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PREFACE

This is the Final Repor t prepared under the Rome Air
Development Center Contract No. F30602-78--C-0163. The pro-
gram was administered by Mr. Daniel Tauroney , RADC/ OCTM .

The Pro jec t Manager for thi s ef fo r t was Dr .  Steven
Weisbrod , the Company ’s Chief Scientist. Other key personnel
involved in this program were Mr. Lee A. Morgan , Senior
Analys t , Mr .  Warren Fey , Direc tor of the Teledyne Microne t ics ’
Radar Range , and Mr . W i l l i a m  Hernon , Radar Range Engineer.
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EVALUATION

The contractor was successful in transmitting the targets

response function and this maximized the energy in the back-

scatter direction . The transmission was changed as a function

of aspect angle and resulted in enhancement which was to

within a decible of theoretical values .

This will provide better signal to noise ratios for

detection and identification of aircraft and missiles. The

re its are applicable to TPO 2E.
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SECTION I

INTRODUCTION

1.1 GENERA L OVERVIEW

This is the Final Technical Report prepared under RADC Con-
tract No. F30602-78--C-0163 to carry out experimental verifi-
cation of Advanced Radar Detection and Processing Techniqu es - . -

for  Low Elec tromagne ti c Sca tte r ing (LEMS ) Tar gets .

Th e theory for enhancement o f de tect ion of LEMS targe ts has
been investigated by Purdue University under RADC Cont~ actNo. F30602-75-C-0082 and results of that study are described
in RADC Report TR-788-89.

Other aspec ts of th is prob lem have also been studied by Mr .
Paul Van E tt en of RADC and are des cr ibed in the RADC Techni-
cal Report by Mr. Van Etten entitled Radar Target Cross
Sec tion Enhancemen t by Space-T ime Process ing (repor t is
dated August 9, 1977).

The theory shows tha t a con siderable enhancement of the radar
cross section can be achieved if the transmitted wave is the
complex con jugate of the impulse response. Fur ther increase
in the RCS can be obtained if similar technique is utilized
in- processing the received signal.

— A number o f exper im enta l tests were performed us ing two to
- ‘  six reflecting centers with equal and unequal spacing and

utilizing path geometries where the individual responses
were and were not separable. It was demonstrated that thea-
ret ical incr eas es in the radar targe t v i s ib i lity are ach iev-
ab le and cons equen tly it appears that this approach should
lead to a con si der able enhanc emen t in th e de tec ta b i l i ty of
LEMS targets.

1 . 2  SUMMARY

Radar cross section measuremen ts were made on Tel edyne M icro-
netics ’ Radar Range using C-band one nanosecond pulses . The
radar tar get wa s made up of re trod irec t ive Luneberg len ses
var iously deployed on a turn table .  The number of lenses
varied from two to six .

For each deploym en t of targ ets , th e impul se respons e was ex-
per imen ta lly  dete rm ined wi th the help of a sampl in g scope

1
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and comp lex con juga te of thi s impul se res ponse wa s syn thes ized
us in g power sp l itter s and de lay  l ines .  This si gnal was then
transmitted and the RCS enhancement was measured by reducing
the level of the transmitted power until the maximum response
was equal to a previousl y es tabl ished re fe r ence leve l . Sub -
sequent ly addi tional power spli tters and delay l ines were
utili zed to syn thesiz e ma tched receiv er response and a s im i l a r
comparison technique was used to measure the increase in the
RCS .

The configurations which were tried included equal and unequal
spacings and path geometries where the individual reflecting
centers were separable and cases where they overlapped.

The ob served va lue of RCS enhancemen t wer e compared wi th the
theore tical value s and it wa s demons tra ted tha t the agre emen t — 

-

be tween the two va lue s was in gener al well  wi th in one dB .

Since the potential RCS enhancement for matched receiver or
transmi tter is equa l to the number of re f lec ting cen ters
(assuming equal magnitudes) and can approach the square of
thi s number for matched rece iver and tr ansmi tter (ma tched
transceiver) a .very substantial enhancement in target detect-
abil ity is po ssib le espec ially wi th complex ta rge ts .

The experimen tal verification of the basic concepts paves way
for the nex t stage of inves ti ga t ion whi ch is aimed a t the
eventual development of an adaptive system capable of syn-
thesizing in real time the complex conjugate of the impulse
respon se for tran smitt ing and/or matched f i l l e r  response for
rec eiv ing .

2
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SECTION I I

THEORY

2 . 1  GENERAL CONSIDERA TIONS

Th e rad ar re turn from a complex tar get wh ich may be rep re-
sented by a set of simple isolated scatters can be enchanced
by properly choosing the radar signal and receiver impulse
response.

In order to determine the “best” signal and receiver it is
first necessary to define the criteria by which they are to
be judged. In this study we have used the maximum signal to
noise ratio at the receiver output subject to a constant
transmitted energy as the criterion. To make this criterion
more precise we define the following quantities :

e(t) transmitted signal ,

s(t) E signal input to receiver ,

r(t) signa l outpu t f rom receiver ,

and n ( t ) nois e ou tpu t from rece iver.

