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ABSTRACT 

A simulation method for the evaluation of radar performance in a 
clutter environment is explored. Three radar processors are tested 
on a common basis using measurement data in a theoretical model 
which displays both the spatial and frequency correlation properties 
of clutter. The effects of coherent, partially coherent, and specular 
scattering interacting with the radar processing are made evident. 
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l.o INTRODUCTION 

1.1 OBJECTIVE* 

1. To provide a simulation method for the evaluation of r^dar 
performance in a clutter environment 

2. To provide a common basis of comparison among fleet radars, 
modifications to fleet radars, and new techniques when operating against 
a clutter background. 

3. To provide a tool for the synthesis of radar processing techniques 
for the detection and discrimination of targets in clutter 

Potential application of the radar-target-clutter simulator is widespread, including:** 

a. Detection of overland/oversea "on the deck" low flying aircraft 

b. Ship detection 

c. Periscope detection 

d. Anti-chaff and anti-decoy 

e. Airborne early warning and control 

f. Strategic, tactical, and interceptor fire control 

g. Ground mapping 

h. Accurate location, and positive identification of targets 

i. Reconnaissance 

j. Clutter measurement systems 

* Figure 1-1 

** Figure -12 
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FIGURE 1-1 - SIMULATED CLUTTER MEASUREMENTS 
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1.2 STATE-OF-ART 

t0 016 PerformaLue of various radar types and/or to devise 
ind ^î™ ,orHclu“'r «*«“>"• * knowledge of the cheikcterletlcs of clutter 

an i“ *, ,*, T radar must ^ ‘‘“'""‘“d. The current atete of 
, * , '‘'«""Wng clutter characteriatlca involvea both theory and measure- 

c,ae’ ‘ m*d»ematlcal model for the clutter and «dar muat be 

Thl^“ss‘c*1 Wroachea to clutter treat It aa a atatletlcaUy ataUonary and un¬ 
cled rendom proceed, the clutter model moat often aeaunrnd for 

«Mfol ™ .1*<h*t 01 * ‘"«d ®Inber ot «atterera within the radar 
reeolutlon ceU. The phaeea of the echoa from the Individual acatterera are 
random, and the prolwbUity of receiving an «ho from any partiX acanerer 
a aaaumed to be Independent of the echo algnal from any other acatterer The 

dutter amplitude « foe radar output for a given range obeya a RayX law 

X.0™,”'“P “ 11 <^» ®t deacribe ttaclu Jr ampSuXo« a 

wlfo IncXX^ tnte,UUy 0f dU“'r V*r,e“ r‘diC*Uy ‘nd 

5îÎ|ïü.foÎ,the dlscr,ml“tiD» o' “«S«« in clutter have been advanced which are 
theoreUcaUy correct baaed upon the aaaumed modela for dutter aa a atatiatically 

fX J X!" , T”' m*ny 01 the" mo,ielä *« Phynlodly unredlzej 
d do not auffldently relate to real dutter obeervatlona. The greateat value 

of theae modale ia forthe conparlaon of varioua radar ayatema employing clutter 

«r^anH 1 <l0ml““ly 0,1 ^ DoP^or aeparatlon beween foe 
target and dutter. The atationary modela for dutter provide a acale factor 

‘XXf*,0“ Í!1“1™ merlt 0i syst*m“ M. Ö» dutter Indeed had the appearance of random noise. 

ÜX.X1? olntter modda and radar algnal proceealug haa provided 
inaighta to the Interaction between clutter acattering and radar coding. SpedflcaUv 
a famUy of dutter modela haa been developed which can be related directly to foe * 
obeer .ationa of the «dar output, aa, for example, foe A-acope dl.£" Y 

• Refs. 1,2 



1.3 THE PROBLEM 

The radar mission generally falls into one or more of the following categories: 
(1) detection, (2 ) estimation of positic n, velocity, acceleration, (3) resolution 
(4 ) identification. The ability of the radar to perform is corrupted by an unwanted 
background-clutter. 

A simUar situation exists even in a clutter-free environment due to noise appearing 
at the radar receiver input. The noise presents statistical fluctuations which produce 
false alarms depending upon the threshold setting at the radar output and the method 
of integrating. Because of the well-behaved statistics of the noise, signal-plus-noisé 
and assumed classes for target fluctuations, useful methods for ascribing probability 
of detection, probability of false alarms, false alarm time, etc. have evolved. 

When clutter is the corrupting background, it is tempting to employ the same family 
of statistics which worked so well with receiver noise. This is generally recognized 
as an unsatisfactory and often erroneous procedure since both ooservation and theory 
are, in the main, in opposition. Receiver noise statistics are statistically stationary 
processes; clutter statistics are not necessarily stationary. 

One can assume rather sophisticated models for the spatial, temporal, and/or 
frequency characteristics of various forms of clutter. However, care must be 
exercised in assuring their corroboration with the real world; otherwise, the 
assumed models have no real basis for their justification. 

Recent investigations* on the nature of clutter and its translation to the radar 
output have been made which describe the variabUity of clutter in terms of its 
statistics, viewing aspect, and the effect of the radar signal processing. Of 
particular importance is the effect of speculars which are the dominant producers 
of clutter false alarms. If clutter is assumed to be random noise, the peak 
signal-to-mean clutter power output (S/C ) increases in direct proportion to the trans¬ 
mitted bandwidth, i.e., a pulse radar will have its S/C increased ten times for a 
one-tenth rediction in its pulse length. When speculars are present, the effect of 
transmitted bandwidth is more pronounced since it has been shown** that a pure 
specular filling the resolution ceU can be reduced by the square of the transmitted 
bandwidth, i.e., a pulse radar can have its S/C increased by as much as 100 times 
in specular scattering for a one-tenth reduction in its pulse length. 

* Refs 12,3,4,5,6, 

** Refs 1, 2 
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Specular scattering ( or partially coherent scattering which is a mixture of 
noise and specular scattering) alters the statistics in a manner which has been 
heretofore largely ignored. Assumptions for mathematical modeling are 
dependent upon the nature of specular, or partially coherent scattering. 

1.4 CONTENT OF THE REPORT 

Section 2 presents clutter models suitable for description of the interaction 
of the radar processor with the target-in-clutter environment. The models 
permit partially coherent scattering between the extremes of incoherent and 
coherent (specular) scattering. Of particular interest is the definition of the 
clutter ambiguity function which places in evidence the spatial and frequency 
correlation properties of spread targets and/or clutter and their interaction 
with the radar signal processing. 

Emphasis has been placed upon models suitable for computer simulation 
purposes. In addition, specula^ reflections are treated because of their 
large response in the radar output, i.e., the\r effect in producing false 
target reports. 

Section 3 outlines the clutter measurements obtained and the data rediction. 
Demonstration results of radar performance of a target-in-clutter are given 
in Section 4. The results are for three radar processing methods in both 
incoherent (noisy) and partially coherent (including speculars) clutter. 

-6- 



2.0 CLUTTER MODELS 

2.1 CLUTTER DESCRIPTION 

Detection of targets in clutter is based on the temporal, spatial, or frequency 
properties of both the target and clutter. The temporal, or time behavior, uses 
Doppler for discrimination; spatial clutter rejection is due to short pulse, or 
wideband transmission. The dissimilarity in the frequency properties of targets 
and clutter may also be used to detect targets in clutter. 

The clutter model employed to describe these effects is summarized in Figures 2-1 
through 2-16. Starting with Figure 2-1, we consider a simple radar. The 
transmitted pulse of width, T, scans the clutter. At any rapge-delay, r . the 
radar output prior to detection is an instantaneous response specified in^erms of 

both amplitude and phase. 

