angle of
attack of 25 degrees, lake the
YF-22, the YF-23 had no radar or
cannon, Duringtheflight-test
programme, it did not fire
missles
While an intensive
programme of competitiveflight
tests was under way at the Air
Force Hight Test Center a
EdwardsAFB, Cdifornia, inlate
1990, in November of that year
the USAF requested both teams
to submit final engineering and
?éa'\;lug)acturi ng devﬁ_opr)]mﬁm did
roposals, whichtl i
on2 Jar?uary 1991, &

YF22 SELECTED

On 23 April 1991, the USAF
announced that it had sdected
the F-22 powered by the F119
engine, The reasons for the
choice remain classfied, but the
USAF seemsto havefavoured
the manoeuvrability provided
by thrust vectoring over the
extragtedth offered by therival
design, Perhaps with memories
of the engine problemsit had
sufferedwiththeHOO-powered
F15 and F16, it had opted for the
more consarvative engine
design.

Onefactor which may have
deered the USAF away from the
YF23 was the design of its
Wi N bays, Ib maintain alow
RCS, both teamsrdlied on
interna baysto keep non-
stealthy ordnance hidden from
hodtile radars, However, the
Northrop desgn would have
carried two Joint Direct Attack
Munitions-sized weapons stored

one above the other behind a
single set of wegpons-bay doors.
If thefirst weapon could not be
released for any reason, the
second could not be used,

An engineering and
manufacturing development
(EMD) contract wasawarded on
2August 1991 for 11 prototypes

including two tandem-sest

22Bsg) plus one static and one

fatiguetestairframes, Pratt &
Whitney was given an EMD
contract for the engine, The
combined value of both
contractswas $1091 billion ($9,55
billion for theairframe and $1,36
billion for engines), Subsequent
contract changes, including
three Congressiona budget cuts
and subsequent revision of the
programme schedule have
Incressed the contract valuesto
atotal of $186 billion,

Asaresult of these changes,
the number of prototypeswas
reduced to nine, and thetwo-
seat model was eliminated, All
prototypeswill bethe sngle-
seat F-22A verson. Under the
EMD contract, the F-22 teamwill
complete the design of the
aircraft, produceproduction
tooling, and build and test nine
flightworthy aircraft and two
ground test articles.

The Critical Design Review
(CDR) of the-22 and thelnitial
Production Readiness Review
(IPRR) of theF119 enginewere
completed in Februeg 1995,
These showed that fabrication
and assambly of the EMD
aircraft could begin,

ThePratt & Whitney-powered
number two prototype had not
been retired at the end of the
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Lett: The primary reason for
thesdectionoftheY F-22 over
the YF-23 wasthat it had
superior highalpha
erformance. Here one of the
F-ZCZaPrototyp&e launches itsdf
vertically skywards.

demonstration and validation
(dem/val) phase of the
Pro_gramme It returnedto

lying status on 30 October 1991
The other Prototype was
stripped of its GE engines and
usedfor HM D systemsmock-up
tegts. It isnow on display at the
USAFMuseuminDayton,
Ohio.

Construction of the first
components for the first EMD
arcraft (91-4001) beganinthe
winter of 1993. The production
configuration resembled the
Y F-22, but had awing sweep of
42 degreesrather than the 48
degreesof theYF22. The
vertical stabilisers were
reduced in size by
approximately 20 per cent. The
origind Y22 surfaceshad
been sized to avoid potentia
spin problems. Since none
materialised, the size was
reduced to reduce drag and
weight.

Toimprovepilotvishility, the
canopy wasmoved forward 7in
(18cm) and the air inlets moved
14in (356.5cm) totherear.
Changes to the shape of the
wingtrailing edges andthe
horizontal stabilisers reduced
the aircraft's RCS, improved the
aerodynamics, and added
structural strength.

Aircraft 4001 wasrolled out
on 9 April 1997 during a
ceremony at which the name
Raptor was announced for the
new fighter. The planned May
1997 first flight date was to dip,
apparently dueto fuel leaks
and other hardware-related
problems. The first flight finaly
took place on 7 September 1997
from Dobbins ARE in Marietta,
Georgia, withF22 Chief Test
Pilot Paul Metz at the controls.

Asmoreaircraftjoinedthe
test fleet, the of testing
gradually expanded. Aircraft
4002 flew on 29 June 1998 and
was used to expanding the
flight-testenvelope,
demonstrating a26 degree
angle-of -attack. It wasalso used
for testing weapon separations
from the internal bay.

First flown on 6 March 2000,
arcraft 4003 was the first to
have an internal structurethat
is fully representative of the
production aircraft, and was
used to perform demonstrations
to 100 per cent of the planned
loadfactors. Itasowas
earmarked to make the first
AMRAAM launchtrids.

Aircraft 4004 was the first to
have afull suite of avionicsand
software. It started life with
Block 11 software (Block 0 had



beenusedforinitial F-22 flight
tests), but was upgraded to

Block 12 before its first flight. It
flew for thefirst timeon 15
November 2000, andinitial
reports from the test pilot and
instrumented dataindicate that
the AN/APG-77 radar began
tracking multiple targetsamost
immediately after the aircraft
left the runway.

Full radar functionality
required the use of Block 30
avionics software, which flew
for thefirsttimeon 5 January
2001 during the first flight of
aircraft 4005. TheBlock 30
software provided functions
such as radar processing and
sensorfusion, electronic
warfare and countermeasures,
communication, navigationand
identification, and pilot/vehicle
interface. "Flying Raptor 4005
with the Block 30 (software)
represented the program's
current most technically
demanding chalenge," said
F-22Systemprogramme
director Brig. Gen. Jay Jabour,

&

Bight: From this angle, features

such asthe sngle-piece
transparency to the cockpit,

including the sawtooth leading

edge, the chined nose and
trapezpoidal intakesraked
laterally and vertically, are
clearly seen.

"This successful flight, in
addition to our other recent
achievements, demonstrates
theprogramisready for low-
rateproduction.”

Ailrcraft 4004 through 4009

will fulfil a number of functions

- testing of the o
Communications, Navigation,

andldentification (CNI) system,

electronicwarfare, radar
integration with missiles and
theM61A2 cannon, JDAM
releases, and low-observables
testing. The entire flight-test
rogramme is expected to last
or 4,337 flying hours and 2,409
sorties. Less than half will be
used for airframe and systems
testing; the greater partisfor
mission avionicstesting.
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Below: The F-117A is a subsonic
attack aircraft, but the F-22 will
combine gealth with

super sonicper formanceand
high agility.

Bottom: From some angles,
theL ockheed Martin F-22 has
apassingresemblancetothe
F-15 Eaglewhich it isdueto
replace.




NAVAL STEALTH

Thenext US"sedthy” aircraft
programme - the US Navy's
A-12 AdvancedTactical Aircraft
(ATA) - wasto have aless happy
history. First reported in 1985,
thiswas to have been a subsonic
al-westher aircraft ableto carry
out all-westher or night deep
interdiction missions.
Development of thenew
aircraft was ordered in 1983 with
tge intenti gn thatdl)_r;!tl d(IOC
alion il
W(F)ﬁ dbe ac%ed ntg_l ater ghan
194, %rélé/ tw% i n’(\jlustrl a Fteeams
responded to the Navy's Request
Feospgropogds - Generd
Dynamics teamed with
cDonnd| Douglas, and
Northrop teamed with
Grummanand LTV Withthe
collapse of the T-46 programme,
Fairchild was out of the miljtary
arcraft business, whileBoeing,
L ockheed and Rockwe
have opted notto bid.

When drawing up itsfighter
proposasunder the ATF
programme, GD had studied
severd designs, one of which
was aflyg(]jg wing configuration
nicknarmed "'Sn Pete’,
Although rejected by the USAF,
the desgn wasto form the besis
of GD's ATA submission,

In November 1984, both teams
were awarded concept-
formulation contracts, which
werefollowed in June 1986 by
DemongtrationVdidation
(dem/val) contracts, Thetwo
teams are reported to have
favouredcompetitive
prototypi n(r:J, but thisproved

dable,

| s;emto

unaffor
Proposdls for the full-scele

engineering development and
manufacture of thefirst eight
arcraft wererequestedin ,
By late that year it had become
obviousthat the USN could not
support boththe A-12 (at that
time gill known smply asthe
ATA) andthenew F404-engined
GrummanA-6FIntruder, Work
onthe A-6F was sto?ped, This
decison has probably increased
the urgency of the A-12

rogramme, Thebasic Intruder

as in service since the
19605 and the planned fidding
of the A-6F in 1989 would have
modernlsecé the lﬁla%s tri k_eal
power pending the later arriv
of the A-12,

Grumman might have hoped
to recoup itslosses on the A-6F
%jjgg)fﬂqdly edimated as at least

million) by winning a share

of the ATA work, Thiswasnot to
happen, In a surprise movein
late December, the
Northrop/Grummar/LTV team
which was widely tipped to win
the ATA competifion) declined
to submit "best and find" bidsfor
the task of developing the new
arcrett,

On24 December 1987, amere
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four days after Northrop'svirtual
withdraival fr%m l{Ihe
competition, the Navy
ronounced the Generd
ynamicsMcDonnell Douglas
team winners of the contract to
develop the new aircraft, Full-
Scde Development began in
January 1988 under a contract
which covered eight flight-test
aircraft and five ground test
airframes, The first flight was

a?mtedinhne ,
he A-12 Avenger n was due
to replace the US Navy's A-6E
fleet inthemidtolate 1990s and
atotal buy of around 450
seemed likdy, The USMC
hoped to obtain 60 A-12 aircraft
as replacements for the A-6E
Under an MoU signed in April
1986 between the USAF and
USN, the Air Forcewould
condder the A-12 as a potential
replacementfortheFlll and, in
thel onger term, for the F-15E,
Initia A-12 deliveries would be
to the USN, with the USAF
etting itsfirst A-12s around
?9%_ heUK wasaso seenasa
possble purchaser, with the A-12
a potentia replacement for the
PanaviaTornado,

Like earlier USN Ig_ypes
adopted by the USAF, the A-12
would bemodified by the USAF
to match Air Force _
requirements, and makeit better
suited to land-based operations.
By 1983 discussonsbetween
the two services had not thrown
up any problemsin this area

The aircraft that took shape
was a ddtaflying wing with a
gpan of 70ft 3in (%I,mm()] - 36ft
3,25n (11,06m) with thewing
folded - and alength of 37ft Sn

SBEC0b (17700 fang

80,0001b %’;6,30()!( gross
Powered by two Generd
ElectricF412-400non-
afterburning turbofan engines,
exch develggl(?kg approximately
130001b (5,900kg) of thrust, it was
expected to achieve a speed of
ph (930kmh) at sealevd,
and a combat radius of 920 miles
(1,470km). The ordnancewould
be carried in internal wespon
bays to minimise drag and RCS.

The GE H412 turbofan was
derived from the F404-GE-400
usedinthe F/A-18 Hornet, It had
alower pressure ratio than the
fighter engine, plusanimproved
two-stagelow-pressure turbine
based on that of the GE F110
engineof theF-15and =16, anda
redesigned high-pressureturbine.
Avionicswouldincludea
Westinghouse AN/APQ-183
multimoderadar, MartinMarietta
navigational FLJR, Genera
Electr|c(||r|1qu13_r)edS§arc|_r|1 a‘ndTgalck

dem , and a Honeyw
? ital flight-control system.

Tn December 1989 aMajor
Aircraft Review (MAR) of four
US combat aircraft programmes
dowed the production rate, cut
the proposed aircraft for the
USMC, and dipped the planned
USAF purchase by more than
five )(]eers, It was dill anticipated
that the aircraft would fly by
early 1991 and that full-scae
development program would be
completed within planned
budget.

Unfortunately, the contractors
were faced with structural and
gost .overlgun oblems and, hat
despite the Navy asserting
|t%svpas satisfied with the aircraft
at the Critica Design Review,
the programme was cancdled
on 7 January 1991

Above; When thefirst edition
of Stealth Warplaneswas
written, the shapeofthe
planned A-12Advanced Tactical
Alrcr_afééATA)wassnll

classfied. Our artigt's
impression of the aircraft
approaching a tanker drogue
(reproduced here) probably
caused amusement among
members of the General
Dynamics/M cDonnell  Douglas
team who wer e building the
real thing, but wasintended to
show thereader some of the
technologiesapplicabletoa
stealthysrikeair craft.

Right: Inreality, theA-12wasa
puredédta, aplanform which
would have focussed any radar
energy reflected from the
aircraft into asmall number of
harmless directions. )
Unexpected growth in weight
and cogt led to cancellation,
leaving the US Navy without a
dedicated grikeair Cr aft.

Inafurther attempt to develop
anew atack aircraft, in 1991 the
USN started the AX
programme, which called for a
strike aircraft to meet aless
ambitious specification which
required lower range/payload

erformance and less sedth.

escribed by one observer as
"A-12 lite", the programme - |ater
redesignated AFX" - would have
entered service first with the
Navy as a replacement for
ageing carrier-based A-6Es, and
later with the US Air Forceasa
replacement for I, F117, and
F-15E, While il in its concept-
design stage, it was cancdledin

ember 1993, Since then, the

USN has planned to rely on the
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F/A-18E/FSuperHornetforits  lower than that of the original  In the summer of 1995 the US  thisbuilt-in stealth plus the
fighter andstrikecapabilities.  F/A-18A/B modd, while an Joint Technicd Co-ordinating  aircraft's advanced EW suite
ow-observabletechnology  improvement of GrouponAircraft "make the E/F aformidable

is dso being built into gpproximately the same Survivability (JTCG/AS) combatantthatisextremely
conventiona aircraft. The order of magnltude"vwll be reported inits Aircraft difficult for enemy systemsto

RCS of the HA-18C/D was introduced by the F/A-18E/F.  Survivability Newdletter that  acquire and track.”
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TACIT BLUE

During the early and mid-1990s,
therewere persistent rumours of
a"black" stedlth aircraft witha
large fuselage whose bulky
shape earned it the nickname of
"Shamu'" amongthe"stealth-
watching" community. (Thereal-
life Shamu was akiller whale
exhibited at aUS theme park,
and the very idea of awhale-
shaped stedth aircraft seemed
bizarre) Someartists
impressions showed an aircraft
which looked abit like a scaled-
down version of the Boeing
Stratocruiser propeller-driven
arliner of the

On 30 April 199, the USAF
finally lifted acloak of secrecy
from Tacit Blue, a technology
demonstrator which wastest-
flown between 1982 and 1985,
Here at |last wasthe aircraft that
had triggered the "Shamu”
reports. Developed and built by
Northrop under a$165 million
"black" programme -which
started in the single-seat
Tecit Bluewasdeveloped asa
potential platformforradar
sensors developed under the
USAFsPave Mover and Army
SOTAS ground-surveillance
programmes. It may have had
the secondary role of
demonstrating that a stedth
aircraft could be built using
curved surfacesrather than
faceting.

With alength of 55ft I0in
(27.02m), aheight of 10ft 7in (3m),
and a wingspan of 48ft 2in
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%4.68m), TecitBlueweighed
,0001b (13,600kg). It had an
unSNePt wing, aV-tal, and a
singleflushinlet onthetop of
thefuselageto provide air to its
two Garrett ATF3-6 high-bypass
turbofan engines. Its nove shape
required the use of a quadruplex
digital fly-by-wireflight control
stem to stabilise the aircraft
ut the longitudina and
directiona axes. Robert E. WuUIf,
theformer Hight Sciences
manager on stealth projects at
Northrop, has described how
"the only requirement wasto
develop the dedth
performance... It wasthe most
unstableaircraft flowninboth
pitchandyaw."
Tacit Bluemadeitsfirst flight
on 5 February 1982, and
completed 135 flights over a
threeyear period. It often flew
threeto four flights aweek, and
on severd occasions flew more
than once aday. It was designed
tofly at aspeed of 250kt, and at
an o atlréggtltudeof s
30,000ft (7620-9,145m). By the
timeitflew, the USAF had
combined the SOTAS and Pave
Mover projectsinto asingle
Brogramme which eventualy
eJoint STARS, andin
May 1984 the DoD decided that
the resulting aircraft would use
theBoeing 707 airframe. Tacit
Bluemadeitslast flight on 14
February 1985, and was placed
in storage. After being unveiled,
it was renovated and placed on
display at the US Air Force
k/l FuBseum a Wright Patterson

JSF PROGRAMME

The next stedlth fighter to begin
development was not launched
asa"black” programme. From
the start, the STOVL Strike
Fighter project was runas a
normal Advanced Research
Projects Ag (ARPA)
programme. The original goal

Above: Some stealth

technology has been )

incor porated into the Boeing
formerly M cDonndl Douglas)
/A-18E/F Super Hornet.

was to develop areplacement
for the HA-18 Hornet and AV-8B
Harrier I, but thisorigina US
Navy/US Marine Corps project
was later expanded to cover the
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USAir Forcerequirement fora
new fighter to replacethe F16.
TheUSAF had noneedfor
vertical take-off, so the CALF
(Common Affordable

Lightweight Fighter) scheme
envisagedthat, onUSAF
examples, the vertica lift system
would not I%e ggt&oged and the free
pace woul to car
additiona fuel to produce Y

longer-ranged land-based fighter.
The CALF project was merged
with Joint Advanced Strike
Technology (JAST) programme,
andin199%wasrenamedthe Joint
Strike Fighter (JSF).
Three teams competed for the
task of developing the new
aircraft. These were headed by
Boeing, Lockheed Martin, and
McDonnel Douglas. In

November 1996 Boeing and

L ockheed Martin were sdlected
tobuild concept-demonstration
models of their respective
arcraft. These were given the
designation X-32and X-35,
respectively. Following
comparative eval uation of the
rival designs, awinner will be
sHectedinlate 2001 Thechosen
design will enter engineering

Above: It may look ugly, but
Boeing' sX-32candidatefor the
USJoint StrikeFighter (JSF)
requirement isintended to
combine stealth and STOVL.

Below: TheX-32madeitsinitial
flightsin conventional takeoff
and landingform, provingthe
badcdesign before STOVL was
attempted.




andmanufacturing
development (EMD), and is
expected to enter servicewith
the USAF, US Navy/Marine
Corps and Britain's Roya Navy
The fina JSF will not be as
stedlthy asthe22 Raptor, but
great emphasisisbeing placed
ontheneedforitslow-
observable qualitiesto be easily
maintainable.

FURTHER STEALTH

Although progranmessuch as
the F-22 and the Joint Strike
Fighter are now being
conductedinthepublicdomain,
other highly classfied "black”
programmes are under way .
Rumoursabound of another US
stedlth aircraft about to be
revedled

Thebest evidencefor the
exisence of new "black"
programmes is the continued
expansion of the Area 51
classified test facility at Groom
Lake, a dry lake bed in central
Nevada, about 75 miles (120km)
north-northwest of Las Vegas.
Facilities there have been used
to support development of the
Lockheed A-12, Have Blue
tests, operations with MiGs
and other potential-adversary
aircraft, tests of the Tacit Blue
stealth technology demon-
grator, and undoubtedly other
stealth programmes.

At atimewhenit apparently
hasno purpose, GroomLakehas
never been busier, and never
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been in such apparent need of
high security. Unless some
massive waste of the US
taxpayers money istaking
place, one or more secret aircraft
areinflight test.

PROJECT AURORA

The best candidate for keeping
Groom Lakebusy isthe
mysteriousAuroraproject. This
first cameto light in February
1985 when a Pentagon budget
document accidentaly disclosed
that $2.3 billion, had been
earmarked for aUSAF project
code-named Aurora. Reporting
the incident, The Washington
Post quoted unidentified
Pentagon sources as saying
Auroramight have something
to do with the new stealth
bomber or at least with stealth
technology. Air Forceofficials
declined to discuss Aurora,
beyond confirming the
accuracy of the numbers listed
in the budget documents. "That
is aclassified program and we
can'ttalk about it,” ssid Mgj.
Richard Ziegler, an Air Force
spokesman.

For dmost three years, no
more was known about this
"black" programme, butin
January 1983 the New York
Timesreportedthat the USAF
was developing areplacement
fortheageing SR-71 Blackbird.
Thiswas described as along-
range reconnaissance jet which
used "specia equipment" to

avoid radar detection. The
performance claimed was a
major step over theSR-71- a
cruising speed of more than
3,800mph(6,080kmh), plusa
celling of morethan 100,000ft
(33,000m). ThisMach5 stealth
design iswidely reported to be
themysterious " Aurora’.

Theformer Soviet Union
seemsto have had early
knowledge of the Aurora
programme. In 1984 it started
development of the M1G-31M
and the Vympe R-37 (AA-X-13)
missle, systems designed to
engage targets cruising at

of up to Mach 6 and
atitudes of up to 130,000ft
(40,000m).

Further evidence for the
existence of Auroraemergedin
October 1990 whenAviation
Week & Space Technology
reported sightings of what
seemed to be a high-speed,
high-altitudeaircraft. Seenat
night, it appeared as asingle,
bright light, sometimes
pulsating.

"SKYQUAKE"

Since 1990, there have dso been
persistent reports of unusual
aircraft noises. One of the first

Above: Could thisbethe shape
of the mysterious Project Aurora?
TheUSAFwould likea
replacementfor theSR-71
Blackbird, and talksasif no such
aircraft were under development.
But, asthe F-117A programme has
shown, thevery existence of a
black programme can be

Right: NASA's Hyper-X
hypersonicUAV will becarried
toheight onaB-52,then
brought toflying speed by a
pegasusbooster.

was published by Aviation Week
& Space Technology in 1990, and
described how an aircraft taking
off late at night from Edwards
Air Force Base had made avery
loud noise, which some
witnesses said was apulsing
sound with aperiod of about
onesecond. Since 1991, many US
communitieshavereported
sounds which appear to be
supersonicbooms, but of a
magnitude which causes them
to be confused with
earthquakes. Many of these
"skyquake" reports come from
coastal areas. Boomsheard
between June 1991 and June
1992 werepowerful enoughto
register on seismographs
operated by the US Geological
Sarvice, and analysisof the
timesof arrival of the sound at
various points showed that the
culprit seemed to be aircraft
smdler than the Space Shuittle,
flying at between Mach
3and 4 and at altitudes of
26,000-32,000ft (840,00m). The
estimated flight path headed

officially denied for adecade or
more Onethingissure, amajor
undisclosed stealth programme
must exist to account for

L ockheed Martin's stealth-
related earnings, and for
unexplained " Other Production
Charges' intheUSdefence
budget.
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northeast over Los Angeles and
theMojave Desert, and could
havetakentheaircraft to Nellis
Air ForceBasein Nevadaor to
Groom Lake.

Aviation author Bill
Sweetman has nicknamed these
arcraft the "phantom boomers'.
Writing in Jane's International
Defense Review in January 2000,
he noted that, " The phantom
boomers appear to avoid
densely populated areas, and
the stories usually go no further
than thelocal paper. Only afew
locdl papers have a searchable
website, soitishighly probable
that only aminority of boom
events are reported outside the
affected area”

Present reports of dow-
frequency (about 1Hz, and
sometimes 60sz pulsing
sounds, sometimeslinkedtothe

pearance of thick, segmented
smoketrailsor contrails, have
led to suggestions that the
unknown aircraft may usea
pulse detonation engine. These
unusua contrails - often
describedas" donuts-on-a-rope
contrails', have been seen not
only inthe USA, but asoin
Europe, which suggeststhat the
aircraft whichisproducing them
isbeing flown on overseas
sorties.

However, the evidencefor a
pul se-detonation powerplant
has been questioned by the
Federation of American
Scientists, whose andysishas

suggested that “engines
operating at the thrust levels
associated with military aircraft
would operate a between 100
and 200 Hertz (pulses per
second)...While doppler shifting
may reconcile thisvaluewith
the reported 50-60 Hertz
pulsation, itismoredifficultto
reconcilethiswith thereports of
alHertzpulsation.”

The FAS dso notesthat the
apparent 100m spacing of the
"donut-on-a-rope” is difficult to
reconcile with a100-200kHz
pulserate. "The association of
these contrails with a pulse
detonation engine would seem
to be predicated on the )
observation that each "donut" is
aproduct of asingle pulse
detonation... Assuming a
detonation pulse rate of 100
Hertz, thiswouldimply a
velocity of 10 kilometersper
second, or 36,000 kilometers per
hour (roughly Mach 36), one-
and-one-half times orbital
velocity." A detonation pulse
rate of IHzwouldimply a
vel Od%gf only 360kmh, which
would befar too low.

MACHSANDABOVE

Then there isthe strange saga of
theUSX-30 National Aerospace
Plane (NASP) programmeto
develop asingle-stage-to-orhit
launch vehicle. The project was
launched in December 1985, and
contracts were awarded to

Boeing, Lockheed, McDonndll
Douglas, General Dynamics, and
Rockwell International, but in
late 1987 L ockheed and Boeing
- the two contractors with the
grestest experience with high-
speed aircraft development -
were dropped fromthe
programme.

Following agradual process of
source sdlection, Generd
Dynamics, McDonnell Douglas
and Rockwell International
teamed to offer a Single design,
adender deltarwinged lifting
body with two vertica
gabilisers, while Pratt &
Whitney teamed with
Rocketdyne on the powerplant
Thiswasto consist of severd
hydrogen-powered scramjet
(supersoniccombustionramjet)
engines, with asingle rocket
engine being used for the final
approachto orbit. Theair-
bresthing units were to operate
asramjets at speedsfor between
Mach 2 and 6, then as scramjets
fromMach6upto orbitd
velocity. (Scramjetsaresimilarin
concept to ramjets, but burnthe
fuel in asupersonicflow rather
than subsonic asin ramjets and
turbojets or turbofans, with the
fuel being injected and burned
near the front on the engine.)

Althoughthe USDoD was
funding 80 per cent of thework
onNASP, when George Bush
becalme US_prgg’ %egtégcl% his
newly appoint retary
of Defense, Dick Cheney,

cancelled the DoD's
involvement inthe programme,
saying that there wasno USAF
missionfor thevehide The
entire project was wound up in
1993 havingcost severd billion
dollars. )

Giventhat the US claimed to
havevirtually no experience of
al r-breathmgf%ht at speedsof
beyond the Mach 3+ top speed
of the SR-71, theidea of creating
an aircraft abletofly at speeds of
upto18,000mph (29,000kmh)
seemed technologicaly
audacioustothepoint of
foolhardiness - the equivalent
of trying to jump from the
performance of the 1918 biplane
to theMach 2 interceptor ina
single design.

Much of the research
conducted under the NASP
programmewasfocused onthe
Mach 8+ regime, eventhough
there seemed to be an amost
equd lack of informationon
flight at speeds from Mach 4 to
Mach 8. Curioudy, although
NASPwasnot a"black"
Programme, informationonthe

-speed portion of the
propulsion system was
classified. A similar pattern can
be seeﬂ_i nhmore recent UShigh-
speed flight programmes suc
asthe UgA sﬂ‘;]/Tech project
and NASA's Hyper-X. The focus
ison scramjet research and
speedswell above Mach 6. Four
flights of the scramjet-powered
Hyper-X UAV are planned -

a



onea Mach5, oneat Mach 7
and two a Mach 10
Itishard to avoid the
conclusion that NASP was an
attempt to research flight at
of Mach 6 and higher

without the cumbersome
procedures associated with
"black" programmes, andthat its
planners regarded flight at
speedsof Mach4 - 6asa

roblem which had essentialy
geen solved. This mysterious
Mach 4- 6 experience and the
sudden removal of Lockheed
and Boeing (perhapsto dlow
them to concentrate their
expertise on aclassfied aircraft
inthis speed range) fits neatly
with the dates of thefirst Aurora

reports.

The idea that Lockheed was
buildigg anew spyplane was
boosted by the obviousfact that
while Lockheed Burbank had
Iﬁge numbers of employees, it

no apparent end product In
April 1983 High Technology
Businessreported that,
" Aeronautical SystemsGroup,
basedin Burbank, Calif., wil
receive more than $L1 billionin
1983 government funding that
cannot be attributed to any
known program... Also, thereare
more carsin the divison's
parking lot than can be
accounted for by employeesof
known programs, indicating the
possible existence of anew and
secret project”

Asexperiencewiththe B-2
had shown, the Other
Production Chargeslineitemin
the USAF section of theUS
defence budget can be used to
funda"black™ programme. In
1989, theB-2fundingemerged
under itsown cat%ory; the
Other Production Chargesfell
from its 1998 peak of $2,977
millionto atotal of $1075
million, and stabilised at
between $460 million and $686
million in the following four
years. At thisreduced levd, it
may still have covered "black”
activities.

Initsanalysisof these figures,
the Federation of American
Scientists concluded that, " The
recent funding level of the Other
Production Chargeslineitemis
strongly suggestive of a
continuing programto procure
additional tedlth aircraft This
connectionisfurther
strengthened by the similarity in
magnitude between the funding
level of Other Production
Charges, and the cash flow
stream and employment at
L ockheed Aeronautical Systems
Group."

Interviewed by Defense News
in 1990, Ben Rich offered his
explanation of what was
keeping the Shunk Works busy
- and that explanation was not
Aurora. "l haveheard and read
about Aurora, and | do not know
what Aurorais. Anditisnot
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what we are doing in the Skunk
Works. There are awhole bunch
of programsout there, lots of
them are sensor programs. And
that is where we are applying
our expertise."

Rich was dismissive of reports
of anew Aurora spyplane. In his
1994 memoirs, he said that
Aurora had been a codename
for funding of thelate 1970s
competition between Lockheed
and Northrop to win the
development contract for what
would metheB-2.
Unfortunately for thistheory, the
Aurora-which sparkedrumours
of hypersonicjets did not
emerge until the mid-1980s.
"Although | expect few inthe
mediato believe me, thereisno
code name for the hypersonic
plane," he stated, "because it
smply doesnot exigt."

It may seemlike an
authoritative denid, but must be
considered in the light of the
policy that, when Questioned by
an outsider, an individua
cleared for accessto a"black"
programme s reguired to deny
al knowledge of the
programme. In the "wilderness
of mirrors' created by "black"
programmes, adenia may or
may not betrue. Thereisno way

of telling.

A footnote in the US Defense
AirborneReconnaissance Office
(DARO) 1997 report on
unmanned aerid vehicle (UAV)
development referred to "the U-2
and the Air Force Specid
Platform". According to Jan€e's
International Defense Review,
DARO(director,Mgj.Gen.
Kenneth Isradl, acknowledged
that thisreference pointsto "a
covert reconnaissance aircraft...
inthe classfied world". Thisled
the magazine to conclude the
existence of a "secret
reconnai ssance aircraft, probably
alow-observable counterpart to
theLockheed Martin U-2".

In September 1998, Lt. Gen.
George Mudlner, the principal
deputy, Office of the Assigtant
Secretary of the Air Forcefor
Acquistion, told Jane's Defence
Weekly that the USAF had no
operational "black-world" aircraft
in service, but did say that,
"There may be other test
programmes going on right now
in demonstration and things of
that nature. They are limited in
number and they are not
producing operational platforms.
They arejust designed to
mature the technology."

Initsarticle onthe

MueIner interview, Jane's
Defence Weekly stated that it
had been told by a senior source
in an internationally recognised
aerospace company that it has
supplied major subsystemsfor

two typesof "high—fl{)i covert
USmilitary aircraft, both of them
manned”, and that one of these
aircraft closely matched popular
descriptionsof the Aurora. The
magazine concluded: "If the
individual'stestimony is
accurate, thetiming would
suggest that Aurora isnot yetin
operation...but morelikely to be
in advanced development,
possibly progressing asfar as
flight-test. It could asofollow
that r?;,%Iahtin %cr%ss; Ith_e us
southwest of ahigh-flying, very
fast aircraft in thge Iatey ]%b and
early 1990s were of ahypersonic
demonstrator - or conceivably
several demonstrators -
designed to 'mature technology’,
as aluded to by Gen Mudlner."

STEALTH TRANSPORT

Auroraisnot the only pro-
gramme -whose existence has
been deduced by acareful study
of unclassified DoD documents.
In 1988 the US DoD announced
details of aproject named



"Advanced Transport
Technology Misson Andysis'.
Bidderswerebeing sought for
what was described asthe
"seconditerationof pre-concept
exploration studiesfor the next
generationtheater airlifter”.
Trandated from the officia

" Pent: ', thismeant"a
second roundfor studiesfor a
new tactical military transport
arcraft".

But what the DoD hadin mind
was not going to bean ordinary
C-130-gtyle transport aircraft.
"Emphasiswill beonin-depth
examinationsof V vsSTOL, low
vsconventional observables, and
the employment of an advanced
airlifter in-theater withthe G-17,
the G130, and Army
helicopters”

The appropriate part of this
bid request was an eye-0 !
"The bidder must be le of
conducting programs at
classfication levels up through
top secret, specid access
regui red. This requires the
bidder to have certified
or certifiable secure facilities,
adminigtrative support
capabilities and procedures,
and personnel with access to
handle, for example, low
observable and other sendtive

technology and operationa
isues™

In plain words, any company
bidding for a contract to study
the new transport would have
to be security cleared to
handle a "black” programme.

SENIOR CITIZEN

The proposed study may be
linked to a"black" project
codenamed Senior Citizen
(Program Element .
Thisisthought to be alow-
observable, short take-off and
landing (STOL) transportfor
specid operations. Paul
McGinnis, anindividua "who
has been researching classified
DoD programmesnotesthat
saveral advanced STOL aircraft
have been funded. He bdieves
that Senior Citizenisalow-
observgthle,V/ST oL turbofag-
powered troop transport, an
that it is probably being
manufacturedby Boeing.

The USAF has studied the
MC-X, anew low-observable
short-takeoff andvertical-
landing (STOVL) transport for
pecia operationforces(SOP). In
theory this could replace the
MC-130s currently used for this
role, but the anticipated quantity
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of around 24 isunlikely to be

sufficienttodlow programme
start-up.

OTHER TYPES

Severd other reports of "black”
aircraft programmes have been
published. However, adegree of
cautionisreguired when
considering these reports.

fn April 2000, Aviation Week
and Space Technology reported
that unidentified US Air Force
officialshad told the magazine
that an experimental stedlth
aircraft designated YF113G had
been flown more than 20 years
earlier at the restricted Nevada
test ranges. The magazine
quoted one source as saying that
the YF113G was "an airframe
that came before Have Blue and
the F117 We used it in the initial
work to examine the stealth
edgesproblem.” Tridshad
ended by the early 1980s Ina
correction published aweek
later, the magazine explained
that the designation YR113G
applied to the M1G-23, which
had been flown clandestindly in
the late 1970s by two specid
projectsunits. Its source had
mistakenly identified thetype as
aUS stedlth demonstrator.

Above: Power ed by ascramjet
power plant, theHyper-X will
explore speedsof morethan
Mach 6. Auroramay have
already conquered Mach 4-5.

Themost likely of these other
rumouredaircraftisasubsonic
stealthy reconnaissanceaircraft,
which eyewitnesses suggest is
around 40ft (12m) long and 60-
65ft (18-20m) in wingspan.
Reported as operating at low
and high dtitudes, and being
seen flying with F-117 stealth
fi %_hters, T-38trainers, and
KC-136tankers, itstask issaidto
be that of collecting and
transmitting near-real-time
digita photoinformation
directly to 117 As Itsrangehas
been estimated at more than
3125 miles (5,000km).

Thedesignations"TR-3A"and
"Black Manta' are often reported
for this aircraft, but the former
should be treated with caution.
"TR-3A" could be amis-hearing
of "Tier 3A", thedesignationof a
giant flying-wing
reconnaissance UAV "which was
cancdled in the mid-1990s

Anothertypeof aircraft
mentioned in sighting reportsis
described ashaving aplanform
smilar tothat of the XB-70

93



Above: TheB-2 (seen here
on its sixth test misson)
relieson airborne
refuellingto giveit global
range.

bomber. In 1992, Aviation Week &
%aqe Technol QgKtpublished

alsof five sightings - two
were near Edwards Air Force
Base, and one occurred near a
L ockheed-operatedradar cross
section test range inthe Mojave
Desert. Reportsdescribethe
aircraft aslight-colouredwith
dark leading and trailing edges.
Itissaid to haveasharp nose, a
narrow fuselagewith a clear-
canopied cockpit, and adelta
wing with upward-canted
vertical finsat each outboardtip.
L(%wfgth is believed to be around
200ft (60m), wingspan around
150t %211 . Some observers
describe the aircraft has having
aprominent canard, but others
do not, causing speculation that
thismay be used only for teke-
off, landingandd ow-speed
flight, and may pivot or sweep
Lorri]n;e)rerglff_taal during

igh- ight.
observers dso believe that this
aircraftisa"mother ship”
eguipped to launch asmaller
hypersonic aircraft.
One of the most religble

sghtings of an unidentified
aircraft wasmadein August

)

1989 by Chris Gibson, adrilling
technologistforamajor oil field
service company. A member of
Britain's Roya Observer Cor
for 13years, and amember
theROCaircraft-recognition
teamfor 12years, hehad
produced an aircraft recognition
manual for the Corps. While
working on thejack-uprig
"GavestonKey" inthe
Indefatigableail fieldinthe
North Seain August 1989, he
observed afour-aircraft formation
which conssted of aKC-135
Stratotanker, two FI1 fighter-
bombers, and atriangular-
shaped aircraft which he could
not identify. A trained aircraft
observer, he considered that it
might be athird F-Ill flyingwith
itswingsfully swept back, but
decided that the planform of the
aircraft was too long. Also he
could not see an Paps between
the wing and tailplane.

A triangular-shaped aircraft
was reported at Bedle Air Force
Baseinlate February 1992 hi
this casethe aircraft was flying
at night, and to judge by the
spacing of lights on the airframe
ma?/ have been about one and a
half times the length of the F117,
and about twice tl ewmgo?an.

The possible existence
programme to develop a new
gedth fighter to replace both
the F117 and the F-15 was

suggested in a chart which
formed part of apaper delivered
a a1997 Air Power Conference
inLondon, by Cal. Richard Davis,
commander of the USAFs
Wright, Laboratory Wright-
Patterson AFB, Ohio. Intendedto
show theforce structure of Air
Combat Command over the
next 25 years, thischart
suggested that the new aircraft
could enter service in small
numbers around 2005, then in
larger numbers after around
when retirement of the
F15Eisdueto begin. In
reggonse toinquiries by Jane's
Derence Weekly, Wright-
Patterson officials said that the
chart was intended to show
possible future USAF systems.

NEW BOMBER

The USAF does not plan to
develop anew bomber in the
near future; adate of 2037 has
been mentioned as the likely
operational datefor afollow-on
to today's bomber fleet. The
concept has been dubbed 'B-X',
and Boeing, L ockheed, and
Northre(()f Grumman are
reported to be working on
competing proposals, but have
taken note of suggestions by the
US Congress that a new bomber
be fielded in 2015.

Northrop has the advantage in

that itsB-2A iscurrently in
service. If a2015 10C isneeded,
it proposesanew B-2 variant
designed to take advantage of
advanced manufacturing
techniques and more
maintainable stealth coatings.
Further cost savings could result
from simplifying the structure to
createanaircrart whichwould
operate only at medium and high

titudes. Moreadvanced
proposasfor serviceonthelater
timescaleareasubsonic flying
wing, asupersonic design ableto
"supercruise” indry thrust, anda
hypersonicwave-rider concept.

AccordingtoanApril 2000
report in Aviation Week & Space
Technology, Boeing isfollowing
four linesof investigation. The
simplest would be to base the
new bomber on acommercia
airframe. A 767 derivativewitha
V-tall, and powered by rear-
mounted engines fed by a dorsa
inlet system. Treated with RAM,
this would achieve stealth
performance. A second d&uegn
would be based on ablended-
wing body configuration which
the company hopesto launch as
acommercial transport by 2015,
The addition of weapons baysin
the aircraft's centre section and
the use of low-observable
materials would creste a
bomber variant.

If the USAF rgjectstheideaof



acommercia-derivative, Boeing
could offer aflying-wing design
B%Sred by two engines and
on JSF manufacturing

technology, or abomber based
on the configuration used by the
X-45A unmanned ar vehicle

Noinformationisavailable
about the L ockheed proposals,
but the company's experience
withthe SR-71 (and perhaps
with Aurora) could favour a

personic design. Retired
USAF Genera Chuck Horner,
the air commander during the
1991 Gulf War, has predicted that
work onastedlthy hypersonic
aircraft couldbegininthe USA.
within adecade. Anaircraft of
thistype could cruise at
dtitudesashighas100,000ft

000m).

STEALTHHELOS

Given the presence of awhirling
rotor, theideaof astealth
helicopter might seem bizarre,
but a degree of stedth
technology has dready been

ied to severd types of
helicopter. The use of measures
toreducethelR signature of
hdlicopters has been common
sncethefirst useof SA-7"Grall"
IR-homing man-portable SAMs
during the Vietnam War, but the
creation of astealthy helicopter
requiresthat smilar attention be
paid to the aircraft's radar and
acoustic signatures. Themain
rotor generates enough radar
return not only to dlow the
aircraft to be detected, but will
dso dlow aDoppler radar to

Aboveright: On the McDonndll
Douglas/Bdl LHX design, the
armament is sowed out of sight
of enemy radar in a combined
Wwing/sponson.

Right: This Bdl Helicopter
artwork of apossble LHX
helicopter configuration
festures interndly-stowed
missle armament.
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Lett: The OH-58D KiowaWarrior
scout hdlicopter withitsal-
westher, day/night, electro-optical
mast-mountedsght (MM S) with
visble and infra-red capahility.

obtain a signature which could
identify what type of helicopter
itis

"Passve' measures able to
reduce the acoustic signature of
a helicopter include the use of a
larger number of bladesonthe
main rotor. Thiswill reducethe
characteristic low-frequency
sound output, but the reduction
in blade chord needed to
maintain the same overdl blade
area will make the individua
blades more vulnerable to
hogtilefire. For helicopters
intended for paramilitary or
police work, this may not be
important, so it ispossblethat

some of the "slent”" hdlicopter

work inthe USA. may befor the
E:ed)erd Bureau of Investigation
FBI).

Thetail rotor addsits own
component to the sound
signature. Possble noise-
reduction measuresinclude the
use of offset four-blade tail-rotors
rather than the traditional
cruciformpattern,shrouded
anti-torque rotorssuch asthe
"fenestron” on the Eurocopter
Gazelle, or even the McDonnell
Douglas No Tail Rotor (NOTAR)
system.

Active measures could permit
even greater degrees of sound
suppresson. An individua blade
control technology (IBC) scheme
devised by Eurocopter
Deutschland in association with
a number of other German
aerogpace organisations uses a

g




Above: Thefuturistic,
composite-congructed LO
Comanchefeaturesinternal
weaponsbays,integrated IR
suppression, and aunique
cantedfantail anti-torque
sysemand "T" tail.

movingflapto introduce avery
high freq}l:ency flutter inthe
blade at the precise moment that
the advancing side would
otherwise produce aloud
Shockwave. Atpresent, thisflap
iselectro-hydraulically actuated,
but a piezodectric system dueto
betested around 2001 is
expected to be even more
effective.

In 1981 the USArmy started
work on aL[ij]ht Héelicopter
Experimental (LHX) programme
in-which it envi buyin
5,000 new helicopters to replace
theUH-1, AH-1, OH-58 and
OH-6. E}y thetimeaformal o
request for pro swasisu
oiq 21 June m requirement
had been scaled back to only
2,096 scout/attack helicopters.
Two23-monthdemonstration/
validation contracts were issued
totheBoeing Sikorsky First
Team and Bell/McDonndll
Douglas Super Team.

Artigts impressionsof therival
LHX designsreveded at the
1983 Farnborough air show
showed that both incorporated
some signature reduction
technology.

