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TECHNICAL REPORT

A Technical Report is on official document of Stanford Rec~arch: Institute that
presents results of work directed toward specific researc. ., cctives. The report
is @ comprehensive treatment of the objectives, scope, metiodology, dato,
onalyses, ond conclusions, ond presents the vackground, practicai significonce,
ond technical information required for o complete and full vnderstonding of the
reseorch activity. Since the report fulfiils o contractual obligation, it is reviewed
ond approved by a division director or higher official of the Institute, ond stands
as publisked; it should not require oral explonation or interpretation of any k.nd.
Such reports moy be identified os Semiannual, Final, etc.

RESEARCH MEMORANDUM

A Research Memorandum is o working poper that presents the results of work in
progress. The purposc of the Research Memorondum is to invite comment on
resecrch in progress. It is o comprehensive treatment of o single research crec
or of a fucet of a research arec within o larger field of study. The Memorandum
presents the background, objectives, scope, summory, ond conclusions, as well
os method ond approach, in a condensed form. Since it presents views and con-
clusions drown during the progress of rosearch activity, it may be exponded or
modified in the light of further research. The report is reviewed ond opproved
by o deportment manoger or higher officiol of the Institute.

TECHNICAL NOTE

A Technicol tote is a working paper that presents the results of research related
to a single phase or factor of o research problem. The purpose of the Technical
Note is to instigate discussion ond criticism. It presents the concepts, findings,
end/or conclusions of the outhor. It may be altered, exponded, or withdrawn at

ony fime. The report is reviewed by a project or task leader or higher official
of the Institute.
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ABSTRACT

’

This report describes, the major system methodologies pertinent to
the evaluation of contemporary fire control systems. It will serve as
a useful reference for the systems analyst and as an aid for those who
want to supplement their knowledge of the methedologies associated with
radar systems analysis. Major emphasis is given to the description of
radar performance in a benign and a nonbenign environment.{hﬁxtensive
references are included. This work was undertaken as part af a larger

study of radar performance evaluation for the Naval Warfare ‘Research
Center of Stanford PResearch Institute.
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| INTRGDUCTION

A. Purpose ind Scope

This research memorandum describes some of the major system considera-
tions percinent to the performance evaluation of contemporary fire control
radar systems. Major emphasis is given to the description of radar per-
formance evaluation methodologies in a benign and nonbenign environment.

Both qualitative and quantitative appraisals are included throughout to
provide an awareness of the minimal system constraints that must be con-
sidered in the evaluation of radar systems in various environments. Only

the more significant considerations are mentioned, and the references may

be consulted for mure detailed analysis of the particular type of environment

under consideratior by the analyst.

B. Organization of the Memorandum

The memorandum has been organized and written to provide the greatest
utility for the variead backgrounds of personnel directly or indirectly
associated with radar performance evaluation methodology. Section II
deals with some of the basic methodologies associated with the evaluation
of a radar system in a benign environment. Section IIl describes some
of the basic methodelogies associated with the evaluation of a radar system
in a nonbenign environment. Section IV presents a methodology for the
evaluation of volume clutter for a CW radar. Section V sets forth some
of the more pertinent considerations associated with various clutter sup-

pression techniques.

Particular attention is given to the time selectivity clutter sup-
pression techniques, with major emphasis on the analog intermediate
frequency (IF) double delay line canceller processor. This technique is
discussed in detail because it appears to be the optimum for both search
and track functions in a bunign environmen%. The methodologies developed
in Section V may then be combined with the methodologies developed in :
Sections II and III to obtain realistic quantitative data pertinent to

the evaluation of radar performance in benign and nonbenign environments.
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The equations set forth in this memorandum may be readily adapted
to perform a comparative analysis of several systems or to assess the
expected degradation in a particular system. The equations also illustrate
the concepts and system considerations that must be identified during a
performance evaluation analysis of a contemporary fire control radar
system. The presentation is intencionallygbrief in the hope that sufficient
ireferences and concepts are presented to enable the reader to pursue a
more detailed analysis of a specific concept or to extend the basic
methodologies to areas that are not included in this memorandum because

of time and space constraints.




|1 RADAR PERFORMANCE IN A BENIGN ENYIRONMENT

A. General

The methodologies associated with the performance evaluation of a
radar system in a benign environment are described in this sectien. 1In
particular, the methodologies associated with (a) clear, (b) ground
clutter, (c) sea clutter, and (d) rain models are presented. Other en-
vironment models, such as local radar interference, terrain masking, and

snow are not presented.

The effects of ground and/or sea clutter and rain are mipimal when
the radar under evaluation has an operating frequency below S band. How-
ever, many radars are forced by other considerations to have an operat.ng
frequency above S band. Some such factors are mobility considerations
and the desensitizing of a radar to a standoff jammer (STOJ) at the higher
frequency. When such considerations force a ' ‘cher operating frequency,
the effects of clutter and rain en the performu..e of the radar become
predominate. For example, the backscattering coefficient of rain varies
directly as the fourth power of the cperating frequency. Since this back-
scattered energy from rain contributes to an increase in the radar’s re-
ceiver noise, the detection range of the radar is decreased accordingly.
The backscattered energy at X band, as compared to L band. is about
(10/1)* times greater. Rain, as well as ground and sea clutter, also ias
detrimental effects on such system functiors as tracking range and track-

ing accuracy.

Since, with the possible exception of vertical incidence, back-
scatter by the ground or sea is always diffuse and not a specular reflec-
tion, it is often convenient tc define a backscattering coefficient of an
element of the surface rather than to define a diffuse scattering reflec-
tion coefficient for use in an analysis. Such a procedure will be followed
in this section. For this purpose an area backscattering coefficient model
w1ll be expressed for ground and sea clutter, and a volume backscattering
coefficient mode! will be dcveloped for rain. The radar cross section of
the clutter may then be expressed as the product of the area or volume of

the clutter and the backscatter coefficient. The signal to clutter ratio




L

(S/C) may then be expressed in terms of the target to clutter radar cross
sections (0,/0,). After the signal processing gain associated with the
radar’s receiver, that is, subclutter visibility (SCV) has been accounted
for, the S/C ratio may be utiiized to determine the degradation in radar

verformance in the presence of clutter.