Clutter is specified in terms of a complex reflection density, p(r), having both 
amplitude and phase (Figure 2-2 ). At the specified range-delay, the radar pulse 
samples the clutter reflection density amplitude and phase (Figs. 2-3 and 2-4 ) 
i.e., all amplitude and phase components over the extent of the pulse length con¬ 
tribute to the radar output response. The sampled clutter amplitude (Fig. 2-3) 
is die to the predict of the amplitudes of the clutter and radar pulse. The sampled 
phase response is die to the sum of the clutter and pulse range phase (Fig. 2-4 ) 
The instantaneous radar clutter response of Fig. 2-5 is expressed in terms of the 
clutter patch code-weighted reflection density p (r ) . Fig. 2-6 emphasizes that 
the radar output is die to vectorial addition. * 

The largest radar output occurs for "phase-coherent clutter" (Fig. 2-7 ) which 
occurs when the phase slope of the clutter patch is the negative of the r-f carrier 
phase (Fig. 2-8 ); a uniform phase condition results in a linear summation of all 
the scatterers within the clutter patch. 

The sampled clutter patch displays properties at the radar output which depend 
upon both the intrinsic clutter properties and the type of sampling employed. The 
same clutter patch will show different properties at the output oí different radar 
processing methods. These properties are expressed in terms of {Aase and the 
partial correlation of clutter spatially, temporally and in frequency, (Fig. 2-9 ) 
The spatial correlation properties are affected by the r-f bandwidth of the radar 
transmission. 

-7- 
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Recent work* has shown that clutter may be de-correlated based upon frequency. 
Fig. 2-11 describes the frequency de-correlation of rain clutter obtained from 
calculating the frequency correlation coefficient calculated from ensemble averages 
of measured data. Using this basis, clutter is uncorrelated when frequency 
diversity is employed, and the frequency shift exceeds the reciprocal of the pulse 
width. SimUar results are obtained (Fig. 2-12 ) from measured data on the 
frequency de-correlation of sea return based upon a time-average frequency 
correlation coefficient. 

These ensemble or time average frequency correlation coefficier - are not 
measured directly by the radar. They are calculated from me. ,urc-l data to show 
the frequency de-correlation property of clutter. 

Tlie radar ambiguity function (Figs. 2-13, 2-14 ) defines the creso correlation 
of a waveform (die to a point target ) with itself Doppler and delay shifted. The 
Doppler shift is manifested as a reduced response when the frequency shift is 
greater than the reciprocal of the waveform time diration. For a simple 
rectangular pulse, the spatial resolution is the pulse width and in Doppler frequencv 
is the r ciprocal pulse width. 

In this investigation, the clutter ambiguity function (Figs. 2-15, 2-16 ) is defined 
as the cross-correlation of the sampled clutter with itself frequency and delay 
shifted. This function has all the properties of ambiguity functions except that 
the waveform code is replaced by the sampled clutter patch reflection density, o (r), 
i.e., it is apropos not only for a point target but also for spread targets, clutteï 
The clutter ambiguity function is useful for describing the clutter correlation 
properties observed at the radar output. 

2.2 INSTANTANEOUS CLUTTER POWER OUTPUT 

The instantaneous clutter power output is what the radar observes from clutter 
at a specified range. In this section, we assume the clutter has a narrow Doppler 
spread and is represented by an instantaneous complex reflection density, p (T ). 
Since our interest in this section is in the spatial and frequency correlation effects, 
we further specialize by specifyiqg the clutter spread in range with zero Doppler 
shift. This specialization is apropos when coherent integration over many pulse 
repetition periods is absent, i.e., when the clutter Doppler spread (or Doppler 
shift ) is much less than the reciprocal of the total coherent integration interval. 

The matched filter output die to clutter prior to any(uonlinear ) detection process 
is given by: 

ja'o* • -ju* r 
v(t)=e JP(T )X(t-T,0)e ° dr. (2-1) 

-• ' 

* Refs. 2, 4, 5, 6. 
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RADAR TRANSMITS PULSE 

WHICH SCANS CLUTTER. 

W» obstrve 

INSTANTANEOUS 

AMPLITUDE and PHASE 

RESPONSES AT 

RANGE DELAY, r 

FIGURE 1-1 - INTRODUCTION 



CLUTTER it dtterlbtd by 

tht COMPLEX REFLECTION DENSITY 

P(T) « 

lp(T)i * amplitud: 

T 

^ ^(T)* pho»t 

PWURB 2-2 - CLUTTER OOlffLBX RBPLBCTION 



AMPLITUDE 

RESPONSE 

\fir)\ Clutter 

I » 

i Radar Pulsa; 

J^,(T)I Samplad Cluttar Amplitud« 

FIGURE 2-3 - CLUTTER PATCH AMPLITUDE 
RESPONSE 
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PHASE 

RESPONSE 

Clutter Phatt 

FIGURE 2-4 - CLUTTER PATCH PHASE RBSPÛMB 
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INSTANTANEOUS (pre dtttcfor) 

RESPONSE 

FROM RANGE DELAY, ^ 

\ ^ Ji*T) xfcf-yo] 
“V” 

where 

P(T) * T)l •^(T) 

• clutter reflection density 

X(T,0)*IX(ro)l t^(T) 

* pulse ambiguity function 

^F(T)» 0 for Rect. pulsêj 

FIGURE 2-5 - INSTANTANEOUS (Pre-Detector ) 

RESPONSE 
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RADAR OUTPUT IS DUE TO 

VECTOR 

ADDITION 
_ ; 

PHASE 

vjwrXIxfT-i^O) 

AMPLITUDE 

nOURB 2-6 . VECTORIAL AMmON OF 
SCATTBRBRS 
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PHASE COHERENT 
CLUTTER 

Clutter Phase 
__ 

I 

Carrier Phase 

FIGURE 2-7 - PHASB-COHBRBNT CLUTTIR 
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When phase-slope of clutter 

patch is negative of carrier 
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i 
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(LINEAR SUM 

OF 
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RADAR VIEWS CLUTTER WHICH 

can be partially coherent, 

OR CORRELATED IN 

• PHASE 

• SPAT I AL LY (Bandwidth) 

• FREQUENCY 

• RADIAL VELOCITY 

(Doppler) 

Tha tama cluttar patch will thaw 

different correlation propartiet at 

output of different radar techniques. 

FIGURE 2-9 - PARTIALLY COHERENT Cf n*rr»n 

FORMS 
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CLUTTER CORRELATION 

PROPERTIES MAY BE BASED • 

UPON: 

• ENSEMBLE AVERAGE 
(STATISTICS) 

• TIME AVERAGE 
(STATISTICS! 

• INSTANTANEOUS 

RESPONSE* 

* Actual radar oparation 

FIGURE 2-10 - CLUTTER MODEL SABS 
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Example: 

"FREQUENCY" DE-CORRELATION 

OF RAIN CLUTTER 

Af « frequency separation 

T » pulse width 

RAIN CLUTTER IS DE-CORRELATED 

FOR 
Af T * I 

• Refs. 4, 5 

FlU/RF 2- I I FHh.s h,., ,„h lu,, 

*'» UAii. ; 41n'i 41 

-19- 

■•t 

! 



Example:* 

"FREQUENCY* DE-CORRELATION 

OF SEA RETURN 

AM 

TIME AVERAGE CORRELATION 

COEFFICIENT- 2 FREQUENCIES 

8EMRATED BY Af. 