TheArmy ification
inssted that the undercarriage
be retractable, and that weapons
be carried internally. The
Boeing/Sikorsky design
mounted ordnance on upward-
swinging gull-wing doorsin the
fuselage gdes, while the
McDonnell Douglas/Bell team
favoured carriage withina
combined wing/sponson. The
two designs aso took different
approachesto the tail area.
Boeing/Skorsky offer a"V" tail
and a Gazdlle-style fenestron
rotor, whileMcDonnell
Douglas/Bell useaNOTAR (No
TAIl Rotor) ducted exhaust
system.

The Boeing Sikorsky design
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Aboveright: Theworld'sfirst
truly low observable (L O)
comabt scout, the Boeing
Sikorsky RAH-66 Comanche
wasthewinner of the USArmy
LHX competition toreplacethe
Cobra and OH-58D.

was selected on 5 April 1991, and
the team was given a contract to
build four YRAH-66
demonstreti orlvai idation
rototypes, plus astatic test
l?ar‘ti cl &SI’ A)andpropulsion
systemtestbed (PSTB). The scale
of the programme continued to
shrink through the 1990s The
number of prototypes was cut
from four to two, and in 1999 the
production quantity was
reduced to only 1,096. The
schedule dso suffered, asthe
programme was delayed. A late-
restructuring revised and
accelerated the programme,
cdling for theddivery of 13
preproduction aircraft from 2004.
The aircraft that finally enters
service will be thefirst combat
helicopter to be given "stedth”
features while still onthe
drawing board.

Stedlth technology for
helicopters isthought to have
been tested in a number of
classified technology
demonstration programmes at
Groom Lake and other locations,
and there are persistent reports
that the US military has
developed a slent helicopter.

"PRIME CHANCE"

When Iranian surface craft
began attacking commercia
shipping in the Persian Gulf
during the late 1980s, Bell
Helicopter secretly modified a
number of OH-58D Kiowascout
helicopters for armed missons.
é\os(j)art of an operation

lenamed "Prime Chance”, the
aircraft were adapted to fire
Hédlfireair-to-surface missiles,

Right: Taken by a US g
satellite, this photograph was
"leaked in 1983to givethe
world itsfirst look at the
Blackjack bomber (bottom).

Hydra 70 unguided rockets, and

Stinger air-to-air missiles.
Ddliveries began in December
1987, and the modified aircraft
were operated by A and B
Troops of 4th Squadron/17th
Mation Regiment until January

In 1999, Jane's Defence Weekly
reported that one of the "Prime
Chance" aircraftwasmodified
locally to mount acrew segt
from aBlack Hawk helicopter
onto the sde. Thiscrudely
modified aircraft wasused to
attack the oil rigs used by the
Iranians as basesfor their fast
attack-craft. Seeted inthe
externd segt, asniper with a
powerful silencedrifle could

platforms. "They never heard a
thing," one sourcetoldthe
magazine. "It gavethe Iraniansa
big morale problem, too, because
they never knew what was
hitting them."

If thisreport is correct, the
"PrimeChance" aircraftmust
aso havehad someform of
acoustic stealth measure which
reduced the noise it made to the
point where the aircraft could
get so doseto itstarget that a
sniper on what was essentidly a
vibrating platform could scorea
useful number of hits.

Other helicopters have been
retrofitted withlow-observable
features. By 1993 the Bell




Bight: Even before the first
photos of operational
Blackjackswer eavailable, US
intelligence knew much about
the aircraft.

OH-58Ds of 147th Cavdry a
Fort Bragg, North Carolina, had
coated rotor blades, new
windscreen material and other
changes intended to reduce the
front-sector RCS. Bdl's Stedth
KiowaWarrior $200,000 stedlth
kitocéf]l‘_ers_asjmiliar Serieé(“u)faped
modifications, plus ar
nosewith radaP—absorbent
coatings, engine and gearbox
cowlings of radar-absorbent
material, and radar-absorbent
coatings on the windows, mast-

mounted sight and landing gear.

Although 18 aircraft were
modified for Gulf War service,
none was deployed.

The Kamov Ka-60 Kasatka
variant of theKa-62civil
helicopterisaninfantry-squad
transport helicopter which
incorporates|R- andradar-
absorbent coatings, areduced
rotor speed, andlow-I1R-
signature exhaudts. First flown
on 10 December 1998, itis
designedto carry up to 16
soldiers, or sx stretchersand
three attendants -when used in
themedevacrole. If adopted for
sarvice, it would befitted with a
Pastd RWR and an Otklik laser
warni n{g system, while an
optiond transverse boom could
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Above: Soviet air attache Col
Vladimir Izmaylov was
expelled fromthe USA in 1986,
accused of gathering
intelligence on stealth.

carry light armament such as
7.62mmor 12.7mm 3un podsor
B-8V-7seven-roun sfor
80mm unguided rockets. The
Ka60 has been evauated by the
Russian Army, and was
displayed to potential
internationa customers at the
MAKS'99 air show in M oscow.
It isreported to have attracted
interest from Iran.

Littleis known about a"black”
helicopter programme
codenamed "Grassblade'. When
the first edition of this book was
written, Grassblade was
believed to be a sedth
helicopter under devel opment
fortheUSArmy. Sncethen, the
codename has seen virtudly no
further public exposure, butis
dill believed to be an active
Programme. It may bean aircraft

or useby specid forces, arole

which may not necessarily
require low RCS.

RUSSIAN STEALTH

Thegreatest mystery inthe
worldof low-observablesisthe
statusof Russiangtealth
technology. Having read adraft of
one of the first magazine articles
everwrittenabout steathaircraft,
Nancy Bigdlin, then circulation
manager of Armed Forces Journal,
asked oneof themagazine's
editors,"DotheRussianshave
one of these airplanes?’ Told that
thiswasunlikely, shecountered
by asking, "But how wouldwe
know, if they can'tbeseen?' A
longsilencefollowed, asthe
impact of her comment sunk
home.

hi May 1986, International
Defense Review quoted USAF
Aeronautical SysemsDivison
commander as saying that the
USwas"tento 15 yearsahead" of
the Soviet Union in stedth
technology, "and we may be
further ahead than that". During
a 1983 Aerospace Education
Foundation meeting, Assgtant
USA.ir Forcesecretary for
acquisition John J. Welch was
asked if the US held alead in
stealth technology over the
Soviet Union, and if so whether
that lead could be maintained.
He replied, "The answer hasto
be - yes, and hush up." His
humorous response was
followed by the statement that
the US did have a commanding
lead, and that given suitable
exploitation and security "it can
be an enduring on€".

"When we build atechnology
and eventudly fiddit, the
Russans tend to do the same
thing about ten years behind,”
said Kent Bankus, amember of
the Senate Armed Services
Committee. "One would hope
that, given the secrecy with
which weve approached this,

maybethat gap will have
Wi%‘ﬁi" Bankus suggested

that the US had to assume "that
the Russans are very actively
pursuing [stedth] with dl the
vigor they possibly can,” aview
which seemsto be shared by the
US defence community. "Both
sdes are working very hard on
countermeasures, reductionof
radar cross section and
additiond stealthy components
and tactics" US assistant deputy
Under-Secretary of Defense
JamesE O'Bryontoldthe
magazineAviationWeekand
g)?% Technology in the summer

In 1985 the US Navy predicted
that Soviet aircraft and missiles
incorporating stealth technology
would enter sarvice by the end
of decade. The need to cope
with these had been adriving
forceinthe decison tofitthe
GrummanF14D versionof
Tomcat withaninfra-red search
and track (IRST) system,

The Soviet Union must have
been aware of the emergence of
stealth technology by the late
1970s by which timeitwasin
the middle of amassive and
costly programmeto replace
obsolescent combat aircraft with
anew generation of more
advanced types such asthe
MiG-29, Su-24, and Su-27 Like
the US "teen" saries of fighters,
these were expected to serve
wadll into the 1990s, so the only
chancethe Soviets had of
exploiting the new technology
would have been to embark on a
project to create an equivalent to
the F117A.

Through the |ate 1970s and
1980s USinteligencewould
have looked for signs that such a
programme was under way
carefully monitoring selected
areas of Soviet military research
and development for indications
that stedlth technologies"were
being developed, keeping a
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Above Mikoyan's144
technology demongtrator was
to languish on the ground for
fiveyears, awaitingthearrival
of flight-rated engines.

satellite watch on known Soviet
aircraft plantsand flight test
centres, and gatheringinfor-
mation fromagentsworking
within design [aboratories and
aircraft factories.

Adolf. G. Tolkachev, a Soviet
national whose execution was
announced by the Soviet Union
in late October 1985, may have
played amajor rolein keeping
theUSinformed of Soviet
stedlth developments. Described
in official announcements as "a
staff worker of a Moscow
research inditute”, hewas an
aviation engineer, and worked at
aMoscow research indtitute

front-linefighter).Intendedto

tasked with developing the most
advanced forms of military
aircrafttechnology. Recruited by
the CIA, he was caught passing
secrets "of adefense nature” to
Paul M. Stambaugh, a second
secretary inthe US Moscow

em

If the Soviet Union started
work on an aircraft Smilar to the
F117, the project must have been
short-lived. No such aircraft was
reported during the last decade
of the Soviet Union's existence,
and has not been reported since.
In the early 19805 the Russian
Air Force released preliminary
specificationsfor anext-

eneration proposed MF

mnogofunktsionalnyy frontovoy
istrebitel: multifunctional front-
linefighter) and LFI (legkiy
frontovoy istrebitel: lightweight

replace_trgla SlkJ)-ZLa'ld M iG-ggé I
respectively, both were prol
intended tg make some‘l)Jse of Y
stealth technology, though
neither the Mikoyan 144 design
drawn up around the MFI
requirement, or the Sukhoi S-37
technol ogy-demonstrator make
extensve use of low-observable
technology.

TheLH projecttodevelop a
lightweight front-line fighter
ableto replace the MiG-29 and
act asa"low" complement to the
MF hasyet to resultin
hardware. The MiG bureau
drew up severa proposds,
including an F-16-style aircraft,
but the requirement was
suspended in 1988. In the 1990s,
the designations LFS Qegkiy
frontovoy samolet: lightweight
frontal arcraft), LMFI (legkiy
mnogofunktsionalnyi frontovoy

istrebitel: lightweight
multifunctiona front-line
fighter), andMikoyan 1-2000
have dl been used to describe a
col t which incorporates
somelow-observablefeatures,
and bears some resemblance to
ascaled-down 22, Asaresult
of economic problems, suchan
arcraftisunlikely to be built in
the foreseeable future. In the
shortterm, RussasMiG-29
follow-onwill bethe
MiG-29SMT.

INn 1995 Cal. Gen. Peter S,
Deinekin, who was at that time
commander of theRussian Air
Force, stated that, the Tupolev
Tu-22 Blinder bomber andthe
Sukhoi Su-24 Fencer would be
replaced by anew "multi-role
drategicbomber”. Tupolev's
giant Tu-160 Blackjack haslittle
or no stealth technol ogy, but
Russiaisthought to be
developing amedium-weight
stealthbomber for tactical
missions. The Sukhoi T-60S
(sometimescalledtheS-60)is
believedtobeavariable
geometrydesign, butaflying-
wing design may aso beunder
study.

Despite Russaschronic
shortage of defencefunds, the
new bomber project ssemsto be
proceeding. Inearly 2000, a

Left: Officially, the Sukhoi S-27
Berkut isatechnology
demondtrator, but thebureau
would liketo develop an
operational version.



senior Russian Air Force genera
confirmedthat the programme
was "ahigh priority and that
researchisunderway".

JAPAN

AlthoughtheUSistheonl
nation to havefielded stealth
arcraft, and no other country is
believed to be developing
"gbsolute” stedth aircraft, low-
observable technology isbeing
used to somedegreein a
number of non-USprogrammes.

Initssearchfor asuitable
aircraft toreplacethe Mitsubishi
FI fighter-bomber during the
mid-1980s, Japanlooked a
severa approaches. Themost
obviouswasanew indi genously
developed aircraft on
gedlth technology. Some work
inthis areawasar under
way. In January 1932, the Japan
Sdf-Defense Agency had
admitted that it was carrying out
research into stedlth.

Ib draw up plansfor anew
stedthy fighter, an industrial
team known asthe FS-X
(Fighter, Support, experimental)
Joint Study Team was set up.
Headed by Mitsubishi Heavy
Industries, thisincluded
Kawasaki, Fuji Heavy Indudtries,
enginemaker |shisawgjima:
Harima, and Mitsubishi Electric.

Workingat Mitsubishi Heavy
Industries NagoyaWorksunder
chief engineer Itsuro Masuda, a

team of 31 engineerstook as
their starting point a 1983
experimental conversion of a
g/létsubi si?]i THZ trali( ngé;lj'ge

ign which tool on
their drawing boardswas
intended to have alow-dtitude
combat radius of up to 450nm
(833km) at Mach 0.9while
carrying a payload of four Type
80 ASM-1anti-ship missiles

Asthe new design took shape,
the various companiesinvolved
began to explore some of the
key technologies needed for the
new aircraft. Mitsubishi joined
forceswithitspartnersto
research the stedlth technology
needed for the FS-X. New tydps
of RAM were developed, an
tested in the anechoic chamber
at Mitsubishi'sK omaki South
factory, whilesoftware
engineers tackled the task of
created computer programmes
for thedesign of RAM andthe
predictionof aircraft RCS.

By 1987 theteam was
convinced that its FS-X would
have ahigher performance and
lower cost than rival designs dl
of which were being offered
foreilgncompanies. Four aircraft
were seen as dternativesto the
indigenous design: devel oped
versons of one of the existing
Westernfighters - the 16
Fighting Falcon, F18 Hornet,
F15 Eagle and the Panavia
Tornado. EarlyinOctober 1987,
Japan announced that the FS-X
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would be aderivative of an
exiging USaircraft, the choice of
the basc airframe being either
the 16 or the F15. Defence
MinisterY ukoKurihara
announced that the chosen
airframe would be fitted with
sdlected items of ese
technology such as a phased-
array radar and anew fire-
control system, and would o
incorporate stedlth technology.

By theautumn of 1987,
however, discussionshad
focused onadesignwhose
reported designationwas SX-3

hapsamis-spellingof

FX33§),SA stagebeyondthe"big-
winged" AgileFaconbeing

roposedtoWesternEuro
pS>(-3wasi ntendedtoi nco?&orae
advancedtechnol ogy composite
materialsin theforward and aft
fuselage sections, and in the
increased-spanwings. Itwould
dsoincorporatethestealth
measures planned for the
indigenousdesign.

This F16 derivative was
selected by the Japanese Sdlf-
Defense Agency adecision
which received theformal
endorsement of the ese
Nationa Security Council in
October 1937. In 1983 the two
governments signed an MoU
which would give Japanese
industry accessto many
advanced US technologies. It
specified that an
refinementsto existing

technologies must be made
availableto the USfree of
charge, while technology

developed entirely by Jgpan
had be to requested (and paid
for) by the USA.

Devel of theresulting
aircraft was dow. The first
prototype did not fly until 7
O(L:jtgjberlgﬁbemdt_egétrjst th
sguadron to be equipped wit
what by now had been
designated the F-2 wasformed
in 2000 and was expected to
become operationd in the
following year.

The experience gained with
the F-2 has given the Japanese
aerogpace industry the
confidence to embark on an
ambitious project to develop an
indigenous FI-X next-

eneration fighter to replace
the F151 This was expected to
be around 44ft (134m) long and
30ft (9.1m) in wingspan, with a
fuselage made from composites
and incorporating radar-
absorbent materias. An
ambitious avionics suite was
planned, including aconformal
radar and an electro-optical
sensor, plusdigital fly-by-fight
and digita engine-control
systems.

Below: Outwardly, the
Mitsubishi F-2closdly
resemblesthe General
DynamicsF-16fromwhichit
wasderived.




Development of a suitable
1,2401b (5,100k%2 classturbofan
was darted in the mid-1990s,
and the first XF-7 enginewas
ddivered for ground testing in
June 1998, Construction of
prototype aircraft was due to
start around 2000, but the
programme has been stretched
in timescale. Hight tests of the
XF7 enginehave been ddayed
until 2007, and no date hasbeen
given for prototype
construction.

CHINA

Chinais aso working on stealth
technology. On 26 January 1987,
Hangzhou radio reported that
"practicable stealth technologies
and theories’ had been
mastered and claimed that a
"condderable quantity" of
experimental data had been
collected by Chinese scientists
and engineers. "It will not be
long beforeour country can
makeour ownstealth aircraft,”
listenersweretold.

The claim seemsto have been

100

Above; Thedazzling flight
performance of Rafale A has
not blinded France to the ned
for RCSreduction.

remature. No Chinese stedlth

ighter has ;ﬂ)eared but trialsof
low-observable technologies are
known to be under way. In early
1999, trials of aShenyang
Aircraft Corporation J-8
("Finback™) with somepartsof its
structure coveredin Xrkai SF18
radar-absorbent material were
reported, along with pro sto
Rt_ theafwrgg materi\eil_|to7th e Xian

ircraft Company JH-7 heavy

fighter-bomber.

INDIA

India sees Chinaas a
significant potentia threat, so it
is hardly surprising that the use
of some low-observable
technologies such as radar-
absorbent materialsis planned
for Indias next-generation
Medium Combat Aircraft
(MCA). Intended to replace
Indian Air Force Jaguars and

Mirage 2000s, the MCA is
expected to be a twin-engined
aircraft with a maximum take-
of f weight in the 40,0001b
(18,000kg) class.

EUROPE

Europe has been pursuing its
own stedlth studies, and a
significant amount of work has
been donein the UK, which has
been able to share stealth
technology withtheUS. RAM-
treated aircraft were tested at
Farnborough in the 19505 while
apair of Canberralight bombers
belonging to 51 Sgn were
treated with RAM during the
late 1950s and early 1960s and
tested at Wyton, home of the
Royd Air Forcesamall int fleet.

Inthe 1990s the UK spent
around £100 million on stealth
technology, buildinganew
research and devel opment
facility,includingasecure
hangar, at theWarton plant of
what wasthenBAe(now BAE
Sysems). Inthelate 1990sthe
company waspromotingthe
concept of anational stealth
demonstrator to beknown as
Experimental Aircraft
Programmell.(Theoriginal
Experimenta Aircraft
Programme had been the 1980s
technology demonstrator which
proved thebasic con later
adopted for the Eurofighter 2000.)

Smilar steadlth technology
demonstration efforts are
probably under way at Dassaullt,
and the UK and France have
proposed the construction of a
collaborative manned
demonstrator. The earliest
application of the reaults of this
stedlth work could be the air
platform selected to meet the
Royd Air ForceFutureOffensive
Air System requirement for a
system to replace the Tornado
GR.4 after 2015 Thelatest

generation of Europeanmilitary
arcraft - Eurofighter and Rafde
- incorporate some degree of
RCSreduction, but probably not
enough to be militarily
significant. Inthisrespect, they
are inferior to the USF-22.
Germany and Italy areknown
to beworking on stealth
technology, bothindividually
andin collaboration, In 1986 the
UK magazine Flight International
published adrawing of the
Dornier LA-2000, aproposed
subsonicground-attack aircreft.
The origina drawing onwhich
the magazine's sketch was based
had not been released by the
company, but seemsto have
"lesked" from the German
defenceministry. Thedrawing
showed a smdl ddta-winged
aircraft, whose puretriangular
shape was marred only by a
raised section on the centréline.
Thisincorporated asmall
canopy closeto the apex of the
ddta Theaircraft'stwo engines
werelocated in apropulsion bay
mounted under the wing. The
inlet was between a quarter and
athird of the way back from the
nose, and the two low-bypass-
ratio turbofans - each with a
thrust of 5,6001b (2,550kg) - feed
a sngle two-dimensiona
vectoring nozzle at the trailing
edgeof thewing. Twolarge
elevens were mounted on
either sde of the wing trailing
edge, and would presumably
share the task of controlling the
aircraft. Aninternal weapons
bay of about 200 cubic feet (6
cubic metres) capacity contains
a retractable weapons platform.
This design was probably
developed under the German
MoD's plan to build a stedlth

Below: Thecurved inlets
shown ontheEFA mocku
wer e a modification whi
reducedtheaircraft'sRCS.

FFA
B



THE WORLD OF BLACK PROGRAMMES

demonstrator. TheLampyridae
(Firefly) programmewasbegun
in 1981 Lampyridae (dsoknown
asthe Medium Range Missle
Fighter) was afaceted design,
but used fewer facetsthan the
F117A. Asaresult, it swould have
been a supersonic aircraft.
Although a three-quarters scde
model wastest-flowninawind-
tunnel, the project was cancelled
in1987, apparently duetolack of
money.

In 1989 DASA and Aermacchi
launched a programme to
develop alight aircraft which
could be used as an advanced
trainer or a light combat
aircraft. Aermacchi withdrew
from the project in 1994, but
DASA kept the programme

dive, collaborating with the
South African company Denel
on avionics, and Hyundai in
South Korea who planned to
build some non-composite
elements of the structure. The
design is modular, so should be
easy to modify for the different
roles. Itincorporates achined
forward section, wing/forebody
blending, and ar intakes
designedforminimal RCS.
These measures are expected
to give an RCS of around
10.76sqgft(lsgm).

Below: The Raytheon AMRAAM
medium-range missleswhich
armRAFEur ofighter swill
eventually ber eplaced byramjet-
power ed weapons.

A full-scale mockup of what
was now named the Mako
%k) was digplayed at the

Paris Air , but
development will begin only
when DASA (now part of
EADS) ca(r;_find risk-sharing
partners. Given a prompt go-
ahead, EADS says it could fly
prototypes in 2003 and ddliver
production aircraft towards the
end of the decade.

STEALTHY RPVs

For the moment, most European
dedth efforts seemto be
focused in the field of
unmanned air vehicles(UAVS).
Asadready described exlierin

Above: AsthisBritish
Aerogpace artwork shows, the
Royal Air Forcgseventual
Tornado replacement could be
agealthy UAV.

pioneering US efforts in low-
observables were aimed at
improving the combat
survivability of remotely piloted
vehicles, Thistrend -wasto
continue through the 1970s 1930
and 1990s

Soon after the combat debut
of theRyanModel 147B RPV
over Vietnam in the autumn of
1964, droneswerereturningto
basewith photosof fighters
flying between 5,000-10,000ft
(1,500-3,000m) below them.
Although SAM dtes could do

this chapter, somethe




nothing against these tiny
targets, manned fighters were
soon scoring kills. The first
droneto be shot down was 14/B
No. B-19,-whichwaslost over
southern Chinaon 15 l\#\ovember.
Later reports suggest that it was
attackeﬁ)t?y 15t0 20 fighters
which made alarge number of
passes before scoring thekill.
Similar mass attack tactics were
adopted by the North ]
Viethamese Air Force, leading
tofurther dronelosses.

The 147H model fidded inthe
late 1960s had a cruise atitude
of 65,000-70,000ft (19800-
21,300m), and incorporated some
mesasures intended to reduce
vulnerability to interception. A
RAM ingallation known as
HIDE (High-absorbency
Integrated Defense) wasfitted to
theinlet to reduce RCS, while
theHEMP (H modd Evasive
Maneuver Program) system

Below: Lockheed's YMQM-105
Aquilagarted lifeasasmple
RPV whichwould offer many
advantagesover mid-1970s

iston-engined designs, while

avingalower RCS Asthe
requirement grew more
ambitious, high-technal
sysemswer e added and the
total cost of the system
skyrocketted.

Right: The use of RAM and
shaping ontheModd 147T
gave Teledynethe confidence
totacklethe custom-designed
Modd 154 steglth RPV Theflat
undersidereduced radar

r eflectivity frombelow, while
the doped fusdlage sdesand
tail surfacescut RCSat higher
ajJeot angles TheModd 154
(alsoknown astheAQM-91A
CompassArrow) flew at high
altitudes, so the dorsal engine
bay screened the engineinlet
and exhaug from upwar d-
lookingradars

(0%

Bight: TheNorthrop Grumman
SUAYV isintendedto
explore the concept of usng
unmanned combat air vehicles
fromUSNavy carriers.

used an RWR tuned to
Vietnamese fighter radar
frecluenciestoinitiate
programmed turnsif aMiG
dosedinfor afirin A later
HAT-RAC(HighAltitudeThresat
Recognition and
Countermeasures) system took
the concept astage further,

rgjondi ngto SAM and fighter
radars by initiating flight

Mmanoeuvres.

Contrailswere to remain the
Firebees week link. The 1962
test interceptions had shown
how trails could betray adrone,
and work ona"no-con" system
hed started in that yeer. This
involved two QC-2Cs equi pped
with asystem which injected a
chemica agent into the exhaust.
It wasnot very successful. Some
H models carried an anti-
contrail system known as CRL.
Developed by Cambridge

Research Laboratories, itwas
intended to suppress the contrail
at specific dtitudes. A history of
the drone programme describes
thisas"quite successful”.
Successor to the 147H was the
147T. This had amore powerful

Continental J100-CA-100 engine
offering 45 per cent morethrust,
boosting cruise height to
between 66,300 and 75,000ft
(20,200-22,850m). The 147T
retained the HIDE system. Other
RCS-reduction measures
included greater use of built-in
RAM in areas such asthe nose,
wings, dorsal spine and tail
surfaces. Awing-root fillet

which blended the wing into the
fusdlage adso helped reduce

Below: In devdopingthe
Modd 147T long-wing version
of the Firebee reconnaissance
drone, Teledyne engineers
applied RAM tothenose,
wings, dorsal spine and tail,
and added a degree of wing-
body blending. By 1969 it was

RCS. Operationswiththe 147T
started in 1969, and thisbasic
designled to thefollow-on dint
model used in the early-1970s
"Combat Dawn" programme, the

TE andtheimproved TF.

The limited degree of stealth
technology built into the Firebee
was extended in the later
TeledyneRyan AQM-91A Model
154, Development of thislarge
RPV was ordered in 1966, under
the USAFs " Compass Arrow"

ready for service, flyingintothe
face of Chineseand North
Viethamese air defences.
Despite all the aid which the
Soviet Union could give, they
never fully masteredtheart of
downingthesetricky radar
targets
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programme. Inthesummer of
1969, theemergency descent of
one example onto aroad at the
Los Alamos Scientific
Laboratory gaveafirstglimpse
of the first custom-designed
dedth aircraft to enter service.
Almost haf aslong again asthe
Firebee, and weighing up to
52451b (2,379kg‘)_, the 4 had
many featurestirst proposedin
the unbuilt 1960-vintage Model
136"RedWagon" RPV These
included a dorsal engine
ingtdlation and inward canted
twin fins. The 48ft (146m) span
wing was swept, and was |ow-
mountedontheflat-bottomed
fuselage, a configuration

intended to reduce RCS when
seenfrombelow.

A muchlower levd of
technology was used inthe
Lockh MQM-105Aquila
Intendedfor target acquisition,
this3301b (150kg) piston-engined
flying wing first flew asa
prototypeair vehiclein 1975.
Results seemed promising
enoughtodlow full-scale
development to be ordered in
1979, Astherequirementsgrew
moreambitious, costs soared.
The programme came under
repeated attack, and the Fisca
1988 defence budget submitted
to Congressin November 1987
finally killed the Aquila
programme, withnofunding
bein% authorised. Aquilaused
much less body-wing blending
thantheB-2, andrdiedforits
low RCS on acombination of
amall sze, careful shaping, and
the large-scde use of
composites.

TIERHAND TIER ffl

LiketheF117A, thefirst stealth
UAV may havebeenal ockheed
design. Designated Tier HI (the
dternativedesignationof "Q"
has ds0 been reported), thisis
understood to havebeen a150ft
45m flyingwing. Littleis
ﬁnow%]s?aggut){hegUAV? which

may have been builtin smalJ

numbersbeforetheproject was
cancelled. The itication may
have been too demanding,
making the resulting design
unaffordable. A unitcod o
anything from $150 million to
$400 million has been reported.

Twolessambitious
specificationsweredrawnup for
complementary patterns of long-
endurance UAVs. Ib develop
these Tier H Plusand Tier IE
Minus designs, the USDoD used
the Advanced
Technology Demonstration
(ACTD) concept. ACTDsare
intended to dlow avery early
operational assessment of anew
sysem concept without the
need to invedt the large amounts
of money required by traditiona
devel opment projects.

Under thefirst-ever ACTD,
theUSDaoD orderedthe
L ockheed Martin/Boeing
DarkStar (dso knownas Tier fll
Minus), astedthy UAV designed
to penetrate heavy air defences.
Powered by asingle 1,9001b
(SGOk?) thrust Williams F129
turbofan engine, it was intended
to operate at ranges greater than
SOONnm (926km), loitering for
more than eight hours at
dtitudes greater than 45,000t
(23,700m).

The contract for amore
conventional UAV to meet the
Tier n Plus requirement was
awardedto Teledyne/Ryan.
Describing the contract award,
Lieutenant Colond Blackwelder,
LeadCo-ordinatorforUAV and
D ACTDs, stated that
Teledyne-Ryan'sGloba Hawk
wasintended to be "more of a
workhorsefor thewide area
coverag;a It will beamoderately
survivable system with threat
warning and electronic

Right: The Northrop Grumman
Global Hawk outperformed
DarkStar, but beingunstealthy
could provevulnerableto
attack by SAMsor fighters.
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countermessures that will have
much greater range, payload,
and endurance il1ties,
giving it the ability to cover
40,000 square nautical milesa
day with one system. It will have
the endurancetofly about 40
hours, so you can trade off that
endurance for range and time
over target. The objectivewasto
P]roduce asystem that would

ave 3,000 nautical milerange,
be ableto stay there for 24 hours,
and come back home again, and
data link that i ery back to
thewarfighter so he can haveit
immediately.”

Stealth aircraft tend to be of
novel shape, and DarkStar was
gg ex (l)g; It gel\d ashort, dislf<-

aped and longwings o
69ft (21m) span, but no ver%cd
surfaces or tail. Thewingswere
dightly swept forward,
positioning the devens dlose to
the center of pressure - a
configuration which gives
reduced stability. With itswings
detachedfor shipping, the
vehicle could be carried by a
C-130. Congtruction was mainly
from graphite composites, but
the wing has an aluminium

Above Boeng's geelth
DarkStar reconnaissance UAV
was re ected by the USAF, but
some observer sthink the
decison wasamistake.

fuselagecarry-through spar. The
airframewastreated with RAM
tominimiseradarreflectivity. To
maximise stealth, DarkStar'sair
intake and F~117-gyle exhaust
wereinvisblefrombeow. The
desgnwasintendedto be
stealthy inboth the 812 GHz
and 140180 MHz (UHF) bands,
withitsradar reflectionsbeing
focussedintwo sdewaysfacing
"goikes'.

Boeing built thewings and
rdated subsysems, while
L ockheed Martin provided the
fusdl and carried out final
assembly at its Skunk Works
facility. Inthebest Skunk Works
tradition, the project moved fast,
with thefirst example bei n?
producedjust under ayear from
contract ignature. Rolled outin
June 1996, DarkStar was dueto
fly in October of that year, but
thefirst flight was delayed until
inMarch largely dueto
softwareproblems. Following




thefirst flight, changeswere
madetotheflight-control
software and to the take-off
technique. Immediately after
liftoff for what would have been
itssecondflight, DarkStar
pitched up and crashed just
north of therunw

The second DarkStar made its
firgt flight in early 1998, flying for
more than two-and-a-half hours,
and reaching an dtitude of
25,000ft (7,600m). The flight was
fully automated from take-off to
landing, withtheUAV
navigating via differentia
Global Positioning System (GPS)
guidance, and demonstrating its
ability to update its preplanned
mission during flight. Thetest
cleared the way for further tests
to evauateitsflight
characterigtics and system
performance, andto evaluate
the performance of itshigh-
resolution synthetic aperture
radar and electro-optic payloads.
DarkStar was designed to carry
either a Ream/Optical eectro-
optical cameraor a
Westinghouse Synthetic
ApertureRadar (SAR).Both
were intended to transmit resl-
time gill images via satellite,

Early in 1999, the USAF, US
DoD, and Advanced Concept
Technology Demonstration
officialsunani mo:esc?/ agreedto
cancel the Lockh
Martin/Boeing DarkStar in
favour of the Global Hawk,
which had outperformed the
stealth UAV inrecent flight tests.
Now aNorthrop programme,
following that company's
purchase of TeledyneRyan,
Globa Hawk will bethefuture
US long-duration UAV Global
Hawk has no low-observable
features and will rely onitshigh
operationa dtitude and

Below: Boang'sX-45A is
intended to test the concept of a
gealthy unmanned combat air
vehicle(UCAV)which could fly
high-risk missons.

Right: Thisphoto of the
NASA/Boeing X-36 shows the
general configuration of the
UAYV, but hidestheclassified
thrugt-vectoring system.

defensive EW suite for
survivability.

TheNASA/Boeing X-36 UAV
is a canard design intended to
asess whether stedlth and high
in-flight agility could be
successfully combinedin a
sngle configuration. The X-36
was developed in 28 months by
ateam from NASA Ames
Research Center and "what was
then the McDonnell Douglas
Phantom Works. It usesa
blended wing-body design with
a chined fuselage, sharp leading-
edges, and no verticdl tail. These
g|v|eaI$N RCS bult Jpoor I;ft and

ili aw control ispartly via
gllttgalerons that can Bgruged as
drag rudders, and partly viaan
engine thrust vectoring system,
hi January 2000, Jane's
Internatlonal Defense Review

rted that the X-36 used "a
sti I-classified thrust vectoring
system with an externaly fixed
nozzle'.

STEALTHUCAVs

More recently, the US has
become interested in the
concept of stedlth UAVsabdleto
fly combat missons and ddiver
wesgpons. KnownasUCAV's
(Umanned Combat Air
Vehicles), these could help
reduce casudtiesduring air
srikes,

As this book was being
completed, Boeing was
preparing to flight test the first
of twoX-45A UCAVs. Being
developed under a $131 million
cost-share agreement with the

Belowright: An unmanned
stealth aircraft, the X-45 has
draight edgesarranged to
be paralle wherever
possible.

US Defense Advanced Research
ProjectsAgency (DARPA),the
X-45A has an aluminium sub-
structure and graphite-epoxy
composite skin. This choice was
made to minimise cogt, but any
production version would have a
composite sub-structure. The
UCAYV ispowered by asingle
non-afterburning Honeywell
F124 engine fitted with a
rectangular yaw-vectoring
exhaust nozzle that minimises
control surface deflections.

The X-45A is around 26.5ft
(808m |08? and has awing

1(10.30m). Empty

wei ght is around 8,0001b
(3,630kq), ris nato the region of
15,0001b (6,800kg) & maximum
takeoff gross wel ght It can carry
a payload of approximately
3,0001b (1,360kg) in two wespons
bays, one on each side of the
fuselage centreline. For trids
purposes, the right-hand bay

will be used to carry avionics.
The bays have been sized to
carry up to six 2501b (113
bombs or asingle 1,0001b (453kg)
Joint Direct Attack Munition
(JDAM) guided bomb. The
maximum range is believed to
be around 300-400nm, but an
operationa version would have
the ability to loiter for up to 30
minutes over atarget around
650nm from the launch point.

Tedts are expected to conclude
in 2002 with amissioninwhich
the UCAYV will detect and attack
asmulated hostile emitter. The
next stage could be the
construction of athird example,
whichwould take advantage of
the experience gained with the
first two, and be closer to the
configuration of aprototype
operational version. Engineering
and manufacturing devel opment
(EMD) of an operational UCAV
could beginin 2005.



EUROPE'S UAVs

Giventhat stedlthy UAVsare
less expensive than stedlth
aircraft, itwashardly surprising
that the unmanned concept was
to be explored in Europe, hi
2000, threetypesof stealthy
UAV wereannounced by
France, Germany, and Sweden,
respectively.

On 18 July 2000, Dassault
Aviationbeganflight testsof a
scalemodel of alow-observable
UAYV design. Developed under a
rapid prototyping scheme, the
Aeronef deValidation
Experimentale (AVE) isintended
to meet aFrench military
requirement for alow-
observable target which can be
used to train airborne and
ground-based radar operators,
but it isalso intended to
demonstrate to the French
Ministry of Defencethat the
company has mastered stedlth
technol ogly

Dassault Aviation aso hopes
that the AVEwill bethefirst
stage in the development of a
full-scale UAV demonstrator
which could lead to an
operationa design ableto carry
out reconnai ssance, or air-to-air
and air-to-ground combat
missions, perhaps under the
control of aRafale fighter. Like
theX-45A, any combat version
would haveinternal -w
bays. The verson now flying is
7.87ft (24m) in length and
wingspan. Powered by twin
AMT engines, it has an empty
weight of 77\b (35kg) anda
maximumtake-off weight of
1321b (60kg). Maximum speedis
Mach 05, andtheUAV hasa
maximum range of
approximately 93 miles(150km).

Germany has begun the
FutureAirborneWeapon
System (FAWS) programme to
study possible replacementsfor
theTornado fighter-bomber. Like
the UK, Germany isnot surethat
the solution is another manned
aircraft. CruisemisslesorUAVs
ma}v1 beapartia solution,
perhaps supplemented by a
smaller number of new aircraft.
In September 2000, EADS
announced that it was studying
astealthy UAV configuration
under the FAWS effort.

Sweden has been studying
sedthy UAVssincethelate
1990s Theprojectisbeing
conducted under Sweden's
Nationel It Flygtekniskt
Forsknings-Program (National
AeronauticsResearchProgram),
and involves Saab's Avionics and
Dynamicsdivisons, Ericsson
and the Aeronautical Research

Bight: Dassault Aviationhopes
that theAVE will demongrate
totheFrench Minigry of
Defencethat the company has
mastered stealth technology.

Instituteof Sweden (PEA).Nine
configurationswere studied
between April and June 1998,
and alow-speed model of the
resulting Swedish Highly
Advanced Research
Configuration (SFIARC) was
wind-tunnel tested starting in
March 199, Theinitia tests
checked weapon deployment
test fromthe UAV'sinterna bay,
and later tests in the T1500 wind
tunnel at FFA explored the
vehiclesflight envelol

SHARC is 32ft ﬁl()n long, has
awing span of 26ft (8m), and is
expected to have atake-of f
weight of around |1,0001b
(5,000kg). Itisintendedto
complement existing manned
aircraft, providing alower-cost
method of attacking targets.
However, thereis currently no
specific Swedish Air Force
requirementforsuchaUAV.
SHARC'salow signatureis
intended to prevent detection
and counter-attack from anti-
aircraft units and fighter aircraft.
Unlike non-stealthy manned
aircraft, it will need no ESM
sensors, or the ability tofly evasive
manoeuvres with steep turns
invalving heavy "g" loads. This
will help keep costs down. Since
SHARC -would be armed with
existing non-stealthy weapons, it
will carry thesein aninterna
weapons bay to screen them from
enemy sensors.

ISRAELI UAVs

Israel hopesto develop it own
modédl sof stedthy UAVs. These
would be long-endurance
designed intended to track
down and destroy enemy
baligic-missile launch vehides.
In 194, |AJ, Rafael, and Wdes
teamed to design the HA-10
stedthy UAV aplatform
intended to use two or three
Moab (Python-derivative) air-to-
air missles to attack Scud-type
baligic misslesin the first 65-80

seconds of powered flight.

Funded by the US Bdlligtic
Missle Defense Office (BMDO),
the study concluded that the
manufacture of such aweapon
systemwould be very expensive.
With the emerging threat of
new Iragi or Iranian long-range
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balistic missles, the idea of a
stealthy counter-weaponis
againfinding favour, but now
the objective-would beto attack
enemy bdligic missle
transporters, erectors and
launchers(TELs) beforethese
can launch their missiles. The
proj UAVswould havean
endurance of up to 60 hours.
Oneversion -would carry the
sensors needed to detect TEL
targets, while the other would
conduct the attack.

The required airframes and
propulsion systems would
probably have to be imported.
Although Israel has developed
conventional long-endurance
UAVs, Igadi stedth technology
isdill at an early stage can
provide only reduced rather
thanlow RCS For example, the

Top: Dassault Aviation's Aeronef
de Validation Experimentale
(AVE)isintendedtomeeta

French milit

requirement for
alow-observ

letarget drone.

Above TheAVE'sdiamond-
shaped wing and V-tail
combinetoform asmilar
configurationtothat devised
for theNorthrop Y23,

proposed HA-10 would have had
anRCSonly oneorder of
magnitude below that of the
non-stealthy Global Hawk
According to a September 2000
report in Aviation Week & Space
Technology, lsadi researchers
would haveto achieve afurther
10150B reduction in radar
reflectivity to create an
indigenous stealthy UAV.




LOCKHEED U-2S

Role: high-atitude
reconnaissance

Length: 63ft Oin (19.20m)
Height: 16ft Oin (4.88m)
Wingspan: 103ft Oin (3L39m)
Max takeoff weight: 40,0001b
(18140kg) _

M ax. speed: 475+ miles per hour
(Mach058)

Celling: 90,000ft (27400m)
Range: morethan 6,090nm
(11,280km)

Armament: none

Power plant: one Genera
Electric 118101 turbofan of
17,0001b (7,710kg) dry thrust

Firg flown on1August 1955,
the U-2 was developed to
meet aUSrequirement for a
highly specidised
reconnaissance aircraft ableto
fly over Soviet targets at
atitudes of 70,000ft (21,000m) or
more. Theaircraft wouldrely
primarily onheight for
survrvability, buttheneedfor
stealth was dso appreciated.
Low RCSwasadesigngod, but
in practicelittle could be doneto
reduce the radar signature.
Optimised asit wasfor ultimate
high-altituueperformance, the
basic design of the U-2 was s0
oecidised that it left the design
team withlittle leeway for large-
scaemodifications.

Reconnai ssance operations
over the Soviet Union began on
4 July 1956. When it became
obviousthat Soviet radarswere
abletotrack the U-2, Lockheed
investigated severa methods of
reducingtheaircraft'sRCS, but
most proved impractical. The
only technique to be adopted
wasthe use of anew paint
scheme containing radar-
absorbing"iron-bal" ferrite
pigment.

Oveflightsof the Soviet
Union continued until 1 M
1960, but fewer than 30 had been
completed when aU-2flown by
Francis Gary Powerswas shot
down near Sverdiovsk. The"U-2
Incident" caused the collgpse of
the 1960 US-Soviet summit
meeting between President
Eisenhower and Soviet Premier
NikitaKhrushchev. Eisenhower
ordered an end to the
overflights. They had generated
about 1,200,000ft of photographic
film covering morethana
millionsquaremilesof Soviet
territory, giving US intelligence
experts an unprecedented view
of Soviet aircraft, missleand

nuclear deployments.

Surveillance of the Soviet
Union continued, but the aircraft
was now used to fly missions
aong the Soviet border, using
sideways-looking sensors to look
deep into Soviet territory. A
small batch of U-2s supplied to
Taiwan carried out overflightsof
China between 195 and 1974.
Four were shot down. In 1974,
CIA involvement inthe U-2
programme ended, and the 20
surviving aircraft were handed
over to the USAF

The initid production run
saw around 55 aircraft built. At
least seven U-2As were
reworked as U-2Bs, receiving
structural strengthening and the
morepowerful Pratt & Whitney
J75-P-13turbojet. Thefollow-on
U-2C (amixture of reworked and
new-build aircraft) introduced a
dightly extended nose, along
dorsal equipment fairing,
increased fuel capacity, enlarged
intakes, and the J7/5-P-13B
engine.

TheU-2D had amodified Q
bay able to house speciaised
sensors or a second crew
member, whilethe U-2E wasa

CIA version with advanced
ECM systems. At least four
U-2Asweremodifiedinto U-2Fs
by addition of aUSAF-style
refuelling receptacle.

The aircraft returned to
productionin 1968initsU-2R
form, avariant which had first
flown in prototype form on 28
August 1867. Powered by the
same F75-P-13B engine asthe
earlier aircraft, thiswas intended
to overcomethe airframe-
imposed performance limitations
of the older -13B-powered aircraft,
improve handling characteristics,
increase the range and payload,
and provide aless cramped
cockpit.