The quantity we wish to maximize is SNR which is given by

SNR = [M ax ( r 2)/f~ e2(t)dt]/<n 2> (1)

when <n 2> is the expectation of the noise power. We make the
usual assumptions that the noise is stationary and independent
of the signal . In ord er to make explic it the rol e played by
the target and receiver we introduce their respective impulse
responses h and k. In terms of these impulse responses the
fol low in g re la t ionships  may be es tabl ished:

s(t) = f e (T)h(t-t)dT , ( 2)

and r ( t) = 
J s(T)k(t-T)dT . ( 3)

Par ts of the rem ainder of thi s discuss ion w ill be s im p l i f i e d
by in trodu cing the spec tral  repr esentat ions of each of the
above quan tit ies which we w ill deno te by the corresponding
upper case symbol .  Thu s :

e(t) = (l/2ir)5 E (w)exp(jwt)dw

3
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F wh ere E(~ ) is the complex frequency spectrum of the signale(t). The expected noise powe r which appears in Equation 1
can be expressed in terms of the input noise spectral density
(N 2) and the receiver impulse response as follows * :

= ( l / 2~~~) f T h 2 { K ( w ) I 2 d w  (4 )

= N 2 f ~~l k ( ~t ) I 2 dr

where the last form follows from the first by Parseval ’s
Theorem .

It is well known that the maximum signal-to-noise ratio is
obtained if the receiver is matched to the signal . In other
words , if k(t) = s(T-t) then the si gnal-to-noise ratio will
be maximum at t=T and this will be the largest possible
value . Thus :

SNR< f s2 ( t)d t/ [N 2 f e 2 (t)d t] (5)

with equality holding only if the rece iver is a matched re-
ceiver. The University of Purdue studies have denoted the
righ t hand s id e of Equation 5 (without the constant N2 ) by
the symbol R and have defined the optimum signal as one
which maximizes this quantity . In this program we have in-
cluded cases for which the receiver is not matched (and the
results therefore suboptimum in the strict sense) and in-
vestigated signals which maximize Equation 1. In particular ,

p it will be shown that the signa l wh ich max imizes  Equation 1
when the rece iver ch ara cteris tics ar e f ix ed is no t n eces-
sarily the same as that which maximizes Equation 5.

In the remainder of this discussion we will confine ourselves
to targets which consist of a number of discrete point scat-
ters . In the case of M scatterers the target impulse response
h , is given by

h( t) = Ea m~ (t~T )  (6)

where am is the scattering amplitude of the mth scatterer.
- 

- With this restriction , the signal inpu t to th e receiv er becomes
M

s(t) = 
~
ame(

t_ T
m ) .  (7)

* c.f. M . Schwartz , W. Benne tt , and S. Ste in , “Communication
Sys tems and Techni ques”, McGr aw H i l l Book Co . ,  New York ,

F 1916. Chapters 1 and 2.

L 
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The reference system to which all other systems will be corn-
pared is one which has a single , very short , transmit pulse
of unit energy and a receiver that is matched to the trans-
mitted pulse shape (i.e., k0(t) e0(T- t) . The referenc e
signal-to-noise ratio is SNR0 and is given by

SNR = Max(a 2)/N2 . (8)

This utilizes the fact that the pulses are so short that

f~ e (t-T )e (t-T~ )dt = i f (9)

We will consider three cases , the “matched receiver”, “matched
transmitter ” , and “matched transceiver. ”

2. 2 MATCHED REC EIVER

The matched receiver system is one in which a single short
pulse is transmitted and the receiver is designed to maximize
Equation 1. In this case , the input to the receiver , s(t),
is just an approximation of the target impulse response , h ( t) ,
and Equation 1 is maximized by matching the receiver to this
si gnal. Th~ optimum receiver impulse response is thereforegiven by

k(t) = h(T-t).

The transmit pulse is that of the reference system and the
sign a l - to-n ois e ra tio therefore  becomes

M
SNR = ~a 2 / N 2

l m

for the matcned receiver. The matched receiver gain , defined
as the ratio of the SNR for this system to that of the ref-
erence system , is deno ted by GR and is given by

G R = ~a~ 2/Max(a 2)<M (10)

where equality holds only if all of the target sca tters have
equal amplitudes.

2 . 3 MA TCHED TRANSMITTER

The matched transmitter case is one in which the transmitted
si gnal is chosen to maximize the SNR when the receiver is

5
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the reference receiver (k(t) = k0(t)). The signal ou t of
the rec eiver can be wri tten in general as

r ( t) = f
:

k (t ~ T ) [ f
:e ( u ) h ( r ~ u)du ] d T  (11)

= f~ e(u)[f
’°h (T-u)k(t-T)dT]du

= f~ e(u)f(t-u)du

where f(t)= fTh(T)k(t---t)d-r . (12)

In the ma tch ed tran smitter case both the tar get and receiver
impulse responses are fixed so that the total energy in f(t)
is a constant . With these factors in mind then we can express
the SNR as

SNR = A Max {(e*f)2 }/[f~ e2(t) dtf~ f2 (t)dt] (13)

where the cons tan t , A , is given by

A = f:f
2 (t)dt,[N2f

:
k0

2 (t)dt].