FWI1B 2-11 - iBOiqUBNCY DB-OOMBLAimOP 
«A RBTURN 

i 
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RADAR AMBIGUITY FUNCTION 

X (*,$) * j **(♦) t(tt 

* CROSS-CORRELATION 

OF WAVEFORM, s(t), 

WITH ITSELF 

DOPPLER-SHIFTED^ 

AND 

DELAY-SHIFTED, T. 

Wavtform, $(0: 

FIGURE 2-13 - RADAR AMBIGUITY FUMCTT"* 
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RADAR AMBIGUITY FUNCTION 

IX(T>)I 

FREQUENCY: |/t 

nmuz-M • RADutMMowryfUMcnoM 
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8 CROSS-CORRELATION 

OF (RADAR-SAMPLED) 

PATCH WITH ITSELF 

FREQUENCY*AND 

DELAY-SHIFTED. 
This isnot th« Dopplsr shift 

ncOM MS - CLUTTER AMIOUITY FUNCTION 
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CLUTTER AMBIGUITY FTN. 

RANGE-DELAY 

FREQUENCY: f 

FIGURE 2-IE - CLUTTER AMBIGUITY FUNCTION 

CORRELATION LENGTHS 
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At a range corresponding to a range-delay, r, the instantaneous output is 
ja1 T • R -j(i? r 

vR=e ¡ p(T)X l-(T - TK),0]e 0 dr. (2-2) 

The clutter patch sampled at r is depicted in Figure 2-17 where the code-weighted 
reflection density is defined by 

Pr(t) = p(T)xt-(T-tr),0]; |t-Tr|<T. (2-3) 

The range-spread of the sampled clutter patch is 2T where T is the time dh ration 
of the transmitted waveform code. 

£, 
Pr(t) = p(r)xC-(r- ),0]; |r- rR| < T 

FIGURE 2-17 - WEIGHTED REFLECTION DENSITY 

Thus, the instantaneous output 

R 

ja' Tn • -jo> r 
= e 0R;pR(T)e 0 d t (2- 4) 

contains contributions from range-delays extending over the entire extent of the 
clutter patch centered at range-delay, t_. 

R 

The instantaneous clutter power output is * 

o * jfc* (t-t* ) 
VRP = j;p*R(t)PR(t')e dtdt' (2- 5) 

"'The asterisk denotes the complex conjugate. 

-25- 



whlch- letting t' « t + T and rearranging the double Integral, may be expreeaed 

(2- 6) 

where we have defined 

aa the complex autocorrelation function of the weighted clutter patch reflection 
denaity. (Thia la a special caae of the clutter patch complex ambiguity function 
deacrlbed subsequently In this report ). * 

2.2.1 PARTIALLY COHERENT SCATTERING 

The Instantaneous clutter power output (2- 6 ) la neither pure noise scattering 
nor coherent scattering. It Is the total Instantaneous clutter response, including 
both amplitude and phase characteristics of the radar waveform and the clutter 
reflection density. 

The spatial correlation of the clutter patch defined by (2- 7 ) has a range correla¬ 
tion length defined by 

1)(,.(0,0)1 

opiMMd ta tarait of tat mtgnltudt of tht pitch cornlttloii function. Howtvtr, 
the patch correlation ftinctlon Is complex 

(T.0) ■ I* (r,0 )Ie 
Tl PR 

Mr) 
(2- 9) 

* Section 2.3, Equation ( 2-29 ) 
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and is specified, in addition, by the phase characteristic, rfr )• Using (2- 9 ) 
in (2- 6 ), the instantaneous clutter power output may be also written as 

. .2 V i[n(T)-a>r] 
IvrI =,Tlx <T.0)|e dr (2-10) 

-■ PR 

which is seen to give appreciable response when the oscillatory factor, n (r >~ «tr » 
fluctuates at a rate comparable to ¿he magnitude variations of the patch correlation 
function. Specifically, when T > ^ /f the clutter power output is due mainly 
to those portions of the integral^- 111) which have stationary phase. This occurs 
when the slope of the phase characteristic of the patch correlation function «quais 
the radar radian frequency, 

4 

n'ir ) = i0o. (2-11) 

From the property of complex correlation functions 

xPr<t'0>**V't'0>' (i‘l2) 

it is determined that 

1*Or(t,0)I= l*pR('r'0>l (2-ig ) 

tK T ) = - r?(-r ). (2-14) 

the magnitude of the patch correlation function is even whereas its p*»— has 
odd symmetry. In addition, the value of the phase at r = 0 is zero (or 
k 2tr for k =0, + 1,+ 2,-- ). 

The amplitude and phase characteristics of the patch correlation function are 
depicted in Figure 2-18 The phase characteristic is approximated as a linear 
ramp defined over a region equal to the spatial patch correlation length, T • 
The behavior of the phase characteristic outside this region is unknown at &is 
writing and is not made accountable herein. However, we assume á modfl in 

-27- 
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PHASE CHARACTERISTIC ASSUMED FOR COMPARISON OP SIGNAL PROCESSING 

FIGURE 2-18- CLUfTTER PATCH COMPLEX AUTOCORRELATION FUNCTION 
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which a phase ramp of arbitrary slope extends over the entire phase plane over 
which the correlation function exists, cf. Figure 2-1 & This model is by no means 
rigorous. It is intended to provide a means for comparison of various signal 
processing technl^ies in a reasonably tractable manner, and it serves to demonst* 
rate the primary importance of phase. 

The phase ramp is given by 

t?(t ) = (coo - Aw)r (2-15) 

where ^ uj is an incremental slope, or frequency shift relative to the transmitted 
frequency. From (2-10 ), the Instantaneous clutter power output becomes 

"j Awr 
(2-16 ) 

Maximum output, or phase-coherent scattering, occurs when (2-11 ) applies, 
i. e., when A f = 0. Uncorrelated scattering is said to occur when the scatterers 
are phase-coherent at a frequency shift |^f |> l/T 

c 

2.22 EXAMPLE 

Uniform clutter patch: 

Phase-coherent at frequency: 

|p(r)|B |p I ; |r- rR| < T 

Carrier frequency: f 
o 

Radar Code: Simple pulse =rect t/T 

then 

PR(r)^= |p I I xC_(t-TR>.0]|e 
J[( w0” Aco )r+*>] 

(2- 17) 

X(L0) = X(0,0)(1- |t|/T) 

•29- 



j(w - Aw)t 

XPR<T'0>*e lx0 <T.0)| 
R Pr 

Ko)0- A w)r * • 
e IpI J,Mt»0)||xit+r.O)| dt. (2-19) 

Hence, from (2-16) 

Ivr|2 * IXW.OH^lVslnc 4AfT. 

From (2-^H 
(2-20) 

Tc ~ T. 

Bat, pe»t »IgMl power « rwge-dtUy. T 1, ^0.0)12. Thecfore, peak 
signal-to-instantaneous clutter power output is 

S/C = |x(0.0)| /|vR|' 

1 
(2-21 ) 2 2 4 

|p I T sine ^fT 

The C/S ratio is plotted in Figure 2-19. 

In this example, the scattering is incoherent, or uncorrelated, when the scatterers 

T “ , frequency ^ A» ? l/T from fte carrier frequeTy 
P*“* *ssumed' 0,6 SP«U»1 correlatioa length T 

Wro.dmates the pulse length T transmitted by the radar. The worst S/C IsfyL |V 
.rí1'“ sc,tterln« when At *0. For coherent scattering, tte 

S/C increases with the square of the transmitted bandwidth, i.e., 

( 
/ 
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C/S= |p I2 T2 Sine4 AIT 
--- Code: Simple Pulse 

FIGURE 2-19- SIGNAL-TO-CLUTTER FOR A UNIFORM PATCH 

2 
proportional to 1/T . For incoherent scattering where A ÍT > > 1, the S/C is 
proportional to 1/( Af ) * T2 . 