The result may have
resembled the earlier U-2
modéds, but was essentidly an
dl-new design. Wingspan was
increased by 23ft (7m), the
outboard 5.9ft (1.8m) of each
wing folding inwardsfor storage.
Maximum altitude is reported to
have been 75,000ft (22,860m),
dightly below that of the earlier
models. Most obvious new
featureof theU-2Rwasthe
underwing equipment pods,
which supplemented the

volume of thefuselage bays. In
1978 these would be replaced by
ill larger underwing fairings
pod known as " superpods’.

A tota of 25 serid numbers
was assigned to the initia batch
of U-2Rsbut thenumber
actualy built in thisinitial
productionrunwas at least 14,
probably 17 Aircraftwere
initidly assgned to both the
USAFandtheCIA, rapidly
supplanting the older moddls,
but the surviving CIA examples
were passed to the USAF in 1974.

Find version of the U-2
family was the TR-1A.
Structurally identical to the
U-2R, itwasorderedin 1979to
act asasource of "day or night,
high-dtitude, dl weather stand-
off surveillance of abattle area
in direct support of US and
dlied ground and air forces'.
Thefirst exampleflevon1
August 1981 and was delivered
to the USAF in the Mowing
month. Operational TR-IAswere
used by the 17th Reconnaissance
Wing, Royd Air Force Station
Alconbury, England, startingin
February 1983 The last
production aircraft were

Above: Themain anti-radar
featureof theU-2R isitsskin of
"lron Ball" paint. Asits
nickname suggests, this
material congssof tiny
particles of magnetic material
(known asferrite) suspended in
anon-magnetic binder. When a
radar wavestrikestheair cr aft,
some of itsenergy is absor bed
by thispaint. Theinidividual
ferriteparticlesaremagnetised
then remagnetised in the
opposite polarity billions of
times each second by the cycles
in thewave smagneticfield.



ddivered in October 1989, In
1992the USAF decidedtodrop
thedesignation TR-1, andto
classify all operationd aircraft as

U-2R
InMay 1983theUSAF gave
L ockheedacontractto
demonstrate and flight test a
General Electric F118-GE-101
turbofanengine)intheU-2R.A
variant of the F101-GE-F29, the
new enginewaslighter,
roduced morethrust, and
urned less fuel than the older
Jr5-P-13B turbojet. Thefirst re-

Bight: Originally built for the
ClA asaU-2A, 66701 waslater
assgnedtotheUSAE Rebuilt as
aU-2B,thenasaU-2C,itwas
painted for thefirst timein 1970.

engined aircraft flevv for thefirst
timeon 23 May 1989. The
upgrade proved successful, and
was applied to the entire fleet.
Other upgrades improved the
aircraft's sensorsand added a
Global Positioning System(GPS)
satellite-navigation system that
would record geographical co-
ordinates directly onthe
collectedimages There-

engined single-seet aircraft are
desgned U-2S, whilethetrainer
istheU-2ST

Thefirst production example

flew on 12 August 1994, and the
first operational single-seaters
and trainers were delivered to
the9 KW, BedeAFB, Cdifornia,
on 28 October 1994. The aircraft
serveswith four operationa
detachmentslocated throughout
theworld, andthe first
operational U-2Smissonwas
flown from Osan AB, South
Korea, on 20 October 1996,
Itiscapable of collecting multi-
sensor photo, eectro-optic,
infrared and radar imagery as
well asperforming other types
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of reconnaissance, but requires a
killed pilot An official USAF
d&scrl ptionof theU-2 notesthat
it "..can be adifficult aircraft to
fly dueto itsunusual landi ng
characterigtics.”

Theaircraft that the Soviets
once dubbed "the black lady of
espionage’ hasoutlivedits
supersonicSR-71replacement.
On11August 19¥, U-2Rnumber
0338 becamethefirst U-2to
achieve 20,000 flyedg hours, and
thetypeis expected to remainin
sarviceformany years.




LOCKHEED SR-71 BLACKBIRD

R6le strategic reconnai ssance
Length: 107ft Sin (32.74m)
Wingspan: 55ft 7in (16.94m)
Height: 18ft 6in (5.64m)

Max takeoff weight: 1700001b
(77,000kg)

M ax speed: Mach 3+
Servicecaling: approx. 86,000 ft
(26,000m)

Range: 2,600nm (4,800km)
Armament: none

Power plant: twoPratt&
Whitney J68 each of 325001b
(14,700kg) thrust with
afterburner

espite their age, the small
Dfleet of SR-71 Blackbird

aircraft represented aunique
intelligence-gathering ass=t
right up to their moment of final
retirement in 1998. Morethan 35
years dfter the type's first flight,
thissinister-lookingaircraft
could gill operatewithimpunity
in the face of most defence
systems. The Soviet Unionwas
probably the only nation ableto
defenditself againgt Blackbirds.
Othershavetried - firing off SA-
2 Guiddinesagainst SR-71shas
becomearegular event for the
North Koreanair defences, but
to date the exercise has proved
fruitless. In 1986 Blackbirds
operated in the face of the threat
by Libyan SA-5Gammon
ong-range/high-altitude missile
batteries in order to record the
resultsof USair strikes against
targetsin Tripoli and Benghazi.
Like the XB-70 bomber

programme, theA-12 proj ect
required along series of
technological developments to
make Mach 3 flight possble.
Materids, lubricants,
powerplants, fuelsand
subsystems dl had to be custom-
developed. When the aircraft
cruised for prolonged periods at
Mach 3, the external skin
temperature roseto at least 450
degrees Centigrade, and to more
than 1,000 degreesin areas
where the thermal effectswere
saverest. To copewith thislevel
of thermal stress, most of the
airframe was made from Beta B-

10titaniumaloy.
When designing the U-2,
Lockheed had abletotake

only limited RCS-reduction
measures, but the A-12 took the
entire art amassive step
forward. AsNorthAmerican
designers working on the XB-70
bomber and F108 Rapier fighter
had discovered, cresting an
aircraft ableto cruiseat Mach 3
was difficult enough, but in
creating the A-12, the Skunk
Workstackled thetasks of
combining thislevel of
performance with stealth.
Comparison of the A-12with
thesimilar-sized ~108is
instructive. Thefighter had an
angular appearance which
bordered on ugliness, with a
dab-sidedforwardfusel age, box-
shaped rear fuselage, an
wedge inlets - features which
were highly radar reflective. The

A-12 had rounded lines which
made extensive use of
wing/body blending, while its
engines were fed by inlets
whose conica centrebodies
would help shidd the
compressor face from radar
observation. The twinfinswere
canted inwards to reduce their
radar reflectivity, whilethelong
chines ontheforward fuselage
presented highly inclined
surfaces to incoming radar
energy.

Invisble to the untrained eye
"was another breakthroughin
stealth technology - the use of
plastic materials in areas such as
the wing leading edges, chines
and devons. Deveoped by
L ockheed, thistook theformof a
radar-absorbent plastic
honeycomb designed to cope
with temperatures of up to
600deg F (315deg C). Onthe
A-12, it accounted for 20 per cent
of the total wing area. It was not
strong enoughto beused
structurally inaMach 3 design,
S0 was added to the leading and
traillingedgeintheformof V--
shaped sections. The Skunk
Worksis adso reported to have
flown eia(j)erimemd components
such asdl-plastic vertical fins.

The dark paint finish used to
help radiate heat away from the
aircraft gave rise to the unofficial
designation "Blackbird". It was
designed with two qualitiesin
mind. It offered high heat
emissivity, so helped to radiate

friction-generated heat when
the aircraft was cruising at Mach
3. Itdsoincorporated theradar-
absorbing "ironball" pigment
usedontheU-2and TR-1

The first A-12 prototype was
completedinthewinter of
1961/62, and made its maiden
flight (with interim J75 turbojet
engines) on 26 April 1962, and
ddiveriestothe CIA started
towardsthe end of theyear. By
thistime asecond variant
existed - the YF12A interceptor.
The first of three prototype
fightersflewin August 1963 and,
although extensively tested, the
type was never adopted for
sarvice. Fifteen A-12swerebuilt,
dl but one of -which were single-
seaters.

Existence of theaircraft was
revealed by President Johnson
on 29 February 1964, although
he gave the designation
incorrectly as"A-Il". Four
months|ater, he revealed that a
definitiveoperational version
was under development, but
once more gave awrong
designation, referring to the new
arcraft as the SR-71 It was to
have been designated RS-71

Reconnai ssance-Strike) rather
than SR (Strategic
reconnaissance). A dedicated
R-12 nuclear strikederivativeof
the A-12 isknown to have been

roposed.

P The SR-71 had been ordered
at the end of 1962 Like the U-2,
the A-12 had been asingle-seat

Left: The SR-71 gave the world
itsfirst example of wing-body
blending, a sgnificant method
of reducingRCStakento
extremeintheB-2.

I



Above: Most of the SR-71's
nsor payload waspacked into
equipment bayswithin the long
chines Builtfrommetal, these

Above: Despitebeingthefirst
Western aircraft to incorporate
significant RCS-reduction
features, the SR-71 also offer ed
Mach 3performanceand an
undeniablebeauty. Thisair cr aft
made extensveuseof RAM in
all the sharp horizontal edges
which might be seen by an
enemy radar - the chines, wing
leading edges, and devens.

incor porated RAM and were
car efully blended with the
fuselage, measuresaimed at
reducingoveral RCS,

Further RCSreductionwas
provided by theuse of " Iron
Ball" paint. Sosophisticated was
the aircraft, that it ishard to
remember that the first
production delivery wasin
1966. Over thirty yearslater, the
high cost of keeping the air craft
operational led tothefinal

eght or so examples being
refired.

aircraft (although severd two-
seat trainer versions of the latter
were completed). The SR-71 had
atwo-seat cockpit, a
configuration first tested on the
YF12A. Itwasdsodightly
larger and heavier than the A-12
The chineswere made from
metal, and used to house the
arcraft'ssensors.

Firstflight of the SR-71 took
place on 22 December 1964, the
aircraft being one of aninitial
batch of ax. Production
ddiveries started in January
1966 with the ddlivery to the
USAF of the first SR-71B two-
seater. Thefirst SR-71A was
ddivered in May of the same

ear. A total of 32 SR-71swas
ilt, dl but two of whichwere
two-seaters.

Just how well the aircraft's
RCS-reduction measuresworked
remains debatable, but classified.
Not dl of the components flight-
tested in plagtic found their way
intotheproductionaircraft. In
hisbook Sealth Aircraft, BUI
Sweetman recdls with
amusement how when the
USAF flew an SR-71 to the 1974
Farnborough Air Show, P
Radar announced that its AR-5D
civil air-surveillance radar had
detected the plane at arange of
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morethan 200 miles(320km).

By thelate 1980s the USAF
was operating only nine SR-71s
and decided that he cost of
oper_aéi ng such as_mdérfleet of

ia-purpose aircraft was not
\S/Fge Defense Secretary Dick
Cheney retired the SR-71 fleet in
1990. Mot of itsaircraft were
sent to or made available to
museums, but at the instructions
of theUS Congress, five SR-71As
and one trainer were set aside
for possble future use.

By 194, Congresshad
realized that therewas a
continuingshortfall inUS
reconnai ssance ility, O
ordered that three SR-71As be
reactivated. TheUSAF
reactivated two, making them
fully operationd, but did not use
themfor any significant
missons.

In 1996, the SR-71 was
temporarily grounded because
theUSAF said that fundsfor
their operation were not
authorized. Congress authorized
the funds, but in October 1997,
President Clinton used hisline-
item veto powersto delete the
$39 million budgeted for the
SR-71, and on 30 October 1998
the SR-71 was officidly retired,
after a32-year military career.




ROCKWELL INTERNATIONAL B-1B

Role: strategic bomber
Length: 147it Oin (44.81m)
Height: 34ft Oin (10.36m)
Wingspan: 78ft 2in (23.84m)
swept, 136ft Sin (4167/m)
unswept

Max. takeoff weight: 477,0001b
(216,360kg)

Max. speed: Mach 125

Range: ¢6,475nm %Z,OOOkm)
Armament: upto 75,0001b
(34,000kg) of ordnanceinthree
internal weapons bays

Power plant: four General
Electric F101-GE-102 turbofans of
¢.30,0001b (13,600kg) with
afterburning

When  President Reagan

entered office in 1981, he
was determined to improve
Americasdefences. President
Carter had ordered
development of the B-2, but this
was dill in the earliest stages of
development, and not dueto fly
until the late 1980s Reagan
ordered abatch of 100 improved
B-1B productionmodels, giving
the USAF and RockweU the
problem of gettingitinto
production, theninto service
early enough to make auseful
contributionto SACsstrength
beforetheB-2arrived. That
timescalecdledfor afive-year
programme rather than the
seven to ten years normally
needed to field amajor weapons

stem.

The B-1A had aready been
designed to have amuch lower
RCSthanthe B-52itwould
replace. By the early 19805
Soviet development of improved
defence systems intended to
copewith ALCM and

Tomahawk cruise missles -
weapons such as the SA-10 and
SA-N-6 - madethe Rockwell
bomber seem increasingly
vulnerable, so steps were taken
to lower its RCS. Theinletswere
redesigned, eiminating the
variable ramps needed for Mach
2flight. The revised design has
inlet sdes and splitter plates
swept dightly backwards from
the vertical, and incorporate
curved ducts and streamwise
radar-absorbent baffles. RAM
was aso added as alining
material.

A major movetoward
reducingtheaircraft'sRCSwas
the removal of the fuselage
dorsal spine. This had originally
been fitted to house electrical
cabling associated with the
aircraft'sWestinghouseALQ-153
tail-warning system. When the
USAF opted to integrate the tail-
warning task directly into the
ALQ-161, the spine could be
removed.

New absorbecr;t ?Ogégr the
B-1B wing were dev
the Britislf? company Woodvti)ﬁe
POIP/mers These replaced an
earlier less-absorbent design in
part of an exercise which saw
the entire inboard wing
structure redesigned.

Among the measures taken
under later 1985 contracts for
RCS-reduction were aseries of

modificationsto the nose
radome cavity and to cavities in
the fuselage Sdefairings. A
specid adhesive tape was dso
gpplied to dl seams in the skin
once system testing had been
completed, and prior to painting.
This tape was probably
eectrically conductive, and thus
linked dl the skin panels
together into a common con-
ducting surface, thus eliminating
surface discontinuities which
would re-radiate ener%y
B-IB'sRCSisonehundredth
that of the B-52, and a seventh
that of the FB-111 In May 1986,
International Defense Review
quoted USAF Aeronautical
Systems Divison commander as
saying that when the B-l flew
into the 1985 Paris Air show, the
French were surprised by its
small radar cross-section. "They
didn't believe we could do it."
The aircraft has aso proved an
dusive target for fighters during
Red Fag exercises. "In order for
the monitoring radar to get our
position, we ether haveto dimb
or put our transponders on,” the
commander of SAC's 337th

Bombardment Squadron told
Aviation Week in 1987.

In October 1986, weU ahead
of the Congressional 1987
deadline, thefirst B-1B squadron
was declared operationa at
DyessAFB, Texas Thebasehad
15aircraft, 12 of whichhad
enough defensive avionicsto
alow them to be declared
operationa. With delivery of the
100th and findl B-1B duein April
1983, and no prospect of a follow-
on order, Rockwell beganto lay
off staff, with more than 10,000
leaving the B-I operationin the
first half of 1987 done. Inthe
spring of 1988, Rockwell
announced that its long-
established North American
Aircraftdivisonat Columbus,
Ohio, would cease operations
over thenext 15 months. The
final example was ddlivered on 2
May 1988, and the type now
equips three squadrons of Air
Combat Command, and two of
the Air National Guard. Itisnow
supported by Boeing.

TheB-1B wasdesignedto

Left: Careful engineering has
given the B-1B ahead-on RCS of
around I sg. m, making it amore
difficultradar targetthana
gamall fighter.



Below: The rounded shape of
theB-1A fusdagehad played a
si%?ificant art in getting the
RCSan order of magnitude
better than that of the B-52.
Reducingthe B-1B RCShy as

Above Theenginenacdles
(seen below in cross section)
hadtoberedesgned onthe
B-1B to add anti-radar baffles
and a curved duct. These moves
had a dradic effect on top
oeed, makingtheair craft
subsonicunder mogt flight
conditions, but the pricewas
worth paying. Radar sgnals
could no longer enter the inlet

much again involved
paingaking attention to
detail, withRAM being
applied tokey areasof the
fusd and wingsto damp
out radar hot spots

and passdown toreflect from

the front face of the engine.
ThisreducesRCS, and also

prevents advanced radar sgnal-

processing algorithms being

used to observethe modulation
effectscrftherotatirgfan dages,
can

a phenomenon whi

allow radarstoidentify thetype

of aircraft beingtracked.

fly low-levd, high-speed
missons which impose grester
grain on the airframe than the
high-dtitude missons of the
B-52. Theaircraftisexpectedto
have a 10000 hour sarvice life,
which should dlow it to remain
in service until around 2020.
LiketheB-2, itisexpectedto
retire long before the much
older B-52. Designed to
consarvative engineering
standards at atime when little
was known about aircraft life
eerctawcy, theB-52isexpected
to have an ogeran nglife of more
than 30,000 hours, and could
E%TOan in service until around
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TheB-IB'sability to ddliver
conventiona "wegponsisbeing
improved under amulti-stage
Conventiona Misson Upgrade
Program (CMUP). CMUP Block
C, fidlded in August 199" gave
B-IBsthe capability to drop
cluster bombs, while the Block D
changes due to be completed in
2003 dlow the aircraft to carry
up to 24 IDAM guided bombs
(eight in each of itsthree
weapon bays), fit anIntegrated
DefensiveElectronic
CounterMeasures (IDECM)
towed decoy intended to
enhance the survivability of the
arcraft, and add a new
communication/navigation
system. A planned Block E
modificationwill alowtheB-1B
to carry wind-compensated
\r/nvuniti on(s theJoint S(tjaﬁdf])(f)f

e$)on JSOV\Q andthe Joint
Air To Surface Standoff Missle
(JASSM), whileBlock Fwill
makefurther improvementsto
thebomber's defensive system.

Other upgrades bein
projectedfortheB-1Bi
the addition of asstcoms
termina and aLink 16 datalink,
acockpit upgrade, and
modifications to the aircraft's
radar which would dlow it to
take synthetic ture radar
(SAR) imagesof thetarget,
improvingtheaircraft'sability to
target GPS-guided bombs.
Studieshave dso looked at EW
improvements suchasan
upgraded version of the
AN/ALR-56M radar warning
receiver, and advanced
countermeasureflares.

ude



EUROFIGHTER TYPHOON

Role: multirole fighter

Length: 52ft 4.25in (15.96m)
Wingspan: 35ft Inn (10.95m)
Max. takeoff weight: 46,3001b
(21,000kg)

Max. gpeed: Mach2.0

Tactical radius typically 750nm
(1,390km)

Armament: 27mm Mauser
cannon (omitted from UK
arcraft) plus up to 143301b
(6,500kg) of external stores
Power plant: two Eurojet EJ200

turbofans each of 134901b
£6,120kg) dry and 20,2501b
9,185kg) thrustwithA/B

nderamemorandum of

understanding signed in
May 1988, development of this
twin-engined canard-deltawas
begun by what were then
BritishAerospace(UK), MSB
(Germany), Aeritdia (Itay) and
CASA (Spain). Initid prototypes
werepowered by two Turbo-
UnionRB.199-122turbofans, but
later prototypes had the
production engine. Knownas
the EJ200, this twin-shaft
turbofanwas developed by the
Eurojet consortium, a
collaborative venture set up by
whatwerethenRolls-Royce
(UK), MTU (Germany), Fiat (Italy)
and Sener (Spain).

Initsbascsngleseat
version, theaircraftisoptimised
fortheair-to-air role, buthasa

secondary attack capability. A
two-segter isavailablefor
training.

Much of the technology
needed for Typhoon was proven
usingtheBAeEAP
(Experimenta Aircraft Pro-
gramme) technology demon-
strator. The first prototype of
what was originaly known as
the European Fighter Aircraft
(EFA), then Eurcfighter 2000, was
originally expected tofly at
Manching in Western Germany
latein 1991 In practice, the first
twoaircraft (development
aircraft 1and2) werenot
completed until latein 1992, but
werenottofly for some 18
months, while exhaustive checks
weremade of theflight-control
system (PCS). DAL finaly flew on
27March199%4.

Theflight-test programme
remained dow, and
software was often a delaying
factor. Thisled to speculation in
the mid to late 1990s that the
system was experiencing

technicd difficulties, reports
which were encouraged by the
development team's regular but
bland pronouncements that the
subject could not be discussed,
but that &l was well.

Inpractice, twofactorshad
caused the team to be ultra-
conservative when developing
the PCS. Onewasthe FCS-
related accidents which had
been experienced by the YF-22

25May 1992) and JAS 39 Gripen

2 February 1989 and 8 August
1998); the other was the fact that
the Typhoon was designed to
have avery highleve of agility
a S;Personlc speeds. Since
stability increases at supersonic
speeds, the aircraft had an even
higher level of agility a
subsonic speeds which posed
formidable challengesto the
PCS devel opment team.

DAS thethirdaircrafttofly,
and the firgt Italian-assembled
example, was thefirg to be
powered by Eurojet EJ200
engines. The UK-assembled

DA4 was the first two-seater and
first with full avionics. The
remainder of the development
fleet consists of threemore
developmentaircraft(DA4-7)
and five instrumented
productionaircraft (IPA1-5). Drop
trialsof air-to-surfaceweapons
startedin 199 using DAS, andin
1997 DA7 madethefirstlaunch
on anair-to-air missle.

When the programme was
st up, the UK and West
Germany intended to order 250.
Italy wasto buy around 170, with
Spain taking 100. Inevitably
thesefigures-wereto decrease.
By 2000 they had dropped to
Germany 180, Italy 121 plusnine
options, Spain87 plus16options,
andthe UK 232 plus 65 options.
Ddiveriestotheuser air forces
are dueto beginin June 2002.
First unitsto eguip will bean
Operational Evaluation Unit at
BAEWarton, thenan
Operational Converson Unit at
RAF Coningsby, JG 73 at Laage,
Germany, and 4 Stormo at




Below: Whiletheaircraft isnot
intended tobestealthy,
measur es wer e taken to
minimiseitsRCS. Themost
obviousisthe" smiling" air
intake. Theoriginal design
featuredarectangular intake
smilar tothat ontheEAP
technology demonstrator, but
testsshowed that acurved
configuration would havea
lower RCS. Theair craftwill
enter servicewith Raytheon
AMRAAM missiles,butthese
will bereplaced by the
ramjet-powered Matra

Grosseto, Italy. Firstexport
customer was Greece, which in
1999 announced itsintention to
purchase60aircraft, with
optionsfor 30more.

Hyaway unit cost was
originally seen as being around
£10 to 12'million ($17t0 20
million). By 1992 thishadrisento
an estimated £25to 26.5 million,
and by 1996 to £38 million.
There was no official
requirement for the Typhoonto
have a high order of stedlthiness.
Itisnot astedth aircraft, but was
designedfor reduced RCS, a
more modest goal which does

Left: Given the risks
associated with test flying,
buildingonly asingleEAP

rototype was a ble, but
gnew |%h paid o??m

BAeDynamicsMeteor. The

same company'sAdvanced
Short-Range Air-to-Air Missle
(ASRAAM)willbefittedto
RAFaircraft, whileother users
may select the

inter nationally

TsTr

not require the speciadised and
cogtly technol used in the
F117A and B-2. Much canbe
accomplished even by smple
measures such as keeping size
and weight to aminimum, and
using rounded shapes and
profiles.

Severd factors help
minimise RCS. Itisasmal
aircraft, and much of its profile
isrounded. The main straight
aress, such asthe Wl_n%m fin
Ieadln? edges, are highly swept,
0 will reflect radar energy in
main lobes well away from the
frontal sector. Extensive useis
aso made of carbon-fibre
composites. RCSis aso reduced
by careful attention to detail. At
the 1987 Paris Air Show, a
revised full-scale mock-up
showed some of the

refinements made to the design

inthefinal of project
definitionwork. Themost
obvious was aredesigned
ventral intake. On EAP and the
original EFA design, thishad
been of rectangular shape, but
the final configurationisa
dightly curved "smiling" design.
This has less drag, and less radar
crosssection. TheRAF has
stated that Typhoon meetsthe
required leve of low-
observability. No officid figure
has been released, but the
aircraft isunderstood to have an

RCS of just under one square
metre. .
Some F-22-type ilities

might be added to Typhoon as

part of its mid-life updating

Programme, aposshility
oreseen by the RAF and
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Luftwaffe before the programme
was launched. These could
include three-dimensional
thrust-vectoring through angles
of upto 10 degrees, and of -
taoresight weapon aiming by
decoupling the fusel age%y
meansof CCV flyingsurfaces
and vectored thrust. Technology
for such an update could be
drawn from the results of flight
testing of the Rockwel /M
X-31A.

The engine manufacturing
consortium has drawn up plans
for uprated EJ200 variantswith
thrust levelsof 231551h (10,503kg)
and 26,3001b (11,980kg). A thrust-
vectoring nozzle has
studied in Spainby FTP and
Sener, and 20 hours of bench
tests had been completed by
September 1998,



DASSAULT-BREGUET RAFALEC & M

R61e multi-rolefighter
Length: 50ft 1.25n (1527m)
Height: 17ft6.25in (5.34m)
Wingspan: 35ft 5.25in (10.80m)
Max. takeoff weight: 49,6001b
(22,500kg)

Max. gpeed: Mach 18

Tactical radius 570-950nm
(1,055-1,760km)

Servicecelling: 55,000ft
(16,760m)

Armament: upto21,0001b
(9,500kg) of ordnance, plus
internal cannon

Power plant: twoSNECMA
M88-2turbof anseachof 164001b
(7440kg) thrustwithA/B

At the 1983 Paris Air Show,
Dassault showed amock-up

of atechnology demonstrator for
anext-generation fighter. Two
featuresof thisACX (Advanced
Combat experimental) design
proved striking - the huge
vertical fin, and the novd inlets.
The size of thefin had been
dictated by the need for
directiona stability, but the

Above: Although not atrue
Dassault stealth fighter, Rafale
will have alower radar cross
section than today'sMirageFl
or Mirage 2000.
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inlets, -which incorporated the
moveable conica centrebodies
found al Mirages since the IDC,
were mounted under the
leading-edge root extensions of
acarefully sculpted forward
fusdage.

The author assumed that
this configuration had been
adopted to ensure a good
airflow at high angles of attack,
but Northrop's Lee Begin had an
aternativetheory. "Take another
look," heurgedme, "they're
shaped that way because of
gedth.” Asthe design was
refinedto createtoday'sRafal e,
thetail fin shrank in size, the
lower fuselageassumedaV--

shaped cross-section, and the
inlets were changed for a
smpler pattern without
centrebodies or other moving
parts. Therewas no loss of
stedth, however. The revised
inlets remained tucked under
the fuselage and largely
screened from the attention of
look-down radars.
LiketheEurofighter
consortium members, France
apparently concluded that the
cost of developing atruly
stedlthy fighter was politicaly
and economically unacceptable.
LikeEFA, theDassault-Breguet
Rafaleisareduced-RCS design.
In France, thetask of

developingRCS-prediction
software wastackled by
Thomson-CSE To dlow agart to
be made on the task of
diminating "hot spots' from the
design, Thomson-CSF adapted
existing software, and used this
to study the radar cross-section
of the aircraft. Three areeswere
guickly identified asmajor
contributorsto RCS - the radar
and EW antennas, the inlets and
engine, and the cockpit. A
pardld effort involved
developing softwarefor the Cray
XMP 18 supercomputer which
will alow the design of large
metallic structures of upto 10
sguare metresin area. This




Below: Rafale'srounded inlets
may appear very consgpicuous,
yet they're one of the aircraft's
gedlthier features. Today'sair
combat isat lowlevel, and
major threatsindlude AEW
radar andinter ceptors
equipped with look-down
radars. From mogt observation
anglesabovetheaircraft,the
inlets- aprimeradar targetin
any aircraft - are concealed by
theforwardfuselage. They're

would initialy be used to carry

out studiesof aircraft inlets.

The Rafde A prototype flew
for thefirsttime on4 July 1986,
justahead of therival BAeEAR
Like the British aircraft, it was a
technology demongtrator rather
than atruefighter prototype.
About 1,0001b (450kg) heavier
than the planned Rafale D
productionversion, itwas
powered by two GE F404
turbofans. First flight with a
sngle SNECMA M88replacing
one GE F404 was on 27
February 1990.

A series of test flightswere
made in thewinter of 1987/83 to
measuretheRCSandthelR
signatureof theRafale A. A
seriesof 13 missonswas flown,
alowingtheradar signatureto
be assessed with different
external loads and under severd
combat conditions. These

bardy visbleinthephotoat
thebottom of the opposite
page, for example Theair craft
shown hereison an

inter ception misson, and
carriestwo Matra R530F radar-
guided missiles, plus two
wingtip-mounted M agics. I f
tasked with an air-superiority
missonintounfriendly skies it
would probably carry the new
MatraBAe DynamicsMICA.

included an air-combat sortie
withthe aircraft carrying two
MatraMagic 2 heat-seeking
missiles and alow-levd flight
withtwo 530 gallon (2,0001itre)
externa tanks.

Likethe UK, Francehad
hoped that aflyin
demonstrator might act as the
catadys for an international
programme, but the path to an
agreement wasmade difficult
conflicting viewsover aircraft
weight. Given the close
relationship between aircraft
weight and cogt, and the need to
attack large-scae export orders
to make programmes
commercially viable, Dassault
has aways favoured lightweight
designs. French determination
that the cost (and thus the
weight) of anext-generation
fighter had to reflect the need
for maximum export potential,

and French demands to be
given design leadership of any
international fighter programme
which might emerge from
international discussions, ended
any prospect of aviable
programme.

TheUK, WestGermany, Italy
and Spain choseto go thelr own
way with the EPA, leaving
Franceto continuewith Rafale
asanationa venture. The
programmes to develop the
definitive aircraft and its M88-2
powerplant were launched in
December 1992, and the first
production aircraft were ordered
in March 1993,

Four versions have been
planned. Rafale B started out as
atwo-sest, dual-control version
for the French Air Force, but has
now evolved into an operationa
version suitablefor single or
two-segt (pilot +w n system
officer) use. Theversonfor the
French Air Force was originaly
to havebeen Rafale D, but this
has now become ageneric
designation for French Air Force
versons. Rafale Cisthesingle-
seat combat version for French
Air Force, whileRafaleM isthe
naval sngle-seat versionfor use
onaircraftcarriers.

The designation Rafale R has
been gpplied to a possible
reconnaissance version which
would carry a pod-mounted
sensor suite, and replace French
Air Force F1CR and French
Navy Super Etendard
reconnaissance aircraft i

The Rafale programme did
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not go smoothly. Whenthe first
edition of thisbook was-written
in 1988 there were dready

ajg?estions that the project
could provean"abyssfor
billions'. Inthemid-1990sthe
French Government had
Brobl emswithitsdefence
udget, and demanded cost
reductionsfor Rafale. In
November 1996 the programme
was suspended Work on
production aircraft was
temporarily haltedin April of
thefollowingyesr, butin
January 1997 Dassault and
French defence ministry agreed
onalOper cent cost reduction
and the procurement of 48
aircraft een 1997 and 2002.
The arrangement had to be
abandoned following achange
of government, and anew dedl
agreed in January 1999 covered
only 28 (plus20options) for
ddivery between 2002 and 2007.

The first production aircraft
wasaRafaeB, whichmadeits
firg flight on 24 November 1998,
Itwasfollowed on7 July 1999 by
the first production Rafale M.
The first Rafde Cis due to be
ddivered mid-2002.

First versioninto service will
be the Rafde M, and the first
naval squadron isdueto be
equipped by June 2002.
Deliveriesto the French Air
Force should beginin late 2002,
with thefirst squadron being
equipped in 2005. The delivery
rate will be dow, withthe 294th
andfinal aircraft for theFrench
forcesbeing deliveredin 2023,
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LOCKHEED F-117A NIGHTHAWK

Role drike fighter
L ength: 65ft Ilin (20.08m)
Wingspan: 43ft 4in (13.20m

M ax.takeoff weight: 52,
(23,800kg)

Max. spead: Mach 09
Armament: ¢.4,0001b (1,800kg) of
gores carried internally

Power plant: twonon-
afterburning General Electric
F404-GE-F1D2turbofanseschof
¢lO,8001bthrust

Asa result of the successful
flight testing of the XST

technology demonstrators
starting in 197 President Carter
was able to authorise the
development of aproduction
stealthfighter inthefollowing
year. The project was
codenamed "Senior Trend".

The aircraft that project heed
Ben Rich and his Skunk Works
team created was of very
different shapeto theW| dd
projected"F19' seeninmi
1980s booksand magazines. To
keep RCSto aminimum,
extensive usewas made of
faceting. Straight linesrather
than curves dominate the
arcraft's configuration. Its
angular linesmake one half-
serioudy wonder whether Ben
Rich had impounded every set
of French curves owned by
Skunk Workspersonnel.

The faceted pandls are
mounted on skeletd sub-frame,
and coated with radar-absorbent
materias. Thewingisof two-
spar construction, and has a
faceted aerofoil. Theorigina
outward-canted ruddervators
have been replaced by a
modified desgnmadefrom
thermoplastic graphite
composites, which givethe
additional strength needed to
avoid nutter problems that had
placed a restriction on the
arcraft. The cockpit canopy and
most access panels have
sawtooth edges to suppress
radar reflection.

16

Theenginesarefedby air
intakes which incorporate screens
with rectangular 10 x 0.625in (2.5 x
15cm) openings. These prevent
radar energy from entering the
intake. Part of theincoming air
bypassestheengineandismixed
with the engine efflux to lower its
temperature. The mixtureis
gjected through narrow-d ot
exhaugtsintherear fusdage.
These are 5ft Sin (1.65m) but only
4in (10cm) and have 11 vertical
guide vanes.

All ordnanceis carried in an
internal weapon bay 15ft 3in
(4.7m) long and 5ft 9in (L75m)
wide and covered by two large
doors hinged on the centreline.
When lowered, these greatly
increase RCS, s0 changes have
been made to rninimise the
length of time for which they are
opened for weapon-release.

Thefaceted air frameplays
havoc with the aircraft's inherent
handlingqudities Tomakethe
arcraft flyable, it has a GEC
Astronics quadruplesfly-by-wire
control system. A Texas
Instruments Forward-L ooking
Infra-Red (FLIR) sensorwithdual
fields of view ismountedina
cavity just below thefront of the
canopy, whileaDownward-
Looking Infra-Red (DLIR) and
laser designator also made by Tl
is mounted in another cavity
beneath the forward fusdage to
starboard of the nose-whed bay.
Both cavities are covered by fine
mesh screen to prevent the
entry of radar energy.

The designation "stedth

Below: Thesdeviewofthe
F-117A revealswhat must surey
bethestrangest sha,oetoflysnce
the 1930s The & doped
fuselagesjdesandthehlghly
sweptwingleadingandtrailing
edges ensurethat radar energy is
defected harmlesdy, rather than

being reflected back to the
enemy radar. RCSisgreatly
reduced, but aPenalty mug be

paid in termsof airframedrag
and internal volume. Since most
USAF bombs and missilesare
ungealthy, they are carried in
internal weapons bays.




fighter" ispartly amisnomer; the
arcraftisessentidly astrike
aircraft designedtofly dosetoa
target at subsonic speed, launch
aguided missile or "smart"
bomb, thenturnaway. Interms
of speed or agility it is no match
for atraditiona fighter. It would
be avulnerable target if caught
by an enemy fighter, Ib avoid
this, it normally operates a
night, conditionsunder whichit
isvirtualy undetectable. In
termsof radar penetration, the
F117A has met its specifications,
but at a price of restricted speed
andmanoeuvrability. Its

successors such asthe F-22 and
Joint Strike Fighter will combine
stedlth with improved ,
dtitude and manoeuvrability.

Although severd develo
versions have been pro ,
none resulted in an order.

F117A+ wasadevel opment of
the basic F117A which would
have taken advantage of more
recent technologies to produce
anaircraft withimproved
survivability in the face of high-
threat environments, whilethe
AF117X (originaly known as
the F117N Seahawk) was a

proposed long-range naval

strike/attack aircraft based on
the F117A. If the A/IF417X had
become a firm programme, the
Skunk Works planned to offer a
land-based F117B which would
have used the redesigned wing
and horizonta tail surfaces of
the naval variant, and been fitted
with GE F414 afterburning
turbofan engines, and dl-
weather sensors.

Three upgrade schemes
have kept the F-117A combat-
effective. TheWeapon System
Computationa Subsystem
(VVS£$ programmereplaced
theaircraft'sDelcoM362F

L ett: Soimportant wasfaceting
tothe stealth qualities of the
F-117A, that the USAF kept the
aircr aft'sappear anceclassified
until November 1988. The

" butterfly tail' hasnot been
used on amilitary aircraft Snce
thedaysof the Fouga M aglster
trainer. It eiminatesone of the
threetraditional tail surfaces
and avoidsaradar reflective
vertical fin, but control
authority islimited at high
$eed. A quadruplesfly-by-
wiresystemtamestheaircraft's
grange aer odynamics.
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computersby IBM AP-102units.
The first aircraft to be modified
flew in October 1986 and the
entire fleet had been updated by
1 January 1992

By thistime, the Offensive

ility |mprovement

Program (OCIP)wasa ready
under way, withthefirst
upgraded aircraft being
ddlivered in November 1990,
Completedin March 1995, the
OCIP procT;ramme added an
improved flight-management
system, adigital moving map,
and digitd situation displays,
new cockpit instrumentation
with Honeywell colour multi-
firction displays, adigital auto
throttle and pilot-activated
recovery system.

The most recent
modificationschemereplaces
the FLIR and DLJR sensorswith
anew Texas|nstrumentsturret-
mountedInfra-Red Acquisition
and Designation Sensor (IRADS),
whilethe Ring Laser Gyro
Navigation Improvement
Program(RNIP) addsa
Honeywell ring laser gyro
inertial navigation system and a
CallinsGlobal Positioning
System(GPS) satellite
navigation receiver.
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NORTHROP B-2 SPIRIT

R6le strategic bomber
Length: 69ft (21.0m)
Height: 17ft (5.18m)
Wingspan: 172t (52.43!71&)
Weights- empty: 153700 b
(69,717kg)

normal T-O: 3365001b
(152,600kg)

maxT-0:376,0001b
(170560kg) .
Max. gpeed: high subsonic
(Mach 0.857)
Caling: 50,000ft (15,000m)
Range(typical hi-hi-hi):
6,300nm (11,667km)
Armament: 40,0001b (18,000kg)
of ordnance in internal bays
Power plant: four General
ElectricF118-GE-100turbofans
eachof 173001b (7,850kg)

Like the Lockheed F117A

stedthfighter, theB-2
bomber hasthe smplest
possible front profile - two
straight moderately swept
leading edges which meet at the
nose. Thislayout ensuresthat
the main RCS sdelobesin the
forward sector arewdll away
from the direction of flight The
massive sawtooth trailing edge
ismadeupfrom 14 straight
edges, aligned at one of two
fixed angles, alayout which will
direct radar energy reflected
from the trailing edges into two
directionswel awvay fromthe
immediaterear of theaircraft.
Each wing sde hasadrag
rudder and elevon on the
outboard trailing edge, plustwo
more eevens on the next-
inboard section. The centra
"beavertail" formsanother
moving surface. The aircraft has
no vertical sabiliser, afeature
that helpsreduce RCS. Thereis
aquadruplex digital flight
control system devel oped by
Genera Electric,which
incorporatesfly-by-wirecontrols,
plus a sophisticated stability-
augmentation system.

Segmented inlets on the
upper wing feed air to the
engines buried within the
fuselage. A secondary inlet
mounted just ahead of the main
inlet, and offset dightly
outﬁoar%, dso drawgi n air,d
perhapsfor engine bay an
efflux cooling. Theinletsmakea
significant contributiontototal
RCS. A redesign was needed to
get these right, and to solve
manufacturingproblems
associated with their complex
shape. Theengine effluxis
discharged via recessed cut-outs
inthewing upper surface. Lined
with heat-resstant carbon-
carbon material, these open-
topped ducts are probably
intended to spread the exhaust
laterally toreduceitsIR
signature. Two doorsonthe
upper surface of each nacdle
are opened whenthe aircraft is
taxying and flying at low speed.
These are auxiliary inlets used
to supply extraair to the
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engines.

The aircraft was origindly
intended to be a high-dtitude
bomber, but in 1984 the
programme was restructured to
dlow aredesign of the wing
carry-through structure. This
g%st aggugd $1,000 miIIiolr;i/andh

ayed the programme by eight
months, but achlgeved two major
gods. Theincreased structural
efficiency of the revised design
gave greater strength for less
weight, curing an identified
weight-growth problem, and
providing enough strength for
terrain-following flight at low
altitude. It dso reduced RCS.
Design god was probably an
RCS at least an order of
magnitude below that of the
B-1B. Thelatter aircraft had
aready taken bomber RCS to
less than 1 square metre,
sug%eﬂi ng that the likely figure
for theNorthrop aircraft was at
least bdlow O.lIsq m, perhaps as
little as 0.05.

Since dl B-2swere built on
production tooling, use of the
term "prototype" Isadmost
mideading. Air Vehicle 1 (82-
1066) wasralled out on 22
November 1983 and made its
firstflight on 17 July 1989. A total

of six aircraft were assigned to
development testing. Thefirst
aircraft was placed in storagein
1993 at the end of atrids
programme of 81 sorties, but the
others -were reassigned as
operational aircraft.

Although the USAF
originally planned to procure 133
B-2s (thefirst of which would
never be used as an operationa
aircraft), the planned force was
gradually reduced, andin
October 1991 was set & only 16
by the US Congress. The USAF
managed to fund one morein
Fisca Year 1992 and four more
inthe following year. Sixteen
aircraft were delivered to the
Block 1 standard. Armed-with
B83 or Mk 84 weapons, they
could operate in smal numbers
from Whiteman AFB.

Nos. 17to 19wereBlock 2
aircraft, andfive(Nos 12-16) were
retrofitted to the same standard.
This equipped the aircraft with
partia terrain-following
capability,theGATS(GPS-Aided
Targeting System), and alowed

Above: The complex shape of
theB-2intakesand centre
fusdage mug bea
manufacturingnightmare, but
the shape and smoothness must
be accurately controlled to
minimise RCS,




it to operate from forward bases.
Block 20 aircraft could ddliver 16
Joint Direct Attack Munitions
(only four per target), and had a
limited capability to handlethe
new AGM-137. Aircraft 20 and 21
were built to the Block 30
standard, towhichthe other 19
will beupgraded. Block 30 has
full low-ol ability
performance, full JIDAM launch

ility, and can carry upto
80 Mk 82,36 Mil?or 80 Mk 62
bombs.

As production ended in the
mid-1990s, the tooling swas

laced in storage, but attempts

theUS Congressto order a

follow-onbatchof 20aircraft
were overruled by the Clinton
adrninistration. However itwas
decided to removethe first
arcraft from storage, and rebuild
it as an operationd aircraft.

The 509th Bomb Wing was
formed 1 April 1993to operate
thenew bomber. It waslocated
a Whiteman AFB, Missouri,
where the first operating unit -
the 393rd Bomb Squadron - was
formed on 27 August 1993 and
received its first arcraft in
December of that year. The B-2

was granted limited operational
i Operetiond Capeol

niti ation: ity
followedon1 April 1997.

TheB-2wasdesignedfor a
sayvicelifeof 40,000 hours, soin
theory could out-last the B-52

with aservicelife of morethan
,000 hours) or the B-1B (10,000
hours). In practice, the retirement
date of the B-2 will probably be
determined by attrition of the
smdl number built.