The signal whi ch maximizes  Equa t ion 12 is the t ime invers e of
the function f. Thus , for the ma tched transmi tter cas e the

- 
- optimum signal is given by

M
e( t) = f ( T - t ) = Za meo(t_T o+T

m ) ( 14)

and the gain , GT, is found to be
M

GT 
= Ea 2/Max(am

2) (15)

which is equal to the ma tched rece iver ga in .

2.4 MATCHED TRANSCEIVER

- - The ma tched transceiver probl em is one of de termin ing the
optimum transmitted waveform where the receiver is matched.
As shown above , when the receiver is ma tched the SNR is
maximized by the same signal that maximizes the ratio of
si gnal energy inpu t to the receive r to signal ener gy trans-
mitted which is the quan tity R used in the Purdue studies .

The quantity which we wish to maximize is

R = f:~~ame t ~ T rn~~
2dt/f:e2 t d t  (16)

6
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Using the spectral representation of e this can be rewritten
as 

R = 
~~

a
~
amf tE (w) I 2 cos [w (T~~ Tm)1d w/f tE(~ ) I2d(~ ( 17)

A general solu ti on of th ese equa t ion s is no t known . I f  how-
ever the signals are l im ited to tho se with discre te fre quency
spectra (which is true of all idealized pulse radar  sys tems )
then the prob lem s imp l i f i es  somewh at . Assume that the s ignal
has a line spectrum such that

f : 1E w ) 1 2 f w d w  = Eb.f(w.) (18)

Then th e ener~gy ratio , R , bec omes
M M

R = E a~ Ea~~ b .cos [w~ (T~~-T )]/Eb .

= E b i l E a exp (jwiT m )I2 /~
b i (19)

Since the b 1 are all positive (they are the energy at the
corr esponding f re quency) it fo l low s tha t the energy ra tio
given by Equation 19 is less than or equal to (Ela 1)2 with
equality holding only if w.r is a constant modulom2r for all
m. Satisfying this requir~m~nt is po ss ible only if the re
lative delays (i.e., T

m~~
T i )  ar e in tegral mul tiples of some

constant T 0 .  
- Since this implies that the ratios of relative

delay s wil l  be rational numb ers it is no t in general po ssibl e
to satisfy this requirement.

I t is con jec tured , bu t h as no t been proven , tha t for  a g iven
target , the maximum value of R may be approached within an
arbi tra r i ly smal l  error wi th an arbi tr a r i l y  def ined pro ba-
b ility less than one if the frequencies f~ are no t restr ic ted .
To show that this is plausible consider the following argument .

The ratio of R to the maximum possible R is greater than or
equal to l- e if

amcos [w i(r m~
r j ) ] > I a m j ( 1 -c)

— for all  m whi ch in turn is true if

2 fj T - T
1

) = N + 5 . (20)

where Nm is an even or odd in teger dependin g upon whe ther am

- - 

. - 
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is posi t iv e or ne ga ti ve and óm I<
~ 

where cos(7u~) = 1-c.

The conjecture is that there exists at least one 
~~ 

satis-
fying Equation 20 and the related conditions . This may be a
surpr i sin gly h igh f requency  however . For exam p le , cons ider
four targets with delays 0, 1/-ri , l/e , and 1//7. Let ~ = 0.1
(1-c = .95 -0 .44dB) . Th en the con jecture is tha t there
exists an 

~~ 
such th at the three number s f~/-rr , file , and

f i/ / ~ when rounded to 1 decim al p lace ar e in tegers . Th e
small est non tr iv ial f (no t zero) c lear ly is of th e order of
ii. The smallest solution however , is 100.45. Thus , if the
sp ac ing s were in nano seconds , one wou ld be gi n looking for
an “op t imum ” frequency near 3 GHz but would not he certain
of finding one below 100 GHz even with the optimum frequency
defined as one with a response 0.4 dB below the theoretical
max imum.

If  the d igi ts of each de lay wh en wri tt en in a number sys t em
base l/~ are random one could compu te the prob ab i l i ty tha t
the f i r s t d igit after the “decimal point” is zero for M-l
produc ts formed by multiplying these delays by an arbitrary
number f and from this deduce how large f must be before at
le ast one se t of produc ts w i l l  “round” to zero remainder.
We have not performed such calculations , but it is clear
that the frequency required to guarantee a given resu lt may
increase rapidly as the number of tar gets increases .

When the re lat ive delay s are al l mul t iples of a constant
-t 0 then the energy ratio given by Equation 19 becomes equal
to its maximum possible value for an infinite number of
transmitted signals . In fac t , any s ignal of the form

e( t ) = Eb~cos[2nxt/t + (21)

is an opt imum s ignal in the sense that it maximizes Equation
19.