2.2.3 INSTANTANEOUS INCOHERENT SCATTERING 

The example of Section 2.2.2 describes the extreme case of instantaneous phase- 
coherent scattering from a clutter patch having a uniform amplitude reflection 
density over the patch extent. This produced the maximum clutter power output. 

In this section, we go to the other extreme by assuming the patch correlation 
function is described by an impulse, 

X-ÍT.O) =X (0,0)0(t ) (2-22) 
PR 
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i.e., it is uncorrelated. Although this is impossible in nature on an instantaneous 
basis, the assumption together with those of Sections 2.2.1 and 2.2.2 place bounds 
«pon the clutter responses which are attainable. 

From (2-6), he instantaneous clutter power output becomes 

= XÄ (0.0) 
% 

=.£ iorWI2* 

i*t)iVt-v0)|2dt 

(2-23) 

(2-24) 

(2-25) 

which is observed to be the convolution of the squared magnitude clutter reflection 
density with the squared magnitude of the radar ambiguity function at range- 
delay rR. 

For a uniform clutter patch described by 

|p(T)l = IpI ; |r- rR| < T, 

the clutter power output becomes 

Ivr|2= IPI2! lx(r,0)|2dr 

= lp|2Q<0) 

where |p| is dimensioned in reciprocal time. 

The peak signal-to-clutter output is 

S/C = 

(2-26) 

(2-27) 



^(0.0)12 

IpI2Q(o) 

w 

where the bandwidth is W = 1/T for a simple rectangular pulse. The signal- 
to-clutter ratio is observed to be proportional to the bandwidth in agreement 
with the incoherent independent point scatterers model, found in the literature 

2.3 CLUTTER PATCH COMPLEX AMBIGUITY FUNCTION 

Recent work has shown that clutter may be de-correlated based upon frequency. 
Figure 2-11 describes the frequency de-correlation of rain clutter obtained from 
calculating the frequency correlation coefficient using ensemble averages of 
measured data. SimUar results are obtained (Fig. 2-12 ) from measured on the 
frequency de-correlation of sea return based upon a time-average frequency 
correlation coefficient. ^ y 

Figure 2-20 is a reprodiction of work performed by Kennedy^ The figure 
depicts a portion of the actual measured radar cross-section of the upper sectiot 
of the Vela Hotel satellite for various separate frequencies and the cross-sectiot 
by averaging over eight frequencies. The first curve shows the effects of averaii 
ing over several of the separate curves in the rear of the photograph as would 
occur in a frequency diversity radar. 

It is evident from the photograph that the sateUite (which is a spread target ) is 
partially correlated in that there are regularities at a single frequency with 
varying aspect angle and there are also regularities at a single aspect angle 
with varying frequency. Thus, we may define the range-delay correlation of 

e satellite and the correlation at a single frequency as a function of aspect angle 

* Ref. 7 
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FIGURE 2-20: RADAR CROSS-SECTION
vs.

ASPECT ANGLE & FREQUENCY
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We may also define the frequency correlation coefficient at a single aspect 
angle as a function of frequency*. 

In Section 4 of this report a technique termed SPECOR is analyzed and then 
simulated relative to a simple pulse radar. This technique bases its clutter 
reduction capability upon the frequency de-correlation properties of clutter. 
It is a radar processing technique which actually performs the frequency 
correlation coefficient on each transmitted pulse. 

A correlation involves a product. Referring to Fig. 2-20, if we take the 
product of the cross-sections resulting from two frequencies at a particular 
aspect angle, the result will be a suppressed output, on the average. If we 
take many non-overlapping products all at the same frequency deplacement, sum 
the product, and normalize, we have defined and obtained a frequency correlation 
coefficient, cf. Figures 2-11 and 2-12. 

The Woodward ambiguity function** of Figure 2-13 is strictly applicable to an 
.ideal point target. Radar resolution is defined in terms of this ambiguity fünction 
for two ideal point targets. What definition is used when there are more than two 
targets present? How does one define and/or characterize a spread target, 
cf. Figure 2-20, or clutter which is a continuum of scatterers? By what method 
are the correlation properties of spread targets and clutter described? H there 
an appropiate formulation which describes the interaction and effect of the 
particular radar processing mode employed? How do we account for the frequency 
correlation properties of spread targets and clutter? 

We define a function, cf. Figure 2-15 and 2-16, and Figure 2-21 
• j2ff ft 

X<DR(T’f) = •TP*R(t)PR(t + T)e dt (2‘29) 

termed the clutter patch complex ambiguity function which describes the spatial 
and frequency correlation properties of the sampled clutter patch, p (t ), cf. 
(2-3 ), in much the same manner that the radar ambiguity function describes the 
range-Doppler correlation properties of a radar waveform code. It is important 
to note, however, that the frequency, f, is not the Doppler frequency but rather the 
frequency parameter accounting for the frequency correlation characteristics of 
spreat targets, or clutter. 

The following properties of the sampled clutter patch are of interest: 

PROPERTY 1 
— . .... . ^ 

Jlx. (T,i)|2dTdf = lx (0,0)12 = IJIp.frjpdTl2 

= Ulpd)!2 Ix(t-^,0)12.¾]2 (2-30) 

* See Figures 2-11 and 2-12. Also, see Refs. 2,4,5,6 
** Refs. 8,9,10 
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t Complex clutter patch reflection density (patch at r 
range-delay) R 

=P(9 X C-(t-rR), 0] 

t Complex clutter patch ambiguity function 

X (T.O =IjD(*B(t + t)ej2ffftdt 

• Clutter patch spatial correlation length 

Tc'-il)(pR<T'°> l2V IWr<0’°)|2 

• Clutter patch frequency correlation length 

(0,0)|2 

FIGURE 2-21 - CLUTTER PATCH AMBIGUITY FUNCTION 
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The patch ambiguity volume is a constant proportional to square of 
the "sampled intrinsic radar cross-section", X (0,0 ), of the clutter 
patch at range-delay, r . Pr 

R 

PROPERTY 2 

The spatial (range-delay ) correlation length of the clutter patch is defined 
bY 

T 
C 

J'lx. (T.OJpdr 
-■ p R_ 

I*. (0,0)(2 
PR 

(2-31 ) 

PROPERTY 3 

The frequency correlation length of the clutter patch is defined by 
« 

f 
c 

J'lx. (Orf)|2df 
4 -■ PR_ 

|X. (0,0)(2 
Tl 

(2-32 ) 

A patch ambiguity function is shown in Figure 2-21 . 

2.4 A STATISTICAL MODEL 

The matched ffiter output due to clutter prior to any (nonlinear ) detection 
process is given by 

jO? t • -jCC T 
=e J p(r )x(t-T,0)e 0 dr. (2-1) 

-• 

This represents the entire range-spread of the clutter and is a time ftinction 
which has a spectrum 

V(l) = i(f)î(l-fo,0) (2.33) 
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where the spectrum of the clutter reflection density is 

a * 
P(f)=J'p(T)e dr 

-M 

and the spectrum of the ambiguity function is 

a • -j2irfr 
XttO) = J'x(T,0)e dr. 

(2-34 ) 

(2-35) 

Consideripg the reflection density as a random function, we may obtain the 
ensemble mean power output, (the output of a square-law detector ). Our 

r<t) £ i viol2 
interest is in the spectrum of (2-36) 

m 

ÿ(f) = J'V*(0)V(/9+f)d/9 

(2-36) 

= J'P W$(/9+f)X*(0-f ,O)X(0-f+f,0)d/9. (2-37) 

By definition of the reflection density as an aggregate of complex point 
scatterers, 

A N-l 
p(r ) » I ^0(r-r„) (2-38) 

where 

n=0 n 

' I »n Ie ' 

n 

(2-39) 

a representation useful for computer simulation purposes is obtained. 