When the aircraft first
entered sarvice, caulk and
pressure-sendtive tape were
used to shield the gaps around
pands and doors, Inflight, the
tape tended to ped away from
the skin, allowing the exposed
gapsto reflect radar energy.
During reguler depot
maintenance, the B-2isbeing
given an improved anti-radar
coating based on magnetic
redar- rbing materials
(MagRAM), andhigh-access

aress of the airframe are being
retrofittedwith19eesily
removable pands MagRAM is
an iron-filled dastomer which
stores radar energy rather than
conducting it. The radar
reflection from the goulrr%e
aMagRAM-coated pandl wi
dosoar%ed beforeit can escape,
removing the needto caulk and
tapethegap. These
modificationswill increasethe
arcraft's weight by 36661b
(1,660kg), but should reduce the
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time needed for low-observable
maintenance from 208
maintenance hours per flying
hour to less than ten.

TheB-2wasintended to
have a contrail-suppressing
system. Located intwo bays
immediately outboard of the
main whed wdls, thiswould
havesprayed highly corrosive
chemicds into the exhaust. This
scheme was abandoned in
favour of usngarearward-
facing laser radar to detect
contralls, alowing the pilot to
moveto an dtitude wherethe
contrailscease. Thevacant
spacesearmarkedfor the
contrail-suppressing system
could be used in aproposed
p%rade to house | missles

t
|

u
with decoy or jamming
payloads.

Left: Despiteits nove linesand
gealthy char acterigtics, theB-2
is a fuel-efficient aircraft. "The
aerodynamicdesignof theATB
[B-2] ismarkedly more efficient
than itspredecessors”
explained USAF General Larry
Welchinthelate 1980s. " It
requiresfar fewer tankers, for
example, todoitsjob than do
current bomber sbecauseof the
aerodynamic efficiency. It
carriesavery healthy bomb
load and hasvery good ran
and would beasuper b bomber
evenifitweren't gealthy.”



LOCKHEED MARTIN F-22A RAPTOR

R61e air-superiority fighter
Length: 62ft tin (1892m)
Wing span: 44ft Gin (1356m)
Weights- empty: 31,6701b
(14,365kQ)

maxT-O:
€.60,0001b.(c.27,200kg)
Max. speed: Mach 2+
Caeiling: over 50,000ft (15,250m)
Range 1,735nm (3220km)
Armament: seebelow
Power plant: twoPratt &
Whitney F119-PW-100 turbofans
eachof 35,0001b (15,900kg) class

The F22isintendedto dlow

USAF pilots to establish
absolute control of the skies
through the conduct of counter-
ar operations, defeating threats
that the 15 will no longer be
ableto counter. It will use stealth
and advanced sensors to give
the pilot a first-look, first-shot,
first-kill capability.

Lockheed Martin
Aeronautical Systemsis
responsiblefor overal weapon
system integration. It devel oped
and now manufacturesthe
forward fuselage (including the
cockpit and inlets); thevertical
fins and stabilators; wing and
empennage leading edges;
alerons, flaperons; and landing

gear.

L ockheed Martin Tactica
Aircraft Systemsisresponsible
forthemid-fusel age; armament;
dectronic warfare sysem; the
integrated communications,
navigation, and identification
(CM) system; stores
management and inertia
navigation systems; and
development of the support
system.

Boeingisresponsiblefor the
wings and aft fuselage, plus
structuresintheaircraftfor
installation of the engines and
nozzles. Boeing dso handles
radar system development and
testing, and operates the
ground-based Avionics
Integration L aboratory (ATT.), and
theBoeing 757 AvionicsFlying
Laboratory.

Although the shape of
aircraft is fairly conventiond,
many of itsfeatureswere
dictated by the need to reduce
RCS. Thefuselage and canopy
have doping sdes, the vertical
tails surfaces are canted, and the
leading and trailing edges of the
wing and tail have identical
sweep angles. Known as
planform alignment, thischoice
of ardatively smdl number of
angles helps direct any reflected
radar energy into asmall
number of directions. The edges
of the canopy, weapon bay doors
and other opening surfaces are
sawtoothed, a stedth feature
first seen onthe F-117A.

A serpentine inlet duct
concedls the front face of the
engines from radar, while the
avionics antennas are mostly
located in the leading- or
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trailing-edges of the wings and
fins, or areflushwithsurfaces, in
order tominimise RCS. By
March 1994, the companies and
the USAF had identified some
shortfaUs in the aircraft's radar
cross-section (RCS). Detected by
anew computer modelling
technique, these were rectified
by reducing the number of drain
holes on the bottom of the
aircraft and combining access

s

Fina assembly of the F-22
will take place at L ockheed
Martin Aeronautical Systemsin
Marietta, Georgia. Totest the
"stedlthiness' of each F-22 when
it comes of f the assembly ling,
the company has built 250,000
sguarefoot radar cross-section
(RCY)verificationbuilding. A45-
foot-diameter turntable mounted
within a5 x 210 feet test
chamber will position the fighter
during RCStests. Another 60 x
210 foot chamber will be used
for aircraft antennatesting.
Theavionicssuiteof the 22 is
highly integrated, alowing the
pilot to concentrate on the
mission, rather than on
managing the sensors as in
currentfighters. TheAN/APG-
77 radar, EW suiteand
communications/identification
are managed by single system
that presents relevant data only
to the pilot, and controlsthe
levd of dectromagnetic
emission (such asradar and
radio transmissions) according to
the tactical situation.

The basic concept was
derived from the 1980s Pave
Pillar programme in the 19805
and locates dl the signa and
data processing resources in a
central collection of modular
processors, linked to the sensors,
subsystems and pilot by high-
speed data busses. The avionics
suite is based on two Common
Integrated Processor (CIP) units
linked by a400 Mbits/sfibre
optic network, but there are
space, power, and cooling
provisonswithin the aircraft for
athird CIP, when this becomes
necessary. The CIP itsdf will be
improved by a planned
technology-insertion
programme which will exploit
new developments in computer
technology. The avionics hasthe
computing power of two Cray
supercomputers, and produces a
large amount of heat, s0is
cooled by amixture of air and
liquid cooling.

The aircraft is controlled by a
triplex, digita, fly-by-wire
system. Thrust vectoring via
two-dimensiona
convergent/divergent engine
exhaust nozzles (able to move 20
degrees upwards and
downwards in the vertical plane)
isusedtoaugment aerodynamic
pitch control, particularly at low
speedsand high angles of attack.

The aircraft will carry




Below: The F-22 hasa
performancewhich eclipses
that of any other fighter present
or planned. Y et somecritics
question theneed for the USA

to spend lar ge sums of money
onan aﬁens've new fighter at
atimewhentheRussan Air
Forceisamereshadow of its
former sdl.

Below: The aircraft's air-to-air
misslesarecarriedininternal
bays This1990test firingused
anAlM-9Sidewinder.

exiging and planned medium
and short range air-to-air
missles, plusa20mm M61A2
internal cannon. AIM-9
Sidewinder missiles will be
carried in baysin the sides of
intake ducts, while the other
weapons are carried in the
ventral weaponsbay. Four
underwing stores stations can
each carry 5,0001b (2,268kg) of
additional ordnance or stores,
but thiswill maketheaircraft
non-stealthy.

Internal carriage of the
missiles reduces RCS, but
requires wesgpons -which
occupy the mmrrnum of space
within the bay. The maximum
span of thetail surfaces of the
new AIM-9X short-range
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missleis only 17.3n (44cm), less
than the 25.2in (64cm) of earlier
versions, while the AIM-120C5
AMRAAM medium-range
missile has the clipped wi

and fins needed for intern
carriage requirements on the
F-22 Raptor and the Joint Strike
Fighter. It incorporates arocket
motor whichisSin (12.7cm)
longer than the previous motor,
but a shortened control section
for the moving tail surfaces

ki the overdl missile length
unchanged in order to maintain
aircraft compatibility.

The ar-to-ar missles are
carried on and launched from
launchadapt units(LAUSs). The
trapeze launcher for the
SidewinderistheLAU-141/A,
whiletheAMRAAM Vertica
Eject Launcher (AVEL) is the
LAU-142/A.

The aircraft has a ground
attack capability, so can carry
and direct precision ground
atack weapons such as the
GBU-32 Joint Direct Attack
Munition(JDAM). Thisiscarried
and released from a BRU-47/A
bomb release unitinthemain
weaponsbay.

The USAF plansto procure
339 production F-22s, and
production is scheduled to run
until 2013, but this could be
extended by export orders. Test
and training F22s will be
assigned to the Air Force Flight
Tedt Center &t Edwards AFB,
Cdlifornia, the Air Force
Fighter W ns School at
NellisAFB, Nevada, andthe
325th Fighter Wing at Tyndall
AFB, Florida, but the
operational locations for the
F-22 force have not yet been
announced.



BOEING & LOCKHEED MARTIN JOINT STRIKE FIGHTER (JSF)

-

il s

Boeing X-32

Length overall: 45ft (13.7m)
Wingspan (CTOL): 36ft (11.0m)
(STOVL): 30ft (91m)

Lockheed Martin X-35

Length overall: 50ft 9in (1547m)
Wingspan (STOVL): 33ft Oin
(1005m (33ft0in)

The US Joint Strike Fighter
(JSF) isthelargest military
aircraft programmeever
plannedinthe West; itisaso
one of themost ambitious. Like
the oontroverals'(elj Tactical Fighter
Experimental (TF-X) programme
oftFr)lgearly 1960s (W ?ch
produced the General Dynamics
FII), it attempts to creste a

high-performance design ableto
meset the requirements of land
and naval operations but, to
make life more difficult, it dso
plansto incorporate short-take-
off/vertical landing (STOVL)
capability, affordableand easy-
to-maintain stealth, and an
affordable priceta%

The prize which Boeing and
L ockheed Martin are competing
for isapossible production run
of around 3000 aircraft - around
2,000 for the US Air Force, 600
fortheUSMarine Corps, 300for
theUSNavy, and90for Britain's
Royal Navy. Thisrepresentsa
massive series of orders, but
each customer has adifferent
requirement.

While the USAF needs an
attack aircraft to replace the F-16,

the USN wants a stealthy long-
range strike aircraft. Both would
be conventional take-off and
landing (CTOL) aircraft, but the
USMC andthe Roya Navy are
lookingforaSTOVL aircraft
ableto replacethe AV-8B and
SeaHarrier, respectively. Both
teams competing for thejob of
building the JSF also envisage
large export ordersfrom nations
needing to replace aircraft such
as the K16 and early-modd F18.
The JSF requirement is
specifying what is essentialy a
CTOL strike aircraft with a
tactical radius of more than
600nm, and aSTOVL variant
with atactical radius of 450-
SOOnm. Both should have a
maximum speed of Mach 15
and a manoeuvrability
comparable with that of the
aircraft they will replace.
Thetwo aircraft that Boeing
manufactured were to adesign
which the company cdls
Configuration 372. Thishasa
modified deltaplanform and
twinfins. Both are powered by a
sngle Pratt & Whitney JSF119-
614 turbofan engine, amodified
and refanned derivative of the
F119 engine used in the F-22
Raptor. While these were taking
shape, the company continued
to refineits desgn, producing
Configuration 373 with a
smdler, swept wing, and with
new horizontal tail surfacesin

left: L ockheed's X-32 will win
no prizesfor visual appearance,
but the design isintended to
combine stealth and
affordability.

addition to two outward-canted
fins. Thiswasfurtherrefinedin
Configurations374 and 375, the
first of which introduced a new
backward-swept straight
trailing-edgefor thewring, while
the second incorporated weight-
saving measures needed to
make surethat the STOVL
variant could land while
carrlyolér‘lg a4,0001b (1,800kg)

The CTOL verson of the
aircraft would haveafull-span
wing with cambered leading
edges and leading-edge flaps on
the outer wing sections, but to
saveweight the STOVL version
would have awing of reduced
span. Neither verson
incorporateswing folding.
Production CTOL aircraftwould
be powered by the -614C version
of the engine, whilethe STOVL
would have the -614S version
whichincorporatesaRolls-Royce
lift module and spool duct.
There is no auxiliary lift system
inthe STOVL verson of the
aircraft; most of theengine
exhaust is ducted forward to two
retractable nozzles. The engine
recaives air via a chin inlet with
ashort duct. Thisdoesnot
providetheline-of-sight
blockage needed to screen the
front faceof theengine from
hostile radars, but the fact that
photographs of the JSF radar
cross-section model have been
censored to obscurethe inlet
duct suggests that Boeing may
have developed some novel
method of screening the

ines.

The Boeing design uses Sde-



Left: Full-scale mock-up of the
X-35 Joint Strike Fighter
proposal ontheL ockheed
Martin Tactical Aircraft
Sysemsflight line.

Right: Theverson ofthe
Boeing JJSF designed for USAF
usewill not havethe auxiliary
lift system planned for the
STOVL verson.

mounted weapon bays. These
will give ground crews eye-level
access for maintenance and
weapons loading. They will dso
dlow the pilot to open the bay
onthe sde of the arcraft away
from enemy radar and drop a
weapon without compromising
the JSFslow observahility. The
bay design wastested in
January 2001 when USAF test
pilotLt. Col. Edward Cabrera
opened and cycled the X-32A's
weaponsbay doorsaspart of
vibration and acousdtic testing
duringtheaircraft's 61« flight
For these tedts, the aircraft
carriedaninstrumented ADv-
120 AMRAAM and aJoint
Direct Attack Munition (JDAM).
L ockheed Martin'sX-35
designismore conventiona in
appearance, and bears some
resemblancetothe =22. The
X-35A demonstrator was used to
test Configuration 230A, which
isintended to meet the USAF
requirement, and was then
upgraded to the X-35B standard
to test Configuration 230B, the
STOVL configurationbeing
proposed for the USMC and the
Roya Navy. The RN verson
would be smilar tothe USMC
version, but would havefolding
wings. The second aircraft was
built asan X-35C to test
ﬁonfigurationZSOCfortheUS

avy.

All three variants use
versionsof the Pratt & Whitney
JS-119PW-611 derivative)
turbofan. The-611C version
planned for USAFand USN
arcraft has an axisymmetric
(thrust-vectoring) exhaust
nozzle, whilethe STOVL
variants would use the -611S
verson. ThishasaRoalls-Royce-
deveoped three-bearing swivel-
duct nozzle "which can deflect
the thrust downwards, whilea
Rolls-Royce lifting fan located
behind the cockpit and driven
by a shaft from the main engine
increases the bypassratio and
thrust of the engine in the hover
mode, balancing theaircraft via
arear vectoring nozzle. A bleed-
air reaction control valvein each
}Ningroot ovides gability a
ow

On CTOL aircraft, extra fuel
would be carried in the space
taken up by the lift fan and shaft
ontheSTOVL versons,
Changesto the USN version
include awing, fin and eevator
whose aress have
increased by extending the

chord The wing would fold, and
have a@leronsaswell as
Qaperons, the control surfaces
would be enlarged, and the
landing gear strengthened All
versions would carry ordnance
ininternal weapons bays.

Both JSF candidates have
been designed to be gedthy.
Therequired RCSis about that
of agolf-bal-szed metd sphere.
While aircraft such asthe F117A
and B-2 require large amounts of
careful maintenance in order to
maintain low RCS the JSF is
intended to be easy to maintain.
Thiswill involvethe use of low-
observables which are durable
and essy to repair if damaged.

Given the degree to which
the UStightly control s access of
gedth technology, the JSF
progranmefacesproblemson
the export market. One possible

solution is that the sdlected
aircraft may be built in stedlthy
and semi-gedthy versons, and
perhaps even in a non-stedthy
version.

Both desgnsflew for the
firg time during 2000. Boeing's
CTOL X-32A madeitsfirst flight
on 28 September, but the STOVL
X-32B had yet tofly in early 200L
The L ockheed Martin X-35A
flew on 24 October 2000, and
was due to complete a series of
flight testsbeforebeing
grounded and converted to the
STOVL X-35B standard. In
Spring 2001 both companies
were test-flying Concept
Demondtration Aircraft (CDA).

The UK committed $200
million in funding to the
concept demonsgtration phase
of the JSF programme, and
under the terms of a US'UK
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Memorandum of
Understanding (MoU) signed
inJanuary 2001, the UK wiill
participate in the formal
evaduation process of the rivd
designs. British industry is dso
expected to receive about 10
per cent of thework inthe
EMD programme.

The winning design will not
be sdlected until both teams
have clocked up 20flight hours
ontheir STOVL designs andin
October 2000 Pentagon
procurement chief Dr. Jacques
Gander expressed concern that
the programme could be
del if either contractor had
problemswith STOVL
technology. In earlier comments,
he had indicated that if either
team failed to achieve STOVL
flight, that design could "sdif-
diminate".
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MIKOYAN 142 AND 144

R61e multi-role fighter (142);
technology demonstrator (1.44)
Length: 74ft 1075n (22.83m)
Wingspan: 55ft 105n (17.03m)
Height overall: 18ft9.25in
(572m)

Max. takeoff weight: 77,2001b
(35,000kg)

M ax. speed (high-altitude:
clean): Mach2.6
Serviceceiling: 65,600ft
(20,000m)

Range: 2,429nm (4,500km)
Powerplant: Two Saturn/Lyulka
AL-41P turbofans each of
€39,3501b (17,850kg) with
afterburning

Tn 1983 the Russian Air Force
irdeaseditsrequirementforan
MH  (mnogofunktsionalnyy
frontovoy istrebitel:
multifunctional front-line
fighter). The USAF had issuedits
ownrequest forinformationon
what would become the
Advanced Tactical Fighter two
years earlier, and awarded
concept-definitionstudy
contractsin September 1983 so
the two programmes were
started on amilar timescaes.

Having completed
preliminary design studiesin
1985, Mikoyan were given find
performancerequirementsin
1988 and started work on the
142 in 1989, Theresulting design
isalarge, twin-engined, canard
delta with widely spaced
outward-canted twintailfins.
Like other agile canard dedltes,
the Russian aircraft requiresa
fly-by-wire system. Thisisa
KSU-142 quadruplex digital
system which may be derived
from the BTK-29 system flown
onMiG-29E testbed.

Work on asuitable
powerplant started in 1985, This
would offer performance better
than that of any fighter engine of
thetime, and have the lowest-
possible number of partsto
improvereiability. Theresulting
Saturn/Lyulka two-shaft
variable-bypassturbofan was
running on the bench by the
early 1990s

To prove thebasic design, a
technol ogy-demonstrator
designated 1.44 was devised.
This would test the
aerodynamics, performance, and
integrated flight/power plant
control system of the planned
144 so would carry no weapons
or missionsystems. The 144
does not have the double-delta
wing featured on MiG artist's
impressions of future fighters
and expected to be used on the
MFI. AccordingtoRussian
officia sthedefinitive 142 design
would have better aerodynamic
characteristics than the
Lockheed Martin 22, and be
abletofly faster, reaching
speeds of up to Mach 2.6, and
cruising a Mach 16 -1.8 without
afterburner.

Stedth was obvioudly a
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requirement for the new fighter.
In 19% Jane's International
Defense Review quoted MiG
bureau general designer
Rostidav Belyakov assaying that
"any aircraft delivered around
the end of the century that does

not fully incorporate stedth does

not have a chance of success'.
But this should not result in
performance pendties, he
insisted. A futurefighter "should
not lose any of its flight
performancefor thebenefit of
gedth”.

The structure of the 144
makes extensive use of radar-
absorbent coatings, and it has
been conjectured that
production examples of the
definitive 142 could be fitted
with the Keldysh Research
Centre's "plasmacloud” stealth
system Some observers believe
that a plasma system has been
installed on the 144, but the
probes-which they see asbeing
plasma sources are more likdly
to be associated with flight-test
instrumentation, or with the
arcraft's fly-by-wire flight-control
System.

Four side-by-side shdlow
troughs below the fuselage of
the 144 are believed to be semi-
conformal missile carriage
gations, but the 142 is expected
to have one or more interna
weapons bays which would
dlow the carriage of air-to-air
missiles.

Progress with the 144 was
dow. Although completed in
1991, thefirgt prototype had to
wait for enginesto become
available, and was not delivered
to theflight test facility at
Zhukovsky until mid-1994. Some
fast taxi trials were undertaken
late that year, and some reports

suggest theseincluded an
aborted take-off. The aircraft was
then placed in storage. Various
reports attributed itsfate to non-
availability of flight-rated
Saturn/LyulkaAL-41F engines,
problemswith theflight control
actuators, or smplelack of
money. Work on the aircraft and
its powerplant had been
effectively halted when funding
dried up.

By thistime, such aheavy
and potentialy expensive
aircraft had little attraction for
the cash-strapped Russian Air
Force, which in 1996 had been
able to purchase only asingle
new combat aircraft. InMarch
1997,thel TAR-Tassnewsagency
quoted unidentified Russian
government officialsassaying
that cash congtraints had
precluded further development
work.

The aircraft was shown to
VIPson 24 August 1997, andin
February of the following year
Mikoyan officiasclaimed that
the Russian Air Force was
prepared to fund flight tests, and
that the aircraft wouldfly in
August. Both hopes proved vain.

In the autumn of 1998
development funding for the
AL-41Fturbofanfinally became
avalable, allowing engine
development to proceed. First
photographsof the L44were
released in December 1998, and
amonth later it was displayed to

thepressat Zhukovsky. It finaly
flew on 29 February 2000. Itis
gtill possiblethat the 144 or the
planned 142 version could be
adopted by the Russian Air
Force, thoughthereported
price-tag of around US$70
million could limit any
productionrun.

At the press demonstration
in January 1999, Mikhail
Korzhuyev, general director of
what was now the Aviatsionnyi
Nauchno-Promyshlennyi
Komplex (ANPK) MiG, saidthat
the 144 was not acommercial
programme, but would form the
basisof "anew fighter that will
be smdler and cheaper, but not
worse, thanthe MF".

This new design could result
from studied of the proposed
1-2000 LFS (legkiy frontovoy
samolyot) lightweightfighter,
swhichisexpectedtobejointly
devel oped by Mikoyan, Sukhoi
and Yakovlev. The LFSis

Left: H the 144 is developed into
an oper ational fighter, its
flattened nose would be used to
house a next-gener ation phased
array radar.



expected to meet any of the

erformance gods origi ndl?/ =t
or the MH, but with asmaller
arcraft offering lower operating
codts. It is expected to combine
radar and infrared stealth with
high manoeuvrability and short
take-off and landing
characterigtics.

For the moment, the best
fighter that Russia can offer is
theMiG-29SMT-2. Hownfor the
firsttimein April 2000, thisis
fitted with aPhazotron Zhuk-M
fire-control radar, Ramenskoye
MFI-9multifunctionliquid
crystal displays, and a2,000-litre
conformal fuel tank installed
over thefusel age spine. New
radar-dissipating coatings
reduce RCSto around 1 square
metre. A smilar MiG-29SMT
upgrade uses avionicsfromthe
Russkaya Avionika company.
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Below: On paper,the1.42/44
lookslike an effective counter
totheUSAIr ForcesF-22, but
the chronic shortage of defence
fundsin Russamakesit

unlikey that such a heavy and
cogtly fighter will be adopted
for service. A new lighter-
weight design will probably be
flown within the next five
years.




SUKHOIS-37BERKUT (GOLDEN EAGLE)

Length overall: 74ft (22.6m)
Wingspan: 55ft (16.7m)
Height 21ft (6.4m)
Max. take-off weight: 74,9601b
(34,000kg)
Max. gpeed: Mach 2.1
Serviceceiling: 59,000ft
18,000m) o
erplant: two Aviadvigatel
D-30F6turbof anseachof
209301b é9,490kg) dry and
34,30921b (15,600kg) with
afterburning

I nthelate 19805 the Sukhoi
design bureau started work on
atechnology demonstration
arcraft withaforward-swept
wing (FSW). Thiswasaprivate-
venture project funded by
paymentsreceived from export
sdesoftheSur27.
Russianinterestin FSW

technol c])%\écgrobd)ly started in
thelate According to
Vdery Sukhanov, deputy head
of theRussian Central Aero-
Hydrodynamics|nstitute

SAGI), duringthe1980swork
on FSW designsintheformer
Soviet Union and the USA had
been going on "practicdly in
pardle”

By 1982 anearlier (FSW)
demonstrator isreported to have
been tested at Seki test airfield,
and may have been eval uated
by the Russian Navy for possible
carrier-borne use. It seemsto
have been rejected, aswasa
rival aircraft onthe
MiG-23. Thefirst carrier-based
fighter other than the semi-
experimental Y ak-38 wasto be
the Su-33 derivative of the Su-27

The S-37 Berkut whichtook
shapein the mid-1990swas
intended to explore post-gtall
manoeuvrability and )
"supermanoeuvrability” which
could be spplied to future
fighters. It combi nes;ﬁrward—
swept ring wings, ashort-
tal I%Ipma gand b?gad chordSpan
broad-chordforeplanes. The
horizontal tail surfacesareof the
traditiond al-moving pattern,
but the canard foreplanes may
operatedifferentialyorin
unison. The configurationhas
been described as an “integrated
triplane’. )

~ Wherever possible the
aircraftusesmajor sub-
assemblesfromthe Su-27 series,
such as tailfins, canopy, and
landing gear. A forward-swept
wing needs high tiffness, sothe
S37wingismade amost
entirely from composites. The
flight-control systemisprobably
based on the quadruplex digita
FEW system used onthe Su-35
and%rS?_ afti ed by

e aircraftis power

twoAviadvigatel D-30F6two-
shaft turbofans. Thisenginewas
originaly developed in the 1970s
to power theMiG-3L The
versonused onthe S37is
probably identical to that for the
MiG interceptor, which has
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completed severa hundred
thousand flight hours.
According to TSAGI, the
combination of FSW and thrust-
vectoring gives better control at
high angles of attack, and super-
manoeuvrability at subsonic
speeds. However, the current
engines do not have vectoring
nozzles. At some stagein the
fli %Bt—teﬂ programmethe
D-30F6 engines could be
replaced with the Soyuz R-79M
turbofans (a developed version
of the R-79-300 which powered
the'Y ak-141 supersonicV/STOL
fighter), Saturn/Lyulka AL-37FU
turbofans with two-dimensional
vectoring nozzles (devel oped for
the Q35 technology
demongtrator), or by the
Saturn/Lyulka AL-41F AL-41F
engine from the MiG 1.44/42.
Theaircraft may have
started life asthe Su-32, but had
been renumbered when the
original S37 concept was
cancdlled in 1994 when it failed
to attract Russian or export
backing. (Thiswas to have been
a stedthy long-range multirole
aircraft Smilarin configuration
totheRafale, butsingle-
engined.)
~Although the S37 was
intended to be technology
demonstrator, the designers
madeprovisionfor thefuture
ingallation of the mission

equi Pment and systems which
would be needed to turn the
aircraft into aprototype heavy
twin-engined Tighter. For
example, it hasforward- and aft-
facing radomes, avented gun
bay with cannon port, adummy
IRST ingtallation ahead of
windscreen, and didlectric
panelsintheleading edgesof
theforeplanes, LERX, andtail
surfaces which could be used to
house EW antennas. The aircraft
isreported to befitted for
conformal wespons carriage,

whichwould reduce RCS.

The design dso incorporates
other low-RCSfeatureswhich
would not be required in a pure
technology demonstrator. The
structure Incorporates radar-
absorbent materids, the twin
tailfins are canted outwardsto
reducefront-sector RCS, theair



intakes are shaped to reduce
radar reflectivity, and connectto
thetwin Avi advig]atel D-30F6
turbofansviaS- internal
ducting which would screenthe
front faces of engine from
forward-sector radar threets.
Redesigned engine nozzles may
be configured to help cool the
engine efflux, reducing the
aircraft'sERsgnature.

Compared withthe Su-27
family of fighters, the S37 has "a
lower radar signaturefromthe
front hemisphere”, according to
an ITAR-TASS publication

released at the 1997 Dubai air
show. Thisdso stated that the
aircraft incorporated "a coating
of radar absorbent materids'.
The first example flew for the
first timeat the Zhukovsky test
centre on 25 September " but
after only eig?ht flights was
grounded inlate November 1997
for modifications. Thetailplane
was increased in gpan and ares,
the engine ingtdlation was
refined, and the avionics
updated. Following these

ges, flight testing was
resumed, and the aircraft was

publicly displayed at the August
190 AviationDay at Tushino.

Although Sukhoi promoted
the aircraft as an dternativeto
the Mikoyan 1.44/42, it seemsto
have attracted little interest from
the Russian Air Force, though
there have been suggestions
that the S-37 and the 1.44 could
undergo a competitive fly-off.
Even if the aircraft is not
adopted for service, it hastested
spin-off technologieswhich
could be used to improve or
upgrade the existing Su-27
series and its derivatives.
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Below: TheSukhoi bureau
makesno secr et of itswish to
sethe S-37 Berkut adopted as
an oper ational fighter, and the
rototype has been designed
or rapid conversontoa
combatrole Todate, the
Russan Air Forcehasshown
littleenthusasmfor the

concept.

\
\
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Below: Thecomplex planform
adopted for theS-37hasled to
theaircraft beingdescribed as
an "integrated triplane’.



BOEING SIKORSKY RAH-66 COMANCHE

Role: reconnai ssancefattack and
air combat helicopter

Length (fusdage): 43ft 3.75n
13.20m

Main rotor diameter: 40ft Oin
(12:19m)

Empty weight: 89511b (4,060kg)
Take-off weight (primary
mission): 11,6321b (5,276kg)

M ax gpeed: 172kt (319knv/h)
Tactical radius (internal fud):
1S0ixm (278km)

Armament: three HeMre or Sx
Stinger missles or other
weapons in each of two
weapons bays, four more
Hellfiresor eight Stingerson
optional stub-wings, General
DynamicsXM-301three-barrel
20mm cannon in an undernose
turret

Powerplant: twoLHTEC T800-
LHT-801 turboshaftseach of
1,563shp (1,165 W)

*"Hhe first combat helicopter

J. designed to incorporate
stedlthtechnol ogy, theRAH-66
Comancheissmilarinsze to
the AH-64 Apachewhichit will
replace. It will handlethe US
Army'sscout/attack mission, but
will aso be able to engegein air-
to-air combat.

Constructionof the
prototype beganin November
1993, with Sikorsky building the
forward fuselage at Stratford,
and Boeing building the aft
fusdlage in Philaddphia The
two sectionswere mated at
StratfordinJanuary 1995,
dlowing the completed
helicopter to berolled out on 25
May 19%5. The firg flight was
made from Sikorsky's
Development Flight Test Center
inWest Pdm Beach, Florida, on
4 January 199%. The second
prototypeflewinMarch 1990,

The airframe has a faceted
configuration, and al armament
iscarriedinternally, features
intendedtoreduce RCS.
According to official statements,
the frontal RCS is 360 times
smaller thanthat of the AH-64,

250 times smdler than that of
the OH-58D, and 32times
smdler than OH-58D with mast-
mounted dght. RCS of the entire
helicopter is lower than that of
the AGM-114 Hdllfiremissileit
fires. If necessary, detachable
stub wings can befitted to carry
additional weapons or auxiliary
fuel tanks, but thiswill degrade
RCS

likedl modern attack
helicopters, the RAH-66 has
features intended to blunt the
effectivenessof infrared-guided
missles. The efflux from the
aircraft'stwin T800 enginesis
ducted through long, thin dots,
then g ected benesth the chine
that runs either side of the tail.
Totd levd of IR emissonis
around a quarter that of the
AH-64D, dlowingtheaircraftto
enter service without a built-in
IRjammer. (Provison hasbeen
made for the Advanced Threst
Infrared Countermeasures
system to befitted asan
upgrade.)

Measures have aso been
taken to reduce the acoustic
signature. Thefive-blade dl-
composite main rotor sysem has
noise-reducing anhedra tips (a
featurefirst seenontheHMD
aircraft), whilethe eight-blade
tail rotor isof shrouded "fan-in-
fin" type. Head-on, Comancheis
SX times quieter than the

A

The planned levd of rader,
infra-red, acoustic and visual
sgnature are intended to defeat
the future threat systems
postulated by the US Army. The
likely level of RCSwas
measured during 2001 using a

full-scalemode of theaircraft
which incorporated dl the
design changes that had been
added since an earlier seriesof
model tests.

Aswiththe earlier AH-64
Apache, great attention has
been given to survivability. The
cockpitisfitted with side
armour, and an optiona armour
kitisavailablefor the cockpit
floor, whilethe crew seats are
designed to cope with the
stresses of a 38ft/sec (11.6nm/sx)
vertical crash landing.

The nav/attack system will
consg of anose-mounted sight
with IR and TV channdls, plusa
laser range-finder/designator.
All aircraft will befitted out to
carry aminiaturised and further-
developed version of the
Longbow millirnetric-wave radar
carried by the AH-64D
Longbow Apache, but only a
third of the fleet will be
equipped with this sensor.
Defensive aids will include radar
and laser warning receivers,

plusan RFjammer.

There has been some weight
growth during development; by
1992 the origind target of 7,5001b
(3,402kg) for empty weight had
beenrelaxedto 77651b (3,522kg)
to accommodate additional
subsystems demanded by the
customer. The new anhedral-
tipped main rotor blades devised
to reduce the aircraft's acoustic
signature are 12in (305mm)
greater in diameter than the
origina pattern, alowing the
aircraft to maintain its specified
vertical rate of climb without the
need for an expensive and time-
consuming weight reduction
programme. The original blades
had a 15n (380mm) chord, but
this was increased to provide
additional survivability, and to
dlow the use of materialsfor




Above: This drawing showsthe
RAH-66withthedefinitive
tailplane devised to cure
buffetingproblems The
aircraft'sdoped fusdlagesides
and shrouded tail rotor all hdp
keep RCStoatinyfraction of
that of the AH-64 Apache. The
built-in stealth capability is
intended to defeat all known
and predictedthreats.

Right: These gealthy hunters
will befor midableanti-ar mour
weapons, but cogt will limit the
number spur chased.

STEALTH AIRCRAFT

signature control which were
not practical with the narrower
chord., )

Tal buffeting problems
uncoveredduringtlight-testsof
the first prototype were found to
be areault of the airflow from
the main rotor mast impinging
more strongly on the vertica tail
than had been expected. A
redesign dightly reduced the
helgerg of the vertical tail, and
added vertica endplatestothe
horizontal st;;bilizer tce)d o
compensate for any reduction in
directional stability. Flight-tested
inthewinter of 2000/01, it
Bg)\déuced ngg_gnlflcgnt vgght

ty, and did not degradation
the aircraft's low-observeble
characteristics. )

The upper part of the tail
foldsdownfor air transportation.
Once the main rotor has been
removed, eight Comanches can
beloaded into aL ockheed C-5
Gaaxy. On arrival, themain
rotor isre-fitted and thetail
unfolded, and the helicopter can
bereadyforflightonly 2
minutes after being unloaded.

Engineering and
manufacturing development
(HMD) startedin 2000 and is due
to end in December 2006. This
phase of the programmeis
expected to require 13 further
aircreft - five for flight-testin
and eight to be in initi
operationd tests and
evauations.

TheUS Army plansto buy
10%6 Comanches. Before
production isbegun, the
programme will undergo severd
reviewsto assess aircraft weight,
in-flight vibrationlevels, and
progress with integrating the
aircraft'sradar and other misson
equipment. Initial operational

ility is expected in
December 2006.
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a man

"Tmagine with a

L powerful flashlight tryin
to find another man on a dar
night", ssysTom Amlie, former
technical director of the China
Lake Naval Wespons Center.
"He might find him at 100-200
feet (30-60mf). The other man
can see the flashlight at a
range of at least one-half mile
(0.8km). To pursue the analogy
abit farther, if the second man
has an automatic rifle and
homicidal tendencies, the
fellow with the flashlight
could be in deep trouble."

It is aneat little story and
one which formed part of
Amlie's outspoken attack on
the US over-dependence on
radar, a central theme of a
1987 interview with The
Washington Post. It isaso a
?ood analogy of the problem

acing operators of stealth
aircraft. The use of stealth
technology to reduce the
detectable signature of
fighters and strike aircraft
does much to reduce their
vulnerability but, on its own,
signature-reduction is not
enough. The stealth aircraft's
on-board systems must also be
difficulttodetect.

Idedlly, astealth fighter or
bomber should emit no radar,
radio, IR or EO energy which
might betray its position.
Many of the traditional
avionics systems carried
aboard military aircraft, such
as high-powered radars,
Doppler navaids, IFF
transponders and
conventional communications

uipment, must be
eliminated as far as possible
and be replaced with stealthy
equivalents. In practice, this
will be hard to achieve. If
gve replacements cannot

e devised, the traditional
equipment must be redesigned
to keep the amplitude of its
emissions as low as possible,
preferably in areas of the
spectrum less intensively
monitored than the radio and
radar bands.

RADARS

Most obvious candidate for
redesign isthe aircraft's radar.
Conventional systems must
givewz_ai/. to new Low
Probability of Intercept (LPI)
designs. Exact details of LPI

10

Above: Warplanes such asthe Below& Right: A stealthy low

amplitude pulses. Itsantenna

F-15 anlerelyonthelr probability of inter cept (L P(IJ? will also be designed to have
power ful radarsfor tar radar will use long pulses anarrower beam and smaller
detection, but such easily- low amplitude rather than sidelobes, so will offer less
detectable emissions would themoredetectable taut gray radiation tohostileESM
betray astealth fighter. traditional short high- receivers.
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radar technology remain
classfied but many can be
deduced. ,

For astart, the signa
transmitted must be of a type
which will be hard to detect
by ESM. Thisinvolvesusing a
wide-band waveform with a
high duty cycle, ideally one
which has noise-like
characterigtics. A
conventional pulse radar has a
low duty cycle and transmits
powerful but narrow pulses of
energy. A high duty cycle
radar will transmit'much
longer Pulses but at alower

ower level, and will spread
his radiated energy over a

Radar Beam Shapes

LPI narrow main lobe

wide range of frequenciesin
the hopethat it will become
inconspicuous to an enemy
ESM system effectively
"buried" among the normal
background of civil and
military radar signals and
communicationslinkswhich
clutter the microwave region.
_Thetechniqueisnot as
smpleasit sounds. One
advantage of alow duty cycle
is that the radar's receiver can
listen for thereturned echo at
times when the transmitter is
silent and can thus share the
same antenna. The LPI radar
will have to transmit and
receive at the same time, so

e

Conventional wide main lobe

must either use two antennas
or rely on sophisticated signal
processi nﬁ.

To further reduce the
chances of the signa being
intercepted by an ESM.

stem, it muist be confined to
the narrowest beam which
will meet the tactical
r%w rements for which the
radar isdesigned. Theuse of
a high frequency will give the
narrowest possible beam from
an antenna of fixed
dimensions, while careful
antenna design will minimise
the 5ze of the sddobes
(unwanted minor beams at
differentangles).

Small
side lobes

Larger
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Above: By meansof the
JTIDS data link, E-3 Sentry
aircraft will be ableto pass
target information to NATO
fighters, allowing the latter
to avoid using radar.

_ Inthelong run, it will be
impossible to disguise a LPI
radar'spowerful (albeit much
narrowed) main beam but
denying the enemy any
chanceto exploit sidelobe
radiation will be amajor step
forward. The chances of main-
beam detection will be
reduced largely by

transmitti ng onlyin short
occasional bursts, retaining
the radar "snapshot”" between
transmissions, and updating
target tracks by dead
reckoning. ) )

Inan ar battle involving
stealth fighters, itislikely that
at any one time or;le/ afew
arcraft - AEW plafforms and
somelong-rangeinterceptors
- would rely on active radar.
UsingL Pl communications,
these aircraft would pass
target datato the others. Itis
possible to mgme tacticsin
which each stedth fighter in
turn might use its own radar
for afew seconds, then r| ink
onto a new course while
transmitting target
informationto therest of the
formation. Next generation
radars such as those proposed
for EFA and Rafalehavea

131



large number of operati ng%
modes. Switching rapidly from
oneto another rr;g help
complicate the task faced by
an enemy ESM system.

B-2 SYSTEMS

The F117A relies entirely on
electro-opticsfor target location
and weapon-aiming, but for the
B-2, Raytheon Electronic
Systems devel oped the J-band
AN/APQ-181. Thislow
probability of intercept radar has
21 operatingmodesfor terrain-
followingandterrain-avoidance;
navigation system updates,
target search, location,
identification and acquistion;
and weapon ddivery.

EachB-2A carriestwo2,1001b
(953kg) radars, each made up of
tenline-replaceableunits(L RUS)
including two eectronicaly
scanned antennas. TheLRUs are
mounted in the walls of the
nose-whedl well, while the
antennas are behind large
radomesclosetotheaircraft
centreline and just below the
leading edge. To ensure misson
reigbility, al LRUs apart from
the antennas are able to function
as part of either or both radars.

F22 RADAR

FortheL ockheed Martin F22,
Northrop Grumman is
developingthe AN/APG-77
multimoderadar. Thisusesan
active dectronically-scanned
antennamade up of around
2,000 individual transmit/receive
modules, and makes extensive
useof MonolithicMicrowave
Integrated Circuit (MMIC) and
Very High-Speed Integrated
Circuit (VHSIC) technologies.
Operating modes are reported to
dlow long-range detection of air
targets (including stedlth
aircraft) inal westhers, target
recognition, multi-missilemulti-
Ejargfet ?]ngagemerrt, and o

ogfight engagements. The
raigar ?s dai%an%d to cope with
heavy clutter environments, and
offers advanced air-to-surface
operating modes.

Withthe F-22, theboundaries
between radar and EW begin to
blur. TheAN/APG-77is
reported to have a high-gain,
passive ligening mode which
covers a bandwidth or around 2
GHzintheforward sector. Ata
range of around 120 miles
(190km), the AN/APG-77 is
reported to have an 86 per cent
probability of detecting a target
with an RCS of 1sgm with only
asdngleradar "pant" which
would give the target aircraft's
radar-warning receiver a
minimal sgnd to detect. An
UltraHigh-Resolution(UHR)
mode used for target
recognition is said to have a
resolution of 12in (30cm) & a
range of around 100 miles

%

(160km), more than enough for
non-co-operativetarget
recognition.

The F-22 will not be the first
fighter to offer ive
identification of non co-
operating targets. Under the
MSIP(Multi-Staged
Improvement Program)
upgrades applied to the F14
Tomcat and 15 Eagle, both
arcraft are being given a degree
of passive target identification.
Thisareaishighly-classified but
islargely amatter of sgnd
processing. Thereisareationship
between target shape and the
characterigtics of the reflected
wave, S0 inverse scatteringis
oneof thefew clues-whichwill
dlow aradar to identify a
beyond-visual-range target.

Aircraft approaching head-

on may be identified by
analysis of the radar returns
from the engine inlets, since
the si?nal will have been
modulated by the spinning
blades of the first-stage of the
engine fan/compressor. Such
modul ation effects have been
known for some time. The
huge contra-rotating
propellers on the Kuznetsov
engines fitted to the Tu-95
and -142 Bear aircraft made
them easily-recognisable
radar targets on analogue
radar displays, while early
tests of the APG-63 radar
used in the K15 Eagle showed
that the modulated radar
return from the engine
compressors could be
interpreted by the radar as a
multiple target.

Above: DuringthisDor nier
trial, an experimental laser
radar produces recognisable
imagesof agroup of
vehicles.

Aboveright: In-flight
refuellingextendstherange
of theB-2, givingthe
numerically small force a
global reach.

Below: The massive contra-
rotatlngBropeIIersonthe
Tupolev Bear createa
distinctive and recognisable
echoonwesternradars.

Belowright: This Thomson-
CSFphotoisanexampleof
the high-resolution imager
available from a radar whicl
usesSARtechniques.