B. Clear Environment

The IF signal to noise ratio (S/N) is determined from the standard

radar range equation. This equation is usually expressed as:

P .G\%
= — (1)
(47)3kT (BNT R*

!

where

P, = rms transmitted power during the pulse (w)

-

G = antenna power directivity gain
A = transmitted wavelength (m)

o = idealized or effective cross-sectional area
of target (m?)

NF, = operating noise figure
k = Boltzmann's conscant = 1,38 % 10723 (w/Hz/°K)
T, = absolute temperature cf noise source—arbitrarily

taker as 290°K

B = equivalent noise bandwidth of the IF
amplifier (Hz)

R = radar-target range (m).

An alternate and very convenient form of Eq. (1) is the mixed units

of length expression,

P G*\%
S, (2)
N R4BNF

where R is in nmi, A is in cm, and o is in m?. Reference 1l states that
an errer of 0.3 dB in S/N will be present when Eq. (2) is used in lieu
of Eq. (1).




The idealized radar range equation, that is, the range R, at which

the IF S/N is unity, may likewise be expressed in terms of the mixed

units as
Vv
{i)zcz'\‘zo ’
Bo = —- (3)

This reference range, R, may then be used to arrive at a S/N scaling

equation of the form

S 30\4
— = | — . (4)
N B}

The function of propagation factor, F*(R,A,h), not shown in Eq. (1),
is vsually assumed to be unity for most free space propagation. Further-
more, Eq. (1) is valid only in the Fraunhofer region, and an additional
loss factor must be introduced into Eq. (1) when the range to the target
is less than the quotient of the square of the sum of the antenna and
target diameters and the wavelength. In most practical cases the atten-

uvation associated with the near field and Fresnel region may be ignored.

For a coherent pulse doppler radar the ratio of peak signal power
to noise power in the output of the match:d doppler filter, which cor-

responds to a specific target range and doppler shift, is given by

S 2PtTT0,A2062
- = —— F*(R,\,h) (5)
N (47)3T, kT NF R*
where
P, = the peak transmitted power (w)
7T = transmitted pulse length (s)

T, = pulse repetition period (s)

TO, = time on target, time on beam position in
scanning radar (s)
h = antemuna height
NF = receiver noise figure per cycle.

An alternate form of Eq. (5), which is sometimes useful in electronic
countermeasures (ECY) analysis, incorporates the energy gain product con-

cept. The energy gain product is simply the product of the effective

o v S




transmitted encrgy and the ratio of T /T . Equaticn (5), rewritten to

account for the energy gain product (EGP), is

TOTAQO'Gf
_ 2 - (EGP) FY(R,\h) . (6)

S
N (41)% T kT AF R

For an FM/CW radar system the S/N ratio performance may be determined
from Eq. (7), where Pu” is the average transmitted CW power and B is the
doppler filer bandwidth. Equation (7) neglects the effects of transmitter

modulations.

23 2
S Pn UG )\. o
S . — : (7)
N (47)3kT, BNF, R*

The idealized range equation [(Eq. (3)] may be rewritten for a pulse

doppler system, as in Ref. 2:

1
P d2G\% ]’4

R, = — (87
{4m) :"kT0 BNF, ng
where
d, = signal duty cycle
da = gating duty cycle (equal to 1 - d )

for an ungated system.

When the performance of a CW radar is compared with the performance
of 2 pulse doppler radur, it should be noted that in a pulse doppler radar
only the power in the central spectral line is used for detecting the tar-
get. Ccasequently, to achieve the same useful power return from a target,
the peak power for a pulse doppler radar system is related to the average
power of a CW system by Eq. (9):

Pv
p - _v¢em (9)

t d2

where d is the duty factor, that is, the ratio of average power to peak

power.




C. Ground Clutter

Reference 3 defines clutter in radar as *... the display of a con-

' The same reference also defines rain

glomeration of unwanted echoes.’
return in radar as “clutter due to rain.’” Clutter echoes may be sub-
divided into two categeries: 1isolated clutter echoes and composite clutter
echoes. The isolated or discrete echo acts as a point scatterer, whereas
the composite or distributed echo consists of many individual scatterers.
Ground clutter, sea clutter, and rain clutter echoes constitute examples

of the latter categorization. Sometimes it is advantageous to classify
clutter into area clutter and volume clutter. According to this classi-
fication ground and sea clutter are examples of area clutter, and rain

clutter is an example of volume clutter.

Backscattering by ground, sea, and rain clutter appears as a diffuse
echo to the radar system that is superimposed on other echoes and thus
may impair the sensitivity of the receiver. Backscattering usudlly con-
sists of two components; diffuse scattering and specular reflection.
Specular reflection is the type of<reflection that is caused by a smooth
surface, that is, it is directional and obeys the laws of classical optics.
Diffuse scattering, however, has little directivity. Another distinction
between the two components is that the fluctuations associated with specular
reflections have a relatively small amplitude, whereas the fluctuations
associated with diffuse ccattering have a large amplitude and, as shown in
Ref. 4, are Rayleigh distributed. For ground clutter, if the earth’s sur-
face is rough (rough in the Rayleigh sense), then specular reflection is
less important than diffuse scattering. Since Rayleigh's criterion of
roughness varies inversely as the wavelength, then with the possible ex-
ception of vertical incidence, backscatter, at radar frequencies, is
always diffuse and not a specular reflection. Reference 5 contains a
criterion that may be used to determine when ground reflection is entirely
diffuse. This criterion is especially useful for transmission frequen-

cies below, for example, L band and when terrain profiles are available

for the evalvation.