I t should be no ted that the long pu lse CW si gnal cons ider ed
in the Purdue studie s is a member of this  set bu t the
“matched transmitter ” signal considered in the prev ious
sec tion is no t (thi s becom es obv iou s when one no tes tha t
the s ignal given by Equation 21 is of infinite duration
wher eas the ma tched transm itt er s igna l is of f in ite dura tion.

When the transmit signal is constrained to be ~ series of
pulses spaced -r 0 ap art (some of the puls es may have zero
ampli tude) the ener gy ra t io become s

8 
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M
R = [Ea Ea Ec c 1/Ec 2 ( 22)

1 m 1 n ~ 2-m+n

where e(t) = E c~~e ( t - 9 T ) .

Even with the restriction that the pulse sequence will be no
longer than the target impulse response the matched signal
is not optimum although it is very nearly so.

If all of the targets are of equal amplitude and the trans-
mitted pulse train consists of equal amplitude pulses with
the number of pulses (N) equal to or greater than the number
of targets (M) the energy ratio is given by

RN 
= {(N-M) M + (2M 2 -’-l)/3}(M/N) (23)

One should note that for N much greater than M , R appr oache s
the op t imum valu e of M 2 wh ile for  large M the ma tched s ignal
(RM ) approa ches ( 2/ 3)M 2 (-1.76 dB) from abov e . This mean s
that the matched signal is always within 1.76 dB of the
op timum for a tar get wh ich con sis ts of equal ampli tude , equally
spaced targets. If the pulse train is made twice as long as
the target impulse response Equation 23 shows that the output
SNR is 0.79 dB less than the maximum, so that increasing the
number of pulses past the matched signal point improves the
system performance only slowly .

When the pulse spacings are unequal , but still related by
rat ional numbers , the matched transceiver result can be
cons ider ably worse than one mi ght expect. If all of the
targe ts are of equal ampli tude bu t no two spac ings ar e
equal , the signal input to the receive r when the matched
transmitter is used will consist of M(M-l)/2 unit amp litude
puls es , a pulse of amplitude M , and ano ther M(M- 1 )/ 2 un it
pulses. The pulse train will be symmetric in time . It is
a simple matter to show that the system gain is 2M-l which
is considerably less than the optimum gain of M2 and is less
than 3 dB better than the matched receiver (or matched trans-
mi tte r) gain of M .

As the number of pulses in the transmitted signal is increased ,
the sys tem ga in w i l l  al so increase , asymptotically approaching
that of the optimum system.

In this study , the ma tch ed t ransce iver measuremen ts used onl y
systems employing the matched signal and were therefore sub-
optimum from the stri-c t standpoint.

9
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2.5 COMPARISON WITH A LONG PULSE SYSTEM

The reference sys tem used in th is stud y is a shor t pu lse
radar. Most conventional radars employ pulses which are long
compared wi th the targ et impulse respon se. The energy ra tio
(and peak SNR since this is a system with a matched receiver)
is given by Equation 19 with only one frequency component .
Tha t is ,

M
R = lE a exp(j~ T )12 (24)c 1 m o m

where the subscript c deno tes “conven t ional .” If all of the
amplitudes are approximately equal and the delays (phases)
are random it can be shown tha t the s ignal represented by the
summ at ion in Equa tion 24 has an envelope tha t is very near ly
Rayl eigh dis tr ibu ted for M as smal l as 6 ( c . f ., Schwar tz et.
al .  b c .  ci t . Chap ter 9) .

Wi thout any knowled ge of the targe t st ru cture one can assume
tha t the phase s in Equa t ion 24 wi l l  be random for any arbi-
trary frequency . The mean value of R then will become

M C

<R > = Ea 2
c

which is the same as the maximum SNR for the ma tched trans-
mi tter or ma tched rec eiver case discus sed prev iously . Thu s ,
if one chooses a frequency arb itrar i l y and uses a long pul se
sys tem he wil l  do as well half  the time as the ma tched trans-
mitter or matched receiver system. There is also however a
good probabil i ty tha t the long puls e response wi l l  be much
worse. Using the Rayleigh distribution approximation one
finds tha t there is a 25% p robabi l i ty tha t the long pul se
system response will be 3.8 dB or more down and a 10% prob-
abi l i ty tha t it wil l  be 8 .2  dB or more below tha t of the
matched transmitter system .

Because of this uncertainty in response of a long pulse system
to a complex target it is not really meaningful to use the
long pul se sys tem as a reference to compar e other sys tems w ith.
It is for this reason that we chose to use a short pulse
sys tem for a reference.

10
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SECT i ON I I I

ME AS U RE ME NT S

3.1 MEASUREMENT SYSTEM

The measurement system block diagram is shown in Figure 1.
The system operation is described in the remainder of this
section.

The HP 8620C o p e r a t i n g  in i t s  CW mode produces a 6 GHz s i g n a l .

The HP 2 15A produces a 1 n sec .  v i d e o  pulse which  d r ives  the
“ I”  por t  of the  RELCOM doub le  ba lanced  m i x e r s .  I t  a l so  pro-
vides the  sync t r i g g e r  for  t he  o sc i l l o scope  and Data P u l s e
101 pulse  gene ra to r .