LASER RADAR

Many of the problems associated

with microwaveradar canbe
eiminated by using alaser
radar. Thevery narrow beam
beam would be difficult to
detect, and would have no
sidelobes through which energy
couldleak. Performancewould
be dependent on wesether, and
laser radarswould be of short
range. Ai r—to-(lground seemsa
morelikely rolethan air-to-air.
By scanning the terrain ahead of
theaircraft, thelaser radar
would be able to build up an
imageof FLIR-likequdity,dso
obtaining range and vel ocity
informationwhichcouldbe
used for targeting and terrain
followi n%

Oneof thefirst equipmentsof
this type was developed by
Hughesin conjunction with
General Dynamics. Although

intended for usein cruise missile

guidance sygems it clearly
couldbeusedin place of a
conventiona terrain-following
radar. Trialshave shownthat a
laser radar has a better
resolution than that available
from millimetre-wave seekers or
eventhermal imagers, says
Hughes. Testshave shown that it
can detect trees and electricity
pylons.

EO SYSTEMS

Inthepast, someaircraft have
used, Infra-red or other typesof
eectro-optical sensor for target
recognition and fire-control
purposes. Examplesincludethe
AAA-41Rsensoronearly-model
Phantoms, theASX-1Tiseo
(Target Identification System
Electro-Optical) inthewing
leading edge of some F-4Es, and

the EO systemsin the nose of
the MiG-29 and Su-27.

On a conventiona fighter, the
EO systemisasecondary
sensor, but the passive nature of

EO systems make them ideal
for use of stedth fighters. For
the F117A, Texas Instruments
developed a forward-looking
infracred (FLIR) sensor, and a
downward-looking infra-red
(DLIR) sensor and alaser
designator. Mounted in a
cavity in the upper nosg, the
FLIR had two fields of view,
and was shielded from enemy
radar by a fine mesh screen.
The DLIR and laser designator
were located beneath the
forward fuselage to starboard
of the nosewhed bay. FLIR and
DLIR imagery was viewed on a
large oockloit-mounted head-
down display located between
the aircraft'stwo multifunction
CRT displays. Targetswere
initialy detected by the FLIR,
then at closer range were

"handed over" to the DLIR,
with the laser being used for
ranging and target-
illumination.

In the mid-1990s, the existing
TI sensors -were replaced by a
involved new turret-mounted
Infra-Red Acquisition and
Designation Sensor (IRADS).

DIGITAL MAPS

Radar is also widely used as a
navaid and as a method of
steering the aircraft in terrain
following flight. FLIR systems
are one passve aternative to
radar but the pilot tasked -with
manually flying along
mission at very low level
using only the small field of
view presented by FLIR-
derived HUD imagery has an

AIDSTO STEALTH

unenviable task. The
development of powerful
airborne computers has made
possible a stealthy
replacement for the
conventional terrain-following
radar. Known asterrain-
referencenavigation (TRN),
this relies on careful
measurement of theprofileof
the terrain passing beneath
the aircraft and its comparison
with digitally-stored
geographic data.

Measurement of the terrain
is done using a radar
altimeter. At first sight this
might seem aweak point of
the system, particularly if
fitted to astealth aircraft. In
practice, radar altimeters have
anarrow beam-width and low
power output, directing their
energy downwards rather
than forwards, so arethus a
poor target for enemy ESM
systems.

DATABASES

A conventional terrain-
followingradar (TFR) canonly
"seg' the terrain ahead of the
aircraft and within radar
range. It hasnoinformation
on terrain concealed by ridge
lines. Thisis not shown unti
the aircraft has reached a
position \vhere the radar
beam can illuminate the
concealed terrain. Thanks to
its database, a TRN system
"knows" theterrain over
which it isflyin? and can
predict the profile of the
ground well ahead of the
aircraft'scurrent position,
evenif thisregionis



concealed by aridge or peak.
By using thisinformation, the
TRN system can initiate pull-
up and descent manoeuvres at
the optimum time, minimising
sudden unwanted gains in
height (or "ballooning") of the
aircraft flight path.

TRN obviously requires
terrainirregularitiesin order
to "fingerprint” and identify its
current location. Deprived of
these irregularities when
flying over water or flat ground,
the system must rely on INS
data. The use of Kalman
filtering (powerful software for
combining multipleinputs)
alows gyro drift to be
estimated, maintaining system
accuracy until TRN-suitable
ground isonce more
overflown. The accuracy of a
good TRN system isafew tens
of metresin the horizontal
plane, and about 10 to 20ft (3 to
6m)verticaly.

NAVAIDS

For routine navigation of long-
range stedth aircraft such as
the B-2, other passive navaids
arerequired. Over along
mission, aninertial navigation
system dowly drifts, building up
and ever-increasing error. Two
decades ago this could only be
removed by obtaining an
accuratepositional fix, but
modern navigation systems
team INS with an integrated
satellite-navigation receiver.
The accuracy of the encrypted
P-codesignd fromtheUS
Globa Positioning System
%GPS) saelitesishigher than
that from the C/A-code signa
used?/ civilian receivers, so
aircraftfly using satnav data
andrely ontheINS only if the
satellite sgnas are lost due to
jamming or sharp aircraft
Mmanoeuvres.

_ Until thelate 1980s few
individuas outside the highly
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classified world of "black”
programmes redlised that
Lockheed-Sanders had become
amajor player in the new field
of automatic mission planning.
The concept had been born a
yeer after the F117A entered
service, when agroup of
Lockheed engineers developed
asystemin only 120 days. Basd
on two compuiters loaded with
geographic, intelligence, aircraft
and weapon data, the system
can plan sorties, routing the
F117A around the most
dangerous thrests, and bringing
it over the target at the
specified time. To maximisethe
effectivenessof theaircraft's
low-observable features, the
stemn generates aflight path
that carefully orientates the
aircraft to maximiseits
stedlthiness in the direction of
the most dangerous radar or
SAM systems. .
Automatic mission planning
isasoimportant for the B-2A.
First introduced as part of the
block 30 upgrade to the B-2A,
the AFMSS provides the crew
with the most effective routing
that will accomplish the mission
while providing the highest
survivability. The system was
initially unsatisfactory, but an
upgrade which included a new
computer with faster speeds
and new software was intended
to correct most of the
deficiencies identified during
initial operationa testing.
A March 1999 B-2A foUow-on
test and evauation report
showed that a software
component known asthe
common low observable auto-
router (CLOAR) till had
deficiencies. While the
upgraded AFMSS was capable

Right: Originally used by
helicopter aircrew, night vison
goggles(NVG) areagedlthy
alatdernativeto terrain-warning
radar.

Above: HughesAPG-65radar
for theF-18 usestar get-
recognition software whose
algorithmsarekept secret by
theUS Government.

of planning most B-2A missions
within the eight-hour
operational requirement, the
CLOAR shortcomingswould
extend the time taken to plan
ome missonsto ten hours.
Although new CLOAR software
was developed for delivery to
the operational B-2A wing by
early 2000, the USAF accepted
that even with the CLOAR
improvements there would be
some small percentage of
missions that could take longer
than 8 hours to plan because of
the complexity of these
missions and their plans.

Above: Electr o-opticsinaction:
thisF-4Phantomisfittedwitha
wing-mounted TISEO TV
sensor, and carriesaGBU-15
"gmart” bomb.

ESM SYSTEMS

Since stedlth aircraft operate
passively for most of thetime,
they will make extensive use of
asophisticated ESM systemto
warnthe crew of nearby threats.
A next-generation ESM system
must be able to copewith radar,
millimetre-wave, | R and laser
threats. It must be ableto
determine the location and
nature of al threat systems,
warning aircrew if they are
being tracked, have been
targeted or are being engaged.
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Inthelong run, it should be
possiblefor stealth aircraft such
asthe F-22to detect enemy
fightersviaESM, thenlaunch
fire-and-forget missiles. Not until
the missiles active seekers were
energised "wouldtheenemy
pilot redlise that he was under
attack. )

ESM playsavita rolein
keeping the crew of a stedlth
aircraft aware of thelocation and
identity of potential threats,
alowing themto make
adjustmentstothemission plan
to ensure survivability. Onthe
F117A, thepilotiswarned of
threats to the aircraft, and
according to one report the ESM
system islinked to the
mechani gm v(\j/hich 0 the
weapon bay doors. Since
opening these adds areflective
surface (the door) and a cavity
(ﬁhe bay) tothelower surface of
theaircraft, it temporarily strips
the aircraft of its stealth qudities.
If adangerousthresat is
illuminating the aircraft, the
ESM system reportedly prevents
the door from opening.

The USAF spent over $740
million to develop the defensive
avionics for the B-2, only to find
tf|1at tréig did nq}_ provide the

anned capability.
Bevelopmentd zfry1d initial
operationa testing showed the

system either incorrectly
identified threats or did not
provide an accurate location of
thrests, significantly reducing
the situational awarenessto the
crew. The USAF concluded that
these deficiencies would be too
costcljy to correct, and decided to
modify the defensive avionics
ety ot e Copel
ity, but less ity
than hagl origindly been
considered necessary. A
combination of effectivetactics,
mission planning, and low
observability features would still
rovide adequate survivability, it
ieved. Thefailure of the
defensive avionicsto provide the
crew with dl of the intended
Stuationd awarenessinfor-
mation did not prevent use of
the B-2A in combat operations.
ESM needs to be backed up
by areiable missle-warning
system able to detect passively
guided rounds, or those whose
radar parameters are unknown.
Firgt attemptsto develop a
system of thistype involved
specidised radar-warning
receivers designed to detect

Below: Morethan 300USN
F-14A Tomcatsar efittedwitha
Northrop Televison Camera
SH(TC(gtargaldentlflcatlon
system.

Below: Thisinfra-red air-to-
ground image of il tanks
showstheleve of liquid in
each. Such infor mation can be
useful duringan attack.

Above The spherical housing
ahead of the windshield of the
MiG-29 houses stabilised optics
shared by an IR sensor and
laster rangefinder.




changes in radar threat signals
whic int_e_lggencegathen ng
had identified asbeing
indicative of SAM missile
launch. Equipments of thistype
were designed to be effective
againgt only one or two types of
SAM. Crestion of amore
general-purpose missile warner
initialy relied on detecting the
IR energy for themissilesrocket
motor. Early equipmentsof this
typewere not very successful,
and had ahigh false-adlarmrate.
An obvious aternative wasto
usealow-powered aft-facing
radar. One successful exampleis
the SandersALQ-156, atiny
pulse Doppler radar which
rovides 360 degree cover
or USArmy CH-47 Chinook
helicopters. Inthe UK, Plessey
developed the Missile Approach
Warner (MAW) for useonthe
RAFsHarrier GR.5 (AV-8B)
fighters. MAW isalow-powered
ulse-Doppler radar, and has
designed to trigger the
release of Tlares or other decoys
at the optimum moment.
Activewarnershave two great
operational advanteges. They
can detect empowered
projectilessuchasanti-aircraft
artillery rounds, and can
measure range. Their Achilles
hed isthat they emit radar
energy that might be detected
by enemy ESM systems.
Defgnerﬁ Olf rzljz(a)rf warnerstry
to keepthelev power
emitted to an absolute
minimum, but cannot eiminate
thistell-tale energy.
hi thelong run, the future may
belongto improved IR warners.
TheHoneywell Electro-Optics
AAR-47 isfitted to some US P-3
Orions, helicoptersandfixed-
wingtransports, andisaso
plannedfortheV-22 Osprey tilt-
rotor. Honeywell isnow “working
with General Dynamicsto
develop aversonfor useonthe

F16 Fighting Falcon.

Data from both the ESM and
missile-warner need to be
integrated into asingle display
abletoinformaircrew if th
have been detected, tracked or
engaged. Given adegree of
artificia intelligence, such
equipment might also be ableto
suggest the best ]
countermeasure or mix of
countermeasures.

HughesAircraft (now part of

Terrain Following System

TFR beam gives
advance warning
to enemy ESM

Terrain Reference Sysem

TRN signals give

noadvancewarning

,:@%%D%—-/

Raytheon) has devised atotally
ﬁasve technique for locating

ogtile radar emitters. Thisis
based on terrainreflections, so
does not require direct line of
sight to the emitter; dl that is
required is that there exist
terrain aress that are mutualy
visble to both the hostile
emitter and to the aircraft-
mounted receiver. Tessusing a
brasshoard system suggest that
an operation version could

TFR aircraft "balloons”
over obstacles

TRN aircraft anticipates
future terrain contours

Above:lIt's not necessary to

own aspy satelliteto create
digital mapslikethese. TRN
systemswill work with Landsat
or Spot data.

locate non-co-operating
emitterstowithin aCEP of less
than 1,640ft (500m)

independent of range and
azimuth. Since no line of sight
is required, the sensor would
dlow the pilot to locate radar

Left and below: A terrain-
referenced navigation (TRN)
a/s_tem compar es radar

timeter readings with pre-
gored geographic data, o can
pinpoint its location. An
aircraft relying on terrain
following radar will tend to
gain height by " ballooning"
over obstacles (top left), but
the TRN-equipped air craft
(bottom |eft) can predict the
terrain ahead, so can fly closer
to the ground.

TRN Grid

TRN compares ground
with stored database
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Above: Even when hidden by a
jamming strobe, atar get will
eventually becomevisble once
itsechoisstrong enoughto
burn through thejamming
(left). Reduce target RCS and
you reducethe echo srength.
Thetarget must come much
doser (right) beforethe new
burn-through rangeisreached.

threats before being exposed
to them, giving him the chance
to useterrain masking and
a/ad_(lj_?tyectlor}.dwga h
capability would reduce the
tactical advantages normally
obtained by dg) oying mobile
ar-defence sysems whose
tion cannot be predicted
y the attacker.

Reducing aircraft RCS
provides advantages when
designing self-protection
I[amm_ers.SmcemostEW i

echniques rely on swampin
the echo fromthe target wit
noise, or seducing the hostile

radar away from the true
target laag providing it with an
acceptable but fal se substitute,

any reduction in the size of
the gfenw ne echo must be of
benefit.

EW engineers use the term
"J.S. ratio” to describethe
ratio between the strength of
thenormal radar returnfrom
an aircraft and the signd
which the hostile radar
receives from the jammer. As
the distance between the
radar and the target is
reduced, thisratio degrades,
with the true echo becomin
stronger and stronger until i
is detectable through the
jamming.

JAMMING

The term "burn-through
range” is used by engineersto
destribe thisvital distance at
swhichthe EW system givesno
further protection. Itsvalue
depends on the power of the
radar transmitter, the_
sensitivity of the receiver, the
power of thejammer and'the
CS of thetarget. The need to
keep burn-through range as
large as possibleled Soviet
deSignersto install amassive
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Right: The Visually Coupled
Airborne Syssem Smulate
programmewas expected to
providetechnology for the
cockpit of the Y F-22/23 ATF.

600kW transmitter in the Fox
Fire radar carried by the
MiG-25 Foxbat. )

If the RCS of an aircraft is
reduced, theamount of
jammi n%hpower needed to
achieve the same burn-
through range fals by the
same amount. Since high
levels of jammi nﬂ<power
involve large, bulky and
power-hungrytransmitters,
sedth is o |ouslfy %od news
for the designer of E
systems. If the aircraft plansto
rély onthe use of chaff rather
than jamming, the reductions
in the amount of chaff needed
are similar to those for
jammingpower.

Over the life of the B-52,
some $2,600 million has been
spent on EW upgrades. The
current sa/stem weighs about
55001h &rSOOkg) and consists
of 238 LRUs (line-replaceable
units). Giventhat the B-1B has
aradar echo only 1 per cent of
that of the older’bomber, it
would at first sight seem
reasonable to assume that the
lower levels of jamming
power needed would result in
all%\ter EW suite. In practice,
theRockwell aircraft carries
about 5,0001b (2,250kg) of EW
equipment, virtually no
weight saving.

The likely reasons are not
hardto quess. If RCSis
reduced by afactor of four
while keeping the amount of
1Damm| ng power constant, the

urn-through range will be
halved. Reduceit by afactor of
ten and the burn-through
range will fall to lessthan a
third; while an RCS of one

Right: OntheB-S2, highlevels
of Jamming power were
required to swamp the
bomber's hugeradar echo. Less
power isneeded to mask the
B-IB's reflection, so the
desgnersof thisEW suitewere
ableto allocate moreweight to
sophigticated signal processing.

B-1B DefendgveAvionics




Above: Everyfour-vehicle
battery of theseSA-6SAMs
relieson asng?IeStralght Flush
radar, soisvulnerable to
sealth.

hundredth of the original
velue will reduce burn-
through range to atenth of its
original value.

Rather than accept al of the
potential weight saving which
alower levd of transmitter
power would alow, the USAF
will have opted to have extra
power in hand in order to
Increase burn-through range
well beyond that avalable to
theB-52. The ALQ-161 system
ontheB-1B isdso likdy to
devote more of its weight to
signal-processing circuitry,
allowing the use of the most
advanced decption jamming
techniques.

EWSYSTEMS

EW systems must be updated
to adapt to the latest threat
technologies. Even today no
single EW technique can cope

Right: Flaresremain an
effectivecounter tol R-guided
missiles, and are cheaper to
develop and deploy than IR
jammers.

with dl types of radar-guided
weapon. Next-generation
ECM suites will have to
incorporate the normal radar
bands, plus millimetre waves
and IR wavelengths. They will
aso be tightly co-ordinated
both with the aircraft's ESM
and missile-warning system
and with the systems which
release towed or expendable
decoys.

Someindication of future
trends in EW was provided in
the spring of 1988 when
French eectronics giant
Thomson-CSF reveded the
direction which its own
electronic-warfare efforts
weretaking. Stealth
technology and low-level
operations may reduce the
vulnerability of future combat
aircraft, explained Thomson-
CSF Technical Director Pierre
Baratault, but the importance

of electronic countermeasures
is undiminished.

Low-peak radars, such as
pulse Doppler radars and
missiles fitted with solid-state
active seekers, force an
increase in EW receiver
sensitivity, while new

jamming techniques designed

to counter techniques such as
monopulse radars demand
higher levels of transmitter
power. "Detailed analysis of
potential threats indicates that
al of the most significant
technical characteristics (of
EW systems) will have to be
increased by one or two
ordersof magnitude." To
complicate the problem, these
future high-power
transmitters and sensitive
receivers will be required to
operate simultaneously.

WL B s

Radar, IR and laser warning
systems, jammers and decoys
must be integrated into a
coherent defensive system,
which in turn must be fully
integrated into the aircraft
which carriesit.

TOWED DECOYS

One relatively new type of
EW system is the towed
decoy. Widely used by
warships since the early 1940s
as amethod of countering
acoustic homing torpedoes,
towed decoys were not
serioudy promoted for aircraft
use until the late 1980s These
devicestake theformof asmall
radar jammer towed behind the
aircraft it is protecting. Being
vulnerableto destruction or
accidental loss, thisiskept as
smpleaspossible, with most of
the Ségnei processing being
carried out by avionics mounted
within the aircraft and linked to
the decoy viathe towing cable.
The current UStowed decoy
isthe E-Systems ALE-50, which
was selected for use onthe
FA-18E/F, B-1B, and F-16. The
aircraft-mounted hardware
includes the onboard techniques
generator, a sub-system that
combines areceiver and a

Lett: This Luftwaffe Tornado
has a BOZ chaff pod and
Cerberusjammer. Stealth
aircraftwill alsorequireEW
systems.

Right: Matra developed the
Sycomor chaff-dispensing pod
for useonfighterssuch asthe
MirageFl, but it could also be
usedtoprotect Rafale.



Jrocessor. Thgjé;\/mmi ng
modulations devised by the
techniques generator are
convertedfrom electrical Sgnals
into pulses of light, which pass
down afibreoptic towing cable,
and control atravelling-wave-
tube (TWT) transmitter inthe
decoy. The fuselage-mounted
receiver win monitor the signas
fromthethreat beingjammed,
and can use the resulting
information to refine the

Jt;aggjml ng signasbeing sent to

lecoy .

Similar decoys are being
developedinEurope. GEC
Marconi (now part of BAE
Sysems) started development
work ontowed decoysinthe
mid-1980s and the resulting
Arid entered service on
theBritishAerospaceNinrrodin
1990. The company hasa ready
tested towed decoys at
supersonic speeds using
Tornado l;Iria]!s a Lcraf';, andis
responsiblefor thewingti
n%%%ted towed decoy %hri}ch
formspart of thedefensiveaids
sub-system (DASS) of the
Eurofighter 2000.

The Swedish company
CdsusTech has developed the
BO2D towed decoy toprovide

protection againgt radar-guided
missiles which use Doppler
dgnd-processng. After rdeese,
it acts as awide-band repeater
jammer which can be turned on
or off and switched from one
mode to another by sigi]nds sent
down the tow line by the
aircraft. BO2D aesinH, |
and Jbands, and can counter
severd Doppler-based threats
simultaneoudy.

Although Daimler-Benz

Aer isdeveloping a
towg decoy, thisdoesnotform
part of the current
Kampfwertanpassung/K ampfw
erterhaltung (KWA/KWE) mid-
lifeimprovement programmefor
L uftwaffe Tornado IDS but is
likely to be fitted as afuture
u_p%rade. Suitablefor useon
fighters or trangports, and for
ingtdlation in existing EW pods,
it uses amonopulse angle
jamming technique. )

For along time the primary
threat to aircraft was seen as
being radar-guided weapons,
so the bulk of Western EW
funding was applied to the
creation of RWRs and radar
jammers. This was the result
of the large-scale use of SA-2,
SA-3 and SA-6 missles in the
conflicts of the 1960s and
1970s A recent US
Department of Defense study
of combat losses in the decade
from 1975 to 1985 revealed that
90 per cent of the tactical
aircraft downed fell to IR-
guided air-to-air missiles or
IR-guided SAMs.

CHAFF AND FLARES

In the past, such IR threats
were detected visually and
countered by manoeuvring
and/or the release of flares.
This worked well against
threats such asthe AA-2 Atall
or SA-7 Grail. These older
missiles were essentialy "tail-
chase" threats but the latest
models of missile have better
seekers, offering all-aspect
attack capability and good
resistance to
countermeasures.

Flares will have some effect
against such weapons,
Ba_rticularly the newer types

eing developed in the late
1980s. Current dispensers are
used to release chaff, IR
cartridges or expendable

AIDSTOSTEALTH

S

Above: Even zeroRCSwould
donathingtoprotect an air craft
fromthisStinger SAM.IR
signaturemust alsobekept toa
minimum.

Below: ALQ-159 IR jammer on
thetail of a Chinook. Many
current unitsof thistypewere
developed for heicopter
applications.




Above: Thehunter and the
hunted - the F-117 can ddliver
laser-guided ordnance on high-
Erlorlty targetssuch asthis

ar dened shdter.

active decoys. Future trends
are likely to be the use of
"smart” dispensers, ableto
release decoy payloads only in
the direction of the threat, and
aso by the development of
multi-spectral expendable
cartridges.

IRIAMMERS

Countering the more ]
sophigticated IR threats will
require the use of IR jammers
but to date such systems have
only in oar

ly been installed aboard
helicopters and transports. The
technology needed to create
IRgammersforflght_er_usewas
not available; the existing
modelsof IRjammerswere
large, power-hungry and
unable to mimic thé hi

able t the high
nozzle and efflux ]
temperatures of after-burning
engines. Inthe case of a
stedth aircraft, thelow IR
signature would in theory
make current IRCM
technology usable but, in
practice, new types of IR
Jammer will probably be
created for deployment on
stealthy and non-stealthy
fighters dike.

he earliest IR jammers used

electricaly-powered or fuel-
heated hot elements as their
source of IR ener%ébut by the
early IR tubes were
being used. All these patterns
of IRjammer radiate their
limited jamming energy over a
wide volume so may betoo
weak to jam advanced seekers.

For afighter-based IR jammer,
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Above: Most RWR systems
incor porateasmall CRT screen
which showsthebearing and
nature of detected threats.

Left:Five antennas, two .
electronics units, a control unit
and adisplay are all that is
needed to locateradar threats
toahdicopter.




Above AGM-88HARM, seen
hereonaGermanTornado,is
the most effective anti-radiation
missle TheEW pod is
Germany'sCerberus.

Below left: The EF-111 Raven
was an effective jamming
aircraft, but the decision to
phase out the F-Ill doomed it to
early retirement.

Below: AGM-88 HARM anti-
radiation missiles, (wingsand
finsnot yet ingalled), are
wheeled toward a FLIR-
equipped A-7 Corsair.

amorelikdy power source
would bean IR laser, whose
narrow beam would generate
the high levels of power needed
to defeatthelatestt%{ﬁesof
imaging IR seeker. Theonly

practical solution is a directiona

Jammer that usessomeformof
sensor to track theincoming

directional beam of modulated
fR energy at it. Sincethe
jamming energy is concentrated
In the direction of thethrest, the
jammer-to-signal ratio seenby
the seeker is maximised.
The two main directiond IR

ﬁlstems currently under

levelopment are the Northrop
GrummanNemesisDirectional
Infrec{Red Countermeasures

DfRCM) system and the

dersALQ-212Advanced

Threst Infra-Red
Countermeasures (ATIRCM).
Nemesisusesamodified version
of theWestinghouse AAR-54 (V)
ultra-violet missilewarnin
receiver to detect and tracl
targets and to steer itsjammer,
while ATIRCM reliesonthe
AAR-57 Common Missile
Warning System. At present
both systems use an arc lamp as
asource of jamming energy. In
the longer term Nemesis could
befitted with alaser to

missle, then aimsahighly

supplement the arc lamp, while

Jammingtransmitters. Full-scade

the ALQ-212 will switchto a
multi-band laser. Both are
intended for use on transports
and helicopters, but work is
under way to miniaturise this
technology to the point -whereit
can be used on fast jets.

EW FOR FIGHTERS

Integrated EW indtallations are
PI anned for dl next-generation
ighters. TheSandersAN/ALR-
94 electronicwarfare EW system
forthe ~22 is part of ahighly
integrated avionics suite which
effectively combinestheradar,
ESM, communicationsand
i_denltificgtti onfuplglztionir;tqc;a
single system while pr ing
the pilot with the relevant data,
and contralling theleve of
emissions from the aircraft to
match the tactical situation. Itis
made up of apertures,
electronics, and processorsthat
detect and locate threat sgnas
and control the release of
expendable countermeasures
such as chaff and flares via
AN/ALE-52di s Itadso
provides amissile launch
detection capability.

Smilar systems are being
developed In Western Europe.
The BAE Systemstowed decoy
mentioned earlier aspart of the
DASSonEurofighter 2000forms
part of an integrated suite which
a0 includes an RWR, LWR,
I\d/!AW, and chaff/flare

ispensars.

In 1989 Dassault Electronique
teamed with Thomson-CSF to
swork on the electro-magnetic
detection and jammi ngblsystem
for Rafale. It isrespongblefor
thewarning and ESM parts of
the resulting Spectra system,
plus the jamming techniques

aors, while Thomson-CSF
as teamed with Elettronicato
produce the system's solid-state
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development of Spectrabegan
in 1990, and eight prototypes
have beenbuilt. T have
been tested on a Mystere 20 and
on aMirage 2000 prototype
devoted to Spectra development
and integration.

JAMMERS

Just like conventional fighters
and bombers, stedlth aircraft
needthesupport of stand-off
jammingarrcraft. Inthelate
19805 the USAF relied onthe
B~111A Raven stand-off
jamming aircraft, F111A fighter-

omberswhich had berebuilt in
the early 1980sas EW asts.
These had been expected to
remainin service until around
2010, but whenthe collapse of
the Soviet Union and the
Warsaw Pect dlowed the USAF
to retireits Fll fleet, the
economics of retaining the
E~111A proved unvigble, sothe
EW variant was retired in the
summer of 1998, leavingthe
USAF dependent onthe US
Navy's force of EA-6B Prowler
jamming aircraft.

Thisin turn required the USN
to increase the number of
Prowler squadrons from 14 to 20,
expanding the 80-strong forceto
more than 100 by returning
stored aircraft to operational
service. Thelimitationsof sucha
smdl forceweredemonstrated
in 199 whenthe USfounditsalf
involvedin two simultaneousair
campaigns in the skies over Iraq
and Y avia

Beforethestart of Operation
Allied Force against
Y ugodavianforcesoperatingin
Kosovo, theDoD hadto dispatch
anadditional eight EA-6B tothe
region, wherethe Y ugodavian
air defenceswere assessed as
being far more dangerousthan
thoseinIrag. Most combat
missionsflownover Y ugodavia
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during Allied Force were
supported by EA-6Bs.
Duringthat conflict, theUSAF
studied the possibility of
modifyingaB-52Hbomberfor
the EW mission. Theresulting
EB-52wouldhavecarried ALQ-
99jamming podsunder its
wings. Although not put into
practice, it generated longer-
terminterest in the possibility of
creating adedicated EW variant
of the B-52, B-1B or even the B-2.
If the plan ahead, the end
result could be an EB-52 fitted
with the Improved Capability-3
(ICAP-3)jammingsystembeing
devel for the EA-6B. The
aircraft would be ableto stay on
gation about 12 hours, standing
off at ranges of morethan 150
miles (240km). A smilar upgrade
of theB-1B could createan EB-1
ableto escort strikeforcesinto
enemy airspace. Operating
much closer totheradarsitis
jamming, an EB-1wouldneeda
much lower level of jamming
power than an EB-52.

SUPPORT AIRCRAFT

Stand-off jammersmountedin
aircraft such as the EA-6B and
ER111 are best used against
early warning and GC1 radars,
where their high power can
prevent the enemy predicting
the direction from which
strike aircraft or fighters may
be coming. Deprived of this
tactical information, target
acguisition and tracking
radars must carry out their
own search for the incoming
formations.

~ Since the high-powered
jammers on an EA-6B -would be
agood target for aSAM
launchedinhome-on-jammode,
agroup of severd jammi Qg
aircraft can protect themselves
by sharing target datavia a data
link, and taking turnsto bethe
jammer. Faced with atarget that
seems to bejumping around the
sky, the missilewill expendits
propulsive power inavan
attempt to chase the source of
jamming energy.

The EA-6B is currently
expected to serve until around
2015, and variouspotential
replacements are under study.
Theseincludea'"Command &
Control Warfare" (C2W) variant
of thetwo-seat F/A-18F (adesign
tentatively designated F/A-18G
Growler),aSEAD versionofthe
Joint Strike Fighter, ajammer-
equipped version of the F-22,
anda anmer—quiiaﬁ)ped UAV
Onefeatureof stealth aircraft
which makes them attractive as
jamming platformsisthat they
carry their armament in
weapons bays, internal
"which could eesily be adapted
to house EW hardware.

There have dso been reports
that the USAF is developing -
presumably asa"black"
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Top: TheF-4GWildWeasd has
been retired; advancesin
digital eectronicsallowed the
anti-radar missontobe
assgnedtoHARM -equipped
F-16aircraft.

Above HARM ignitesitsrocket
motor after atrialsreeasefrom
aGerman Tornado. Further
export ordersfor thisdefence
uppresson missileare
anticipated.

Left: During a 1980 flight test at
China Lake in the USA, an
unarmed HARM round gouged
thisholethrough thetarget
antenna.



programme - a stand-off
Jamming pod which could be
carried by afighter such asthe
F15

Thereis alimit to what even
the best EW techniques can
do. Defence suppression is
aso needed to ensure that an
aircraft wiltl1 survliveig hostiLe
airgpace. Thisislar ajo
for anti-radiation m?ss)fa
#ARM s). Weaponsof thistype

irst saw service during the
Vietnam War on dedicated
anti-radar aircraft known as
"WildWeasels'. A more
general term would be SEAD
aircraft.

Althoughthe USAF
pioneered the "Wild Weasd"
concept, and used the F-4G to
good effect during the 1991 Gulf
War, theaircraft has sincebeen
retired. The USAF no longer
operates dedicated anti-radar
arcraft, but relies on Block 50/52
F16CJ aircraft fitted with
HARM Ag\l/l san((‘lthesl)-lARM
Targeting System (HT. .
Developed under a "black"
prcc)igraﬂme, the HTS detects
andidentifiesradar threats, and
provides target location
informationtothepilot.

USair operationsover Ireq

Right: Decked out inahigh-
visbility paint scheme,
Northrop's Tacit Rainbow anti-
radar dronefliesover aUStest
range.

following the 1998 Desert Fox air
strikes has built up useful
operating experience for the
F16CYHARM combination. In
1999 thejournal Electronic
Defense reported that pilots had
discovered "both some
limitations and some
capabilities’ of the system.
InAugust 1986 the US Navy
begantofitHARM toitsEA-6B
Prowler EW aircraft. The EA-6B
hasproved an effective HARM
carrier. Theeffectivenessof any
add-on ARM installation can be
enhanced by linking the missle
seeker to the aircraft's ESM
stem, so that high-priority
threats which it detects may be
automatically assigned to the
ARMSs. Prowler'son-board ESM

system is well-suited to thistask.

The unique mixture of hard and
soft-kill capability offered by the
aircraft was summed up by one
pilot following the April 1986 US
attack ontargetsin Libya "As
soon asthey come on, you squirt
'em, witheectrons or with
missles" hetoldaUSreporter.
Outsideof the USA, Germany
istheonly NATO dly to have
ordered SEAD (Suppression of
Enemy Air Defences) aircraft -
theTornado ECR. Basedonthe
standard Tornado IDS, theECR
cariestwo AGM-88A HARM
missles two AIM-9L
Sidewinders for self-defence, a
jamming pod, a chaff/flare
dispenser pod, plustwo external
fuel tanks. It lacks the twin
27mm Mauser cannon of the
grike version. These were
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deleted to make roomfor the
internally mounted EW avionics.

A developing trend isthe
ingtalation of ARMsonmany
typesof srikeaircraft. HARM
may be carried on any aircraft
which has digital avionics and
sufficient computer capacity.
The US Navy was ahead of the
USAFinthisrespect, Snceits
main HARM carriers became
standard FA-18 Hornets and A-7
Corsair Hs, thetypeswhich gave
the wespon its combat debut
during operations againg Libya
inApril 1986.

MISSLE GUIDANCE

In parald with thiswork to
instal HARM on awider range
of platforms,improvementsare
being made theto missile's
guidance system. A new
reProgranmabl ememory
dlowed the seeker to be
modifiedinthefieldinorder to
match new threats or changesin
tacticsby meansof software
Oneeffect of theseisto
givethe missile a degree of
awareness of its geographical
Pos'ti onby usinginformation
rom itsmechanical gyr
to creste acrude form of inertial
navigation. Thislimited
capability can probably be used
to redirict the weapon's attack
capability to an area of terrain
when enemy emitters can be
expected
Under amore advanced
International Harm Upgrade
Program (fHUP) being
conducted by the US, Germany
and Italy, the missile will be
given an inertial measurement
unit and a GPS receiver. Thexe
will provide aprecision
navigation capability, andm
dlow the missie to attack radars
which have shut down following
the HARM launch.
Technology for alonger-term
HARM replacement isbeing
explored by the Advanced Anti-
Radiation Guided Missle
(AARGM) programme. Being
devﬁr?d hSc:ienoe Applied
Tec ,theproposed
missile v%&lld hal?/e a dua-mode
seeker which combines passive
antiradiation homing with active

143



millimetrewave termina
guidance. AARGM will
normally rely on passive
guidance, but if the threat radar
shuts down, it will switch to
active millimetre-wave guidance
and continue to home. AARGM
is an advanced technol ogy
demonstration programme, and
is expected to conclude with
%e).l!erd guided launcheslatein

At least two other projectsto
develop dual-mode ARMs are
under way. Under aprivate
venture, Raytheonis
investigating dual-mode
seekers which would combine
passive anti-radiation homing
with imaging infrared seekers,
laser-radar or millimetre-wave
guidance, whilethe German
company BGT isstudyingthe
Armiger, ahigh- ARM
which would use a
combination of passve RFand
imaging infra-red guidance.
Armiger would be ramjet
poweretlj, and gsjmilar

erplantisbein
I(C:)g\nl\éidgred for AAF%GM .Both
missileswould probably have a
top speed of aroundMach 3.

Below: Like a hungry mosquito
in a darkened bedroom, an anti-
radar drone can loiter waiting
for an opportunity to attack. I
no emitters are present, or if the
intended victim shuts down, the
drone dimbs back to cruise
height to await a fresh signal on
which it may home. An
endurance measured in hours
keeps radars slent.

Anti-Radar Drone

Lightweight self-protection
ARMs are a relatively recent
development. Wespons of this
type can be carried in addition
to a dtrike aircraft's normal
armament The only exampleto
have entered serviceisthe
British Aerospace ALARM, a
wesgpon whose parachute-borne
target search and near-vertical
attack profile remain unique.
Problems with the original
design of the rocket motor
delayed flight trids to the end of
1986. A new powerplant was
developed by the German
company Bayern Chemie, and
the missle was rushed into
sarvice to arm UK Tornado
strike aircraft during Operation
Desart Stormin 1991

DECOY RPVs

Despiteyears of stop-go )
development work, progresswith
anti-radiation and decoy RPVs has
been dow. Isradl used decoy RPV's
to good effect during its battles
agang Syrian-manned air
defencesin the Bekaavalley
during the 1982 invasion of
L ebanon, and has since fielded
Haer, apiston-engined drone
which carried a passive anti-
radiation seeker and a small
warhead. Harpy can loiter over
the battlefield, then dive onto any
hostile emitter which it detects.
Cheap enough to be launched in
significant numbers, thistype of
anti-radar UAV canforcethe
enemy tokeep hisradarsoff for
Iongmeriodsof time.

The US used ground-launched

£ett: The small sizeand non-
metallic sructure of RPVs
uch asthelsrad Aircraft
Industries Scout kegp RCStoa
minimum.

Right: The weapons bay of an
FB-111 bomber openstorevesal
the ultimate defence-
suppression weapon - the
nuclear-tipped SRAM.

Below: Britain's Royal Air

For ce adopted the lightweight
Alarm anti-radar missile, but
the only other user is Saudi
Arabia

drones as decoysto confusethe
Iragi air defences during the
opening stages of Desert Storm. In
themid-1990s Teledyne Ryanwas
asked to develop aminiature air-
launched decoy (MALD) which

would be powered by a 501b
(22.7kg) thrust Sundstrand TJ3-50
turbojet, and carry anEW
repeater payload able to mimic
the VHP, UHF and microwave
radar returnsfromafull-sized
combat aircraft. MALD wastested
fromthe ~-16 during thelate 1990s,
but the B-52H was seen as alikely
first operational application.
Mimicking aB-52 would involve
increasing the strength of the
apparent radar return (probably
by an amount which varies with
frequency band), and asimilar but
smaller increase would be needed
to mimic aconventiona fighter.

If the energy emitted by the

repeater payload were to be only
dightly boosted, and perhaps
made erratic by turning the
repeater on and off at frequent but
ransomintervals, MALD ora
similar type of free-flyingdecoy
might be ableto imitate the tiny
and fleeting radar returnsfroma
stedlthaircraft. Enemy pilotsand
SAM operators would have no
way of telling whether the target
they were struggling to locate was
a$60 million stedth aircraft or a
$30,000 decoy.

E=D I

Transit to
loiter area

Launch
vehicle
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ACTIVE &KINS

As countersto stedlth technology
become available, sedth
designers will be able to look
toward the avionics industry for
new aidsto stedth. Initsfuturistic
forward-lookingstudy " Forecast
2', the USAF predicted that one of
thekey technologiesfor
tomorrow's aircraft and avionics
would be the use of "outer skins

containing embedded phased
arraysto permit aircraft to sense
and communicate in optical and
other frequency bands, and in any
direction from any aircraft
attitude". The concept was rapidly
dubbed "smart skin". These
phased arrayswould consist of
arraysof microscopicaly tiny
active transmitting dements
buried within the aircraft skin.
Given suitable siEnei processing,
these would work together like

the active e ements of a phased
array antenna.

Themost obvious use of smart
skins will be for communications.
Radar applications would be
expected to follow, but these
requireincreasing levels of power.
In March 1997 the HA-18 Systems
ResearchAircraft (SRA) based at
the Dryden Hight Research
Center was used to test an
experimental Smart Skin
Antenna. Developed jointly by
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Northrop Grumman and TRW's
AvionicsSystemsDivision, the
new antenna was embedded in a

idly built tip mounted onto
theaircraft'sright vertica
sabiliser. Connected to the
airframeéectricaly aswdl as
physicaly, it madebothitsown
structure and the aircraft skin
operate as an antenna.

Addressing an Air Force
Asodiation symposiuminJdune
1986, Brigadier General Eric B.
Nelson, AFSC deputy chief of staff
for plansandprogrammess,
revesled another potential
application of smart skins. Future
USwarplanesmight try tomatch
their apparent radar signaturewith
thatof groundclutter. Anantenna
array ontheunderside of alow-
flying aircraft could be used to
sample the ground clutter from the
terrainbeingoverflown."If youcan
make the topside of the aircraft look
likethe clutter in afrequency and
power sense, thenyou havedone
something nearly ideal - youhave
madean[dectronic] chameleonout
ofyourarplane.

A February 1996 report by the
magazine Aviation Week & Space
Technol og/ evenmore
bizarrequalitiestorfutureaircraft
skins. According to the magazine,
the skin coating on anew
classified stedlth aircraft being
tested at Groom Lake uses a 24V
dectricd chargetotrigger an
active method of reducing radar
cross section. It aso claimed that
the colour of the skin could be
changed to blend the aircraft into
the background if viewed
from below, or theterrain if seen
from above.

Itmay reed like science fiction,
but sciencefiction hasahabit of
becoming sciencefact. Itispossible
that smart skins may help
tomorrow'sstedlthaircraftvanish
amidst the ground clutter.

Belq\llv:dLong ob:?olete%1 thspe\éiny
ual uipp 'S
Ig-52 flego% t?1qe 1960s and 1970s
Ableto fly asfast asabomber,
this jet-powered drone carried
eguipment which boogted its
RCSto B-52 proportions,
allowing it to mimicthe
bomber which had rdeased it.
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The F117A Nighthawk had
been developed as a"magic
bullet" which could help even
the odds between the US and
the former Soviet Union in the
event of aconflict betweenthe
two superpowers. However,
oncetheaircraft wasin service,
the US Government beganto
consider it apossibletool for use
in military strikes againgt other
nations when such operations
wererequired by USpalicy. The
question that had to be
answered at the highest political
and DoD levelswas - what sort
of crisswould warrant using the
Nighthawk in combat, stripping
away part of the vell of secrecy
that protectedtheaircraft?

By 1983 threesquadronsof
F11/A were operationa at
Ibnopah, and in October of that
year two operations were
apparently contemplated. The
first would haveinvolvedthe
aircraftin Operation Urgent
Fury, the October 1983 US
invasion of Grenada, whilea
second would have targeted
PdegtineLiberationArmy (PLO)
stesintheL ebanon. Support for
the Grenada operation could
have been given by F117As
based on USterritory, but the
L ebanese strike would have
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involved deploying a small
number of aircraft to a Euro
base, reportedly Rotain Span.

In April 1986, preparations
were made to use the F-177A in
Operation El Dorado Canyon,
the planned air strike against
the Tripoli-based headquarters
of Libyan leader Muammar
Gaddafi. A batch of between 8
and 12 aircraft would deploy
from their Tonopah baseto an
airfield onthe US east coast.
Fromthere, they would fly
acrossthe Atlantic and into the
Mediterranean, supported by
refuelling aircraft. After
attacking their targets at around
Sam in the morning, they would
returnto the USA.

Hours before the planned
departure from Tonopah on 15
April, the plan was scrubbed.
The attack on Gaddafi would be
mounted by carrier-based US
Navy aircraft instead, supported
by UK-based F-llIs, dlowing the
F117A to remain secret.