The amount of backscattering by ground clutter can be defined by a
reflection coefficient of diffuse scattering, as is often done in the case
of specular reflection. Later in this section a model is described that
does utilize the concept of a reflection coefficient of diffuse scattering.
However, it appears more convenient to proceed in defining a backscattering

radar cross section in a manner analogous to clear environment target

1

-~

e
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backscattering. To define a backscattering cross section, d>, of an
element of the earth’s surface (assuming arca clutter rather than volume
clutter), dS, introduce the concept of the cross section per unit of in-

tercepted area (for area clutter), 20,

do

0 —_—
dS

o =

, (10)

and thus for area clutter the clutter cross section may be written as*

o = ACO'O = AiO'O/sin(? (11)

c

where A 1s the incident arca of the clutter, that is, the area perpen-
dicular to the line of sight (LOS) through which passes all the reflected

energy that contributes to clutter echo in pulse radars.

cT

A, = —tan6 R 9 (12)
2 c Q
where
7 = effective pulse width
6, = effective azimuth beamwidth
€ = incidence angle
R, = range to clutter.

In Eq. (12) it is implicitly assumed that the range resolutioa in-
tervol of the radar is in fact ¢7/2. If this is not the case, then the

equation should be changed to reflect that fact.

The clutter reflectivity factor, o°, is dependent on the type of
terrain assumed and may or may not be a function of the incidence angle.
For dry, rough terrain the clutter reflectivity factor is essentially
independent of the incidence angle, whereas for a smooth water surface,
the clutter reflectivity factor will vary markedly with incidence angle.
Swamp land and choppy water surfaces will lie between these two extremes.
It shouid be noted that in the literature the radar return from clutter
1s sometimes specified by the parameter y. Reference 6 defines this

parameter as

y = o%/sin 6 . (13)

-
For small 6, O, is essentially independent of 8.




From Ret. 7, the power received by a pulsed radar may be obtained from

ks
G2A2 2 z ) )
P, - p, — [ re@000°0)p (= =) 8 (14)
3,2 sin
(47)322 )
where
P, = peak transmitted power
G = antenna directive power gain
z = height of the radar above the surface
€ = grazing angle (at short ranges-radar elevation angle)
f2(6)G = antenna gain in the direction making an
angle & with horizontal
${f) = area of the plane at an inclination &
intercepted by the radar
p(:z/sin 6) = proportional to the absolute value of the

Poynting vector of the incident wave at a
distance r = (z/sin €) from the radar.

As is noted in Ref. 7, Eq. (14) simplifies in two cases: when 0 is
small and when & is large (near 90°). Equation (15) is for & small, and
Eq. (16} is for & large.

szz

cT
P, = P, 16 — o0) (15)
(47R)3 2
G2\? _ o
p = P, 8b sin G o' (6) (16)
(47mz)?

where © 1is the area of the vertical plane intercepted by the radar beam.

The transition between the two equations occurs at an angle for which

the distance on the surface illuminated by the vertical section of the
beam is equal to the pulse length on the surface, that is, at an angle 8
so that Eq. (17) is valid.

& R

14

tan = — (17)
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The phenomenological Eqs. (14), (15), and (16) require no assumptions
about the specific nature of the scatterers.* In Egs. (15) and (16) the
clutter received power (sometimes labeled C) is written as a function of
the clutter reflectivity factor. This equation may also be written as a
function of the reflection coefficient 6. From Egs. (9) and (10) of

Ref. 8, the intensity of the signal returned from ground clutter may be

written as

Pt}\zcz cT .
P, = ——— RMa — sech, F(B,) (18)
(4m)3R* 2

where

Ay = beam width of antenna, measured in a plaue
containing the LOS

B, = angle at the target, measured up from the
surface of the ground to the LOS

F(B,)

aspect function.

Reference 9 arrives at an aspect function that “approximates the

measured data better” than the best aspect function of Ref. 8. This
aspect function is

b
@

F(ﬁz) = sin 252(sec ﬁz)-l(l + tan 52) . (19)

By substituting Eq. (19) into Eq. (18), the received clutter power from
ground clutter may be expressed as a function of the reflection co-

efficient 8, by

Pt)\ZG2
P, = ——— NacT sin 2B8,(1 + tan B,)8 . (20a)
4(47m)3R3 ) )
for small grazing angles
P \%G?
P = — D22 cos? B, (1 + tan 8,)8 . (20b)
(4)4n2R?

for large grazing angles

*
Equation {16) is valid only for pencil heams and breaks down at high angles for cse? bean.

10




References 10, 11, and 12 are but a small sample of the literature
that exists on the determinatice of the reflection coefficient from grourd
clutter. For vegetation that is dense and completely covers the ground
surface, the reflection coefficient is oa the cider of 0.1, regardless of
the polarization of the incident energy. For less dense vegetation, the
ratio of the diffuse to smooth earth reflection coefficient is generally
in the region of 0.3 to G.4. For analysis purposes, if a smooth earth
reflection coefficient of, for example, 0.9 is assumed, then for an inter-
mediate surface the reflection coefficient may typically be on the order of
0.3, and for a dense surface it is as always, 0.1. If a more detailed
analysis is desired, then the reflection coefficient may be calculated for

Py P ST Te e N 4 < . )
iU Smvuy

P 1 _ . : n0n_r 11 L) S
1 TG tne standara eguations 1n nei. 19. i1nen uwne

er

h earth case
smooth earth case, under analysis, may be scaled to the intermediate case,
and for the rough case {rough in the Rayleigh sense), the reflection co-

efficient of 0.1 is assumed to predominate.