The 6 GHz is fed to the  “R” por t  of  t he  f i r s t  RELC OM m i x e r .
When the video pu l se  c o r r e c t l y  b iases  the  m i x e r , RF is al-
lowed to pass t h r o u g h  from the  R to L por t s  thus p roduc ing
a RF pu l se  of 1 nsec .  A second m i x e r  is used in ser ies  to
provide  s u f f i c i e nt  pu l se  “on to o f f  r a t i o . ” The 1 nsec .
pulse  is next  fed to an 8-way  power s p l i t t e r .  Each succes-
sive port is then delayed by an appropriate amount of time *,
and the channels  are added back toge the r  in ano the r  8 - w a y

• s p l i t t e r .  Channel  number  8 has an a t t e n u a t or  on i ts  ou tpu t ,
and can be fed d ir e c t l y  to the  TWT am p l i f i e r  for  si n g l e  trans-
m i t  ch annel appl ica t ions .

The summed pulses  are nex t  fed to a low TWT a m p l i f ie r  to pro-
vide s u f f i c i e n t  t r an s m i t  power .  The 10 w a t t  pu lses  are  fed
th roug h an RF swi t ch  wh ich  is tu rned  on only  long enoug h for
the  pulses  to pass t h r o u g h and then  tu rned  o f f  to e l i m i n at e
CW TWT no i se  from the  r e c e i v e r .  A second swi t ch  is provided
for a d d i t i o n al  TWT n o i s e  supp re s s ion . These swi tches  are
opera ted  at the  cor rec t  t ime by the  Data Pulse  101 which  is
s y n c h r o n i ze d  by the  HP 2 15A.

The transmit pulses are next fed throug h a variable W.G . at-
tenuator and a 30 db coupler. The attenuator controls the
transmit signal level and the coupler is for the purpose of
monitoring this level.

A circulator provides duplexing for the 4 foot parabolic an-
tenna which is horizontally polarized.

* The time delays are determined by the  target spacings .

L _ _ _ _ _ _  _ _ _ _ _ _  - ~~~
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The received si gnals are amp l if i e d  throu gh two TWT ’s with an
attenuator between them to set noise levels in the receiver.
The received signal is next fed to another 8-way splitter and
each additional channel is also passed through an attenuator
for the purpose of setting appropriate receiver channel gains.
Channel 8 can be fed directly to the oscilloscope vertical
input for single receive channel applications. For matched
rec e iver app l ica ti on s, the other seven ch annel s are added ba ck
together in ano ther 8-way sp l itter .

The receive pulse chain is then fed to the vertical oscillo-
scope input . The sampling trigger is provided directly to
th e osc i l loscope for the purpose of viewin g “ear ly ” events
from the 2l5A. The tri gger is also delay ed 76 7 nsec. to pro-
vide a fixed time delay to enable the viewing of “later ”
events (i.e., target returns from a 600’ ran ge) w ithou t re-
ly ing on lon g electronic scope tri gger de lays which ar e not
suff icien t ly stabl e for v i e w i n g .  One or 2 nsec ./ cm time bases
are used.

The vertical output of the scope is fed to a 400E AC voltmeter
as a convenient method of measuring scope deflection . A
camera is provided for taking pictures of the transmitted and
received pulse trains .

The targets were placed on a foam support structure 600’ away
from the antenna and were 10 square meters cross section
lenses with 120° monos tatic radar beamwidths .

Five target configurations were measured at two aspect angles
(0 and 60 degrees). The target configurations consisted of
2, 3, 4, 5 , and 6 equally spaced scattering centers. Figure
2 shows the 6 target configurations at the two aspects. As
w i l l  be no ted , at 0° aspect the targets had to be staggered
hor izon ta l ly  in order to avoid shadowin g by the front targets .

A six th conf i guration with three unequally spaced targets was
mea sured at the 60 degree as pec t angle .  Th is confi gura tion is
shown in Figure 3.

At 0 degrees aspec t the targe ts were spaced one fo ot in range
( 2 ns ec. in delay)  and at 60 degrees the spac ing wa s 6 inche s
( 1 nsec.  delay) .

3.2 MEASUREMENT PR OCEDURES

The measuremen ts , reduced to the simplest form , consisted of
determining for each configuration the average transmitted

13
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power required in order to produce a specified peak si gna l -
to-noise ratio at the receiver output. The “gain ” of a con-
figura tion i s def in ed by the r at io of th e avera ge power f or
a single transmit pulse-single receiver channel short pulse
system to the average power for the configuration under test.
It is to be noted that this is equal to the improvement ,
under a constant average power constraint , in th e peak si gna l -
to-noise ratio when compared to a conventional short pulse
system. It is not , however , the improvement when compared
to a conventional long pulse system for the reasons discussed
in Section 2.5.

The actual measurement procedure for a fixed configuration
wa s as fol low s :

1. The sampled transmit si gnal from the directional
coupler is fed directly to the monitor scope.
The level set attenuator is adjusted to bring
each of the pulses in the transmit pulse train
to the transmi t referenc e level in turn and
the attenuator setting recorded. For the n ’th
pulse this is T .