The crisgs that would see the
first operational use of the
F117A developed much closer
tothe USA. In 1983 two US
Federal grand juriesin Florida
indicted Generd Manuel
Antonio Noriega, the leader of
Panamals military forces on

charges of drug smuggling and
racketeeringintheUSA.
When Panamanian President
Eric Arturo Ddvdle dismissed
Noriega from his command, he
suffered inindignity of being
forced out of office by
Noriegas supporters, and
seeing the general become
Panamas new leader. A
furious US Government
imposed economic sanctions
against Panama.

In the following year

Guilleremo Endara opposed
Noriegain apresidentia
eection, and apparently "won,
only to have the Noriega
government declare the
dectioninvdid. Whenthe US
provided some assistance to an
attempt by a group within the
Panamanian military who
attempted unsuccessfully to
topple Noriega, the stage was
st for a confrontation between
the US and Panama. The sight
of General Noriegadeclaring
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left: The F-117A'scombat debut

camein 1988, in support of US
ound forcesin Operation Just
ause, Panama.

Below left: As captured on FUR
tape, an AC-130 poundsthe
Panama Defense For ces
Comandancia headquarters
with 106mm cannon rounds

Above When USRangers
captured Torrijos Airport it had
the support of USAF special
operationsair craft aswell as
F-117 fighter-bombers.

war on the United States
seemed dosr to farce than
international palitics, but the
killingof aUSMarine

E'rovi ded theimpetusfor the

SGovernmenttoact.
President George Bush
ordered USforcesto invade
Panama and bring Noriega to
the USA to stand trial.

Just before lam on the night
of 20 December 1989, amassive
blast shook the Panamanian
Defense Forces base at Rio
Hato, 80miles(130km)
southwest of Panama City. The
strike, ddlivered by an unseen
F117 A,waspartof aco-
ordinated US attack. Thebase
was about to be attacked by
the US Army's 82nd Airborne
Divison,and a&%rof F117 As
droppedtwo 2,0001b (900kg)
high-explosivebombscloseto
abarracksthat housed some of
Noriegas best soldiers. The
two gedth fightersflew the

refuelling in flight four or five
t

imes.

This combat debut for the
F117 A was soon to bethe
subject of controversy. TheUS
DoD claimed that the
Panamanian forces defending
the compound at Rio Hato
were quickly subdued, thanks
to the distraction caused by the
gedth fighters, but US
B;aestroopers Wh(()ad captured the

were reported as saying

that they landed into an
IlntensS SI refight. Severd days
aer, newspaper reports
quoted unidentified
government sources as
claiming that some
F117 As had been tasked with
attacking Noriega. On 26
December theUSDoD
confirmed that US military
commanders had considered
but rejected other missons for
theaircraft during the attack.
Pentagon spokesman Pete
Williams refused to say how
many aircraft took part, what
glpe of ordnance had been

ropped or what other
missons had been considered
for the aircraft.

He repeated earlier DoD
clamsthat the objective of the
F117 A strike had been "'not to
hit the barracks, but rather, in
fact, the misson was to miss
the barracks and hit the field -
and by nature of the explosion,
disorient and stun and confuse
and frighten" the Panamanian
defenders. "Themissionwas

missiondirectly fromtheUSA,

successful,”" hesad.
Williams explained how

Defense Secretary Richard B.
Cheney had been told severd
daysearlierthat thebombs from
the F117 Ashad "precisdly hit
theirtargets. .. I'mtoldthat the
F117 hititvery precisely and
T o cepeialty e

sbombin ility that
wasthe reason?t wasused." He
a0 conformedthat theattack
onRioHatohadbeenthesole
mission assignedtothe stedlth
fighters. "Otherswere
considered but they were
discarded.”

Giventhat Panamahad no
effective ar force or ar defences,
theuseof theF-117 A seemed
strangebut,followinga
factfinding trip to Panamain
early January, SenateArmed

Services Committee Chairman
Sam Nunn stated that Army Lt.
Gen. Carl W. Stiner,
commanding genera of the
Joint Task Force South that
implemented the invasion
plan, had asked for the F117A
no;d becal capabjseOf'ilts ragar—

evadin Ility, but to
e<p|oitg|ts advanced ]
nav/attack systems. "They hit
exactly where they were
meantto,” hetoldreporters,
addingthat the strikewas
intended nottokill large
numbers of Noriega'stroo,
to stunthem by dropping

Below: Fallowingthe US

invasion of Panama, US agents

arres General Noriegaand
reparetoreturn himtothe
SA to gand trial.

but
mbs
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outsidetheir barracks.

The entire affair of the bombs
that missed cameto ahead in
April, when the New York Times
and the industry newdletter
AerospaceDailyrevededthat
one of the F117As had missed its
intended target by more than
300 yards (275m). A few days
later a spokesman for Cheney
explained to news reporters that
the USAF had not told hisboss
that the two F117As had
dropped abomb "way off target",
until afew daysbefore. Asa
result, Cheney had for months
been praising the aircraft's
accurate weapon delivery,
unawareof thefacts. "Thepilots
were told to drop their bombs no
closer than 50 meters' fromtwo
separate PDF barracks buildings,
explained Pete Williams. Dueto
alast-minute misunderstanding
between the pilots, the second
F117A dropped itsbombona
hills de some distance away,
Williamssad. "Thefirstbomb
hit 55 meters from one of the
barracks, but the second bomb
wasway off target.”

InJuly 1990, L ockheed
ddlivered the 59th and find
F117A stedlthfighter tothe US
Air Force. The aircraft was
ddlivered under budget and two
months ahead of the schedule
first drawn up in 1978. A month
later, the Lockheed fighter was

Below: A line-up of F-117A
stealth fightersbefore
deployment to the Gulf.
Beneath the open weapons
baysarecargopodsfor spares.

onitsway to awar that would
more than vindicate its
reputation.

THE GULFWAR

At 2am on 2 August, unitsof the
Iragi Army rolled over the
border with Kuwait, rapidly
overwhelming the Kuwaiti
armed forces and occupying the
country. Ostensibly thisaction
had been taken at the request of
a newly established
revolutionary government that
had toppl ed the government of
the Emir of Kuwait, Sheikh Jaber
Ahmed d-Sabah. Inpracticeit
was Irag'sresponseto a
breakdown intalks between the
two countries held in Jeddah
the day before.

With an army of around
100,000 men poised on the
frontier, Irag had demanded that
Kuwait pay reparationsfor the
oil Kuwaithad"stolen” fromirag
viatheborder ailfidds, write of f
loans made to Iraq during the
Irag/lran war in the 1980s_and
accept Irag'sterritorial damsto
BubiyanandWarba, Kuwaiti
idands that controlled the
waters through which Irag
maintained in accessto the Gulf.
Kuwait rejected these demands,
and walked out of the talks.
WithKuwaitfirmly occupied,
the pretence of a'"revolutionary
government" was soon
abandoned. On 8 August Iraq
formally annexed Kuwait asits
"1%h province'. .

On 6 August, aUN resolution
cdled for mandatory sanctions

againgt Irag. With Iragi troops
now aong the border between
Kuwait and Saudi Arabia, the
latter nation feared for its own
securi%,emd requested that US
troops be sent.

On7 August, USPresident
George Bush ordered the start of
Operation Desert Shidd, which
would protect Saudi Arabia and
other Gulf Statesfromthe threat
posed by Irag. Thefirst USunits
sent to the areawere an initia
force of fighter aircraft plus 4,000
troops. Responding tofurther
UN resolutions, other Arab and

Above: General Norman H.
Schwar zkopf (* Sormin’
Norman" ), Commander of US

and Allied for cesintheGulf, in
atypically for ceful poseat a
pressconference.

Western nationsjoined the
raﬁidly growing Allied Codlition,
whilethe UN further
resolutions caling for anaval
blockade, thenfor UN members
touse"dl n means' to
restore international peace and
security inthe area.

The Coadlition was directed by
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HeadquartersUS Central
Command, under the command
of USArmy Gen.H.Norman
Schwarzkopf. USAFLt. Gen.
Charles A. Homer was made the
Cadition's supreme air
commander, and within days
had established the
Headquarters Centra
CommandAirForces(Forward)
in Saudi Arabia. Fromthis
headquarters, hewould
command the subsequent air
campaign. o
Within five days, five fighter
squadrons, acontingent o
AWACS, and part of the82nd
Airborne Division had moved
into the area. A total of 25 USAF
fighter squadrons flew non-stop
to the thestre, and within 35
days the USAF fighter force in
the region matched the numbers
of Irag'sfighter strength. Soon
after the buildup of military
strength had started in August, it
became dear that the US was
dispatching forceswhichwould
givethe Allies an offensive
capability. BesdesMarine
amphibious forces, units sent to
the Gulf included a squadron of
F-U7As, triggering press
speculation that they might be
used to attack Iragi supply
depotsor ail ingtallations.
.Anthony Tolin, until
recently commander of the 37th
Tacticd Fighter Wing a Nells,
and by now assistant deputy
chief of staff of the Tacticd Air
Command at Langley, wasblunt
about the aircraft's capability. "I

guess it would be tough to
classify the F117A asapurely
defensivewespon. Itsdefensive
nature isits ability to penetrate
enemy radar without detection,”
he told reporters who visited the
base on 19 August to seethe
squadron's arrival en routeto
Saudi Arabia. "They give usan
ability, should we need it, to get
inwith theleast amount of
casudlties and attack those
important targets if necessary.
Atotal of 22 F117AS415h TFS
"Nightstalkers' had arrived at
Langley, butonly 20 set of f
across the Atlantic on the
following day. Thetwo other
arcraft had goares, brought
to Langley to make sure that 20
could be despat

ched oversees
Hight time to Saudi Arabiawas
aoproxi matelY 15 hours, the
arcraft refueling in flight from
KC-10Fjctenders Likemost fly-
by-wireaircraft, the F117A is
more gable during the
refuelling operation than older
pes, but its faceted upper
uselage and flat-pl ate canopy
limited upward vighility as its
Bicl)gt ao_Proa_:hed therefuelling
m. Thepilot of one of the
KC-135Q tankersused to fuel the
F117Asduring theflight from
Tonopahto Langley told an
Aviation Week & Space
Technol ogy reporter that hewas
aware of this poor vishility, and
was ready to rapidly break away
if the boom operator thought the
situation was becoming
dangerous. In dl other respects,
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refuellingisnormal, withthe
boom mating with a receptacle
just aft of the "peak” on top of
the F117A fuselage.

The F417s were deployed to
King Khalid Air Base near
Khamis Mushait in the
southwestern corner of Saudi
Arabia. Thiswasmore than 1,000
miles (1,600km) from Baghdad,
which meant around-trlP
operational mission would
average more than five hours
and require multiple refuelings.
It islikely that the air base at
Khamis Mushayt was one of the
few in the areawith sufficient
hangarsto house the 117 force
and protect its sendtive radar-
absorptive coating fromthe
dements. Itwasout of rangeof
Iragi Scud missiles and, given
that the F117 wasdesigned for
night attacks, the aircraft was
not able to exploit amore
forward base inthe way that
arcraft f(l}/i ng severd sorties by
day could.

Onarriva a King Khaid Air
Base, thepilots of the 20 F117As
gSarted a programme of training.
Initid sorties intended to
familiarise them with the local
terrain were carried out by day,
but the emphasis was soon
switched to night flying. The
local areawas sSimilar in
environment and atitude to
Tonopah. An exotic aircraft built
in smdl numbers might be
expected to have reiability
problems. In prectice,
serviceability of the 117 Assent

Above: An F-117A refudsfrom
a USAF tanker duringthelong
flight from the USA to a new
oper ation location in Saudi
Arabia.

to Saudi Arabiaremained high,
with mission readiness rates
equdling those of conventional
fighters.

Soon after arriving in Saudi
Arabia, the F117A was again
atracting publicity. On 13
September, the French
magazineL'Expressclamedthat
aThomson-CSF military radar
in service with the Saudi Army
had on severd occasions
successfully detected F117 As a
arange of upto 105 miles(17km).
The story, which was based on
sources "close to the Saudi
Army", cdamed that, following
the incidents, US commanders
had moved the L ockheed
arcraft away from the front
lines, relocating them at abase
hi southwest Saudi Arabia,
dose to the Yemen, hi another
incident, Saudi troops are
reported to have been puzzled
by the failure of a US-built
radar to detect the angular-
looking black jets flying from a
nearby airfield.

InNovember, Defense
Secretary Cheney announced
that a second squadron of
F117 Aswas being sent to Saudi
Arabia Thiswasthe 416th TFS
"Ghodtriders'. By thelimethat
hodtilities broke out early inthe
following year, they hadbeen
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joined by the 417th TFS
"Bandits'. Morethan 40 of the56
available aircraft were to take
part in Desert Shield

COALITION BUILD-UP

By mid-January 1991, amassive
military force from 30 nations
was In place ready to enforce
the UN resolutions. In particular,
thescde of theUSair
deployment was huge. Within
two months of Desert Shidd
beginning, it had reached the
equivalent of fivetactical fighter
wings, and included - besides
the F117As - F15C/Es, F-16Cs,
F-4Gs, RF-4Cs and A-IOAs drawn
frommorethan20differentUS
and Europe-based wings. FII
strikeaircraft and B-52bombers
had been redeployed to Turkey
and the Indian Ocean,
respectively. Carrier-based air
units had added at least 100
more combat aircraft, withthe
USMC providing another 150
aircraft.

By thetimethe Codition's
land, sea and air build-up was
complete, Saddam Hussein was
thought to have stationed
590,000 troopsand 4,200tanksin
Kuwait and southeastern Irag.
Totd air strength of thelragi air
force was around 500 aircraft
and 250 combat helicopters.

The F117A wasthe only
gtedlth aircraft taking part in the
war, but severd of the
conventional aircraft were
modified to make them less easy

Below: Part of thearray of
Russian-built air defence
systemsthe Caalition
forces faced in the Gulf
War. Below |eft, the SA-13
SAM system, which has
four missilelaunchers,
although only one can be
fired atatime.

SA-13

to detect. Royal Air Force
Tornado F.3 fighters - the
interceptor version of the aircraft
used for strike missions - had
been fitted with a spray-on RAM
aong the leading edges of the
wing, tailplane, and vertica fin,
plus the nose and leading edges
of its underwi ng? stores such as
the Phimat chaff/flare pods.
RAM tileswere dso added to
the inlets to dampen their radar
response. Thisfeature initidly
gave trouble, with severd tiles
coming loose in flight and being
ingested by the engine. The
RB.199s kept running in every
case, but were changed as a

recaution after the aircraft had
anded. Better adhesive had
cured the problem by December
1990. The effectiveness of this
improvised signature-reduction
programme was never tested in
action. No Iragi warplane would
ever chalenge a Tornado

Right: Armedwith Skyflash
and Sidewinder air-to-air
missDes and carrying long-
rangefuel tanks, thisRAF

" Desrt Eagle” TornadoF.3flies
acombat air patrol (CAP) along
the Saudi/lraq border.

could now fly as low as 200ft
(60m) on aclear night rather
than the 500-600ft (150480m)
dlowed by radar, banking the
aircraft more aggressively to
make best use of terrain features.
(The radai dlowed bank angles
of no morethan 45 degrees))
Radar was better than NVGs
during the actua attack, so was
turned at the last moment.
USArmx AH-64 Apaches dso
went stealthy, but only on the
ground. Brunswick-devel oped
desert-camouflage netting
ddlivered in November 1990 was
designed to absorb radar
frequencies from 6-140GHz. Five

interceptor. hundred two-piece 78 x 100ft
A few weeks beforethe (23.75x 30.5m) coverswere

invasionof Kuwait, theUSNavy  ordered to protect parked

had ingalled NVG systems, arcraft.

bl uelzgrelen&l_VG-codmpati ble

cockpit lighting, an

windscreens with better IR SIGINT ]

transparency onsome of itsA-6E  During the Vietham War, the

Intruders. These gave vishility USAF and US Navy had each

out to around seven miles (Ilkm)
under good conditions, which
alowed the crew turn off the
aircraft'sradar, denying Iragj

eint unitsany signal that might
warn of anincoming attack. Asa
bonus, it aso overcame some of
the radar'slimitations. Crews

runits own air campaign, an
arrangement which fostered
inter-service rivary, and which
madeco-ordinationdifficult. The
ar campaign against Iraq would
be fought to asngleintegrated
plan devised by two men.
Lieutenant-General Charles

Below: TheSA-6ismore ! I
compact thantheSA-4 3
(belowright). It proved
effective in the 1973

MiddleEas Conflict, but
theUSand itsallieshad
devised suitable | &
countermeasures lon

beforethe 1991 Gulf War. \J

Homer was General
Schwarzkopf sair commander,
whileBrigadier-Genera Buster
C. Glosson, commander of 14th
Air Divison became US Centra
Command'sprincipal USAF
target planner. Under their
command, intelligence officers
drew information from USAF
target files, supplemented by the

Below: TheSA-8Gecko
replaced the 57mm towed
anti-aircraft gun and is in
service in two versions, the
SA-8ashown here with
missiles on open
launchers,and the SA-8b,
which hasthe missilesin
long boxesfor both
transportandlaunch.Irag
useshoth SA-8aand SA-8b.

SA-6

SA-8
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results of amassiveintelligence-
gathering effort. As US
reconnaissance satellites
photographed Iragi military
positions, Lockheed TR-Is
equipped with the Advanced
Synthetic Aperture Radar
System (ASARS) gathered
detailed sideways-looking radar
mageryofterramgpto 5 miles
(56tl§m) to onesde of itsflight

patg int aircraft such asthe
RC-135sampledliraq;
communicationssignals,
identifyingthelocationofthe
transmitters, and listened to Iragi
radar SgnalsasAllied fighters
made hi ?h-speed dashes
towards [rag to test the defences.
To counter such dint probing,
the Iragis began to shut down
partsof their early-warning
radar network for extended
periods of time. It was ahabit
that would help the Allieswhen
theyfinally attacked.
Itispossblethat some F-117As
dipped acrossthe border at
nighttotake EL JRimagery of
high-value targets such as
chemical-weapons sites and
nuclear ingtalations, but an
operationsof thistypewould
have been kept highly classfied.
Asthemonthsworeon, the
strategic plan for the air war was
expanded to include about 300
tar ?ts USar]!(fj_Allleg
intelligence officers drew up not
just lists of targetsto be attacked,
ut also thefloor plans of
facilitiessuch ashardened
concrete command centres
which in some cases had been
designed or even built by
Western companies. Asplansto
usetheunique ilities of
the F117A were drawn up, the

USAF faced the prospect that
one of these highly classified
aircraft might be shot down over
Iraqi territory. If thishappened,
strike aircraft would have to be
assigned the task of
systematically and intensively
bombing the wreckage, to
ensurethat nouseful
information reached Iragj (or
Russian) hands.

Thelraqgi air defencesfacin
the Cod itigR Il\sl)okgd formidable
on . emswere
mo%i et—suSy ied, and
includedtheS75(SA-2
"Guiddline), S125 (SA-3 "God),
Kub (SA-6 "Gainful"), 9K33 Osa
gSA—B"(_;ecko"), K31Streal (SA-

"Gaskin"), S 10M Strela(SA-13
Gg)he" ,.and the man-portable
Strela(SA-7"Grail"), Sirela3 (SA-
14 "Gremlln'?, plus Franco-
German Roland 2s and Chinese
HN-5A. TosomeUSplannersit
must have seemed morethan a

widely described as a state-of -
the-art integrated air defence
system (IADS) from France.
Codenamed Kari (Irag spelled
backward in French), itwasa
computerised and highly-
centralised network which
linked the national air-defence
operationscenter (ADOC) in
Baghdad to four sector
operationscentres (SOC), onefor
eech of thefour sectorsinto
which the country was divided.
These SOC werelinked to a
total of 17 intercept operations
centres(I0C) -whichwere
connected to observer and early-
warning reporting posts. Around
500 radars were located at
agg:rscl)xi mately 100 Sites. The

I controlled air bases with
interceptor aircraft, morethan 50
surface-to-air misslesites, aPIus
widely-deployedantiaircraft
artillery sites. The system wes
equipped with multiple and

them.

Thelragi Air Forcehad 24
main operating bases and 30
dispersal fields, many equipped
withthelatest types of
hardened aircraft shelter. Most

tent fighter inthe 750-strong

orce of combat aircraft was the
MiG-29, but Irag aso had the
MiG-25, theolder MiG-23and
21, ﬁlulerage Hs

The most heavily defended
aress of Irag were Baghdad,
Basrah, Tdlil/Jdibah, H-2 and H-
3airfieds, and Mosul/Kirkuk.
Thesewereprotected by five
typesof SAM system. The S-75,

125, Kub, and 9K 33 Osa had
been supplied by the Soviet
Union, while Franceand
Germany had supplied the
short-rangeEuromissileRoland.

More radar—gwded SAM
systems were deployed to the
Bagh??d area'hhan an;(g_other
part of Irag, and were dispensed
throughout the Baghdad area (as

little reminiscent of the North redundant communication

Vietnamese defences that the modes, o in theory could were the tar%ets they were

UShad faced around quarter of rapidly detect attacking aircraft, — protecting). Thegreatest

acentury earlier. and direct fighter, missle, or concentrationsor radar-guided

Iraq had purchased what was ~ antiaircraft artillery fireagainst SAMswerenot inthe centre of

Number and location of Iragi SAM batteries

Loceation A2 A3 A-6 A8 Roland Tota in
area

Baghdad 10 16 8 15 9 53
Mosul/Kirkuk 1 © (0] 1 2 16
Basrah 2 0 8 0 5 15
H-2& H-3airfields 1 0 6 0 6 13
Tdil/Jdibah 1 0 0 0 2 3
Total number operational 5 28 2 16 24
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thecity butinitsoutlying
regions. Theletha range of
these defences extended over
the general Baghdad area,
covering upto 60 miles(100km)
outsidethecity.

The maximum engagement
ranges of the systemsvaried
from 35 miles (5.6km) for the
Roland to 27 miles (43km) for the
SA-2, sotheir firepower did not
converge over thedowntown
area. Indeed only the elderly
SA-2 had sufficient range for the
firepower of individual batteries
to convergeover the centre of
thecity. Asaresult of this
dispersed deployment pattern,
the densest concentrations of
overlapping radar SAM
defenceswereoutside
downtown Baghdad, andthe
latter had no greater protection
thanthe overal metropolitan
area

A critical weaknessin Irag's
SAM defenceswasthat the SA-2
and SA-3 had been first
deployed around 30 years
earlier, so were at theend of
their operationd lifespan. Asthe
result of combat experiencein
Vietnam and the Middle East,
thelr characteristics and
operational limitationswerewell
known, and the USAF and other
Coadlition ar forces had long-
established countermeasuresto
these systems.

Theshort-range Strda-2M
and Strela-3 shoulder-fired
SAMswere used by field units
of thelragi Army. Most of these
infra-red guided weaponswere
deployed inthe areaof Kuwait.
None was used around
Baghdad.

A total of around 4,000 anti-
aircraftguns(mostly 23mmzZSU-
23towed gunsand ZSU-23-4
Shilka self-propelled guns were
inlragi service. There were
moreanti-aircraftartillery (AAA)
sitesin the Baghdad areathan
edsawvhereinIrag. Likethe SAM

stems, they were positioned
throughout the greater
metropolitan Baghdad area, not

s

just downtown. Although finked
to the IADS, few of the AAA
guns were radar-guided. Most
relied on barrage-style firing,
and posed athreat which would
require attacking aircraft to fly at
altitudes of morethan 12,000ft
(3,660m) for most of the war.

The entire system had been
designed to counter threats from
Israd or Iran, so was deployed to
copewith attacks coming from
the east or west. The air forces
now poisedto strike Irag would
be attacking fromthe south and
north, and on amuch larger
scae than the defences had
been designed to cope with. The
defencescould track only a
limited number of threats, and
had very limited capabilities
againg stealth aircraft.

The Coalition had sx months
to gather intelligence on targets,
develop itswar plans, deploy the
necessary assets to the theatre,
dlow aircrew to become familiar
with the operating environment,
and practise strikes and
deception measures. Since
France was amember of the
Caodlition preparing to liberate
Kuwait, it was ableto provide
Allied plannerswith full details
of theKari computer system.,
alowing themto identify the
key IADS nodes whose early
destructionwouldinflict the
quickest and heaviest
degradation of the Iragi air
defences. Beforeattacksbegan,
theUSNavy'sStrike Projection
Evaluationand Anti-Air
Research (SPEAR) department
concluded that "the command
dements of the Iragi air defense
organization are unlikely to
functionwell under the stress of
aconcerted air campaign.”

In early January, the UK
magazine Flight International
described the Iragji air force as
"nomatchfortheforces
arraigned againg it - not at any
level, notinany role. Itishardto
see how the IrAF can retain any
resemblance of cohesion after
thefirst three dlied sorties"

Before that issue had a chance to
reach IrAF crew rooms, the
validity of these comments
would have been cruelly
established.

DESERT STORM

hi late November, the UN had
given Irag until 15 January to
withdraw fromKuwait, but by
early January it was becoming
obvious that this would not
happen. Even beforethe UN
deadline ran out, President Bush
consulted with Codlition alies,
obtained formal permission from
King Fahd of Saudi Arabiato
begin hogtilities from Saudi
territory, then signed the
executive order which would
begin Desert Storm.

The night of 16 January was
clear, with anew moon giving
near-total darkness - near-
perfect conditions for the FLIR
systems of the F-117A and other
Allied fighter-bombers. The
months of pre-war intelligence
gathering had paid of f. At pre-
flight briefings, pilotswerein
some cases assigned targets that
were notjust the building itself,
but the key area within these
buildings that wasto be
destroyed.

First off theground, at 12.50am
locdl time, werethe USAF 15
Eaglesfrom Tabuk, the most
distant of the Allies forward
bases. Stripped of their long-
range fuel tanksto increase
thelr weapon load, they
refuelled inthe air en route to
Irag. Starting a 1.30am, Tornado
GR.sof theRoyd Air Forceand
Roya Saudi Air Forcetook of f
from Muharragin Bahrain and
from basesin Saudi Arabia.
Other dtrikeaircraft followed
from basesinthe Gulf statesand
theflight decks of US carriers.

At 2.38am on 17 January 1991,
AGM-114Heltfiremisslesfired
by AH-64 Apache helicopters
dammed into two Iragi early-
warning radar sites in Western
Irag. These werethefirst shots of

Left: These are GBU-15 guided
bombs beforeloading onto a
Coaalition aircraft. The GBU-15
was spectacularly successful in
precisonair gtrikes.

Desert Storm. Havingfired 27
missiles, 100 70mm unguided
rockets, and 4,000 roundsof
30mm cannon ammunition, the
twofour-hel of ormati onsheaded
back to base. Within minutes,
morethan 100 Allied aircraft had
dipped through the gap blown
inthe Iragi radar network. The
most intense air bombardment
sincethe 1972 Linebacker [1B-52
raids on North Vietham was
about to begin.

Ahead of thisarmadaof
warplanesflew around 30
F117A fighters of the
"Nightstalkers' and
"Ghostriders'. The firgt aircraft
to crossinto Iraqi airspace, they
had been assigned the task of
knocking out key enemy
communicationsfacilities, and
were about to bring war to the
capital of Irag. _

Onthe groundfar below, Iraqi
radars scanned the skies, but
saw nothing of the US aircraft.
The powerful radar pulsesthat
should havereflected back from
the USfightersto indicate the
presence of atarget were
Instead being largely absorbed
by the black coating on the
F117As while the remainder
were deflected at bizarre angles
which matched those of the
oddcljy—sh%oedai rcraft. Invisibleto
thedefenders, the F117scould
fly a will over thecity a
medium dltitudes that would
have been suicidal in any other
warplane, giving pilots plenty of
timeto identify their targets.

Caefully, the pilot of the first
aircraft alignedthe crosshairs of
the night-vision system mounted
under the bdlly of hisaircraft
with a carefully sdlected
building closeto the Tigris river.
Satisfied that dl was correct, he

ressed a switch to activate a

aser built into the sameturret as

theFLIR. Thebomb doorsunder
the centre fuselage opened, and
a2,0001b(900kg) | aser-guided
bomb (LGB) fdl away into the
darkness, its seeker following a
patch of laser light reflected
from thebuildingfar below.
Crashing into the roof of the
Irag's most important
communicationscentre, the
weapon plunged through
severd floors, exploding deep
within the structure, throwing
debrisfromthewindows, and
smashing the central telephone
system of thecity. Within
minutes, LGBsbeganfallingon
other command and control
facilitiessuchasmicrowave
repeater stations, early-warning
radars, and underground
command bunkers.

Asthemain Codlition force
swept in to begin striking their



owntargets, the Iraqi air defence
system was already near-
impotent. Anti-aircraft gunsand
surface-to-air missile (SAM) sites
fired into the sky above
Baghdad, vainly trying to find
the attackers.

In the opening hours of Desert
Storm, the F-117s attacked 80
targets, including the Iragi Air
Force headquarters in Baghdad,
and an air-defence headquarters
near the city. Videotapes taken
by the attackers showed a direct
hit on the multi-storey IrAF
headquarters, withthe LGB
landing almost dead-centre on
the roof. The attack on the air-
defence HQ was even more
impressive, with the bomb
entering one of the bunker's
threerooftop ventilation shafts,
then demohshing theinterior of
the structure, the blast blowing
outtheNBC-protected
building'sairlock door. Some of
the best-protected targets were
buried under so much concrete
that severa bombs had to be
dropped in order to bresk
through the thick roof.

Theirjob done, the F117As
left the skies over Baghdad. As
they did so, thefirst wave of
Tomahawk cruise missiles
launched from USwarships
struck heavily defended targets
such as Saddam Hussain's
ﬁdace, theBaathParty

eadquarters, and the lragji
Ministry of Defence. Theonly
support needed by the
departing F-117As had been
flight refuelling, but most 30
minutes ahead of the lead attack

aircraft of the massve strike Above: False target generation

formationsthat now approached  is a technique which reduces a
their targets were dedicated plan position indicator (PPI)
support aircraft such asthe display to an unusable mess. Al
USAF B-111A Ravenand US but one of these blips could be a

false target, and somewhere
among them isthetruetar get.
This declassified photo shows
only afraction of the
technique's capability.
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Below: The Gulf War was the
swan-song for the EF-111 Raven.
The USAF now relieson US
Navy Prowlersfor stand-off
jamming coverage.

Na\?/ EA-6Prowler electronic-
warfare platforms. These had
thetask of confusing Iragji early-
warning, surface-to-air missile
and ground-control intercept
radars until the arrival of the
F-4G Wild Weasd anti-radar
fighter armed with AGM-88
HARM anti-radiation missiles,
and Tornadoes equipped with
the lighter-weight Alarm anti-
radar missile

Almost half the sortiesflown
were support missonsby
tankers, fighter escorts, jamming
aircraft, and defence-suppression
planes. The speeds and timings
of the attacks mounted by
aircraft suchas~15Es,
Tornadoes, HA-18 Hornetsand
A-6E Intruders had been
arranged so that severd
incoming waves should share
the services of the support
aircraft. Somelragi MiG-29 and
MiG-25fighterswereairborne
that night, but failed to intercept
the EW aircraft, or the strike
formationsthat followed.

The Allied attack achieved
total tactical surprise, and dl the
aircraft takingpartinthat first




wave of ar strikesreturned
safely to base. USAF officids
were quick to credit the success
totheeffectsof theinitial F117A
drike. By thetimethat the
F117As had attacked dl 80
targets, Irag's air defence system
was near hdpless. Radar Stes,
command centres, ar and
missile control fecilitiesal lay in
ruins, along with the
communications needed to

dlow thesetofunction. Long
before dawn, the Roya Air Force
and Royal Saudi Air Force
Tornadoes had completed their
initid series of dangerous|ow-
leve sorties againgt Irag's major
air bases. The sun rose on an
Iragi Air Force that had been
virtually decapitated. It would
never recover.

Describing the F117A attack
as abrilliant success, 37th TFW
commander Col. Alton C.
Whitley told reportersthat this
had been the result of stedlth
having allowed the aircraft to
reach their targets undetected,
plusthe split-second timing -with
which the strike had been
executed.

Throughtheday of 17 January,
the 37th TRW pilotsdept, inthe
vampire-likelifestyleto which
they were accustomed, while
therest of the Codlition air force
flew by day to pound more
targetsin Irag and occupied
Kuwait. Risngbetween3and

4pm, pilotswere briefed onthe
next night's targets and routesin
and out of Iraq, spendl ng severd

hours studying theinformation.
Once darkness had fallen, they
were airborne once again, aong
with the British and Saudi
Tornado crews, fl J/I ngsorties
until just before

Target lig for the 37th TRW
that second night of the war
included one of Irag's nuclear
reactors, but thiswasinitidly
kept secret. NBC reporter Rick
Davis, part of the presspool at
the F-117A base in Saudi Arabia,
found himsdlf with astory he
couldn't file. The returning pilots
wouldn't divulge where the
reactor was|ocated, Davis later
reported. "They di dnt say.. Just
that it was anuclear resctor.”
an interview with CBS on 20
January, Gen. Schwarzkopf
stated that four nuclear facilities
in Iraq had been destroxed.

Each day and night t
process would be repesated, the
F117As taking to the air eech
night, while by night and day
therest of the Coahtion air force
flew to adaily battle plan whose
complexity and detail required
up to 700 pages of daily tasking
orders. Withinafew days, Iraqi
radar activity had declined to
around a quarter of the peak
leved that had been attained
when war broke out. A week
into the war, it had declined by
95 per cent. By night, the
defences could do little more
than tofixeAA shdls SAMs
and even 762mm AK-47 assault
rifles blindly into the darknessin
the hope of hitting an attacker.

Despite the threat posed by
these massive barrages, the
F117Aswere ableto loiter over
the target area, sometimes for
severd minutes, in order to
positively identify difficult
targets such as underground
bunkers.

The gedth fighters were
given standoff jamming support,
but experience soon showed
that this was best kept for the
post-strike portion of the
mission, when the defenders
would firefor up tofiveminutes
in an attempt to hit the attackers.
Jamming support prior to

Above The view over Baghdad
on themorning of 17 January,
1991. Tracer fireshootsupwards
at unseen aircraft asAllied
bombshit key strategictar gets.

Aboveright: FromtheTV
targeting display of an Allied
aircraft, thisremarkableimage
showsan Iragi tar get seconds
beforedestructionbyan L GB.

Below: Within amonth of the
59th and last F117A to be
delivered by L ockheed to the US
Air Force, thetypewas
performing well in the Gulf War.




weaponreeasedid hel p protect
theF117As butdsowarnedthe
Iragis that an attack was
imminent.

Theinitid goa of theplan
devised by Lt Gen. Homer and
Brig. Gen. Glosson was the
destruction of Irag's command
and control system, nuclear,
chemica and biological
facilities, its main military
installations, and the supporting
military-industrial infrastructure.
Almost asimportant werethe
attacksonenemy airfieldsand
air-defencesites. Themounting

toll of destructioninflicted on
these dlowed US and Coadlition
aircraft to operate freely over
ever-growing areasof Iragi
territory, beginning thetask of
severing the lines of supply to
the Iragi Army in Kuwait and
southern Irag, and attacking
front-line unitssuch asthe
Republican Guard divisons
located between the Rumaila
ailfieddsandthecity of Basra.

DIVERSE TARGETS

Asthewar progressed, the
targets attacked by the F117s
emorediverse. According
to an F117 after-action report,
thedoctrinal target list for the F-
117 "went out thewindow".
Althoughthe F117swere used
againg at least one example of
each of the 12 target categories
devised by the planners, they
concentrated on anarrow range
of target typeswithin each
category. Theseweretypically
fixed, smdl, and deeply buried
or protected by concrete, and
wereat knownlocations. F117s
conducted relatively few strikes
againgt area or mobile targets.
Within 10 days of offensive
operations, 10,000 combat sorties
had beenflown. By the time that
Gen. Schwarzkopf gavethe
world'spressanhour-long
summary of thefirst 14 daysof
combat, the air war had
achieved much. Irag'sar
defences had been shattered to

-

aircraft taking of f were those
attempting to flee to sanctuary
inIran, whilethe Army's
communi cationswas o
degraded that corps
commanders sometimes could
not speak directly to their
divisond subordinates.
Onereason for the IrAF's
exodusto Iran was the nightly
atacksby F117 AsonIraqi
arfieds. WiththelrAFaircraft
largely unwilling (and often
unable) to come up andfightin
ar-to-arr combat, on 25 January
the Allies had started the
systematic destruction of the
hardened shelters in which
these were hiding. Much
stronger and thicker-roofed than
NATO shdters, many of these
had been designed by British
companies, who passed the
planstothe USAF The
strongest, built by Yugodavian
contractors, had roof sbetween
1042ft(3.0-3.65m) thick. Study of
the plans had shown that the
best way of knocking out these
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super-hardened shelters would
betqgttg&q:g themeajg& LGBs Ad
peci ter n a speci
bomb, and the USAF had the
ided shelter-busting weapon at
hand in the form of the 1-2000
warhead.

A conventional LGB usesadd-
on guidance and fin sections
plus a standard high-explosive
bomb. Bomb casingsare
normally cest, but the engineers
a Eglin AFB who designed the
1- createdalin (2 5cm) thick
bomb case which was forged
frgén asingle piece of high-grade
sed. It isan expensive way to
make abomb, but when
asembledintoaGBU-24L GB,
this hard shdll gavethe 2,0001b
(900kg) weaponthe ahility to
penetrate severd feet of
concrete before detonating.
Alternate patternsof TV IR or

uidance alowed this 8ft
24m long bomb to be
oonfl% ured for day or night use
from high or low altitude.
The task of ddivering the

the point wherethe only IrAF

1-2000 was passed to the 37th
TFW. Within 24 hours of the first
anti-shelter missions, Iragi
aircraft beganfleeingto Iran,
another major victory for the
F117A anditspilots. Detonated
within abunker or shelter, the
1-2000 warhead "does agoodjob
of destroying dmost anything
that'sinit," anEglinofficial
boasted. If aircraft wereinthe
bunker, the resulting secondary
explosion of fuel and ordnance
added to the destructive effects,
as could be seen in videotapes
of anti-shelter attacks released
by the USAF in late January.

F111F, B-52G and MirageHs
adso flew anti-shelter missons,
attackingwiththe GBU-27s
(another LGB fitted with asted-
cased penetration warhead),
GBU-15smartbombs, Paveway 11
andmLGBs, and AS.30L laser-
guided missiles By day 14 of the
war, 100 of the 300 sheltershad
been destroyed, around 70 by
the37th TFW. By theend of
hodtilities, 375 of Irag's 594
hardened aircraft shelters had
been damaged or destroyed by
Caodlition bombing, and an
estimated 141 aircraft within
these shelters had been
destroyed, while 122 had flown
tolran.

Describingthe 117 A'srecord
severd dayslater, Secretary of
Defense Richard Cheney said
that "wefound it comesand
goes pretty much asit pleases,
andin dl of the missonsthat
have beenflownto date, it's
been virtualy invisble to enemy
radar."

The only airborne radar in

Left: As darkness fdls, the

F117 Asheadfortherunwayto
begin their mission. The night
and their stealth capability will
dlow themto penetrate defences.

1%



Iragi service that seemed to have
any chance of glimpsing an
F117A wasthe huge Fox Fire set
carried by theMiG-25. Thishas
amaximum power output of
600kW aleve intended to burn
throughmassiveamountsof
jamming. At closerange, it
might have obtained afaint but
le echo fromastedlth
fighter, but the IrAF command
and control system had no way
of vectoring one of these Sed-
built Mach 3 jets close enough
toitstarget. At leest one of Irag's
20 Foxbatswas shot downin air-
to-air combat, whilefivemore
arethought to havefledto Iran.
Onelragi Cyrano-radar

equipped FIE did manageto
detect an F-117A, but it was not
ableto track the stedlthy
intruder. The~117A pilotwho
reported encountering what he
described as aMirage Fl
equipped with a searchlight
may have been the intended
victim. Thelight in question was
robably theretractable landing
|?ht mounted beneath the nose
of theMirage FIE, and the Iragi
pilot seemsto have been
attempting to catchthe
Lockheedaircraftinthebeam.
The F117A pilot changed course
by afew degrees, givingthe
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Mirage the dip.

Baghdad remained a magjor
tar?et throughout thewar. By
early February, Iraqwas
ingtalling increasing numbers of
anti-aircraft batteries on civilian
rooftopsin Baghdad and Kuwait
City. GiventheAllies tactic of
trying to avoid unn
civilian casudties, this protected
the gunsfrom attack, but this
could do nothing to halt the
ondaught. Around 80 per cent of
the air strikes againgt the capital
were being made at night by the
two F-117A squadrons.

InFebruary the USAF
attacked a hardened bunker in
thesuburbsof Baghdad. Toavoid
the risk to divilians usng a
mosque and a schoal in the next
block, US Bl annersopted to
atack the bunker at night, when
neither would beinuse. Thejob
was assigned to the 37th TFW.
Two LGBswereddiveredinthe
sort of attack pattern found best
againgt such heavily armoured
targets - one wegpon to break
olpen th% roof, a %econddto

unge insdeto destro
'?he i %terig?PThe bombs hit aty
around 4.30am on Wednesday 13
February, at atime when the
bunker was being used as a civil
air raid shelter. More than 300
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ple sheltering inside were
illed. However, US officids
claimed it had another useasa
shelter for military personnel
and command/communications
equipment actively engaged in
thedefenceof lIrag.

A senior Pentagon official
clamed that another Iragi
command centre "was operating
from the basement of the Al
Rashid Hotel in Baghdad, the
building in which Western
reporters and other foreigners
were staying. The presence of
the latter had prevented it being
targeted, he sad. Journalists
invited to tour the basement
found only one room equipped
with rdatively smple
equipment consoles and
manned by two operators. It was,
they weretold, the hotdl's
telephone exchange. If Irag were
indeed reduced to depending on
such smple communications
hardware to maintain linksto its
armed forces, theidea of adual-
use bunker becomes more
feasible.

GROUND FORCES ATTACK

After 38 daysand nights of
bombing, it wastheturn of the
ground forces. At 8pmon

i

Sunday 24 Februagl, Allied units
rolled over the border into Iraq
and Kuwait. Theland attack was
nine days behind the schedule
originaly planned. The weather
inthe early stages of the air war
had been the worst ever
recorded in the Gulf, and had
dowed the campaign, whilethe
diversonof aircraftto hunt
down and destroy mobile Scud
launchers had contributed
further ddlays.

Instead of the "M other of All
Battles' promised by Saddam
Hussein, the land war againgt a
demoralised Iragi Army rapidly
deterioratedinto arout. After
lessthan 100 hours of ground
combat, Allied forceswere on
the Euphratesriver, and Irag's
elite Republican Guard
formationssouth of Basrahad
been reduced to asingle
retreating division, plusthe
battered remains of saverd
others. President Bush appeared
on USteevison to announce
that "Kuwaitisliberated, Irag's
army isdefeated. | am pleasedto
announce that at midnight
tonight, exactly 100 hours since
ground operations commenced,
and six weeks since the start of
Operation Desert Storm, dl
United States and Codlition
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Above: Pre-flight checksare
carried out on an F-117A
Nighthawk at LangIeP_/Alr Basg,
prior tothe15-hour flighttothe
Guli.

Left: Many US air strikes
againg Iragji tar getsdisplayed
high precison. Thesefacilities
at Abu Ghurayb show nosigns
of collateral damage

forceswill suspendoffensive
combat operations.”
Irag'scollapseafter 43 daysof
war was duein large part to
what had been the most intense
aerial bombardment ever
mounted. The F117A had made
up lessthan 3 per cent of the
Allied aircraft numbers, but was
tasked with attacking more than
40 per cent of thetargets. The
stedth fighter force had flown
some 1,2/0 sorties, witheach
arcraft flying around 30
missions. Inmorethan 6,900
flying hours, the force had
dropped morethan 2,000 tonsof
bombs. L GBsaccountedforonly
8,520 p%fd 88,|%tonsgf bomlqzd
ropped on Irag and occupi
Kuwait by USaircraft during 43
daysof air attacks. Thiswas
around 7 per cent of thetotal,
and one and a half times the
number used during the eight-
year-longVietnamWar. Success
rate was around 90 per cent,
compared with around 30 per
centforthe81,980tonsof

unguided bombs used in action
in Southeast Asia. Circular Error
Probabil it{)(CEP) of ordnance
ddivered by aircraft such asthe
F-15E, F16 and HA-18 was
around 30-40ft (9-12m) - afifth of
that achieved during the
VietnamWar. CEPof LGB and
IR-guided bombswas in the
order of afew feet (lessthan 1
metre).