For degradation analysis of a radar system’s performance in the pres-
ence of ground clutter, it is often convenient to perform the analysis by
using the signal! to clutter ratio, S/C, rather than to calculate the magni-
tude of the received clutter power by using such equations as (15), (16) or
(20). By determining the S/C ratio, the analysis may be made sensitive to
the signal processing techniques of the radar’s receiver. This is done by
determining the subclutter visibility of the receiving circuits and in-
creasing the S/C ratio by the corresponding amount. Then if the S/C ratio
exceeds some specified value needed for detection, it is assured that de-
tection will occur under the assumed circumstances and geometry. Thus this
latter methodology is effective if the radar’s performance in a clutter
environment is considered, or when detection is used as a measure of the
radar’s performance. From taking the S/N ratio equation for a target in

the clear and the C/N ratio equation for a clutter target, then it is

seen that

s/ = (o,/r )R RING, /G, )P (21)

where

o, = target cross section of target to be detected
= clutter cross section
= range to the clutter

= range to the target

1"

-~

o
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G,, = antenna power gain in direction of target

;o = antenna power gain in direction of clutter.

Assuming that the antenna gain for the target and clutter are the
same and assuming that the range to the target and clutter are the same,

then Eq. (21) way be written as
S/C = (@,/7,) . (22)

For ground clutter (area clutter), the clutter cross section may be
expressed as the product of the area of the clutter illuminated and the

clutter reflectivity factor, namely,

s/ = o /(@40 . (23)

For a pulse radar Eg. (11) may be used to calculate the area cliutter with
the implicit assumption stated in its derivation. From Ref. 14, Eq. (24)

may be used for a CH radar.

n6 6 R?

a ¢ ¢

A = — 24)
¢ 4 sin E (

where E is the radar elevation angle.

The value of the clutter reflectivity that is to be used in Eq. (23)
depends on the type of analysis to be conducted. From Ref. 15, the clutter
reflectivity may be expressed solely as a function of the radar trans-

mitting frequency,*

o® = 1.9 x 10 13f1.333 (25)

In other instances, tabular values of the clutter reflectivity may be
determined by consulting the vast literature on the determination of this
parameter. For rapid analysis, values of about -20 dB may be assumed for
the clutter reflectivity factor. Substituting Eq. (11) and Eq. (25) into
Eq. {23), then the S/C ratio may be expressed as

20t

3. : (26)
¢ 1.9 x 10" 15¢7 secd R O f1-333

For rapid calculatien o0 ray be approxinated by o= (0.00BA).

12
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Reference 16 has shown that the clutter reflectivity increases with
frequency, as noted in Eq. (25), This form of the clutter reflectivity
may be preferred since various experiments will arrive at different values
for the ciutter reflectivity. For example, in the previously cited
Ref. 15 the clutter reflectivity at 3 cm varies from -15 to -30 dB from
one experiment to another. Thus Eq. (26) will be used for determining the
S/C of a system. Reference 6 may be consulted for the theoretical expres-
sions fer calculating the radar cross section of grourd clutter or the
method in Refs. 8 and 9 may be also used when the reflection coefficient
and geometry are significant:

5 (1 + tan 5,)

o° = — sin 25 - .
2 2 sec f3,

—~
N
-)
~—r

D. Sea Clutter

Sea clutter, in general, is not so severe in degrading the detection
performance of a radar system. However, diffuse scattering predominates e
when the sea is rough, and thers are large and rapid fluctuations in the
reflected signal from the surface of the sez. In this instance sea clutter
may seriously degrade the performance of a radar, especially for the de-
tection of targets near the surface of the sea. A detailed analysis of sea
clutter is more complex than an analvsis of ground clutter. One reason for
this additional complexity is that the clutter reflectivity factor will
have a frequency dependerncy of f* for Sea State 1 and a frequency depen-
dency of f? i.e., independent for a Sea State 6. For comparative analysis
it is customary to use an f° dependency that is valid for a moderate to
rough sea state, Sea State 3 to Ses State 4. References 17 through 20 may
be consulted for more detaiied description of the theoretical studies and

experimental investigations of the surface of the sea.

From Ref. 21 the value of the clutter reflectivity for sea clutter

may be calculated from*

50 2 9 x 107TIHE(L £ 2 x 1073 (28)
where
N, = an experimental constant {7.2 X 107 %)
¥ = windspeed (hnots)
£ = + for upwind and - for downwind .
" For grazing incidents and ssall facets. :

13 .
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If the model for 0% in Eq. (28) is used in the S/C equation, it should
be noted that the model is very limited because the derivation of Eq. (28)
is based on many simplifying assumptions. (Note the f1 dependency of the
model.) If a more detailed model is needed, then the references should be
consulted for the dependency of the clutter rellectivity on such parameters

as the grazing angle, sea state, polarization, etc.

For a smooth sea surface, Ref. 22 has the following model

13.1 x 103 oy 23
ol = 2 T exp [<{104A42)(0 - m/2)%] (29)
‘/Il
where
Y = half-power antenna beamwidth 1in degrees
& = radarv grazing angle in radians .

For a rough sea surface Ref. 22 proposes the following model
o® = 2sin 6 . (30)

Caution is necessary in using Egq. (30) because the values received
for extremely small angles will be about twice as great as the values de-
termined in various experiments. In other words at a grazing angle of,
for example, 6 minutes, the calculated clutter reflectivity would be about
-25 dB, whereas the actual value may tend to be closer to -50 dB. Ref-
erence 23 contains several graphs of the clutter reflectivit-’ as a func-
vion of the polarization and depression angle of the radar. For rapid
analysis a clutter reflectivity factor of -50 dB may be used at L band and
-40 dB at X band. If a closed form for the grazing angle dependency of

the clutter reflectivity is desired, then one such form from Ref. 24, is
K . -
o0 = K, exp (<K€ %) = 10 exp (-0.50°-7) . (31)
The reader is referred to Ref. 25 for a synoptic discussion on the
radar reflectivity of the earth’s surface. Figure 6 of that reference is

reproduced here in Fig. 1 as a synopsis of the discussion on clutter re-

flectivity for ground and sea clutter.

14
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AND FOREST-COVERED SURFACES

E. Rain Clutter

As is stated above in part C rain radar returns form a subgroup of
radar clutter. Rain clutter is a subclass of volume clutter, whereas
ground and sea clutter are subclasses of area clutter. From Ref. 7, the
phenomenological equation for the average received power for meteorological

volume clutter (clutter that fills a volume around a target) is

P‘GZK28¢c7n
P = — (32)
2(4m)3R?
where
€ and ® = the horizontal and vertical beamwidths in general
M = radar cross section of the volume clutter

per unit volume.