The spectrum of (2-38 ) 

N-l -j2trfr 
P(f) - I pe 

n=0 n 
(2-40) 
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has an autocorrelation 

N-l ]2irpr -j2ir(/J+f )r 

+ - rr^Vne me ”• <*•«) 
If the range-delay at which the scatterers appear is independent of the value of 
the scatterer reflection, the autocorrelation may be written as 

-,- N-l_ ¡2» Ot -j2t(i+f)r 
&•<£ )?<*+!) - t ro-p e % 11 . (2-« ) 

m, n=0 m n 

But the joint characteristic function of the exponential in (2-42 ) is 

j2ff/9r -j2ir(/5+f)rn 
C(ß, /9+ f ) - e me n 

j2ir^r -J2ir(/í + f )r 
-;jp(rm.T)e ma "dTdT (2-43) 

The characteristic function is defined by 

£ -j2trfr • -j2frfr 
C(f) = e « £p(r)e dr. (2-44) 

In (2-43 ), p (r , r ) is the joint probability density for the range-delay of 
two scatterers;111 n in (2-44) p(r ) is the probability density for the range- 
delay of a scatterer. Thus, we write the spectrum of the ensemble-mean power 
output as, cf. (2-37 ): 

rtf) - Jc (?, ¢+1)x *<3- f0,0)5(3- fo,o)d3 

+ E *|p IJ . c(f)Jî*(3,o)5(3+1o)d 3 (2-45) 
n=0 n .• 

The first term represents the cross-correlation among the scatterers. If the 
scatterer positions are independent, or alternately if the reflection coefficients 
are independent, the first term goes to zero. However, even if the reflection 
coefficients are correlated but the scatterer range-delays are independent, then 
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(2-46) 
C(ß, ß + f) = C*(ß )C(ß+ f) 

and the first term of (2-45 ) wUl nonetheless tend to zero resulting in 

N-l- 

^ =n5)^n^ C<f)/í*(/9,0)Í0J+f,0)d/í. (2-47) 

Noting that 

««) */i *<i .0)i (f+t,0)i 0= 
-j2ff fr 

and 
N-l-T _ 

r |pnr = nui 
oM) 0 

dr (2-48) 

(2-4 9) 

2 

where |pJ is proportion»! to the ensemble-mean clutter cross-section 
density, the ensemble-mean power output of the matched filter radar and Its 
spectrum may be written, respectively, as 

T(t) = |v(t)|2= nJpI2 ^(7-)^(1-7,0)12 dr (2-50) 

and 

y(f) = N |p 12 C(f )Q(f ). 
(2-51) 

These results express a noise-like model for clutter scattering in which the 

l”w w£Tt£ maffnitnde>rOPOrtÍOn'11° ^ COnvolution of the «nge-delay pro.babüity 
£^ f rn^tude-square the ambiguity function. The expressions provide 
the basis of the clutter simulation for scattering without speculars in Section 4. 

2.5 SPATIALLY DISTRIBUTED RANDOM CLUTTER WITH SPECULARS 

lhe°M tieued °n a atatiätical basis usually results in a noise-model for 
of thl i VW ^ 861,111116 speculars are averaged out. A probability description 
of the clutter scatterers is obtained where large responses can occur only due to 
the tails of the probability law, cf. Section 2.4. ^ 

The radar return from a coUection of scatterers is a mixture of noise-like and 
specular contributions. The noise-like contribution is the sum of all the elemental 

I 
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intensities, i.e., the total noise radar cross-section in the radar spatial 
resolution cell. The phase of the scatterers due to their reflection properties 
and their location relative to the radar is absent, on the average. In addition, 
the radar return from these noise scatterers is insensitive to the radar operat¬ 
ing frequency. 

The pure speculars are due to aggregates of scatterers in which there is 
phase addition, cf. Figs. 2-7 and 2-8, of the vectors. Speculars result from 
the linear sum of the amplitudes of the element scatterers. This produces 
a large response causing false alarms above the radar output threshold. 
Coherent (specular ) scattering occurs when the clutter scattering surface is 
such that distances to various portions of the surface provide in-phase addition 
at the frequency of operation. Coherent scattering is sensitive to aspect 
changes if it is due to a large surface. 

In the real world, pure incoherent (noise ) scattering and pure coherent (specular ) 
scattering do not exist. Rather, a situation of partially coherent scattering bounded 
by pure incoherent and pure coherent scattering is the case. 

2.6 SIMPLIFIED MODELS FOR PARTIALLY COHERENT CLUTTER 

The pre- detection response of a (matched filter ) radar operating at carrier 
frequency, fQ, is given by (2-1 ). The instantaneous response at range-delay, 
r R , is given by (2-2 ) which is depicted in Figures 2-2 through 2-8. The 
instantaneous video output for range-delay, r becomes 

R 

I VrI2“ IJ PR(T)e ° dr I2 (2-52) 

where we have defined 

¿ 
PR(r ) = p(T )X(rR-T,0). (2-3) 

In our model, we represent the clutter by a distribution of point scatterers 
along a line in the time-delay dimension, in which case, (2-3 ) becomes 

N j£(T ) 

'R<T> = Si*Je *<vv°>s<T-v <2-53> 
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which is a series of ambiguity functions weighted by the amplitude | p | and 
phase 0(t ). Substituting (2-53 ) in (2-52 ), the instantaneous clutter output 
is n 

N 

n 

jCi(Tn>-Vu 3 2 
’«W0»! - (2-54 ) 

which may be further simplified to 

I '"r!2 = lE I* Je ° n *(tr' Tn,0)l (2'55) 

by recognizing that the oscillatory term in the exponential controls the aggregate 
phase characteristics. 

INCOHERENT SCATTERING 

For pure incoherent noise scattering, the probability law for the distribution of 
the N scatterers has been found to be more, or less, uniform as depicted in 
Figure 2-22, cf. Fig. 3.3 of Section 3. 

i 

Range 

Delay 

This form of law was obtained from NRL-measurement data producing the 
results of Section 4. 
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PARTIALLY COHERENT SCATTERING 

For this case, the probability law should include provisions for 

1 ) Noise scattering 
2 ) Specular scattering 
3 ) Speculars with varying sizes, intensities, and rate of occurrence 

Methods for obtaining partially coherent scattering in a relatively simple model 
are shown in Figures 2-23 through 2-25. In Figure 2-23 a series of impulses 
placed on top of the uniform distribution provides a mixture of specular and noise 
scattering when the impulses are separated by an integer multiple, (die reciprocal 
of the radar operating frequency. The impulses so spaced provide linear summation 
of their amplitudes, cf. Equation (2-55 ) and Figures 2-7 and 2-8. 

iP(T) -+II*- K/fo K = 1,2, — 

(*- 

specular width 

pulse width 

FIGURE 2-23 - PARTIALLY COHERENT SCATTERING; 
ONE SPECULAR IN RANGE CELL 

The shape and size of the specular relative to the background noise scattering 
may take on various forms in the mixed probability laws of Figure 2-24. 