In the weeks that followed the
ceasefire, thelragi Army was
againin action, thistime
en(]]aged in suppressing revolts
by Irag's Shi‘ite and Kurdish
population. The Coditionforces
took no action to prevent this,
beyond downing severa Iragi
fixed-wing aircraft that brokethe
ceasefire conditions by
attempting to fly. For most of the
Allied air force, and for the
F117As thewar wasover. On 1
April, eight of thefirst 14 stealth
fighters to leave the Gulf landed
back at Ndlis, the othersflying
toTonopah.

THE F117A LEGEND

By themid-1990s, the explaitsof
the F117 force during the Gulf
War had been boosted into what
could be caled "The F117
Legend", earningthe aircraft a
reputation which its
manufacturer and user did
much to encourage. Newspaper
stories, magazine articles and
books recounted how the F117A

had been the only aircraft to
attack central Baghdad, and the
aircraft that smashed the Irag
aid-defence systemin asingle
night, opening up holes that
non-stealthy aircraft then used
to successfully attack other
targets. It was the aircraft that
shattered Irag's nuclear reactors
in asingle strike after massive
attacksby conventional aircraft
had failed. It managed dl this
without the intensive support
formations needed by ]
conventional aircraft, delivering
its weapons with pin-point
accuracy.

Like most legends, the one
surrounding the F117 did not
stand ug to detailed scrutiny.
When the General Accounting
Office (GAOQ), the invedtigative
amof theUSCongress,

repared areport on "Operation

esert Storm: Evaluation of the
ALT Campaign" thisorigi nallg
appearedin classified form, but
in response to GAO concerns
theDoD unclassified
approximately 85 per cent of the
originaly classified material in
thein thereport. When the
resulting declassified report was
publishedin June 1997, it
provided an unprecedented
glimpse of the achievements
andlimitationsof the ~117 A.

The aircraft casudty rate
during Desert Storm was very
low compared to historic
experience from earlier wars,

and the planners expectations.
It was only 017 per cent - 17
aircraft per 1,000 strikes. The
GAO bdlieved that thislow
casualty rate was due to three
factors:
* the ban on low-altitude tactics
after day two,
* the degradation of radar SAMs
andthe IADSinthe early days
of the war,
» ahigh proportion of strikes
wereflownat night

The F117 was the only aircraft
to sustain no losses or even
combat damage. "However,
these aircraft recorded fewer
sorties than any other air-to-
groundplatformsand flew
exclusvely at night and at
medium altitudes - an operating
environment in which the
fewest casudties occurred
among al typesof aircraft,” said
the GAO. "Moreover, giventhe
overdl casualty rate of 17 per
1,000 strikes, themost probable
number of lossesfor any aircraft,
stealthy or conventiond, flying
the same number of missons as
the 117 would have been zero."

Accordingto the USAF Desert
Storm white paper, "the F117
was the only airplane that the
planners dared risk over
downtown Baghdad", and the
Air Force has dso stated that "0
dan%erous was downtown
Baghdad that the air campaign
planners excluded dl other
attackers, except F117sand



cruisemissles fromstriking it.”
Injointtestimony tothe US
Congress on gtedth and Desert
Storm, GeneralsHorner and
Glosson gtated, "F117swerethe
only aircraft that attacked
downtown Baghdad targets - by
most accountsmoreheavily
defended than any Eastern
Europetarget at the height of
theColdWar." TheGAO
disagreed, saying, "wefoundthat
five other typesof aircraft made
repeated strikesin the Baghdad
region - F16s FA-18s FIIFs,
F15Es and B-52s Large
packages of F-16swere explicitly
tasked to "downtown" targetsin
the first week of the air
campaign, but thesetaskings
were stopped after two F16s
were logt to radar SAMs over
the Baghdad area during
daytime." It stated that "after the
third day, planners concluded
that for the types of targets and
defenses found in Baghdad, the
F117 was more effective.”
Although US Congressiond
researchers tasked with
compiling the official US
Government "after-action" report
on the Gulf War were given the
widespread access to dassfied
information that their task
required, one highly classified
report stayed firmly closed to
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them - the study of dl Iraqi
attempts to engage stedth
fighters. The GAO wasdso
unable to obtain this
information, sothetopic of
stealth aircraft vulnerability was
to remain aclosed book for
amost a decade.

IRAQ DEFIANT

Irag was to remain athornin the
sde of the United Nations.
Although required to admit UN
inspectors whose task it was to
locate and destroy dl Iragi long-
range missles, chemica and
biologicd weapons, and the
facilities used to develop and
manufacture these, Irag
persistently harassed these
teams, and launched amajor
programme of concealment,
moving and hiding equipment
and records. In August 1996
Saddam Hussein sent forces into
northern Irag and captured the
city of Irbil, akey city ingdethe
Kurdish haven established above
the 36th pardle in 1991 In
September, US shipsand aircraft
attacked military targetsin lraq
in response to this military
operdtion.

In October 1997, Irag accused
USmembersof theUN
ingpection teams operating

ingde Iraq as being spies, and
expelled them. In November it
expelled the remaining six US
inspectors and the United
Nations withdrew the rest of the
team. Thiswasto be start of a
protracted confrontation with
Saddam Hussein. UN inspectors
were re-admitted to Iraq after
the US and UK began amilitary
build-up in the Gulf, but Irag
announced that it would not
dlow them to vidt sites
designated as "pdaces and
official resdences™ Such Stes
wergegjspect%ld of being used to
con ew
Angerggs?r]at thee%)ﬁ seemed
to be making no moves to end
its economic sanctions, in
August 1998 Iraq ended its co-
operation with the i ors,
and on 31 October stopped their
operations. The USand UK
warned of ible military
dtrikes, and started a new
military build-up in the region.

B-IBINACTION

TheB-1B had not been used
againg Irag during the 1991 Gulf
War. There were not enough
crews qudified to deliver
conventiona wesapons, and B-1B
operations had been suspended
following theloss of an aircraft

Y

on 19 December 1990 dueto an
in-flight engine fire.
Modifications had been deemed
necessary to improve engine fan
blade containment, and the fleet
had been grounded until 6
February 1991

In November 1998, two B-IBs
from Ellsworth AFB and two
from Dyess AFB were deployed
to atheir forward operating base
in Oman for possible military
action againg Irag. On 11
November the UN withdrew
most of its staff from Irag. By the
time on the 14th that Saddam
Hussein agreed to re-admit
inspectors, B-52swerein the air
ﬁnd within ak?‘OlrJ]t 20 mi nutes‘hey

ying time of their targets. Tl
were recalled, whiletwo more
B-IBsaready en-routeto the
Gulf were diverted to Pease
AFB, New Hampshire.

The respite was short-lived.
On 8 December the chief UN
wegpons inspector Richard
Butler reported that Iraq was il
preventing effective inspections,
and the UN teams once more
withdrew. On 15 December a
formal UN report accused Irag of
not alowing access to records
and ingpections Stes, and of
moving equipment records and
equipment from oneto site
another. A day later, theUS and



UK began Operation Desert Fox,
an air campaign againgt military
targetsinirag.

During the course of thefour-
day campaign, US and British
combat aircraft flew morethan
650 strike and strike support
sorties. USAFB-52slaunched
more than 90 cruise missiles,
while naval vessds launched
morethan 325 Tomahawk cruise
missiles. Onthefirst night,
around 50 targets"were attacked
by US and British air and navel
forces and, by the end of the four

STEALTH IN ACTION

Above: A UK-based B-1Bis
preparedfg(r);\strikign;illgon

ng Yu avia, fa
?nglaslsions, theaircraft ddivered
mor ethan 1,100 tonnesof
bombs

Left: Three days into Desert
Storm, planner sdecided that
theF-117A wasthemost
effective grike aircraft for
Baghdad operations.

Below: A500lb

conventional bomb about to
beloaded intoaB-1B during
Operation Desert Fox,
which saw the bomber's
operational debut.

nights of strikes, had attacked
about 100 targets.

The gtrike forces were
following aplan that had been
developed and refined over the
previous year. The main targets
werel
* Irag'sair defense system
* The military command and
control system
* The security forcesand
facilitiesinvolvedin
conceadlment operations
» Theindustria basefor Irag's
WMD (Wesponsof Mass

Destruction) and missile
programmes

» Themilitary infrastructure,
including the dite Republican
Guardforces

* A refinery used to produce oil
products to be smuggled out of
Irag inviolation of economic
sanctions.

On 18 December, the B-1B had
its combat debut when two
aircraft from DyessAir Force
Base, Texas, and Ellsworth Air
Force Base, South Dakota, took
partin air raids over Irag. 86-0135
Watchdog was from the 9th BS
at Dyess, while 86-0096 Wolf
Pack wasfromthe 37th BS at
Ellsworth. Thetarget for this first
B-I strike included a Republican
Guard barracksinthe Al Kut
area. Thiswas attacked not with
PGMs, but with conventional
Mk 82 SOOIb (225kg) "iron"
bombs, ssid Rear Admira
ThomasR. Wilson, USN."This
pilot walked a stick of bombs
acrossthis barracksfacility." On
the following night 86-01.35 flew
a second mission, accompanied
by 86-0102 Black Hills Sentinel
fromthe37th BS Althougha
fourth aircraft (85-0067 from the
7th BW) had been deployed to
the region, it was unserviceable,
so flew no combat missions.

On both nights, the aircraft
flew at an altitude of around
21,000ft (6,400m), and reported
"heavy" AAA fire. Iraq made
little use of its surface-to-air
missle sysems. "These systems
aei Qortant to suppress,
degrade, or in some cases
destroy to support the gtrike...
These are mobile targets,"
Admiral Wilson told reporters
on 19 December. "They get up
and move sometimes every 12-24
hours... But the main thing about
the SAMs and integrated air
defense system isthat to date,
we have geen abletoflyinthe
system and not been
successfully engaged by any of
the Iracgair defense systems."

On 18 December esch base

despatched asingle B-1B to the
region, raising the total number
of B-IBsavailableto Desert Fox
lannersto three from each
They arrived too late to see
any action.

CRISSINTHEBALKANS

The next crigis that would see
US stedlth aircraft in action
occurred in Europe. The Balkans
is aregion that has been a
battleground for millennia, a
crossroads between cultures and
religions and an area which
formedthefrontier for at least
four empires. FollowingWorld
War 1, during-whichthecountry
was occupied by Germany, the
Y u?osl av monarchy was
abolished and the Socidist
Federal Republic of Yugodavia
was set up. When this
disintegrated in 1992, wars broke
outintheformer republicsof
Sovenia, Crodtia, and Bosnia-
Herzegovina. In the latter two,
Serbs seized control of
significant parts of the country
and in a process dubbed "ethnic
cleansing” tried to expd the
non-Serb portion of the
populace.

Thisprocessof conflict drew
attention away from amounting
crissin Kosovo, aprovince
within Serbia. In 1974 the
Constitution had been amended
to grant greater autonomy to
Kosovo, giving the ethnic
Albanianmajority -wholived
there bilingual public education,
bilingual public sgns, and an
alternatejudicial system. In 1989
the Serbian Parliament voted to
alter the constitution to reduce
Kosovo'sautonomy tothefederal
standards that had existed prior
to 1974. Coming asit did onthe
600th anniversary of theloss of
Kosovotothe Ottoman Empire,
this decision created anger
among the Albanian Kosovars.
In response to rising separatism
inthe Albanian Kosovar
community in 1991 Serbia
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dissolved the Kosovo AssembI?]/
and dl Albanian-run schools, hi
the following year, separatists
&roclaimedtheRepublicof )
0s0v0, but thiswasrecognised
only by Albania. When the
Communist regimein Albania
collapsed in 1996, Albanian
Kosovar separatistsfoundit
easer to obtain weapons, a
process which speeded the rise
of anarmed group caling itself
the Kosovo Liberation Army
(KT.A). Asthe process of violence
spirdled, Kosovo and anew
campaign of "ethnic cleansng”
formed an ever-growing part of
newsreports, and asource of
international concern.

Fighting between Albanian
separatistsand Y ugodav forces
excdated in March 1998,
creating new waves of refugees.
By September 350,000 people
were estimated to have become
internally displaced or fled
abroad. InMay 1998 NATO

Below: A B-1B takesoff from
RAF Fair!ord tobegin acombat
mission againg Yugodavian
targets. Thebasealso housed
ALCM-armed B-52s

planners started to study awide
range of military optionsfor
intervening in the growing
crids, including the use of both
ar and ground forces. Asthe
Stuation in Kosovo deteriorated,
these plans gradualy evolved.
On 23 September 1998 the UN
Security Council approved
Resolution 119, demanding a
cessation of hodtilitiesin Kosovo
and warning that, "should the
measures demanded in this
resolution... not be taken...
additional measures to maintain
or restore peace and stability in

the r?ion" would be consdered.

Next day, NATO threatened
military interventionin Kosovo,
and approved two contingency
operation plans, onefor
monitoring and maintaining any
cease-fire agreement which
might emerge, and a second
involving air strikes against
Y ugodavianforcesoperating
wigﬂ n6KIéJ§)Jvo. 1009

n ru , peace
talks intendeda{g halt ethnic
violencein Kosovo openedin
Rambouillet, France. Asthese
continued, NATOwas
assembling the air forces

needed to conduct an air
campaign againg Yugodavia
These would eventudly include
arcraft from the USAF, USN,
Royd Air Force, and French Air
Force, and for thefirst time since
WorldWar |1 wouldinvolve

L OLIthwaffe aircraft in a combat
role.

Most of thestrike aircraft -were
tecticd fightersor fighter-
bombers, but akey ingredient of
any large-scae bombing
campaign would be the veteran
B-52 bomber and the F117A
Nighthawk. On 17 February, Sx
B-52s from Barksdde AFB,
Louisiana, were redeployed to
Royd Air Force Fairford,
England, and four dayslater the
first F117As began arriving at
Aviano Air Basein Italy. During
theflight of amost 14 hoursfrom
Holloman AFB to Itay, each
Nighthawk had been refuelled
18timesby threedifferent
groups of tankers during the
journey - KC-135 Stratotankers
from Grand Forks AFB, North
Dakota; KC-10Extendersfrom
McGuire AFB, New Jersey; and
forward-deployed KC-135s from
Fairchild AFB, Washington.

Around 250 maintainers and
support personnel were aready
inposition at Aviano, having
been flown there aboard C-17
transports.

The F117sfound themselves
a acrowded base which was
dready playing host to ~16s
from Spangdahlem Air Base,
Germany; F15Es from RAF
Lakenheath, England; EA-6Bs
fromMarine CorpsAir Station
Cherry Point, North Caroling;
EC-130sfromDavis-Monthan
AFB, Arizona; A-lOs from
Spangdahlem; KC-135s from the
Misgssppi Air National Guard;
Portuguese 165 Spanish
EFR18s and Canadian CF18s

By late February, the USAF
had committed two air wingsto
the growing forces. The 16t Air
& Space Expeditionary Task
Force included the 16th and 31¢
Air Expeditionary Wings(AEW).
The16th AEW included B-52s,
U-2s F-15C/E, and KC-1355
while the 31¢ operated
F-16CJCG fighters, O/A-10
ground attack aircraft, and the
growingF117force, plus
EC-130E airbornebattl efield
command and control centres,




EC-130H electronic warfare
arcraft, and KG-135 and KC-10
tankers. By the end of the
month, athird wing was
ned to theregion. The
AEWincludedRC-135

reconnaissanceaircraft and
KC13%s

The Rambouiillet talkswere
finaly abandonedinfailureon
19March. By thistime, around
40,000 Y av army (VJ) and
specia police(MUP) troops, and
around 300 tanks had been

oyed in and around Kosovo.

On 20 March, these units
launched an offensive in Kosovo,
driving thousands of ethnic
Albanians out of their homes
and villages, summarily
executing some, displaci
many others, and sattingfireto
many houses

AIRDEFENCE

NATO faced atwo-leve
integrated air-defence system.
TheYugosav Air and Protective
Defence force (JRV i PVO) - a
largely volunteer force - was
responsiblefor theearly-
warning radar network, the
fighter force, and most of the
heavy and medium SAMs, as
well asthe command, control,
and communi cations network
which controlledthem. The
fixed SAM sitesincluded eight
battalionsof Russian-built S-75M
Volkov (SA-2F) with 60
launchers, and 15 battalionsof
S125 PechoraM (SA-3B), again
with 60 (mostly guad) launchers.
Locally produced €l ectronic

decoys were available to protect
some of the early-warning
radars and SAM sitesfrom
attack by ARMs.

An unknown portion of the
"Low-Blow" target-engagement
radars associated with the S125
system were fitted with a 15-mile
(25km) range TV camerawhich
could act as afair-weather
substitute for the radar. This add-
on TV system was probably
devised by Nis Electronic
Industry and the I\/!ilitag/
Technica Ingtitutein Belgrade.
At least some of the S125
systems were thought to have
been upgraded. Y ugoimport-
SDPRwasknown to have
developed an upgrade and
overhaull g_ackage incorporating
digita sub-systems including
digita MTI, and other retrofit

emes were being marketed
by Russia, China, Poland and
Ukraine.

TheArmy (VJ) controlled
some mobilemedium SAMs,
plus organic air-defence assets
including most short-range and
man-portable missle systems,
and sdif-propelled AAA. Missile
systemsin VJsarvice included a
small number of IM33M Osa
AK (SA-8b), 109K 31 Srelal
(SA-(S))():Q)I usalargenumber of
thel S10M2] version of the
9K35 Strela 10M (SA-13). Man-
portable SAMs included around
300 K310 Igla-1 (SA-16) and
Strela3 (Sa-14) and over 500
variants of the SA-7, including
thelocally produced
Y ugoimport-SDPRStrd a2M/A.

To preparetheway for thear

campaign, NATO mounted a
major eectronic intelligence-
gathering operation usng USAF
RC-135U Combat Sent and
RC-135SRivet Joint aircraft, the
USNavy'slittle-known EP-3
Reef Point Orions and the Royal
Air ForceNimrod RII.

Duringthefinal 72 hours
beforehodtilities, the JRV i PVO
and VJ displayed a high
standard of electronic silence
and emission control. The
resulting lack of transmissions
from air-defenceradars madeit
difficulttolocateY ugodavias
mobile SAM systems.

With atotal of 214 US and 130
dlied aircraft ready for action,
late in the evening of 23 March,
NATO Secretary General Javier
Solatia gave NATO's Supreme
Allied Commander Europe, US

Army General Wedey Clark,
authority to launch Operation
Allied Force. Its gods wereto
demonstrate NATO'sresolve to
end the criss, and to degrade
Yugodavidsmilitary

STEALTHINACTION

Above: InMarch 1999, B-2s
fromWhiteman Air For ceBase,
Minnesota, began bombing
raids on hardened targetsin
Yugodavia.

capabilities to carry out future
attacks againgt Albaniansin
Kosovo.

B-2sINACTION

Attacks began with on the night
of Wednesday 24 Marchwith
the firing of RGM/UGM-109C
and D Block 3109 Tomahawk
Land Attack Missles(TLAM)
from US Navy ships, and the
launching of 27 AGM-86C Block
1 Improved CALCMs from
B-52H aircraft operating from
RAFFairford. Intheearly
morning hours of 24 March, two

Below: Fiomthe United States
totheBalkanswasa 31-hour
round-trip misson, including
over-target loiter, involving air
refueling.




Block 30 B-2s of the USAFs 509
Bomb Wing left Whiteman Air
Force Base, Minnesota, totake
partinoperation Noble Anvil.
Eachwasarmedwith 16 2,0001b
(900kg) Mk84 or BLU-109
warhead variant Boeing Joint

Direct Attack Munitions(JDAM).

Following severd midair
refuellings, thetwo bombers
goent severd hours loitering in
Y ugodavian airgpace and
successfully attacked multiple
hardened targets, including
command bunkers and air-
defencesystems. Thetwo
aircraft landed safely back at
WhitemanAFB after 31hours

162

aloft. A Smilar misson was
flownthefollowingnight,
setting apattern for nightly
raids. Often, theaircraft were
back in the air to begin another
mission as soon asthey had
been refuelled and given anew
load of bombs.

hL:ls'_ng rogry Iwnchetr);i/ n
their internal weapons bays,
each B-2 was ableto carry and
ddiver upto 16 DAMs A
sl ectable fuse on each IDAM
was set before the munition was
loaded, and dlowed for avariety
of timedeays- beforeor after
impact - for the weapon's
exploson. It took 30 minutesto

convert eech "dumb” bombinto
asmart bomb. Ten technicians
had to work for four hoursto
build afull load of 16 JIDAMs for
anawaiting B-2. Since JDAM
can be dropped from up to 15
miles (24km) from the target, its
use reduced therisk to the B-2.
Immediately after releasing
weapons, the aircraft could
retreat, leaving the sdlf-
contained guidance system
within each bomb to guide the
round to its specific target An
inertial navigationa system,
updated by GPS, steered the
bomb by way of movabletail fins.
Four phases of military

o,oeati onswereoriginaly
planned. Phase 1 wasintended
to establish air superiority over
Kosovo, andto degrade
command and control and the
integrated air-defence system
over thewhole of the Federal
Republicof Y ugodavia. Phase2
wouldattackmilitarytargetsin
Kosovo and Y ugodav forces that
were providing reinforcement to
SerbianforcesinK osovo. Phase
3 would expand air operations
againgt awide range of high-
value military and security force
targets throughout the Federal
Republicof Y ugodavia Phase4
"would redeploy theavailable




forces as required.

Theair-defence system did its
best to res st the effects of the
NATO attacks, andto avoid
beingengaged. JRV i PV Ofire
and sgnature-control discipline
isreported to have remained
good. Following early strikes
againg the IADS, NATO
spokesman Air Cdre David
Wilby, RAF, stated that".. we
have degraded it hard, there's no
doubt in our mindsthatitis
shaky. I'mnot sayingit'sdown,
I'mnot sayingit'satotaly
neutralised threet, there will
aways be athreat from that air
defence.”

F117A DOWNED

At about 845pm on 27 March,
the ADS wasto demonstrate
that iswas lill functioning by
downing an F117A. Aircrait AF
82 806 had attacked atarget
near Belgrade and was heading
back to base, when it was struck
by amissle Asthe aircraft
entered an uncontrolled dive,
the pilot struggled against
strong negeative g-forces. "The
onefragment of thiswhole event
I can't remember is pulling the
handles. God took my hands
and pulled,” he said.

Left: The General Atomics
Predator UAV wasusedto
monitor Yugodavianforce
movements. Several were shot
down.

Afterlandinginafreshly
ploughed field approximately 50
yards(45m) fromaroad andrail
track intersection, he buried the
life raft and other items of
survival gui pment which had
automatically deployed during
the gjection sequence. The pilot

the next sx hours

hunkered down in a"hold-up
ste’ inashalow culvert 200
yards (180m) away from where
he had landed, and waited in
hope of rescue. More than Six
hours after the bale-out aUS

iad operations unit reached
the area. After a careful and
discreet authentication of his
identity, search and rescue
soecididts trained to recover
combet air crews rescued him.

F117A WRECKAGE

In downing the F-117A, the
Yugodaviansscored a
propaganda boost. Serbian
televison showed video of the
burning wreckage, and in other
newsfootageY ugodavian
civilians danced triumphantly
ontheaircraft'swing. For the
first time, the legendary stedlth
fighter had proved vulnerable.

"We are fairly confident we
know what happened that
caused the loss of this airplane,”
Magj. Gen. BruceCarlson, USAF
Director of Operationa
Requirements, toldjournalists
shortly after theincident. "But
because of thefact that thisisan
ongoing operation - I'm
concerned about the sefety of
the air crews - I'm not prepared
todivulgeit... Any further
comments of the cause of the
F117 loss are unlikely to be
made until the current combat
and high-threat operations have
ended,” headded. "And then if
swethink that theresan
operational advantage to not
telling you, we probably won't
tell you." Thistight-lipped
approach was echoed &t a 26
April press conference, when
NATO spokemanM ajor General
Wadbluntly said, "Werenot
goingto tell you what

h ed.”

E)“CI')ﬁgndamage visble on the
F117 wreckage included what
press reports have described as
"bullet holes', plusapitting
visble in areas such as the wing
surface. "Botharedassic
examples of the type of damage
whichwould result from anear-
miss detonation of a
blast/fragmentation warhead of
the type frequently employed on
early Soviet heavy/medium
SAM systems” reported Jane's
Missiles& Rockets. At first sght,
the distribution and condition of
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the wreckage seemed
incompatible with adirect or
proximity-fused hit at typical
F-117 operating atitudes.
However, the crash of an F-117A
at aUSair show in Maryland in
September 1997 showed that the
arcraft behaves oddly when out
of control, descendingina
fluttering flight path smilar to
that of asycamore seed.

Press reports have suggested
that the stedlth fighter was
downed by alucky shot from an
S125 battery which had
obtained some idea of the
arcreft's podtion from short-
lived temporary tracks that had
been established by widdly
distributed radars or had
detected the aircraft by using its
back-up dectro-optical tracking
channd. In practice, theaircraft's
route may havetakenit over a
Y ugodaviantest siteused for
radar or missletrias, giving
experienced crews equipped
with upgraded systems the
chanceto obtain auseful radar
return.

Whenever stedlth fighters had
crashed inthe USA, the crash
Ste had been sedled off and dl
fragments of the aircraft
gathered up, but herewas a
wreck in distinctly unfriendly
hands. Askedif hewas
concerned that parts of the
wreckage of the F-117 might
have been shipped to Russiafor
analysis, USAFDirector of
Operationa RequirementsM g.
Gen. BruceCarlsonsad, "If they
shipped the partsto Russa,
wouldthat concernus? Sure, it
concernsus. Wedon't liketo
giveanythingaweay." However,
headded, the F11/A is" what
we called second generation
stealth. And we've put alot of
distance between second
generation and the airplanes
that we're building now. We
think that the result of that
material, shouldit have goneto
Russian hands... wethink that
thelossisminimd." He
defended the decision not to
bomb thewreckage. "The
arplane waslost and crashed in
arather remotelocation. It takes
timeto find thosethings. And
I'm not sure that the commander
in the field felt it was worth the
risk to gointhereandtry to
bombit."

At least onepiece of F117A
wreckageis il in Yugodavia
The canopy of AF82 806ison
display in anew section of the
Yugodav Aeronautical Museum.
Inaugurated by Gen. Spasoje
Smi Ij%qi, Comr¥1mder-i n-Chljef of
the Yugodav Air Force, the
exhi t:ai&[ion Beatures NA'IS'IS)
arcraft and weapon ot
down during O at%n Allied
Force. Other exhibitsinclude
parts of an F-16CG lost on2May
19909, an RQ-laPredator
unmanned air vehicle (UAV
rebuilt from partsrecover



Above; Duringthe bombing
campaign againg Yugodavian
targets, the B-1B operated from
RAFFairford,flyingmorethan
80missons

from two of the downed UAVS,
the wreckage of a Luftwaffe
CL289UAYV ,andanear-intact
exampleof the Raytheon
AGM-145 JSOW.

Onthe day that the US
announced the rescue of the
F117 pilot, NATO Secretary
Generd Javier Solana stated
that NATOwasmovinginto
phase two of the air campaign.
Air strikeswould befocusmore
on the Yugodav Army and
specid policeforcesoperatingin
Kosovo. Therethecampaign
againgt the Albanian population
wasgrowinginintensity, and
would continuetodo so. Inearl
April, 13moreF117 Asdeploy
fromHolloman AFB totakepart
in Operation Allied Force. One
would replace the Nighthawk
lost on 27 March, andthe others
would increase the number of
F117 Asavailableinthetreatre.

B-IBs DEPLOY

By thistime, the USAFsthird
model of h bomber wasin
action.On29March, B-1B

bombers were ordered to deploy

toEuropeinsupport of NATO
operations over Y avia
Before the aircraft could be
despatched to Europe, they

14

required ablock-cycle software
updateto their defensive
avionics system. Carried outin
lessthan hourswith the
assigtance of the 53rd Wing at
Eglin AFB, thiswould alow the
aircrafttoaccurately identify
andjam Y ugodavianradars
Five B-IBs from the 28th BW at
Ellsworth arrived at RAF
Fairford, England, on1 April.
Four werefrom the 77th Bomb
S%uadron, and one from the
37thBS. That night, two flew
their first combat mission,
dropping munitions over
Yugodav military targetsin
Kosovo. Thetargetsforthisfirst
B-1B missonwereaseriesof
staging aress that the Y ugodav
Army had set up to bring
together fuel, repair and
provisioning trucksin order to
re-supply tank, armoured
personnel carrier, and artillery
units. "These staging areas are
not constant places, explained a
Pentagon spokesman. "They
move around. They'rein
different places every day, and
obvioudy welook hardfor these
gstaging aress. The B-l iswell
equipped to ded with those
types of wide-areatargets.”
Speaking at a Pentagon press
conferenceon 14May, GenJohn
Jumper, Commanding General
of USAIr Forcesin Europe,
revedled that on that first night,
the B-1 bomber "was shot & and
targeted very precisaly by SA-6s
The defensive systems on the

airplane worked exactly as
advertised." L ater reports
creditedthe aircraft's Raytheon
AN/ALE-50towed d as
having successfully lured away
missiles that had been fired at
the aircraft. By the end of the
campaign, the AN/ALE-50 was
reported to have lured around 10
misslesaway from B-l bombers.

B-2 missonswere dill
continuing, and by 5 April a
total of 384 JDAMSs had been:
dropped by B-2s againgt Serbian
targets. Thistotal suggests that
two aircraft had flown sorties on
12 consecutive nights. The
composite skin of the aircraft
was "holding up very well",
509th Logistics Group
commander Cal. Bill Hood said
on 5 April. "Thisshouldlay to
rest concerns people may have
about the aircraft's stedthiness.”

The degradation of the
Y ugodav defenceswas now
svere, As early as the first week
inApril, the Yugodav air
defenceswere firing SAMsin
balitic rather than radar-

uided mode in order to avoid

ing counterattacked by a
HARM. ingin
Washington on22 April, US
Joint Staff Director of
Intelligence Adm. Wilson
announced the results of the
bombing onthe Y ugodav forces
operating in Kosovo. All four of
themain lines of communication
into Kosovo had beeninter-
dicted, reducing movementsinto

that region by around 50 per

cent. Damageto ammunition
production facilities had resulted
InY ugodav attemptstoimport
moreand differentkinds
ammunition, said Wilson.
"They're not having any success
inthat regard." The end result of
the NATO ar campaign wasto
leaveY ugodaviawith™..aforce
which hasbeeninthefieldfor
X weeks, seven weeks, eight
weeks conducting operations,
low on fuel, low on ammunition,
low on food."

NATO Supreme Commander
Europe (SACEUR), Generd
Wedey Clark, reported that
around 4,400 strike sortieshad
been flown. Although the
wesather was average for the
time of theyear, it was creating
problems. "On about two-thirds
of the days we have had more
than haf of the strike sorties
cancdled," said Gen. Clark.
Nevertheless, attacks on military
industries, and in particular
ammunition production were
saidtohavebeeneffective."We
have had some very good
success against ammunition
stocks and we have done very
serious damage to his ability to

Bight: A view of one of thetwo
capacious internal weapons
baysof theB-2A. Whilethese
could carry aload of 50,0001b
(22,68(1«;{) on rotar?/ launchers,
themodt likely warload isless,
about 40,0001b (18,144kg).
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repair and maintain his aircraft,
military vehicles armaments
and munitions."

The F117 may havebeenhard
at work, but the headlinesinthe
field of stedthweregoingtothe
B-2. By early May, the B-2force
had dropped morethan 1 million
pounds (450,000kg) of ordnance
onYugodavtargets. This
warload had included more than
500 IDAMSs. Sinceeach B-2 can
carry up to 32,0001b (14,500kg) of
ordnance (16 JDAMs), thismeans
that at least 32 missions had been
flown. "Thejet's performance
really has exceeded dl of our
expectations” Brig. Gen. Leir/\o)/
BarnidgeJr.,509thBombWin
commander, told the presson
May. Onatypical sortie, each
bomber carried upto 16 2,0001b
(900kg) IDAMsinsteadof the
two carried by the Nighthawk.
Asareault," A B-2iseguivaent
to eight F117s We cantakethis
thing thousands of miles; we can
gointovery lethal environments,
and we can put the bombs
exactly where wewant them.
Thenwe bring the guys home,
turnthejetsand do it again.”
Thecombination of theB-2and
JDAM washighly accurate. "l've
seen zero collatera damage
from our drikes" Barnidge sad,
"andthat'sapretty good record.”

It was inevitablethat this high
operational tempowould
highli %ht problemswith what
was dill arelatively new aircraft
Becauseof anairflow-cooling
problem, theactuator remote
terminal (ART)whichworksthe
variouscontrol surfaceswasone
of thehigh-failureitems, but this
wasrepaired onthe %)ot.

By mid-May, NATO had flown
around 20,000 sortiesagainst
targetsinY ugodavia, and
estimated that the defences had
firedmorethan 600 SAMs
AlthoughY ugodaviaclamed
the destruction of morethan 80
NATO fixed-wing aircraft,
helicopters, and UAVS, in fact
thetotal NATO losses of
manned aircraft had been only
two - the 117 A, plusan
F-16CJ shot down on 2 May. A
smal number of NATO aircraft
- edtimated by aNATO

Top left: The GBU-30 JDAM s
theweapon of choicefor the
B-2A,and about 500wer e
dropped on Yugodaviainthe
springof 1999, usngthe CPS
targetingsystem. This
amounted toover 450tonsof
munitions.

Far left: to USAF pog-grike
imagery, Cratersmark the
osition of what had been a
ugodavian SAM siteat | vo
Sabac.

Left: to the hours of darkness, a
B-2ispreparedfor thelong
flight to attack targetsin
Yugodavia

STEALTH IN ACTION

spokesman as “about fiveto
ten" - had received some
combat damage, but the US
DoD would not comment on a
report that an F117 had
sustained damage following a
near-missfrom an SA-3 round.

kesman Major General
Chuck Wad would only say,
"We have no indication
whatsoever that they can track
[F-}].’L?s" ) _

n previouswars, ar
defences equipped with
missiles such asthe S75 (SA-2)
and S125 (SA-3) had echieved
hit rates of only afew per cent.
Beforethecontlict, Yugodavia
is reported to have been
confident that it would be able
toinflict attrition rates of about
Sx per cent on NATO strike
aircraft. In practice, they had
managed a SAM Kkill rate of 0.3
per cent (two aircraft for 600
missiles launched), and an
overdl attrition rate of around
0.01 per cent (two aircraft
downed from more than 20,000
hogtile sorties). These f&gures
made Y ugodavids air defences
the least successful of an
major missile-equipped force
used in recent wars.

Thefirst week of June saw the
effective collgpse of the
Y ugodavian air-defence system
asaresult of sustainedNATO
attacks, and on 9 June
Y ugodaviafinally agreedto
accepttheNATO demandto
withdraw its forces from Kosovo.

By theend of thecampaign,
NATO had mounted 38,
drikesin 10484 sorties. The
Fairford-based B-IBs had flown
81 combat mission. Onthe74
missionsinwhichweapons
werere eased, theforcedropped
morethan 1,100tonnesof bombs,
mostly Mk 82 bombs and CBU-
87clusterbombs.

The B-2 force had st its own
record, with 51 of the 53 pilots
of the 509th having flown
combat missions. Eight B-2s
were used, flying atotal of
more than 45 missions with
only one turn-back. Although
the stealth bomber flew only 1
per cent of the total number of
Allied missonsflown, it
delivered 8 per cent of the
bombs dropped. )

During a 21 October hearing
of the Senate Armed Services
Committee hearing, Gen.
Wedey Clark stated that Allied
crews ddivered more than
23,000 bombs and other
munitions with less than 20
incidents of collateral damage.
"That's an incident rate of less
than one-tenth of 1 percent,”
Clark said. "There's never been
anything like it in the history of
amilitary campaign, and |
think it's ared tribute to the
sill and proficiency of the
men and women who flew and
executed this campaign, to
achieve that kind of precison.”
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TOSTEAITH

H aving created thefirst
Sedthaircraft, itishardly
surprising that the USDoD has
fundedthe devel opment of
counter-stealth technologies.
This has required a dual
approach. Aneffectiveanti-
stedth defencewill require
SeNsors ;bl eto de:lect low-RCS
targets, with wi ns
ableto atonﬁ these elet?sp\c/)e
opponents.
he primary sensor is il

radar, which can beinprovedin
three way’s - increasing power
output to obtain stronger radar
returnsformstealthy targets,
using improved digita

rocessing techniquesto detect

aint returnsinthe presence of
background clutter and hostile
jamming, and moving to lower
frequencieswheretoday's
stedth technology isless
effective.

Clams by radar
manufacturersthattheir
equipment have detected US
stedlth aircraft must be treasted
with scepticism. Whennotin
combat, the 117 isfitted with
radar reflectorsso that it shows
up on air traffic control radars,
and the same probably applies
totheB-2.

Tostripaway theprotection
offered by alow RCS involves
placing more energy on target,
and having amore senstive
receiver to detect this energy.
Both measures create their own
problems. Greater power canbe
delivered ontarget by using a
larger radar antenna and amore
powerful transmitter, but these
Increasethe size, weight and

cost of the radar, and reduceits
mobility. Increesngt e
sengitivity of aradar receiver
brings its own problems, since
the output can contain enough
clutter and other falsetargetsto
place amassive load on the
processing hardware.

Rather than pursue such
"bruteforce” solutionstothe
problem of detectinglow-RCS
targets, radar designers are
trying new operating modes. For
example, the fast scanning

§>eeds possible with an
ectronically scanned array

Below: Earlytest flights
confirmed theflying

char acterigticsof theB-2, but
tegting of itsstealth capabllltles
wasto be prolonged.
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Right: The E-3A was designed
before the era of sealthy
targets but a planned upgrade
programme will improve its
effectiveness.

Below: The Boeing E-3 Sentry
is operated by the USA, UK,
France, and collaboratively by
other members of the NATO
alliance.

Left: A variant of Marconi's
Martelloradar was a candidate
in the mid-1980s competition to
sdect aradar for ajoint
military/civil US radar
network.

Below: The MiG-25 Foxbat was
desgned to intercept high-
flying bombers, but by 1977
missile firing trials againgt
samulated cruisemissleshad
begun.

COUNTERSTO STEALTH

makeit possible for theradar to
take note of suspect Sgnds
whose value lies below the
threshold set for atrue target, then
re-examine them oncetherest of
the scan has been completed
Thisisthe gpproach which
Ericsson Microwave Systems has
adopted with its Giraffe and Sea
Giraffe Agile Multi-Beam (AMB
3-D radars. Intended for usewit
theRBS23Bamse SAM system,
Giraffe uses a"priority tracking”

schemeagaing difficult targets,
and can detect a 1085 ft ?O.Isq m)
target at around athird of the
radar'snormal range. SeaGiraffe
usesasngle"omnibus’
transmitter beam, plus aseries of
receive beams which give around
four timesthetimebudget
possible with asingle beam. This
alows the radar to spend more
time observing targets of interest.
Severa years ago researchers at
the Mitre Corporation reveded a

) v : -

novel operating mode which
shows how computing-intensive
agorithms may help with the
detection of stealthy targets.
"Track-before-detect" was
proposed as an aid to air-to-air
radars, but could be applied to
ground-based sets. | nstead of
measuring suspected signals
against apre-defined threshold to
determine whether they
represented a target, a "track-
before-detect” radar treats all

|




sgnds as potentialy genuine
and attempts to build these into
tentativetracks. A truetarget
will gradually resultina
"sengble’ track, whilefalse
tracks can soon be diminated
due to their unreasonable and
unrelistic behaviour.

One way of degrading the
effectsof stedthtechnology isto
use radarswhich operate at
VHPand UHFfreguencies,
rather than in the microwave
band. Most Westernlong-range
surveillanceradars operatein D-
band (I-2GHz), E-band (2-3Ghz)
or F-band (3-4Ghz), but Russa
has long preferred to use C-band
(051GHz), B-taand (250-500MHzZ)
orevenA-band(100-250MH2).
Similarlowfrequenciesareaso
usedin some Chinese
surveillanceradars. Inthepadt,
these equipmentshave oftenbeen
dismissad asexamplesof Soviet
technol ogica backwardness. VHF
andUHFradarsarerdivey
easy todesgnandmanufacture,
thereesonwhy dl theearly
SecondWorldWarradarswere
of thistype.

The need for smaller size,
better low-altitude coverage
and improved target
discrimination soon led to
most radars being built to
operate at microwave
freolgenci esbut, eventoday,
UHF and VHF frequencies
dill have some military
advantages. For one thing,
their antennas tend to be
bulky. Thisisaproblemfor
the user but it does give
virtual immunity from attack
by anti-radar missiles - it is
'{l/,lst not possibleto cram a

HF homing antennainto a
missile seeker. They aso offer
good long-range
performance. Toseethe
reason for thisrequires a
detour into basic radio theory.

High frequency microwave
radio signals require a direct
line of sight between the
transmitter and receiver. Thus
transmitted signals can be
obscured by terrain features
and maximum range is
constrained by the curvature
of the Earth. Operating at such
frequencies makes long range
communications difficult, and
the first radio stations used
the much lower LF or MF
bands. At these frequencies
the "surface -wave' effect
becomes apparent. The signal
emanating from the antenna
tends to hug the Earth's
surface, travelling well beyond
the horizon.

At the still higher VHF and
UHF bands, the skywave is
not refracted back to the
ground and islost. Thereis
still auseful degree of
ground-hugging surface wave,
however, which allows radio
reception some way over the
horizon. The previously
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Above: The envelope of anon-
rigid airship makesanear -
perfect radomefor a
aurveillanceradar, and the
helium atmaosphere will not
affect performance

Bel ow: The modd showsthe
gondola of one proposed USN
olution to the problem of
detecting low-RCStargets - the
Airship Industries
Wegtinghouse YEZ-2A.

Topright: Developed by
Russa’'sNizhny Novgorod
RadioTechnical | ngtitute the
1L 13isamobiletwo-
dimendonal radar operatingin
theVHF band.

Right: The massive antennas
of the Cape Dyer station of
theDEW linelook
impressive, but this networ k
of North-facing radar
stations is obsolescent.

mentioned "obsolete" UHF
and VHF radars al'so make
use of this effect, giving much
longer ranges than direct
line-of-sight microwave
systems.

VHFPROBLEMS

In designing a stealth aircraft,
RCS engineers work to defeat
the 1 - 20GHz microwave
frequencies used by most
radars. Equipments operating
at lower frequencies will be
less affected by RAM and
other RCS-reduction
measures, giving them some
ability to detect’and track
stealth aircraft.

Luckily for the operators of
stealth aircraft, UHF and VHF
radars are no panacea, so they
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still make up asmall portion
of the total number of threats.
L ong wavelengths create their
own tactical and engineering
problems.

For instance, such radars
tend to be physically big,
since large antennas are
needed in order to obtain
adaguately-narrow beam-
widths and high antenna
gains. A side effect of the
relatively wide beam created
by even alarge VHP antenna
isthat the radar's resolution in
azimuthispoor.

When the designer sets out
to combine VHP operating
frequencieswithmobile
operation, the resulting
systems are often reminiscent
of the Second World War
German Freyaand are
cumbersometo deploy.