The volume illuminated by the beam [{i/2)6®c7] is sometimes written as

V. = (7/8)8,6, cTR? (33)

[
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where

(ﬂﬂade)/4 solid angle within the radar beam

cT /2 assumed to be the effective range

resolution.

Radar detection performance in rain is degraded owing to the back-
scattering from the water particles and the attenuation oi the signal due
vo precipitation. Equation (32) was derived on the assumption that the
backscattering from the water particles is incoherent, and as such this
backscattering noise may be added directly to the receiver noise in the
radar range equation. However, caution must be exercised by the analyst
when utilizing such a methodology since, in reality, the backscatter noise
will appear coherent to an integration process within the signal process-
ing networks of the raaar receiver. Thus, although radar integration
technigues will usually improve the S/N_ ratio, where N_ is the receiver
noise, it will not necessarily improve the S/N_ ratio, where N_ is the
clutter noise due to the backscattering from the water particles. For the

calculation of the §/C ratio for volume clutter, Eq. (23) may be written as
S/C = o, /(V7m) . (34)

From Ref 26, the correction factor that accounts for the attenuation

over the path of the beam may be expressed as a function of R in wet weather
Y = exp - 0.461R_(HE + @, (35)

where the terms of the exponent are defined as follows

H absolute humidity (g/m?®)

B = one-way water-vapor attenuation factor per unit
of absolute humidity (dB/meter/g/m?)

% = one-way attenuation due to scattering (dB/m).

If the one-wey attenuation ade to rain is known, then Eq. (36) may be

used to calculate the attenuaticen 13ss (Lu? due to rain

0.2L R,

L = 10 (36)

16




where

L

r

R

(4

one-way attenuation due to rain (dB/m)

range amount of rain that signal transverses (m).
From Ref. 27, Tables I and II may be referred to for modeling values of L .

The effective radar cross section of the backscattered part of the
rain that reaches the radar receiver simultaneously with the target signal
1s sometimes written as the product of the volume of the clutter and of
one of the symbols 7, g, or 7%, Since it is customary to define o? as
the backscatter cross section per unit area and it is common practice to
use a 7 subscripted as the cross section of a target, then the symbol 7
will be used in this memorandum to designate the backscattered cross
secti1on per unit volume (m%?/m®). Sometimes the scattering coefficient is

given in terms of per unit solid angle. For example, from Ref. 28

g = 4.6 x 10715g1-6)"4 (37)

where

rainfall rate (mm/hour)

A

transmitted wavelength (m).

Note that the scattering coefficient varies directly as f%, so that the
lower frequency radars will have less degradation due to rain thau the

higher frequency radars.

Reference 29 has tabulated the values for 7 in terms of the number
of drops per unit volume and the scattering function of the drop. This
reference should be consulted when a fine-grain analysi: of a system 1is
to be conducted. However, the 5 to 50 at 5 rule, gi~en below, is usvally
valid for most analyses and will be used here. This rule basically states
that for light (5) or moderate rain (50), at C band (5), the rain reflec-
tivity for light rain (1 mm/hr) is about 5 x2/km® and for moderate rain
(4 mm/hr) is about 50 m%/km3. Thus, for example, at 1000 MHz, the equiv-
alent rain clutter reflectivity would be about (5)(1/5)* = 0.008 m2/km?
for light rain. For moderate rain, at 10,000 Miz, the rain reflectivity

would be about (50)(10/5)% = 800 m?/km3.
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feference 30 contains basic methodologies for calculating n for other
forms of weather clutter, for example, clouds and snow aggregates. By
using the values given in Table 1.1 of Ref. 30, 1 for rain (moderate) may

be written as
n o= 5.7 x 10714RY-6A7H (38)

where the wavelength is in meters and the rainfall rate is in mm/hour.
Figure 2, which is Fig. 12.10 of Ref. 31, graphically shows 7 in cm?/m?
as a function of the rainfall rate and the wavelength. From Ref. 2,
Fig. 3 illustrates the variation of the signal attenuation as a function
of the wavelength and the rainfall rate. Figures 2 and 3 may be used
collectively to determine the upper and lower bounds for a sensitivity
analysis. Such a procedure would allow L_in Lq. (36) to be set for a
particular analysis and 7 may be selected dirvectly from Fig. 2, without

resorting tc one of the analytical models.
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If desired the attenuation factors for various fog visibilities and
various rainfall rates may be read directly from Figs. 4 and 5, which are
taken Trom Ref. 26. From the same reference Figs. 6 and 7 illustrate the
reduction 1in range capability for several rainfall rates and reduction by

attenuation and backscattering.

F. Summary

This section has introduced some of the basic methodologies asso-
ciated with the performance evaluation of a radar system in a benign en-
vironment. The benign environment is one constraint on the low altitude

performance of a radar system.

Two basic methods may be used in evaluating the performance of a
system in the presence of ground clutter: calculation of the clutter
power received from the clutter source or determination of the signal-to-
clutter ratio for the system. The signal-to-clutter ratio affords several
advantages to modeling and rapid analysis. Since the signal-to-clutter
ratio may be simply expressed as a function of the target cross section,
the clutter area, and the backscattering coefficient, rapid calculations
utilizing several models of the backscattering coefficient set forth in

this section are possible.

It was noted that ground clutter is more severe than sea clutter,
but is less complex. At vertical incidence the backscatter coefficient
is inversely proportional to the wind speed in contrast to the direct
proportionality to wind speed at small depressica angles, as evident by
the model of Eq. (28).

The only benign volume clutter discussed was that of rain. It will
be seen in Section V that rain clutter may be a very serious form of
degradation to a CH. radar even in the presence of high subclutter

visibility.