K 
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b) Tapered Strong Specular 

c) Narrow Weak Specular 

lp(r ) 

d ) Strong Narrow Specular (auch aa round water tower ) 

FIGURE 2 - 24 - PARTIALLY COHERENT SCATTERING: 
ONE SPECULAR 



Multiple speculars appearing in the resolution cell are also made accountable, 
as shown in Fig. 2-25. This is the case in which not only does each specular 
contribute to the radar output, but the interference between the speculars 

FIGURE 2-25 - PARTIALLY COHERENT SCATTERING; 
MULTIPLE SPECULARS 

also can be a major contributor. This so-called cross-correlation of speculars 
is exceedingly aspect sensitive giving rise to scintillation effects when observed 
from a moving radar platform. 

Speculars may be frequency sensitive - the specular may exist over a band 
of frequencies. In order to account for this effect, this type of specular is 
represented as aggregates of equally-spaced impulses, cf. Figure 2-26. The 
spacing of each impulsive series corresponds to a particular frequency. The 
effect is similar to a variable slot diffraction grating. 



-*1 H- K/í 

Kl/fl 

I*- K2/f2 

Broadband Specular 

FIGURE 2-26 - BROADBAND SPECULAR REPRESENTATION 
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3.0 COMPUTER SIMULATION 

3.1 INTRODUCTION 

The stated objective of the SPECTRONICS work is to provide a simulation 
method for the evaluation of radar performance in a clutter environment, 
thereby providing a tool for the synthesis and comparison of radar processing 
techniques operating in a clutter environment. The method involves the use 
of clutter models. Work with clutter models, however, must be in relation to 

real data. 

The Wave Propagation Branch of the Naval Research Laboratory monitored 
the Spectronics investigation and provided technical data which included a 
clutter data tape and information required for using this data in the computer 
simulation. The major portion of the radar instrumentation carried by the 
NRL aircraft used in clutter studies is the four-frequency (4P) radar system? 
For each pulse transmission, the horizontal and vertical components of the 
backscatter are separately sensed by the antenna system, converted coherently 
to i-f, and fed to lin-log and linear i-f amplifier pairs which are designed to 
preserve amplitude and phase of the envelope of the return respectively. In 
the logarithmic strip, the dynamic range is compressed for easy digital¬ 
ization, incoherently detected (square-law), and used as output to the range¬ 
gating and digitalization circuitry. The NRL 4F Radar System is capable 
of making synthetic aperture maps from which specular densities may be 

determined. 

3.2 CLUTTER DATA 

The data which was employed in the following and in Section 4 is a result 
of the radar amplitude (square law detected) return data recorded on film 
over Richmond, Va. on 21 November 1967, cf. Table I. 

The squave law detected returns modulate the intensity of an oscilloscope 
which is being photographed on a trace by trace basis. The amplitude 
of the radar return is converted to light intensity which in turn is converted 
to density on a film. The distance from the edge of the film, along the width 
of the film, is proportional to range and the film density to amplitude. 
Because the film advancement between traces is comparable to the width 
of the light beams on the film, data smoothing occurs resulting in a loss of 
specular data so that the clutter information obtained tends to be incoherent 
or noise-like. The aircraft took data as shown on Fig. 3-1. The triangle 
represents the horizontal beam pattern coverage over the terrain from 
which data was obtained. A typical range trace of the data is shown in Fig. 

3-2. 

♦Ref. 11 
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TABLEI - FLIGHT TEST PARAMETERS 

Location 

Date 

Frequency 

PRF 

Puloewidth 

Aircraft velocity 

Range 

Recording interval (range ) 

Recording interval (along track ) 

Sampling window (range ) 

Sampling window (along track ) 

Initial Range 

Range increment per scan 

Along track sampling rate 

Richmond, Va. 

11/21/67 

8910 Me 

788 pps 

. 1 ju sec 

92.6 meterd/sec. 

2.74 Km 

24 ft dec 

39 dec. 

.061 ¿«dec 

.012 dec. 

2.74 Km 

.061 pdec 

-155 dampled/dec. 
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3.3 DIGITAL CONVERSION 

The clutter data on film is digitized by means of a microdensitomer which 
is scanned at constant range for the total section of recorded data. After 
every scan the range is incremented and the process continued until the 
whole film is digitized. 

The format resulting from this process is an 18 bit word for each sampled 
window* for the Richmond data this window is .061#* sec along range and .012 
#* sec along track. Of the 18 bit word, 11 bits are used to code the density 
count and one more bit is used to signal the end of a scan. Double end of file 
marks are used to signal the end of the total film data. 

3.4 THE UNPACK PROGRAM 

016 USe °f 016 NRL clutter ^P®8 with computer programs written 
in FORTRAN IV a special program called UNPACK was written in FAP for 
the IBM 7090/94 computer system. This system is rather useful for pro¬ 
cessing the clutter tapes since its word length, 36 bits, is a multiple of 
the NRL clutter tape word length 18 bit. 

UNPACK performs the following functions: 

a) Converts the 11 bit count to a 36 bit word, stripping the 
end of scan bit. 

b) Assembles the complete scan into a FORTRAN logical record. 
c) Writes a FORTRAN compatible tape. The first logical record 

contains the number of sample counts in the following scan and 
an indicator to establish whether the scan about to be read is 
the last in the picture or not and whether all pictures have 
been read. 

The following logical record contains the scan itself. This process is re¬ 
peated until all scans are read. With this reformatted clutter data, the 
programmer has at his disposal total flexibility to read under a FORTRAN IV 
program any desired portion or the whole of the clutter data. 

3.5 THE ENSEMBLE PROGRAM 

This computer program written in FORTRAN IV performs the followimr 
functions: 

Using the reformatted clutter tape the program reads each scan, 
which was digitized at constant range and assembled in a logical record by 
the UNPACK program. From this data the program takes a priori selected 
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independent range cells. By independent we mean those range traces where 
the antenna illuminated terrain is completely different, as shown in Fig. 3-1. 
As the clutter data is recorded in density counts, it has to be converted to 
amplitude square. A calibration curve has been provided by the NRL Wave 
Propagation Branch which corresponds to the Richmond, Va. data. The ONR- 
CLUTTER program uses any externally supplied calibration curve to inter¬ 
polate and convert from counts to amplitude square. A sample trace plotted 
in db is shown in Fig. 3-2. 

Once the data is calibrated the program proceeds to compute the ensemble 
trace. With the ensemble trace its Fourier transform is computed by means 
of the Cooley-Tukey routine. Because we know the transmitted pulse for this 
particular date, its Q (f) function is also known, as given in (2-48). We then 
compute C (1) by solving Eqn. (2-51). Numerically this is nothing more than 
dividing each of the frequencies of the ensemble trace by the approoriate Q (1) 
value.. The Fourier transform of the resulting ratio is now performed, 
thus obtaining p (t), the probability of unit scatterer at a delay T. T.ris p (1) 
is printed by the program. 

The computed scatterer position probability law obtained by this method from 
NRL is shown in Figure 3.3. Except for a spike near zero range which per¬ 
sistently showed in the data and has been ascribed to a transmitter- receiver 
leakage transient, the probability law assumes the roller-coaster shape of 
Figure 3.3. Repeated computation using additional independent NRL data 
reproduces the 3 db valley in the curve which is attributed to the weighting 
of the 4F radar antenna pattern. Removal of the antenna pattern and initial 
transient spike produces a uniform probability law for the range-distributed 
scatterers. The uniform probability law is consistent with physical inter¬ 
pretation and henceforth was employed in the simulation procedure which 
produced the results summarized in Section 4. 