2. The receiver output is then connected to the
moni tor scope and th e receiver ga in set at -

• tenuator is adjusted to bring the noise to the
noise reference level.

3. The level set attenuator is then adjusted to
bring each of the received pulses to the
rece ive reference b evel in turn and the at-
tenua tor setting recorded. For the n ’th
receive pulse this is R~.

4. The peak signal-to-noise ratio relative to
the reference system and subject to a constant
av erag e power con str aint is computed from

SNR = Max(R ~ ) / E ( T ~).

As par t  of the  permanent  record p ictures  of the osc i l loscope
displays were taken . The quantitative analys i s was howev er

• performed by using the readings on the AC voltmeter when the
oscil losc ope was p laced in the manu al sweep mode and the
horizontal position set to the desired pulse location (or a
location containing only noise when appropriate).

The setting and maintaining of the receiver noise level to
th e reference valu e was th e ma jor con t inuing sour ce o f
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L
uncertainty . It is estimated (based upon attempts to reset
the level repeatedly while holding all other parameters
constant) that the setting of the receiver noise level intro-
duces an uncertainty of + 0.5 dB. There were also occasions
when the RF gain of one of the receiving TWT ’ s was obs erved
to apparentl y vary by as much as 1 dB in a short time period.
Th ese errors  are non systema t ic and should  cause a zero mean
error.

The major systematic error lies in adjusting the phases of the
transmit pulses and receiver channels. The phases were ad-
justed by setting up a situation where a pulse from the line
being adjusted is coincident with a single pulse from a pre-
viously adjusted line. The length of the new line was ad-
justed to maximize the sum . This is however , difficult to do
with an error of much less than 0.5 dB which corresponds to a
30 degree phase error. It is believed that most of the time
the indiv idual phases were adjusted somewhat better than this.
The effect of line length errors is to systematically reduc e
the system gain below theoretical.

The most serious intermittent problem that was encountered
was an echo that appeared from time to time on the transmitted
pul se . Thi s echo , which was about 10-15 dB below the pulse
and delayed about 1 nanosecond , orig inated in the connection
to the circulator. When this echo was present the apparent
system gain could be either increased or decreased by several
dB depending upon the phase of the echo relative to the pulse.
The presence of the echo cou ld not be de tected when the tran s-
mitted signal was examined since it occurred after the coup ler
used to sample it. When present however , the echo substan-
tially distorted the symmetry of the received pulse train and
this echo was not present when the aata contained in this
repor t wa s taken, but the existence of smaller echoes whose
effec ts were no t so obvious canno t be ru led ou t.

An ever present possibility of error is the human element .
The data was taken by adjusting an attenuator to obtain a
predefine cl meter reading and manually recording the -atten-
uator setting. Misreading the meter or attenuator or
wri t in g down the wron g number is always a pos sibi l ity .

3 .3 DATA ANALYSIS

3 .3 .0 GENERAL DI SCUSSION

Table I con tains th e me asured and compu ted gains f or the dif-
feren t configurations tested. In a few of the cases the

17
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mea sur ed gain s are aver age s of two or more measuremen ts .
Most , ho wever , represent a single determination .

As d iscu ss ed previous ly ,  the ga in as defined her e is th e max-
imum signal-to-noise ratio of the test system divided by the
maximum signal-to-noise ratio of a single transmit-single
receive channel short pulse system with the same average
transmitter power. The tabulated results are corrected for
the fact that the targets were not all of equal amplitude
due to fa ctors such as f i e ld  tape~ and par tial shado wi ng as
well as actual target to target RCS variation . The values in
parenthesis in the theoretical gain column are those that
apply to a system with the comp lete number of receiver chan-
nel s. Clear ly ,  it is not necessary to implement all of the
theore tically required chann els to achieve essen t i a l ly  al l of
the theore tica l gain .

For a ll of the da ta taken tog ether , the mean d i f f e r ence  be-
tween measuremen t and theory is -0 .2 0 dB with a standar d
devia tion of 0 . 7 9  dB. When the unequal spacin g cas es ar e
excluded the mean error is -0.09 dB with a standard deviation
of 0.65 dB. The equally spaced cases with 2 or 3 targets
have a mean error of 0.26 dB and a standard deviation of 0.79
dB whil e th e correspond ing values for the 4, 5 , and 6 target
configurations are -0.19 dB and 0.45 dB respectively. Since
the standard deviation of the errors is essentially inde-
pendent of the number of targets and the mean error is quite
small it is probable tha t these err ors are primar il y asso ci-
ated w ith the method used to obtain the da ta rather than wi th
the implementation of the matched system concept. Almost all
error s associa ted wi th the ma tched sys tem imp lemen tation wil l
decrease the receiver SNR . If these errors were significant
therefore , one would expec t th e observed gain to be system-
atically less than the computed value . Most of the measure-
ment system errors on the other hand are such as to lead to
an apparen t ly hi gh value just about as often as they lead to
an apparen t ly low value . As d iscuss ed in Sec tion 3 . 2 , the
major erro r sour ce is probab ly  in se tt ing and main ta in in g
the receiver noise w ith th is er ror  accoun t in g for at least
÷ 0 . 5  dB of the total .