If a fine-grain analysis needs to be conducted on the performance
evaluation of a radar in a benign environment, then the radar ceturns
should be subdivided into two components, a specular component and a
scattered component, the former a reflection from a smooth surface and
the latter a scattering from a rough surface. These two components may
then be combined and a clutter-to-noise ratio may be used as a measure

of the degradation that may be expected in a benign environment.

21




B T B s, M A mire

B B2 T N

RT A < 4

Bl SEERN 8 2t TR e

WET AIR RANGE CAPABILITY—— nmi

SOURCE: Ref. 26.

1072 p—y———r——————r

103 -

2001t VISIBILITY

1001t VISIBILITY

1075 |—

10001t VISIBILITY
500ft VISIBILITY

FOG ATTENUATION— dB/m (oneway)

5
-]

—

TEMP. 0*C;, FOR TEMP. 20°C ATTEN \T!ON#
APPROXIMATELY HALVED

ot 1 o 1 4 1 4 |
o) 2 4 ] 8 10
WAVE LENGTH—c¢m
SOURCE: Ref. 26. TA-2167-218
FIG.4 ATTENUATION FACTORS FOR
VARIOUS FOG VISIBILITIES

o
o)

n
o

o

o

0 10 20 30 40
DRY AIR RANGE CAPABILITY —nmi
T2-2167-220

FIG. 6 REDUCTION IN RANGE
CAPABILITY FOR SEVERAL
RAINFALL RATES
(X-band Radar)

22

l'\-z

v T l T l T , T ] L
2

~3
an —
o HEAVY 16mm/ hr
£
] COERATE 4mm/hr
| 107* —
2
o
-
g
2
-4
rafli Lo L0 S
[
- |
-
. |
£
< 1078 |~
« DRIZZLE

0.25 mm/hr LIGHT
TEMP. 68°¢ L mm/ he
07 ' B A B | |
0 2 4 6 8 10

WAVE LENGTH—cm

SOURCE: Ref. 26. TA-2167-219

FIG.5 ATTENUATION FACTORS FOR
VARIOUS RAINFALL RATES

i I i ] ¥ ]

— ATTENUATION ONLY

W
o

| BACKSCATTERING ONLY

S
|

BACKSCATTERING
AND ATTENUATION-

WET AIR RANGE CAPABILITY——nmi
o
!

| I S N

0 {s) 20 30 40
DRY AIR RANGE CAPABILITY — nmi
SOURCE: Ref. 26. TA-2167-221

o

FIG.7 COMPARATIVE REDUCTION IN
RANGE CAPABILITY IN LIGHT
RAIN CAUSED BY ATTENUATION
AND BACKSCATTERING
(X-bend Radar)




Aithough arca and volume clutter were considered, discrete clutter
may be very severe for a radar, especially if the range to the discrete

clutter source is less than 25 miles.

It is hoped that the reader has gained some additional insight into
some of the basic considerations that must be evaluated for a radar system
that is operating in a benign environment. Sufficient references have
been included so that the reader may expand his knovledge in any area of

immedlate concern.




¢! RADAR PERFORMANGE IN A NON-BENIGN ENVIRONMENT

A. General

The methodologies associated with the performance evaluation of a
radar system in a non-benign environment are described in this section.
In particular, the methodologies associated with (a) chaff, (b) self-
screening jammer, (c) standoff jammer and {d) trailing jammer are pre-
sented. Other confusion environmental models, such as multiple target
generators and decoys, and deception environmental models, such as repeater

Jjammers, inverse gain and gate stealers, are not presented.

It is assumed that the defensive radars’ basic electronic counter
countermeasure (ECCM) strategy is to force a jammer to optimize his tactics
around such confusion techniques as active, wide band and narrow band noise
jammers. Consequently it is assumed that the defensive radars will in-
corporate the required minimum number of antijamming (aj) fixes that will

counter anv special or deceptive jamming techniques that may be encountered.

The efficiency of various types of jamming signals is usually measured
in terms of the jam-to-signal (J'S) ratio. For such jamming techniques as
amplitude and frequency modulated jamming, J/S is the ratio of the rms of
the unmodulated carrier power of the jammer to the rms of the radar out-
put muitipiied by the inverse of the duty cycle. 1In the case of direct
noise amplificaticn (DINA) noise (noncolored), J/S is the ratic of the

rms of the noise to the peak power of the pulse.

To compute the J/S ratio for a given radar the basic methodology 1s
(a) calculate the number of pulses per scan for the radar (which is a
function of the beamwidth, pulse repetition frequency and scan rate),
th n (b) determine the integration loss due to noncoherent integration
of the number of hits determined in (a). The S/N gain over a single
pulse (in dB) is then (c) calculated by subtracting (b) from {(a). The
value (in dB) calculated in (c¢) is then subtracted from the S/N ratio
for coherently integrated pulses (usually assumed to be about 5.5 dB).

The value calculated is then inverted to form the required J/S rutio.
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The abeve brief description illustrates some of the basic considera-
tions that must be accounted for in an analysis of the efficiency of the
Jammer. Usually, for comparative analysis of systems ‘n an active con-
fusion nonbenign environment, a value of J/S greater than, for example,
-13 dB is needed Lo degrade a systems performance. Consequently in the
equations set forth in the following sections it may be assumed that the

radar must have at least a 13 S/J ratio to ensure detection.

B. Chaff

In coaducting a jamming susceptibility analysis of a radar system it
necessa'y to know quantitatively how much the performance of the system

degraded by window and other types of jamming signals that are expected

to be encountered.

Various types of window are usually divided into two classes: tuned
and untuned window. Chaff and tuned rope are examples of the former, and
rope and corner reflectors are examples of the latter. Numerous references
exist on the elementary theory of ~haff, such as Ref. 32, and the pertinent
constraints necessary to prevent such phenomenon as birdnesting are well
documented. Since chaff is considered a subclass of clutter, that is, of
volume clutter, the methodology outlined in Section II of this memorandum

is applicable.
Reference 33 states that the overall radar cross section of a chaff
cloud of N particles may be approximated by

o = 0.18 A%N . (39)

If the particles are a half a wavelength long, 0.0l inch wide, and cut from
aluminum foil that is 0.001 inch thick, then the cross section in square

feet 1is

o = 30,000

(40)
kMHz

where W is the total chaff weight in pounds and f is the radar frequency
in kMilz.