3.6 - THE SAMPLING PROGRAM 

This program employes a uniform distribution of scatterers, but provides the 
option of employing any supplied p (1) from which, by means of sampling, a 
number of scatterers are located. Since all scatterers are of equal strength 
a delay line model is constructed. In addition, the program admits the 
introduction of non-ove dapping line groups cf. Fig. 2-25, to simulate coherent 
clutter, and of a target. The relative intensity of the lines can be specified, 
as well as that of the target and of the incoherent scatterers. The delays are 
put in increasing order. The program offers the option of employing the 
technique called SPECOR, cf. Section 4, or of using common radar techniques 
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FIGURE 3.3 - SCATTERER POSITION PROBABILITY DENSITY LAW 

COMPUTED FROM NRL DATA 
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or both. The programming steps are basically similar in both cases. 

The computation of the return is performed by subroutine NSUM. This sub¬ 
routine receives the input data and processes it to obtain an A-scope trace. 
To accomplish this, the delay line is segmented into a supplied number of 
equal cells and the complex response corresponding to each cell is computed 
from the arrays containing the incoherent clutter points and the coherent 
lines. Since we are interested in obtaining the signal-to-clutter ratio, 
two computations are performed for the cells affected by the target. First 
a computation is performed without the target and a second computation with 
the target present. NSUM returns to the main program two arrays, one 
containing the complex returns produced by clutter alone, and another one 
that contains the complete returns for those cells affected by the target 
presence, including the effects of both target and clutter. 

A subroutine called NTRCE is used to find the norm of the complex returns, 
and to compute the signal-to-clutter and the peak-to-clutter ratios (which 
should usually coincide). 

Subroutine PLOT is used to plot the results as would be seen on a scope. 
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4.0 RADAR PERFORMANCE: Results of the Target-in-Clutter Simulation. 

4.1 INTRODUCTION 

This section of the report presents the results of simulating a target-in-clutter 
for three types of radars operating at X-band: a 5 ¿isec simple pulse radar, a 
0.5 ¿¿sec simple pulse radar, and a spectral correlation radar with the acronym, 
SPECOR, * which bases its clutter suppression upon the frequency correlation 
properties of the clutter, cf. Figs. 2-11, 2-12, references!, 2, 3, 5, section 
2.3, and figures 2-15, 2-16. The SPECOR technique ** is specifically included 

, in the simulation to show the power of the simulation approach for evaluation 
of a new radar technique. The 5 pec pulse radars are conventional and serve 
as a control in the simulation experiment. 

Section 4.2 describes the results of radar performance of a target in clutter 
for the three radar types operating against the identical target and clutter. 
The clutter is essentially noisy clutter devoid of speculars. 

Section 4.3 describes the results of radar performance of a target-in-clutter 
when both noisy and specular clutter are present with the target. 

4.2 INCOHERENT (NOISY) CLUTTER 

Figures 4.1, 4.2 and 4.3 show the signal-to-clutter (S/C) performance of 
three types of radars operating against the same clutter obtained via math¬ 
ematical modeling oi NRL clutter measurement data, cf. Section 3. The 
data is shown for a single target in a portion of a range sweep (as it would 
appear on an A-scope). The range sweep is calibrated in decibels. The gran¬ 
ularity of the computer output is 0.05 microseconds. Rectangular "radar 
windows" or pulse ambiguity functions are used to save computer time. Fig¬ 
ures 4.1, 4.2 and 4.3 are repeat runs of the three radar types with increasing 
target level. The target is a point target entirely confined within 0.05 jjsec. 

Each figure shows 

Part A: A 5 psec pulse radar 
Part B: A 0.5 ^ sec pulse radar 
PartC: SPECOR* 

*U. S. Patent #3,374,478. Also see Appendix A. 
**See Appendix A for a mathematical analysis of SPECOR. 
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Operating frequency is at X-band. The runa show the effect of the radar pro¬ 
cessing methods when operated in the Identical target-clutter environment. 

IteS^SK pulse radar (Fig. 4.1-A) has the target buried in the clutter. (Note: 
False alarms labeled on the figures are due to computer noise and the rectangular 
radar window employed for simulation). Decreasing the pulse length by a factor 
of ten to 0.5 jisec produces a S/C of 11.07 db as shown in Figure 4.1-B. SPECOR 
improves the S/C to 14.62 db as shown in Figure 4.1-C. It is noted that the pulse 
processed in SPECOR is 5 Jisec, l. e., a narrow processing bandwidth. 

Figure 4.2 depicts a similar situation with a somewhat stronger target. The 
target from the 5 p sec radar is more visible although target breakup is evident 
due to the low S/C ratio where interaction with the clutter background is present. 
Using the same target and clutter, the 0.5 jisec radar output is clearly visible 
in Figure 4.2-B due to the increased S/C = 18.98 db. The SPECOR technique 
(Figure 4.2-Q again displays the 5 fisec narrow processing bandwidth with a 
still higher S/C = 29.21 db which is approximately 10 db higher than the 0.5 14 sec 
radar. 

Finally, Figure 4.3 shows the effect for the three radars all operating against the same 
c lutter with a very strong target. The 5 ¿¿sec radar (Figure 4.3-A) has a 
S/C s 19.23 db; the 0.5 /usee radar (Figure 4.3-B) is again approximately 10 db 
better; the SPECOR technique (Figure 4.3-Q has a S/C = 48.4 db which is 20 db 
better than the 0.5 J4 sec radar. The results are tabulated in Table II. 

Table II 

Signal-to-Glutter Comparison 

Figure 

Target 

A B C 

5 lisec radar 0.5 jisec radar SPECOR 

4.1 Weak 4.28 db 11.07 db 14.62 db 

4.2 Med. 8.32 db 18.98 db 29.21 db 

4.3 Strong 19.28 db 28.55 db 48.40 db 
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Since the clutter is "noisy", the 5 ßsec and 0.5 ^sec runs provide a control in 
the experiment of evaluating a new processing technique, SPECOR, based up 
frequency de-correlation for enhancement of S/C. Approximately, a 10 db in¬ 
crease in S/C was obtained in going from the 5 psec to the 0.5 psec radar as 
predicted by theory. 

Increasing the target level provided larger S/C improvements in SPECOR than 
in the pulse radar. This effect is predicted due to the double-detection nonlinear 
processing employed in SPECOR, cf. Appendix A. 

4.3 PARTIALLY COHERENT SCATTERING 

Using the partially coherent clutter models of Section 2.6, an experiment was 
performed for a comparison of the 5 psec and 0.5 0jsec pulse radars with each 
other and with SPECOR. The target was an ideal point target. Two speculars 
were placed near the target. One of the speculars preceded the target by 1.5 
psec; the other was placed 1.5 psec behind the target. The specular widths 
were 0.1 p second, i. e., spread speculars of approximately 50 foot dimension. 
The spacing between the speculars was 3 ¿¿sec or approximately 1500 feet. The 
two speculars and the target were then set in a background of random clutter, 
cf. Figure 2-25. The responses of the 5 psec, 0.5 psec pulse radars and SPECOR 
are shown in Figures 4.4, 4.5 and 4.6, respectively. A triangular radar pulse 
window (ambiguity function) was employed. 

Except for the spread of the speculars and their amplitude, the target and the 
speculars are coherent returns at 9 Gc. The 0.5 ¿pec pulse radar resolves the 
target and speculars as shown in Figure 4.5 with a signal-to-clutter (S/C) ratio 
of 22 db. Using the same target and clutter speculars, the 5 ¿¿sec pulse radar 
does not provide resolution, as shown in Figure 4.4. Indeed, for his experiment 
the presence of the speculars with the target exhances the peak appearing 22 db 
above the surrounding clutter noise level. However, the experiment is incomplete 
since if other speculars were present, they could be mistaken for targets. If 
the amplitude of the target far exceeded that of the speculars, the target could 
then be distinguished on this basis solely. If on the other hand, many speculars 
appeared within the resolution cell with a target, the presence of the target 
could be lost entirely even though the target was larger than any single specular. 
This could occur when many of the speculars are phase-coherent, i. e., the 
amplitudes of the speculars add linearly far exceeding that of the target. 
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Increasing the transmitted bandwidth or reduction of the pulse length as in 
Figure 4.5 with the 0.5 fisec radar resolves the speculars and the target so 
that only the self-coherence (correlation) of each specular and/or target con¬ 
tributes to the output. In this fashion, the cross correlation of the speculars 
goes to zero providing resolution and enhanced S/C performance. 