3.3 . 1 EQUALLY SPACED TARGETS

Fi gures 4 through 8 show pulse sequences for various config-
urations at 0° aspect. At this aspect the delay between
targets is 2 nanoseconds and they are fully resolvable with
the 1 nanosecond pul se .

19
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Figur e 5 Three Target Confi gura t ion , 0° Aspec t

a) Matched Transmitter; b) Matched Transceiver
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Figure  6 Four Targe t Confi gur ati on , 0° Aspect

a) Matched Transmitter; b) Matched T2-~insceiver

22

_______ 
I

- - - - - - -. ~-‘- ~~~~~~~~~~~ -



— — - z~~z—~~~
___=_ 

~
— ——- —--‘

~ - — — — — ----- z_ — - —--
~ —~~~~~

(a)

- 1
I I -

-I

~ 
-

-~ -I -

~ 

‘

~~ 
:~ ~ 

I

-
~~ 

I, .

~

(b)

Figure 7 Five Targe t Conf igura t ion , 0° Aspec t
a) Matched Rece ive r ;  b) Matched  Transce iver
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Figure 8 Six Target Conf igurat ion , 0° Aspect
a) Matched Receiver; b) Matched Transceiver
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Gene ra l l y ,  the relative amplitudes of the pulses agree very
well wi th the compu ted values when the actual tar get cro ss
sect ions and transmi tted pul se power s are used .

As a simple example consider the two target configurations
shown in Figure 4 . The transmit powers were 13.0 and 12.0
dB respec t ively and the targe t cross sections were -6.6 and
-7.0 dB respec tively. * For the ma tched tran smi tter (Fi gure
4a) the computed pulse levels are 6.4 , 11.7 , and 5.0 dB re-
spec t ively whi le  the corr espondin g measured levels were 6.6,
12.6 , and 5.9 dB. For the matched transceiver (Figure 2b)
the three larges t pulse s ar e compu ted to be 10.3 , 13.5 , and
9.6 dB and were measured as 9.2 , 13.5 , and 9.0 dB.

Examples of the comparison between measurement and theory for
a comp lex confi gura tion are con ta ined in Table II . The agree-
ment for this configura t ion (6 tar gets ) is in general  good
excep t for a few of the pul ses in the matched transmi tter
case. An alternative computation assuming a 45 degree pha se
error for both the closest target and last transmitter pulse
is also included in the table. This agrees somewhat better
with the measurements and illustrates the magnitude of effects
tha t can be expec ted when mod era te phase errors add iii a
wors t case mode . No tice tha t of the h igher ampli tude pulses
only one is changed by mor e than 0 . 5 dB by these assumed
phase errors . -

As indica ted by the foo tnote to Table I , the matched receiver
da ta for the f ive targe t conf igura t ion has been ad jus ted for
an apparent gross error. The computed and measured pulses
for this case are (in dB)

Computed: -2.6 3.5 6.6 8.9 10.7 8.6 5.7 2.1 -4.0

Measured: 0.0 6.4 9.8 11.4 13.2 10.4 7 . 5  3.5 ?

There is clearly a bias (gross error) in the measured values .
Since the f i r s t pulse in the sequ enc e is just the sin gle
pulse-single receiver channel response of the first target
it could have been used to define the reference system for
gain computations . When this is done and the result corrected
for the noise level change due to the five receiver channels
( - 7  dB) and the  fac t  tha t  not al l  of the ta rgets  are the same
ampli tude (+0.7 dB) the value given in Table I is obtained.

* In these discussions , the transmi t powers and targe t cros s
sections are in dB relative to references which are fixed
for a given configuration but are otherwise arbitrary .
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Pulse sequence s a t 60° aspect are shown in Figures 9 throug h
11. At this aspect the target spacing is 1 nanosecond and
they are barely resolvable. This is clearly seen in Figure
9 which shows the response of the 5 target configuration when
a s ingle  pulse  is t ransmi tted and si n gle receiver channel is
used .

The agreement between theory and measurement is essentially
the same for the 60° aspect as it is for the 00 aspect (rms
error s = .56 dB and .87 dB respectively) verifying that the
technique does not depend upon the individual targets being
fully resolvable.

3.3.2 UNEQUALLY SPACED TARGETS

A tes t  of the e f f e c t s  of unequa l t a rge t  spac ing  was made by
us ing  a subset of the  5 t a r g e t , 60 degree aspec t  conf igura -
t ion . The targets at positions 1 , 4 , and 5 were used g i v i n g
de lays  of 1 and 3 nsec.  between re tu rns . The r e t u r n  pulse
sequence when a s ingle  pulse was t r a n s mi t t e d  was 1, 1, 0 , 0 ,
1 . The ma tched tr ansm itter res ponse was 1, 1, 0, 1 , 3 , 1 ,0 ,
1, 1 and the  matched t r ansce iver  response was 1, 2 , 1, 2 , 8 ,
8, 3, 8, 15 , 8, 3, 8, 8, 2, 1, 2, 1. The compu ted matc hed
transmitter gain is 4.8 dB and the computed matched trans-
ce iver ga in is 7 .0 dB.