To use the methodolog; outlined in Section II, F, the radar cross
section of the volume clutter per unit volume, 7, is set equal to the
chaff density. It should be noted that although voiume clutter, such as
rain, has a radar reflectivity that varies directly with the fourth power

of frequency, chaff radar reflectivity usually varies inversely with the
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first power of frequency. An approximate relavionship that may be used for

comparative purposes is

n = 10 f°! . (41)

Therefore, for chaff, the S/C ratio may be expressed as

o, o f

S = = . 42
€T YS T Tov, (42)

C. Self-Screening Jamr-r

The screening range achieved by a given jammer that is accompanying
the target or that is on boara the target aircraft is a function of sesveral
Jammer and radar parameters. The range may be determined by combining the
radar two-way equation with the one-way jammer equation and assuming that
the jamming noise adds directly to the receiver noise power and is much

greater than the receiver noise power.

The two-way radar equation is

2
Pt rGt rGr r)\ o

s = (43)
(47)3R?

and the one-way jamme: equation is

P,G, G, AE,
J = . (44)
B, (4wRJ)2

Therefore the S/J ratio is

2
i . P”G”O'RJ (45)
J P,G, s
47 5 B Ry
J
which, when solved for the screening range inm nmi 1s
P, .G, oR . 2.3 x107%P, G, oR}
RY = = . (46)
S B, B,
4WPJGJ-§— (S/J) P,G, -i;-(S/J)
J, J
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Where

= peak radar transmitter power

= radar transmitter antenna gain

= radar receiver bandwidth (Miz)

f = average power trarsmitted Ly jammer
J = jammer antenna gain

; = Jjammer signal bandwidth (MHz)

S/J = ratio of signal power to jammer power at the
radar antenna terminals

R, = range from the radar to jamming aircraft in nmi.

For an accompanying jammer, or jammer on board the target aircraft,

(SSJ), Eq. (46) reduces to

Ré 2.3 x 1078 G o
S - Rz - ) tr tr (47)
2 S (B )
R3 r :
PJGJK—— (S/J)
BJ

A more convenient form of Eq. (47) for the evaluction of several
systems may be determined by assuming that the radar receiver bandwidth

is matched to the radar pulse width. Then Eq. (47) may be written as

2.3 x 1070, G, 7|, "
R * - . (48)
S/ P,G,
BJ -

Note that in Eq. (48), if a jammer has a density of 1 W/MHz and the

2

target cross sec-ion is 1 m®, then Eq. 48 may be written as

> %
o
S
PJGJ
B

= . (<9

J

After the constant is evaluated in Eq. (49) for a particular system,
it may be substituted in Eq. (48), and Eq. (48) may then be used for
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scaling several cases under varying cross sections and jamming power
densities. Furthermore it is to be noted from Eq. (49) that if the
detection range of the radar is to be increased, then the energy gain
product of the radar must be increased accordingly (assuming receiver
processing circuitry requires the same S/J ratio for detection). There-
fore a measure of the effectiveness of several radars against a specified

threat may be in the evaluation of their energy gain product P, G, 7.

For a coherent pulse doppler radar, in which a constant false alarm
rate (CFAR) detector is emploved and a detection threshold of, say, 16 dB
is needed, the required effective radiated jammer noise pov ., density may
be found from Eq. (6), as

P.IGJ PthTI‘;'o tU -
- = —————— FX(R,\,h) . (50)
J min 80777'rR2

D. Standoff Jammer

A STQJ usually stands off at some specified range beyond the maxinmum
range of the defensive system; that is, there is a constant radar-tio-jammer
range. This tactic may be less effective than a self-screening or accom-
panying jammer. For the analysis of a STOJ the radar antenna gain parameter
is usuelly subdivided into two parts to account for the possibility of the
Jammer’s being in the main lobe of the radar and conversely, for the jammer’s

being in the side lobe of the radar.

By modifying Eq. (47) to reflect this fact, the range degradation
due to a STOJ may be determined from

4 : -2 .
Rs , 2.3 x10°°P G o G,
R B G ’ By
R3 r r
J .
P,G, 5 ($/J)
J
where
G,, = gain of the radar receiving antenna in Lhe
direction of the target
Gr, = gain of the radar receiving antenna in the

direction of the jammer.
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Note from Eq. {(51) that if the jammer energy ic not being received
by the radar side lobes, then the received jamming effectiveness is in-
creased by the ratio of the main lobe gain to the side lobe gain. (The
radar antenna target gain and main lobe gain are assumed to be one and
the same.) However, the STOJ is usually evaluated as being a side lobe
jammer. Thus if the side lobes were 20 dB down from the muin lobe then
the screening range would be increased by « factor of (100)'/% or about

3.2 as compared to a STOJ screening range in the main lobe.

E. Trailing Jammer

A jammer that follows the attack aircraft at some preestablished

trailing distance, R, is classed as a trailing jammer. Such a jamming
tactic usually represents a compromise between: the self-screening jammer
and the STOJ from both the standpoint of deliverable power and physical

vulnerability.

The screening range for a trailing jammer is readily found to be

R 2.3 x i078%P G o
—_ - : (52)
(Rg + R,)? /B,
P,G, KB—J (S/.J)

It should be noted that the methodologies briefly outlined in this section,
although sufficient for most comparative analyses, are restricted for fine-
grain analyses. For fin.-grain analyses the implicit assumptions must be
thoroughly investigated before using any of the models set forth. For
example, if the radar under consideration is a track radar, not a search
radar, the determination of the effectiveness of the system is complicated
by such system considerations as the range at which the tracking errvors

become intolerable to the system solution.