Russian electronics company
Nitel and research organisation.

. ub
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OTH Radar System
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Above: General Electric's FPS-
118 over-the-horizon radar
bouncesHF sgnalsoff the
ionosphere hi order totrack
air craft flyingfar out over the
Atlantic. Thebeam can be

eectronically steered in
azimuth, whilerangeis
adjugted by varyingthe
frequency (and ionospheric
bounce behaviour) of the
transmitted signal.

Nizhny NovgorodRadio
Technica Ingtitute are confident
that they have cracked the
problem of tracking stedth
aircraft. Nitel's 55G6 family of
VVHP-band radars are physicaly
large, but can track low-RCS
targets such as cruise missiles
and gedlth aircraft, saysthe
company. Accordingto Nitdl, the
basi ¢ advantages of VHF-band
radarsarelow cost, good al-
weather performance, and
resistancetojamming. Sncea
directiona antenna at such long
waveengths must be very large
in order to achieve anarrow
beamwidth, it cannot befitted to
an anti-radiation missile, so the
radar isinvulnerableto ARM
attacks. Nitel damsthat VHP
radarsweretheonly Iragi air-
defence sensorsto survivethe
1901 Gulf War, but saysit does
not know what success (if any)
thelragishadin detectg;g or
tracking USAF 117 stedlth
fighters. Giventhescale of the
Russian post-conflict andyss of
earlier military campaignsin
which its equipment was used,
this professed ignorance seems
srange, unless hag is refusing
to provide feedback.

In the past, Western anaysts
have often dismissed Russian
VHP radars as primitive, but in
a 1997 discussion with the
Nizhny Novgorod Radio
Technica Ingtitute's Dr
Alexandr Zatchchepitsky
(General Designer) and Vaery
Marskin (Depug/ Director of
Research, and Chief Engineer)
the author learned that a
surﬁrising degreeof
sophigtication is built into
thesehugeradars. In early
VHF-band radars, the signa
detected by each antenna
element was carried at radio
frequen% down to a centra
receiver, but the 55G6-TJ has
analogueto digital converters
built into each of the individua
elements which make up the
vertical and horizontal array.
Although the huge inverted-T-
shaped antenna of this radar has
vertical and horizontal legs 100ft
(30m) long, and anazimuth
beamwidth of three degrees, the
Russansclaim aperformance
similar to that of the US
AN/TPS-70 E/F-bandradar,
with an accuracy of 33ft (100m)
in range, 0.2 deg in aTin-ruth, and
1,970ft (600m) in dtitude.
Keeping the signal to noise ratio
of the radar aslow aspossible
wasthe key to achieving
angular accuraciesof around

of the beamwidthin
azimuth, and between 15 and
1/25 of thebeamwidthin
elevation.

France's Parasol derting radar
operates a even lower
frequenciesintheHF band (3to
30MH2). Built under acontract
from the French ministry of
defence, Parasol was developed
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by Thomson-CSF to detect
stedlthy threats and anti-
radiation missles. It wastested
in the mid-1990s.

Under contract from the
German Federal Office for
Defence Technology and
Procurement, Alcatd Defense
Systems is developing a
demonstration UHF cueing
radar for missile-defence
applications. The primary role of
thisradar isthe detection of
tactical balisticmissile(TBM)
threats, and at UHF frequencies
theradar cross-section of theseis
typicaly 10to 100 times greater
than that at microwave )
frequencies, while atmospheric
loss and clutter are considerably
lower. However, Alcatd SEL has
commented that at UHF
frequencies the use of stedth
technol (what Alcatel SEL
terms "radar camouflage” of
missile targets) ispracticaly
impossible.

Surface-to-air missle systems
use radars which scan large
areas of ky and carry out
severd air-defencetasks
simultaneoudly. The cueing
radar is ableto handle the task
of searchingforincoming
threats, then hand over newly
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detected targets to the weapon:
system radar. By concentrating its
radar energy into the 5deg x 5deg
cueing window defined by the
cueing radar, the weapon-system
radar will be able to acquire the
target at the earliest possible time.
The USAF insgtsthat the
stealth features designed into the
F117 and B-2 cannot be
circumvented by long-wavelength
radar, but duringthe 1991 Gulf
War aRoya Navy warshipis
reported to have picked up radar
echoesform F117 stealthfighters.
If true, this may be dueto the
relatively long wavelengths used
by older British naval surveillance
radars. The now-obsolete Marconi
Type 965 operated at metric
\évavc?lmgths presumably A or B
and.

OTH RADARS

One of the most promising
methodsof detectingastealth
aircraft is by means of over-
the-horizon éOTH) radars.In
the United States, research on
equipment of thistypehas
beenunder way for about 25
years, withtheaim of
developing better defences
against conventional bomber



Above: The Pave Paws phased-array
radar onthe US East and West coadis
are anti-SLBM sydtems, intended to
detect snesk attacks by missilefiring
submarines.

AboverighfcEy the 1970s the US
radar early-warning radar
network had shrunk tothis
emasculated form. Although the
developmentby thethen Soviet
Union of the Tu-26 "Backfire" and
Tu-160 "Blackjack" bombers
provided theimpetusfor
Improvements, the collapse of the
Soviet Union ended most of these.

left-Based at Shemyain the
Aleutian Idands, the Cobra Dane
radar coversthe Eastern tip of the
USSR, including the strategic
Kamchatka Peninsula

threats. The aim wasto create
long-range radars able to

track aircraft which are
masked from the view of
conventional ground-based
radars by the curvature of the
earth's surface.

Radars of thistype direct a
powerful sky wavetowards
the earth'sionosphere. Thisis
refracted and returned
towardsthe earth's surface,

COUNTERSTO STEALTH

Moscow

DEW line

illuminating a distant patch of
terrain or sea. Any targets
present in this area create
radar echoes which follow the
reverse route back up to the
ionosphere and thus back to
the receiver of the OTH radar.

One problem in such
dependence on sky waves is
that the signal is redirected
not by reflection but by
refraction, sopropagation
conditions cannot be
calculated by simple
geometry. The amount of
refraction experienced
depends on the freguency of
the signal and the density of
the ionosphere. The latter
varies with time, as doesthe
height of the ionosphere.
Variations occur on both daily
and annual cycles and cannot
be predicted accurately. As the
amount of refraction being
experienced alters, so also
does the distance between the
transmitter and the location
where the sky wave returns to
the earth's surface a distance
know to radio operators as
the "skip distance".

Studies of a possible US
OTH system began in the
early 1970s and system
definition work was
completed by November 1973,
The contract to develop a
prototype of what was then
called the over-the-horizon
backscatter (OTH-B) radar was

awarded in March 1975 but
the programme soon ran into
difficulties with both cost and
timescale. A restructuring
began in December 1976
which put the effort on amore
realistic basis, allowing
technical feasibility testsfour
years later.

Theinitial goa of the
programme was to develop
and test a limited coverage
prototype radar. Based in
Maine, this was used to assess
theleve of technical
performance required by an
operational system. At the
same time, further work was
carried out on basic OTH
radar technology in order to
increase the effectiveness of
thefinal system. Areas
explored by this research
effort included ionospheric
modelling and prediction,
adaptivebeam-forming, low-
sidelobe antennas and
computer algorithmsfor
signal processing and radar
contr:ol.

The prototype system was
handedpover ¥c§> the USAF in
May 1980, allowing the start
of nine months of system
performance tests. These gave
the confidence needed to
make the decision in October
1981 to proceed with the
development and deployment
of an operational system, a
contract for which was

awarded to General Electric
in June 1982. This called for
the upgrading of the
experimental system in
Maineto afully operational
60 degree azimuth coverage
Initial Operating Sector (10S)
of the East Coast Radar
System.

US COVERAGE

Officia designation of the
system is AN/FPS-118.
Transmissonfrequencyis
5-28MHz, with an output power
of [,200kW A system with four
siteswas planned. One would
bein Maine, the other three on
theUSWest coast, Central USA
and Alaska Intended to provide
early-warning of aircraft or
missilethreats approaching the
continental USA,, it has
effectively been dosed down
with the ending of the Cold War.
TheRaytheonAN/TPS-71
Relocatable OTH Radar
(ROTHR)ismuchsmallerthan
the FPS118, andisdesigned to
dlow rapid deployment to
prepared Stes. Developedfor the
USNavy, it condgsof twosites
- atransmitter and a combined
operations centre/receiver -
spaced up to 110 miles (180km)
gpart. Ittransmitsat frequencies
of 5-28MHz, and hasapower
output of 200kW. Maximum
rangeis 1875 miles (3,000km).
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The possibility that OTH
radars could be used to track
stealth aircraft emerged in the
summer of 1986 when Dr. D.H.
Sinnott, asenior principal
research scientist of the
Australian Department of
Defence's Research Centreat
Salisbury, stated during a
defenceconferencein
Canberra that the entire
airframeof astealthaircraft
would reflect energy at HF
frequencies.

An OTH radar system has a
severe limitation in terms of
minimum range. Since the
radar signal must reach the
ionosphere, reflect and then
returntothe earth'ssurface,
an OTH radar cannot detect
targets operating within a
radius of about SOOnm
(900km). Aware of this fact, the
crew of astealth aircraft
would be able to initiate a
change in course or other
evasive tactics once they were
confident that their aircraft
was no longer visbleto the
OTH radar. ]

Russahas an equivaent to
the AN/APS-118. Knownas
OTH-B, thishasbeenin service
sincethe 1970s It transmitsat a
frequency of 4-30MHz, and has a
power output of 30MW AnOTH
radar systemisaso being
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developed in China. Ex
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have arange of 2190 miles
3,500km), It operates between
28MHZ, and emits |OOOKW of

power.
On the other side of the
lobe, Australia has the need
or an OTH system and vast
tracts of desert in which to
locate antennas. Under the
Jindalee programme, a single
test site has been built at
Alice Springs in the centre of
the country. This will later
form part of athree-site
operation system due to enter
service in the mid-1990s. The
other sites will be in the
north-east and the south-west.

It remainsto be seenjust how
effectively OTH and VHPradars
could "hand over" stealthy
targetsto microwave band
radars. Much of the secret test
flying of the F-117A and earlier
XST sedthfightersin Nevada
againg threat sysems will have
been intended fo invedtigate this
problem.

"Canthe 117 or B-2be
tracked by radar? The answer to
that questionisyes” saysUSAF
Director of Operation
Reciw rementsMaj. Gen.Bruce
Carlson. "All vehiclescan be
tracked by radar. However, the
key hereisto know whenyou're
being tracked by radar, what

radars are tracking you and
what thefidelity of that track is
For instance, avery low
frequency radar - whether it's
trackingaconventional, first-
generation or athird-generation
steelth airplane - has very little
capability to track it with
precison. They know the

general areathat the airplane
m_afv1 bein, but they can't track it
with precision needed to guide
either another airplane to it or a
SAM toit. Sowhat you need
then is the target-tracking

i 5

radars, the higher frequency
radarsthat are much more
accurate, and that'swhere the
stedth airplanes that are
designed from the bottom up
havetheir significant

Another possible technigue
for detecting stealth aircraft
involves inter-netting a series
of fixed-site and mobile
radars, using them
intermittently as active search
systems and Tor the rest of the
time as passive direction-




left Upgrades have allowed
this US Army Patriot radar
station to control improved
versonsof the Patriot missile,
induding the PAC-3 anti-
misslevariant.

Right: Triangulation locatesthe
position of ahogtile emitter.
Stealth aircraft mus remain
radar- and radio-slent whilein
rangeof enemy ESM dations

finders. Thiswasfirst doneas
aw%of avoidingARM
attacks. The enemy isfaced
with aseries of blinking
emitterswhich ESMsand
ARMs "see" as onl
intermittent signal's whose
location and characteristics
changerapidly. Evenif oneor
more Sites can be attacked
and knocked out, the network
will continuetofunction.

Detection of stealth targets
would involve the use of a
?roup of netted radars able to

ransmit on awide range of
frequencies. Asaresult of the
inevitable compromisesin the
design process, stealth
measures cannot be equally
effective at al angles and
frequencies. The greater the
number of frequenciesand
directions of the signas
arriving at astealth aircraft,
the greater the chances that
one or more might create a
usableecho.

Onepromising i
countermeasureto stealthis
bi-staticradar. Inanormal
(mono-static) radar, the
transmitter and receiver are at
the samelocation and often
share acommon antenna. Ina
bi-static radar, they are
located some distance apart
and several receivers may
share asingle transmitter. An

Below: The Balligic Missle
Early Warning System at

FylingdalesintheUK hasbeen
upgraded to deal with new
threats, which may include
dealthy re-entry vehicles.

aircraft which relies on
or faceting to reduce

.Shag ng or fac

its RCS is designed to ensure
that an incomi ng_ radar signd
is not reflected directly back
to the radar. This works well
against a conventional
mono-static radar but could
result in the incoming radar
energy being "dumped" in the
direction of alistening
receiver forming part of a
bi-static system.

InFrance, Thomson-CSFhas
devel oped the D-Fencebi-static
warni ngtradar to detect stedthy
threats. Like the Parasol radar
mentioned earlier, this operates
intheHF band (3to 30MH2),
and was built under contract
from the French MaoD. D-Fence
isreported to be able to detect
gedth arcraft, UAVs and cruise
missiles andto havearange of
tensof kilometres, ]

Being passive, receiver sites
areimmuneto the attentions of
threats such a directional
jammers, anti-radiation
missiles and "Wild Weasd"
aircraft. Inabi-static radar,
there are several potential
ways of protecting the
transmitter. The concept
known as "sanctuary radar"
involves installing the
transmitter in asafelocation
fromwhichit may servea
number of front-line receiving
Stes. Suitable locations for the
transmitter could be far back
from the battle area, either at
aground location heavily
protected by air defences or
inahigh-flyi ng_a_l rcraft.
Another possibility would
involve mounting the
transmitter unitin a.
geo-stationary satdlite.

Bi-dtatic radar systemsneed
notincorporate afransmitter, but
could exploit the RF ener
fromother emitters. Lockheed
Martin's Silent Sentry system
Uses apassive recelver fo detect
and track airborne targetsvia
the reflected energy from
television and FM radio Sations.
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Since these Sgnal sources
broadcast at VHP and UHF
oy odrongly 1o ety
may bestrongly r
stgdythajrcraﬂ.y ] Y
During tests of this concept,
L ockheed Martinisreported to
have used Sgnasfrom FM radio
dationsin Gaithersburg,
Maryland, to track commercia
arcraft flying in and out of
Baltimore-Washington
International Airport. However,
like VHF and UHF radars, Silent
Sentry is not accurate enough to
be used for targeting. It can
used only to detect atarget, and
to aert aseparate tracking radar.

ADVANCED RADARS

Perhaps the best prospect for
an anti-stealth radar isa
technique only just emerging
from thelaboratory. Thisis
known as a"carrierless radar”.
Tiny low-powered radars of
thistype are already used for
some commercial applications
such as creating images of the
interior of concrete structures.
However, larger and vastly
more powerful systemscould
be developed for ar
surveillance and target
tracking.

Atfirst sight, the concept of
a carrierless radar seems like
acontradiction in terms.
Engineers usetheword
"carrier" to describe the basic
radio-frequency signal to
which modulation’is applied.
Such modulation can be
speech or data (in the case of
acommunicationslink),
pulses (in the case of pulsed
radar) or variationsin
freguency (inthe case of a
continuous-wave radar).
Remove the carrier and it
mlght seem that nothing is
leff to carry the modulation.

All the radar engineer
needsisapulse (probably of
rectangular shape) with which
to illuminate his target. Using
a mathematical technique

known as Fourier Expansion,
any waveform can be broken
down into a series of
sinusoidal components - a
main component, known as
the fundamental, and
multiples of this fundamental,
known as harmonics. Vary the
shape and freguency of the
waveform being andlysed and
theresulting "mix" of =
fundamental and harmonics
will also change. For every
shape of waveform, a
"cocktail" of these components
can be obtained.

The exact operating
principles of carrierless radar
are classified but the broad
idea seems to be to reverse
the process. Instead of
transmitting the desired
waveform, fransmitthecorrect
mix of frequencies which will
recreateit. These could mostly
be of low power and could
stretch across most or even dl
of the frequency bands used
for radar. Therésultin
synthesised pulse would not
be affected by radar-absorbent
materials.

OPTICAL SYSTEMS

Stealth technology may aso be
patialy nullified by the use of
Sensors operating at frequencies
far abovethose of traditional
microwave radars. For decades,
the highest frequencies used for
military radars werein J-band
(10-20GHz), but growing use is
now being madeof K band (20-
40GHz) and M band (40
IOOGHz?. Strictly spesking, the
term"millimetre-wave" should
bereserved for M band and
higher, but in practice it is often
applied to agrowing number of
systems operating at or near
35GHz.

Anearly applicationfor
millimetre-wave radar was in
short-range air-defence.
Hoflandse Signaalapparaten
offers several 35GHz radars such
asthe ASADS gun-mounted
radar for AA weapons such as
40mm guns, Spear 35GHz
radar/TV fire-control system for
low-leve air-defence units, and
LIROD (Lightweight
Radar/Optronic Detector) nava
fire-control system.

Ericsson chose K-band for its
Eagle fire-control radar so that the
resulting narrow beam, high-gain
antenna, and minima sidelobes
would help givethe equipment a
low radar signature. Their success
lead to an improved version being
selected aspart of theRBS 23
BAMSE SAM system. Radars that
combined millimetric and
conventional microwave
frec1uenci$ in a sngle tracker
could use the lower frequency to
detect targets, and the higher
frectjency for subsequent
tracking. A common combination
teams |-band and K-band.
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Above: SAM systemswhich
don't useradar will posea
threattogtealthaircraft. Shorts
Javelin is command guided and
hasan IR survelllance system.

Hollandse Signaalapparaten
isprobably the best-known
manufacturer of thistypeof
dual-frequency radar, offering its
Hycatcher radar, Sting radar/EO
naval fire-control system, and
STfR nava tracking radar.
However, the concept hasdso
been used by other companies
including EltaElectronic
Industriesinthe EL/M-221 naval
fire-control radar, and Bharat
Dynamicsinthe PIW 519
wesponcontrol radar. Russian
designersused | andK-bandin
theradar contralling the Kinzhal
(SA-N-9) naval SAM system, and
are thought to have used the
same dual frequenciesinthe
MR-114, -145, and -185radarsfor
100mm AK-100 nava gun
mount.

The ability of alaser radar
q1idar) to detect hydrocarbonsin
the atmosphere could provide a
useful anti-stealth sensor.
According to apaper onremote
laser sensing published by Carlo

Right: Onepossblegealth
detector ishi-gtaticradar,a
system whaosetransmitter and
receiver arein different
locations. The" sanctuary”
concept shown hereis probably
theultimatebi-staticsystem.
Ground-based receiving sites
operatein conjunction with a
transmitter in ahigh-flying
aircr aft (whosepostionis
measured using ground-based
DME gations), or evenina
satellite.
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KoppinAir Chronicles, "ajet
aircraft exhaust trail will contain
concentrations of hydrocarbons
of the order of parts per million,
which can be 100 or more times
the background atmospheric
concentration. Should we see a
proliferation of stealth
technology in the next century,
the ability to track such aircraft
even under VFR conditions
would significantly limit an
opponent's opportunities to use
th; stedlth aircraft productively.
By congtraining hostile stedlt
aircraft operationsto IFR
conditions where lidar is
ineffective, an opponent will be
at the mercy of the weather and
thus more predictable in terms
of operational activity." Since
helicoptersin NOE (Nap-Of -the-
Earth) flight and hover areina
moderate to high engine power
regime, and generating large
amounts of exhaust gas, Kopp
believes that abattlefield-
surveillance lidar could dso
detect stealthy battlefield

helicoptersin the class of the
RAH-66 Comanche.

IRDETECTION

Techniques such as direct
shielding, active cooling and
passive surface treatments such
as special paints and coatings
have reduced the IR signature of
stedlthy aircraft and missles, but
not to the degree that RF
signatures have been reduced.
IR thus remains aviable method
of detecting threats. The long-
term goa of stealth engineers
must be to reduce IR
detectabihty in the 3-5 and 812
micron bands to levels which
would make IR sensors as
blunted in range astheir RF
counterparts, but until this has
been achieved, IR and other EO
sensors may prove vauable
short—ran?e anti-stealth sensors,
particularly against missle
threats. Their usefulness againsgt
manned aircraft may be limited,
snce high-value stedlth aircraft

Bi-Static" Sanctuary”" Concept

Transmitter
aircraft

e s
™ Distance ™~
|—’“ measuring

Passive
receiver e

= bt
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arelikely to stay wel abovethe
combat celling of point-defence
systems, attacking using guided
munitions such as laser-guided
bombs, or well away fromthe
defences and attacking with
stand-off missiles

The ability of an EO systemto
track astealth aircraft was
shown at the 1996 Farnborough
Air Show when amilitary crew
demonstratingthe BAe (now
MatraBAeDynamics) Jernas
version of Rapier used the
system's EO tracking system to
acquire and track the Northrop
Grumman B-2 Spirit stealth
bomber at arange of 3.75 miles
(6km). Inpractice, aB-2tasked
with attackinﬂ Farnborough
would never have come within
Rapier range of theairfield, so
the entire exercise said nothing
about the aircraft's potential
vulnerability to ground-based
sensors.

TheB-2may havesomelR
suppression tricks up its deeve.
Northrop Grumman'sonly

Alternative

satellite :
transmitter i
|\
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commentontheFarnborough
incident wasthat, "It'seasier to
detect the B-2 at air showsthan
in combat," so it is possible that
any |R-suppression system fitted
to the aircraft would not be
activated whilethebomber
couldbeobservedby non-US
SENSors.

Some idea of the current
level of Western capabilities
can be gleaned from the
AN/AAS-42. Thishasa9llb
(41kg) chin-mounted sensor
head that contains the optics
and detector assembly, plus a
three-axis internally stabilised
gimbal system. It operatesin
conjunctionwith a371b (16.3kg)

Left: The Antey 9K33 Osa (SA-8
" Gecko") usesradar guidance
but hasaback-up optical
trackingmodewhich could be
usad againg stealth aircr aft.

Below: Advanced | R-guided
weaponssuch asthe Stinger
SAM (seen hereinvehicle-
mounted form) might be ableto
homein onthejetpipesof
gealth fighters.

controller/processor unit
mounted within the aircraft.
Unofficially reported to be a
dual-band device operating at
3-5micronsand 812 microns,
the system has six operating
modes, which are smilar to
those of the aircraft's Hughes
AN/APG-71radar. Azimuth
and eevation scan volumes
are sdlectable, and separately
controlled by the aircrew.
Scanning can be done
manually or under the control
of thepilot.

The MiG bureau are
enthusiastic proponents of EO
sensors, and the stabilised EO
system carried by the MiG-29
and Su-27 combines an infra-
red search and track (IRST)
sensor and alaser rangefinder
which share a common

stabilised CassegIrai n optional
system. The Sukhoi team takes
amore conservative view of
the virtues of EO sensors, but
ingtalled a smilar system on
the Su-27

EO sensors are also carried
by the Eurofighter 2000, Rafale,
and the Mitsubishi F-2. The
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proposed dual-band IRST
originaly plannedfor
Eurofighter 2000 proved too
expensive, so the specification
was relaxed, alowing
contractors to offer single-band
or dual-band systems. In August
1992, a development contract
wasfinaly awarded to the
Eurofist consortium for the
Pirate (Passve Infra-Red
Airborne Tracking Equi pment)
single-band system. FIAR actsas
lead contractor, while Thorn
EMI isthe system design
authority. Spanish team member
was Eurotronica, which has
since been replaced by Tecnobit.

The Defence Optronics
divison of Thomson-CSFis
working with SAT to develop
theforward-looking optronic
sysemfor Rafale. Thesystemis
mounted behind the radar, and
has two sensor heads on the
upper fusdagejust ahead of the
canopy. ThelR search and
imaging unit usesinfra-red and
high-definitionCCDtechnology,
andis mountedto port. The
identification and rangefinding
unit (based on an eye-safe laser
rangefinder) istostarboard,
while acommon processing unit
islocated in the lower fusel
The combined system will dlow
passive detection, visua
Identification, and damage
assessment of targetsin ar-to-air
combat.

Relatively littleisknown
about the Japan Aviation
Electronicslaser/EO system on
the Mitsubishi F-2. It isprobably
adual-band (3-5 micron and 818
micron) sensor suitablefor air-to-
ar and air-to-ground use.

The range at which aircraft
can be detected by today's
fighter-mounted EO systemsis
classified, but some clues can be
obtained from the published
performanceof thel R-guided
Vympel R-27T1 and R-27ET1 air-
to-air missiles Theselack the
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mid-course updating facility of
the semi-active radar-guided R-
27/R1 and R-27ER1 moddls, s0
must be locked on before launch,
yet have maximum ranges of 45
miles(72km) and 81 miles
(130km), respectively.

In 19967dpre$r eports
suggested that Irag was about to
obta n the ability to track US
gtedlth fighters by purchasing
TedaPardubice TamaraESM
systemsfromthe Czech
Republic. A year earlier Mg.
Gen. Oldrizhikh Barak,
president of the Teda-Pardubice,
told the Russian newspaper
Pravdathat aTamarasystem
consisting of three units spaced
severd miles apart can track
stealth or smilar low-signature
aircraft from distances of about
12miles(19km).

Tamaramonitors the spectrum
from 820MHz to 1SGHz, and
normally consists of three

Above left: The Teal Ruby infra-
red sensor was devised asa
research toal into the problems
of detecting air targetsby
observing their IR signature
fromorbit.

Left: The Almaz S-300PM
(SA-IOb " Grumble') usesa
Track-Via-Missle(TVM)
guidance system which may
have been designed with low-
RCStargetsin mind.

Below: The likely operating
altitudeand location of
Wegtern surveillance aircraft
would bring them within the
firepower of long-range
surfaceto-air sysemssuch as
those operated by the
Russans. This diagram was
prepared before the
deployment of the USAir
Force's E-8 Joint Starsand
retirement of the EF-111, but
the potential problem
remains. Plansto develop a
gealthy aircraft in place of the
E-8wereabandoned.
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Right: Thelmproved Hawk is
NATQO'smost common
medium range SAM. Further
upgradesareneeded to
counter future stealth aircraft
developments.

gxeg ons Tou|3nted on Tatra 8hlS
trucks. By comparingthe
time of arivaa/ of detpg;teg
dgnds at the three gations, the
systemis ableto derivethe
bearing of the emitter, then
identify it by comparisonwitha
built-inthreat library. Tamara
provides coverage over a100
degree arc, whileits maximum
range is determined by the
radar horizon. The Czech
company has been promoting
Tamaraas an anti-stealth
measure, but hasnot identified
the nature of the RF signal
emittedfromstealth aircraft
which would alow theseto be
tracked. Therangeof 12 miles
mentioned above suggests a
rdatively low level sgnd.

It isunlikel?/ that any one
single technology wil
dramatically decrease the
vulnerability of steathaircraft.
By poolingtheinformationfrom
saverd sensors, no one of which
is giving rdiable data, the
"dgnd-to-noise’ ratiomay be
improved to the point were
Sedthy targets can be
distinguished.

MULTI-SENSORS

Much of the effort currently
being devoted to developing
next-generation air defencesis
concentrating on theidea of
netting different sensors, and
particularly differenttypesof
sensor, thenfusingthedatafrom
al sourcesto create atectica
picture. Thistechniqueis
aready being used on some
modernair-defencetracking
systemn such as Oerlikon
ContravesSkyshidd, which
fuses data from the radar, TV
and IR channelsto help track
difficult tergets.

The Surveillance and
Warning Systems Department
of Bodenseewerke
Geratetechnik istesting a
technology demonstrator for a
multi-sensor system able to
detect aircraft, helicopters,
UAVs, and missiles Developed
under Germany's Aufklarung
und Bekampfung nicht-
baligticher Flugkorper (ABF)
research and deve opment
programme, this will use a
combination of IR and UV
sensors that will scan an entire
hemisphere. Fusing the target
features seeninthetwo bandsis
expected to sort out potentia
targetsfromclutter and noise. A
verification systemcons sting of
ahigh-resolution IR sensor and a
laser rangefinder will be used to
examine these potential targets,
obtainingadditional information

COUNTERSTO STEALTH

Bight: ThemassveAntey S-
300V (SA-12a " Gladiator™) is
part of aRussan SAM system
designed to counter low-RCS
missletargets.

such asrange, velocity and IR
features. The equipment will
then create three-dimensional
tracks which will alow
discrimination between red
targets and clutter.
Conventiond target
association and tracking
techniques such as probahilistic
dataassociation (PDA) andjoint
probabilistic data association
(JPDA) work well given good
datafromasingle tracking




Sensor, brLIJt arelesfseffectivde
againg the sort of poor-quality
and intermittent data likely to be
obtained when attempting to
track alow-RCStarget. Research
work carried out at the National
University of Defense
Technology, inHunan, China,
has devised track initiation, data
association, and tracking
techniques suitable for use with
anetwork of distributed

tracking sensors. Such a

network might be able to
maintain areliable track by
combining individual detections
or fragmentary tracks from

every sensor in the system.

Work has dso been carried out
at the TsnghuaUniversity in
Chinato develop new data-
fusion techniqueswhich would
dlow stealthy targetsto be
tracked by netted radars.

ANTI-STEALTH SAMS
Thelatest generation of

Above: Jamming strobes
designed to mask large targets
will be even more effective
when used to protect stealth
aircraft.

left: Intheabsenceof sealthy
threats, the USisfocusin%
future devdopments of the
Standard naval SAM onthe
anti-ballistic missle role.

medium-range SAM systems
offer anti-stedth capability.
Following Desert Storm, the
requirementfor Patriot PAC-3
was extended to cover not only
conventiond aircraft, UAVs, and
ballistic missiles, but aso tactical
air-to-surface missles, anti-
radiation missiles, tactical
balistic missles, and what a
Fiscd Y ear 97 report by the US
Director, Operational Testand
Evaluation (DOT&E), described
as"additiona performance
requirements needed to counter
advanced stealth technology".
TheminimumRCSPatriot PAC-
3 can engage has never been
oo (Ol s hiaTigtne
t(Olsgm), butthisfigure
may not be religble.
The previous chapter (Stealth
in Action) described how
Y ugodavianS-125Pechora(SA-3
"Goa") surface-to-air missile
systems had been upgraded to
improve their anti-stealth
capability. This did not mark the
end of S125 upgrades. Under a
programmeinwhich Russias
Rosvooruzheniyeorganisationis
to upgrade 50 Egyptian Pechora
systemsto the Pechora-2
standard, the detection range
againg stedlth aircraft isbeing
increased from upto 10 miles
16km) to morethan 19 miles
30km), say thesystem's
designers.
Since the USA has been
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openly developing small cruise
missilessince the mid-1970s, it
is only to be expected that the
latest generation of Soviet
SAMSs has been designed to
deal with suchlow-RCS
targets. One of the first was the
SA-10 Grumble, aweapon
whose development may have
been protracted by the need to
cope with cruise missiles.

Accordingtothe US
Department of Defense, at
least 500 SA-10 siteswould be
needed in order to create an
effective defence against
cruisemissiles. A system of
this Sze would have at |east
some capabi ”St&/ againgt stealth
aircraft. The SA-10 systems are
inter-netted (a technigue
described earlier when
describing anti-stealth radar
operations) and in 1987 the US
DoD confirmedthat the
weapons have "a capability
against low-altitude targets
with smal radar cross-sections
such as cruise missles'.

The Antey S-300V (SA-12a
Gladiator) will beamuchmore
sgnificantthreat, particularly to
B-2 operations. Like the SA-IOb
thisisamobile system, inthis
case with tracked rather than
wheeled vehicles, and wasfirst
fielded in the mid-1980s

The S-300 and S-300V
systemswere extensively
modernised during the 1990s to

Above: Thedisplay of aPatriot
fire-contr ol system shows
several air targets. How well
will the system copewith
stealth aircraft?

Left: The original Patriot was
designed to deal with air craft
targets. Improved versonswill
beused intheplanned MEADS
inter national SAM system.

create new and more combat-
effective variants. The 96L6E
phased-array target designation
radar and 30NGE2 illumination
and guidance radar of the
Almaz/Fake S-300PMU2 Favorit
SAM system (an upgraded
S-300) are ableto detect cruise
misslesflying at extremely low
altitude, and themanufacturers
claim an improved capability to
engage stealthy targets.
Themost recent Russian SAM
systems to be announced are
the Antey 2500 and the S-400.
Both are based on existing
systems and were designed to
counter low-RCStargets, but
neither is ableto dedal with true
sedthaircraft. The Antey 2500
is based on the earlier S-300V
(SA-12 "Giant/Gladiator"), but
usesthe improved 9IM82M and
9M83M missilesin place of the
earlier IM82 and 9M 83, whileits
ground egnipment has been
upgraded to incorporate
improved radar signd
processing technigues.




Inamagazine article
describingthe Antey 2500
SAM system, Antey Genera
Designer VVeniamin "yfefremov
and Y uri Svirin, director
generd of the Mariysky
Mashinostroitel Production
Association, say that the system
isintended to counter
"battlefield and theatre missiles
and other high-speed, 'stedth’
highly manoeuvrable and hard-
to-hittargets'. Inpractice,
rc'géva%/? o et Whil

ility seemslimited. While
the Antey S300V could dedl
withtargetswhose RCSwas as
low as108t0 0.54 x ft (0.1 -
0.0S5 M), the minimum size of
target which can be engaged
by the Antey 2500is0.22sq ft
(0.025gm).

By 1999 Russiahad begun
trials of the S-400. Littleis
known about this system,
whichthe Russanssay can fire
a least two types of missiles -
oneforuseagaing aircraft, the
other againgt ballistic missle
targets. Likethe Antey 2500, it
may be based in part on
improved versions of existing
hardware.

THE SOLUTION

At present, the only redligtic
solution to the problem of
engaging low-observable
targets at other than short
rangeisthe use of multi-mode
uidance coupled to datalinks
or mid-courseupdating. Once
atarget has been located and a
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missile (-whether surface-to-air
or air-to-air) islaunched against
it, the weapon must be able to
fly towards the target under
autopilot/inertial control,
relying on mid-course updates
to get it cdlose enough to its
quarry to dlow the seeker to
lock on. Thistechniqueis used
by dl the SAM systems
mentioned so far, and by the
Eurg Family of Anti-air
Missle Systems(FAMS) based
on thetwo-stage Aster 15 and
Aster 30 missiles. Thisisdueto
be deployed in land-based and
ship-boardforms. Bothsystems
will use Aerospatide vertically
launched missiles, a Thomson-
CSFArabell/Jband
multifunction phased-array
radar, plus common computers
and displays. Theradar is
expected to be able to handle
approximately 50 tracks, and to
engage up to 10 targets at the
same time.with rounds being
fired at rates of up to one per
se_?_ond. of g

e} round are
pl mneé),/ ﬁh vertical launched
and ramjet powered. Aster 15
misslewill have arange of
between 6 and 105 miles (10-
17km), while the Aster 30 - also
known as Aster ER (Extended
Range) - will have atandem
booster and grester range.
During theinitia stages of
flight, the missileswill be
inertialy guided, receivinig)el
target updates viathe Ar
radar. Once closeto the target,
the J-band Electronique Serge

Dassault AD4A active pulse-
Doppler seeker will be
activated.

The US has no al-new long-
range SAM on the drawing
board, but the latest PAC-3
version of Patriot has an
improved ility against
ballistic missles, stealth aircraft
and stand-off jammers. It has a
better radar, larger rocket
motor giving greater range, a
new 35GHz %K—band) er
with three operating modes
(includingfully-active), andan
improved warhead and fuze.

IMPROVED MISSILES

Stedlth threats dso demand the
introduction of improved or
even al-new air-to-air missiles.
By the mid- tolate-1990s, the
ability to fly doseto atarget
before engaging a terminal
guidance mode was becoming
an essentia featureinthe AJMs
of dl nations facing the threat
of stedlth aircraft or missiles.
This capability first became
available to USAF and other
NATO air aamswiththe
fielding of theHughes(now
Raytheon) AIM-120 AMRAAM,
amissle -which combines an
active radar seeker with
updateable inertial mid-course

uidance. Developed to replace
the ATM-7 Sparrow, AMRAAM
issmaler and lighter, yet has a
range of between 30 and 40nm
(55-79km). _

MatraBAe Dynamics says

that its MICA (Missile

Above: The AIM-120
AMRAAM missle(seenhere
on test below thewing of an
F-16)isnowinservicewiththe
USanditsmainallies.

Right: The Rafale A prototype
demondrates an air-to-air
armament of four Matra BAe
Dynamics MICA " fire-and-
forget" missilesandtwo
wingtip-mounted Magics.

Below: Early test firings of the
Matra BAe Dynamics MICA
werefromgroundlaunchers. It
isapparentlyinthesame
performanceclassastheUS
AMRAAM.
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Intermediat de Combat Aerien)
will match the performance of
theUS missle. Two dternative
models of seeker are offered - a
passivel Runitfor air-combat
missions, and an active-radar
seeker forinterceptionsorties.

Inshort-rangecombat, MICA
islocked ontoitstarget before
launch. Medium—ran%g
engagementswould be flown
under strap-downinertial
guidance, with the seeker being
activatedlater intheflight.
During long-range shots, the
inertial system would be given an
in-flight update. MCA is 1017t
(3]1113J long and weighs around

].’I.G%g) Its solid-propeU
rocket motor gives a maX|mum
range of between 31 to 37 miles
(50-60km), and its aerodynamic
control surfaces are supplemented
by athrust-vectoring system to
ensurehighagility.

The Russian equivaent of
theAMRAAM istheR-77.1n
itsbasic form, thisis powered
by a solld-propellant rocket
motor, but aramjet-powered
RV-AAE versonisknownto
be under development. It is
unlikely that Russia will be
ableto affordtofieldtheRV-
AAE inthe near future, but
Chinais reported to be
funding the project.

Even for these high-
performance missles, downing
astealthy aircraft or cruise
missile will not be easy. New
patterns of multlspectral
seeker may be needed. For
example, one US project is
developing a seeker intended
to detect the smal amount of
energy emitted by the radar
dtimeter and engine of cruise
missles

Inthe late 1980s Gen. Larry
D. Welch, then the US Air
Force chief of staff, predicted
that, "It would take an
incredible dendity of radars' to
creste a workable defence
againgtheB-1BandB-2.Ina
war, the US bomberswould fly
through gaps in radar
coverage, potential
weeknesses that are plotted
and regularly monitored by US
intelhgence-gatherrng.

STEALTHY CRUISE

Inthe absence of any Russian
stealthaircraft, theUSDoD sees
gedthy cruisemisslesasa
morelikdy futurethreat. Such
missiles could appear in the
inventoriesof Russia, China, and
severd Middle Eastern nations,
either astheresult of exports of
the weaponsthemselves, or asa




result of stealthtechnology
being sold to nations engaged in
deveopingbalisticor cruise
missiles

During 1997 hearings of the
US Senate Armed Services
Committee, General Howell M.
EstesHI, CommanderinChief
of the North American
Aerospace Defense Command
(NORAD), and the Commander
in Chief of the United States

Command

(USSPACECOM), said, "Weare
working on issues to give us
better defensive ilities

ainst the cruise missile threat.
Fighter upgrades and next
generationfighters, such asthe
22, wiH improveour ability to
defend against such wi ns.
We do not have the c@ lity
today that we would like to
haveto defend North America
against cruise missiles ... we will
need to m(sjge we havethe
necessary defensive systemsin
place before the threat becomes
painfully red in the future."

Under the Radar System
Improvement Program (RSIP),
USAF E-3 Sentry AWACS
aircraft are being given an
upgraded and more reliable
radar. A new ﬁ)plsecom_pre&ed
waveformwill improveits
ability to detect low-RCS
targets, while other classified
improvements will help the
aircraft detect and track cruise
missiles. When dl the planned

g
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modifications are completed,
the upgraded E-3 should be
able to detect a stealthy cruise
missile at arange of morethan
100 miles (160km), passing this
datato an E-8 Joint Stars
aircraft. Originally developed to
detect and track ground targets
(acapability used to grest effect
during the 1991 Gulf War), the
E-8 will be given the ability to
track low-flying aircraft,
helicopters and missiles
attempting to hide in ground
clutter. It should be able to
detect and track stedlthy cruise
missiles, and direct thefire of
air- or ground-launched
missiles. Fighters or SAM sites
would not have to acquire the
target, but would launch
misslesinto a"basket" inthe
sky so that the E-8 could take
control of the weapon and
direct the interception.

Similar upgrades are being
planned by the US Navy to
improveits E-2C early-warning
arcraft. The Radar
Modernization Program (RMP)
will fitthe aircraft with anew 18-
radar-channel ADS-18 antenna,
solid-gtate transmitters, and
daigitd receivers. The upgraded
radar will offer improvedtarget

RighkThis MiG-29 Fulerum
fighter isarmedwith apair of
medium-rangeAA-10Alamo
missiles, plusfour short-range
AA-8Aphiddogfight weapons.

Above: Another eectronic
platform that made an
Impressivedebut inthe Gull
War wasthe E-8 Jaint-

Surveilance Target Attack
Radar Sysem (J-STARS),
subsequently used over the
former Yugodavia.




trackinginhigh-clutter
environmentsand over land. In
thelonger term, the USN hopes
to replace the ADS-18 antenna
with anew UHF dectronicaly
scanned arra?/ UESA). Both
changes will dlow the radar to
concentrateits RF energy
againgt specific high-priority
targets, so shouldimprove
performanceagainstlow-RCS
thresats.

Many of the techniques
needed to detect and track
stealth aircraft and missiles
have been tested at the Pecific
Missle Range Fecility in Kauai,
Hawaii. A flgroject designated
Mountain Top hasinvestigated
methods of extracting thetiny
radar returnsfrom stealthy
targetsfrombackground clutter.
Thiseffort was expected to lead
toafollow-onMountain Top 2
series of experiments intended
to prove the techniques needed
to deal with stealth aircraft and
stedlthy cruise missiles.

Russiais carrying out its own
investigation of potential anti-
dedth techniques. Scientists
have successfully tracked low-
observable targets againgt a
forest background, and a new
version of at least one air-to-air
missile has been devel oped for
the anti-stealth role.

Similar work isunder way in
other countries, but ona
smaler scale Latein 2000, the
UK announced that Thomson
Racal Defence, the Defence
EvaluationandResearch
Agency (DERA) and University

College London ‘would be
undertaking a three year
programmeinto "innovative
radar research related to
counterstealth”. Thiswork
would include 10 individual
projects, and covers detection,
tracking and classification of
"difficult" and stealthy targetsin
land, sea and air environments.
For the foreseeable future,
Stedlthy targets and small
missileswill pose problemsfor
air-defence systems. Most
defence systems cost more than
the weapon they are intended
to counter, and coping with
stealth technology is no
exceptionto thisrule. A late-

COUNTERS TO STEALTH

1990s article in the magazine
LockheedHorizonswarned, "It
will, in dl probability, takea
generation for the world to re-
arm with yet undeveloped anti-
stealth wegpons. And, in that
time, stealth technology will
likewise continue to improve."
As the defencesimprove, the
designers of stedlth aircraft are
beginning to react "There has
been continuous improvement
in both analytical and
experimental methods,
particularly with respect to
Integration of shaping and
materias," F117A project
manager Alan Brown noted in
atechnical paper. "At the same

AAove:TheVympd R-33(AA-9
" Amos') misslewasdesigned
for use on the MiG-31

" Foxhound" but maybeusedto
arm the Su-27 " Flanker". Unlike
AMRAAM, it doesnot use
active-radar guidance.

time, the counter stealth faction
is developing an increasing
understanding of its
requirements, forcing the
stealth community into another
round of improvements. The
message is, that with al the
dramaticimprovementsof the
last two decades, thereislittle
evidenceof levdingoffin

capability.”
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