Th e receive r por t ion of the theore tical ma tched tran sceiver
ha s seven ch anne l s .  However , due to time pressures only the
first six were implemented reducing the theoretical matched
transceiver gain to 6.7 dB . Pictures of the matched -receiver
and mos t of the ma tched tr ansce iver res pon se are sh own in
Figures 12a and 12b respectively.

— The measur emen t resul ts are presen ted in Tab le I .  The matched
receiver and matched transmitter results are acceptable. The
matched transce iver resul t appears however to con tain a gro ss
error of some sor t . The ind iv idu al pulse ampli tude s in th e

F tra in  were no t r ecorded in thi s case so tha t it is no t pos-
sible to make th e sor t of s e l f - c o n s istency ch eck tha t wa s
made in the cas e of the other lar ge error detec ted. The
re lat ive ampli tudes seen on the scope p icture (Fi gure 12b) are
however very close to the theoretical values reinforcing the
be lief that an undetected change in the gain of the signal
de tec t ion sy stem of perha ps 2 dB occurred and the mat ched
transceiv er rea l ly  did work as predic ted.
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Figur.e 9 Five Target Configuration , 60° Aspect

Reference System
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(a)

Fi gure 10 Match-ed Receive r , 60° Aspect
a) Two Targets; b) Four Targets
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(a)

0

(b)

Figure 11 Five Target Configuration , 60° Aspect
a) Ma tched Re ceiver;  b) Ma tch ed Tr an sce iver
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(b)

Fi gure 12 Unequal Spacing Responses

a) Matched Receiver ; b) Matched Transceiver
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SECTION IV

CONCLUSIONS AND RECOMMENDATIONS

4. 1 CONCLUSIONS

The results of the measurements presented in Section 3.4 ver-
ify theoretical predic t ions of rad ar cros s sec t ion enhance-
men t when the radar pu lse tra in and receiver are ma tched to
the targe t impulse re sponse . As predic ted , this enhancement
is grea ter when the targ et subelemen ts are equall y spaced in
range than when -they are unequally spaced.

Three types of sys tems were inve stigated experimen tal ly.
These are deno ted by “matched transmi tter ”, “matched re-
ceiver ”, and “matched transceiver.” The matched transmitter
(transmitter pulse train matched to the target impulse re-
sponse) and ma tched receiver (receiver impulse respons e
matched to the target impulse response) g ive the sam e en-
hancemen t in SNR relative to a single pulse-single receiver
channel conventional short pulse system. The SNR gain ap-
p roaches 10 l og (N)  dB (where N is the number of discr ete
targets) when the targets are of nearly equal amplitude .
Th e matched tran sceiver is def ined as a sy stem wh ich ut il-
izes the ma tched tr ansmi tter pul se sequence and a rece iver
that is matched to the target response to this transmitter
signal . As shown in the theoretical discussion this system
is no t the bes t possible short pulse sys tem (which would
require an inf in i tely long pulse tra in) bu t its respon se is
within 2 dB of the optimum if the targets are of equal amp-
li tude and are equally spaced . If  the tar gets are un equal ly

— spaced however , the ma tched transc eiver performance de grad es
drama tically and in the wors t case is only 3 dB be tte r than
the matched transmitter or matched receiver system.

The d i f f e rence between measurement and theory was , in general ,
less than 1 dB.

Two major sources of difficulty in implementing the concepts
were encoun tered and are l ikely  to be problems in any fu ture
hardware.  These are the requirements for phase ma tching (the
pulses Contain several RF cycles so phases must be matched)
and the sensitivity of the technique to time echoes of the
pulse. Any echoes of the pulse are enhanced in the same
manner as the pulse itself and may act to either increase or
decrease the output SNR. This will be especially true if
mul tiple echoes occur so that special efforts mus t be made
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to suppress al l  re f lec tion s in th e RF and vid eo por t ion s of
the sys tem.

4. 2 RECOMMENDATIONS

The resul ts of thi s pro gram have shown tha t it is indeed pos-
s ible to achieve the predic ted cross sec t ion enhancemen t if
the targe t impul se response is known and s u f f i c i e n t t ime is
avai lable . In any real world app li ca tion , however , the tar-
get re sponse wi l l , at best , be known on ly wi thin  l im its and
the time available to configure the system will be short.
Con sequen tly ,  an inves t iga t ion , both theoretical and experi-
mental , of real time adaptive implementations is recommended.

The theory indicates that a long pulse system with a suitably
chos en fre quency may of f er subs tan t ial advan tage s in cer tain
respects . The Purdue studies have extensively examined theo-
retically the results for such a system with several canonical
targe t models . I t is recomm end ed tha t a long pul se swept
fre quency sys tem be used to ver i fy these re su lts experimen tally .

In the course of mak ing these mea sur ements exper ience wi th
such a system will be gained which will aid in evaluating the
relative practicality of long pulse and short pulse signal
enhancemen t techni ques .
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