Using the same clutter, noisy and specular, and the same target, the SPECOR 
spectral correlation technique is exercised in Figure 4.6. The dramatic in¬ 
crease in S/C to 44 db is evident. An explanation for this superlative perfor¬ 
mance is given in the following with reference to APPENDIX A. 

For these experiments, SPECOR transmitted two bands of 10 frequencies where 
each band was 100 MHz. Responses on all paired frequencies separated by Af = 
400 MHz were multiplied and then integrated thereby performing an (unnormal- 
izetty frequency correlation coefficient form of processing (see the pictorial and 
mathematical description of Appendix A). This form of processing is directed 
toward the detection )f small size targets in clutter. 

The first consequence of this form of processing is the destruction of phase 
coherence, i. e., the speculars are suppressed since they are speculars at 
one frequency. Even broadband speculars would be suppressed if their specu¬ 
larity extended over a band of less than 400 MHz. An additional consequence 
is the finite spread, the range-delay correlation T c = 0.1 ¿¿sec, of the speculars. 

From Appendix A, we note that Af . Tc = 4 which results in both a spatial and 

frequency decorrelation of the speculars and the destruction of the cross¬ 
correlation between the two speculars spaced 3 jjsec apart. The small size 
target, on the other hand, is not suppressed due to its small dimensions and 
hence small spatial correlation length e. g., Af rc «1 for the target. 

The result as shown in Figure 4.6 for SPECOR is the retention of the target en¬ 
hanced in S/C,with suppression of both specular and noise clutter. 
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5.0 CONCLUSIONS AND RECOMMENDATIONS 

The method of this investigation has shown the feasibility of the simulation approach 
for the evaluation of radar performance in a clutter environment. The approach is 
consistent with a theory of clutter (Section 2) which permits incoherent, partially 
coherent, and coherent (specular) scattering. 

The demonstration of Section 4 provides an indication of the usefulness of simu¬ 
lation methods to obtain a common basis of comparison among various radar pro¬ 
cessing techniques and their ability to "see into clutter". The corroboration of 
the frequency correlation properties as manifested in the SPECOR technique is an 

example. 

During the course of the investigation, a method was devised in which specular and/ 
or near-specular reflections could be categorized by the NRL-4F measurement 
radar. Thus data may be obtained on specular amplitude, specular correlation 
length, and specular rate of occurence. This information, when available, permits 
probability modeling of various types of clutter scattering. 

Based upon measurement data and the probability models obtained (which include 
partially coherent and specular scattering), an analytic and computer investigation 
can be performed to obtain P_ (probability of detection), P (probability of false 
alarm) versus threshold setting, transmitted bandwidth, and radar-clutter viewing 
aspect. The end objective of this recommendation is to obtain a set of performance 
curves which can be employed by a radar designer for the particular class of clutter 
in much the same manner as the performance curves for a signal in receiver thermal 

noise. 
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SPE COR 

• 10 frequencies transmitted in two bands 

• Clutter discrimination based upon spectral decorrelation 

of clutter. Technique results in narrow processing 

bandwidth. 



SPECOR transmits in two bands: the upper band and the lower band. The 
clutter return from the low band is given by 

= n^0an ! P(r )X(t-r,0 )ejU°+ )(t T ) dr 

j a* t N-i jna*. t otiv-x may -j(a-+na')r 
n%\e /«T)x;.:-r,0)e 0 1 dr (1) 

where is the amplitude of the n transmitted frequency, u + nù) the clutter 

density is p[r h and «O’0 >is the «■>> Doppler cut of therpulee ambiguity function 

The transmitted high band is identical to the transmitted low band except for its 

frequency up-translation of ¿f . The clutter return viewed prior to the nonlinear 
element (the fitst detector ) is nwnunear 

v^t ) = e 
X«0+A«)tN-i jntCjt -Kwrtw.+ ia'iT 

£,V Jb(r )x(t-r,0)e 0 1 n=0 dr (2) 

Tlie upper and lower returns are summed and appear at the input of the first 
detector. The output of the detector produces all sums and diference frequency 
components due to the nonlinear action. However, only those components a 

a are passed‘ In Ms region, the output of the nonlinear element may 
be written as, 

r<t) = v*(t)Vl(t) 

j£a>t N-l j(n-m)a> t 

; e “*mV //pWpd'). 
mfri=0 

/ nv , W0(T-T') ja*(mr-nT') -jAaJr’ 
(t-r,0)x(t-r’,0)e 0 e 1 e dr dr ’ 

jÄatN-i2 ja> (r-r’) inasír-r') 
+ e (T)^T,)e e e . 

-97- 

* 



X*(t-T,0)x(t-T\0)dTdr\ (3) 

But the m ^ n terms of (3 ) are displaced from the upper-lower band difference 
frequency, tW , and are rejected by the bandpass filter at . The passed 
narrowband frequency components are 

jA(iJt N-l« jo: (r- r') jn u,* (r-r ') -jAo?r ' 

ni1)*® )/°(T’)e 0 e e 

X*(t-r,0 )x(t-r',0 )drdr(4) 

At range-delay, r D , the instantaneous clutter response is given by 

4 jtüîT N-l2 Jtt> (t-t') jnOJ.it-t’) -jAut’ 

\a??(TR)=e nÍ0annpVt)pR(t’)e 6 6 

(5) 

where we have defined the code-weighted complex reflection density by 

PR(t) ^P(t)X(TR-t,0) (6) 

By suitable change of variable, and definition of the clutter patch complex ambiguity 
function 

a * i2lr ft 

*Pn(T’f ) * Jj®*R^t >pR<t + r >e dt* <7 ) 

equation (5 ) is expressed as 

jA«r • -j(a! + &u> )t 
® J X ^(T,-^f)^(r)e 0 dr 

-• 

where 

^(r 
^N-lj -jn^r 
-Lae 

n»0 n 

(8) 

(9) 
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Equation (8 ) is the pre-second-detector SPECOR output which is noted to 
depend upon the Af-cut of the clutter ambiguity function and the bandwidth 
factor, 0(r ). 

The second detector output of SPECOR is given by 

i2 
-j(U.'+£a> )T 2 

b/ = 1/ Xft (r,-Af)0(r)e dr (10) 

which by the Swartz inequality is 

tJr I2 < J I X . (T, -Af ) I2 d r J |0(r) I2 d V (H ) 
-• -• 

which has a maximum value when 

X * (T ,-Af ) = 0(r )e 
% 

-j(a‘o+ Ao>)r 
(12) 

in which case the maximum clutter power output is 

i2 

max 

2 2 
X (r . ) I d T I . 

*R 
(13) 

But it can be shown that 

Q (£f ) = / |XA (î»Af )P dr 
^R -• ^ 

j2irAfr • 2 J 

dT' 

(14) 

(15) 

i.e., the zero-frequency cut of the clutter ambiguity function is related to the 
4f-cut. Thus, when the range-delay correlation* length of the clutter is r c> 
the clutter is frequency de-correlated when 

* Reference 5 
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