Furthermore, consideration should be given to radars with burnthrough
capability. Reference 34 defines burnthrough as increasing the signal energy
(P,G,,7) for purpose of overpowering jammer noise. Thus the energy gain
product in the initial analysis will differ from the energy gain produc:c

once the radar has been assumed to be jammed.
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Likewise such system considerations as assuming that the radar receiver
perfectly rejects image jamming may not be valid i1n the pragmatic case.
However, the rejection of such investigations is minimal for most comparz-
tive analyses, especially in the preliminary phases. 3Such a procedure was

adhered to in this section.

F. Summarv

This section has presented some of the methodologies that are used
in evaluating the range degradation of a radar system in a non-benign
environment. Due to time and space constraints only the effects of noise
jammers were considered, with the acceptance of the rationale that the
defensive radars will employ an ECCM strategy that will force the jammer
to optimize his tactics around such jamming techuniques. Only the basic
missions of noise jammers were considered, though the omission of such
tactics as the employment of chicks does not necessarily mean that their

role 1s minor.

Since the self-screening jammer and the standoff jammer represent
an upper and lower bound on the jamming tactic, a useful tactic for an
analysis is the trailing jammer. The effect of chaff on a system is
similar to that of rain, and as such the same methodology is usually used
to evaluate the expected degradation of the radar system in the presence

of either.

In an analysis sf a system that is under barrage jamming, considera-
tions must be given to the possibility that the system may have a burn-
through mode, that is, that its energy gain product may vary as a function
of the severity of the environment. Furthermore, due credence should be
given to systems that employ a frequency diversity capability although the
analysis should usually remain insensitive to systems that might have a

frequency agility capability.

The classified sectiun of this research memorandum® may be consvlted
for the evaluation of the various ECCM fixes that might be incorporated
into a system that will attempt to force a jammer to optimize his tactic

around barrage jamming.

.
To be published soon.
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IV VOLUME CLUTTER FOR A CW RADAR

A. General

In a CW radar, the majority of clutter returns within the beam will
contribute to an integrated clutter echo. However, the predominate con-
tributors to the integrated clutter echo arise from those volume scat-
terers that are located at a relatively close range. Therefore the lower
bound on the integration of the total integrated clutter echo is at the
transition region between the Fresnel and Fraunhofer regions of the
antenna pattern. Consequently Eq. (33) will be weighted by two additional
terms to account for the changes in the area of the clutter disc with

range.

B. Clutter Cross-Section Derivation

Assuming an incremental disc of clutter located at some range, R_,

then from Eq. (33) the volume of this clutter element is

dv_ - %eceenfdﬁ (53)

where the range resvlution has been written in incremental symbology.

Weighting Eq. (53) by an (RC/R)4 factor and by an (R/Rc)2 term, the

incremental volume of clutter may be written as
R\*
” c R .
dv_ - _505833(_.) <__) dR . (54)
4 Hi R,

Integrating this volume of clutter from some minimum value of R,

(R_), to infinity, itis easily seen that the volume of clutter is simply

7
V. = 56,08 . (55)

1
tR.
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R = — . (56)

Therefore the total volume clutter for a CW radar is simply

7 A
vV = —6 6 R*— (57)
[ 4 a [ 4 CD2

where D is the aperture width, and the S/C ratio for volume clutter for

a CW radar is

Te

= . (58)
Vil A

7 eaeeﬁj L

4 D2

o 1R%
!

Equation (58) may be used to determine the minimum required SCV (to
be discussed in Section V) for the CW radar in rain or chaff environments.
Also the model nresented may be used in evaluating the expected degradation
of a CW¥ search radar or track radar in the presence of varying rain or

chaff densities.
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V. CLUTTER SUPPRESSION METHODOLOGY

A. General

The signal-to-clutter ratios derived in the previous sections are
valid in an analysis that is insensitive to the processing techniques of
the radar receiver. However, in many instances, the radars under evalua-

tion will employ some form of clutcer suppression.

The techniques for achieving clutter suppression are usually subdivided
into four categories: spatial selectivity, time selectivity, signal selec-
tivity, and frequency selectivity. An example of each is, in the same
order, side lobe blanking moving target indicator (MTl), pulse width dis-
crimination, and velocity tracking. Since only represeatative values of
clutter suppression are needed for most comparative analysis, only a
representative clutter suppression technique will be discussed: 1in par-

ticular, a time selectivity technique-MT].

The model for a double delay line canceller is developed in this
section. The mechanism used to make the model sensitive to the various
forms of clutter that may Le encountered is Barlow’s number. A double
delay line canceller was selected as the basic model since it appears to
represent the optimum technique from a cost and performance viewpoint.
Naturally it is realized that no single technique is sufficient for all
forms of clutter, and video cancellers are in some instances better than
IF cancellers. However, the discussicn will be limited to IF cancellers
only, and the values obtained are representative values that may be used
to improve the S/C ratios calculated from the models in the previous

secticns.

There are three common terms that are used to express the effective-
ness of MTI operation: SCV, cancellation ratio, and Bernard Steinberg’'s
improvement factor. Reference 35 defines SCV as that ratio, in decibels,
of the strength of the echo produced by a signal generator of random ph..e
that is barely detectable on a plan position indicator (PPI) in clutter
with which it coincides in range during normal system operation, to the

strength of the echo barely detectable when the MTI is in operation and
the adjustments are such that the clutter i1tself 1s not visible.
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Reference 36 defines SCV as the ratio of peak moving target <ignal

i

to peak fixed target signal existing at the input when the two signals
are equal in amplitude at the output. As is stated in Ref. 14, there is
no Institute of Radio Engineers (IRE) definition of this term, and the
property of an MT'] radar which can best be defined and measured is its
cancellation ratio. The IRE definition of this term is: “In a radar MTI
system, the ratio of a fixed target signal voltage after cancellation to

the voltage of the same target without MTI cancellation,”

Reference 1 defines the Steinberg improvement factor, (hereafter
simply referred to as the improvement factor I) as the target to clutter
power ratio at the output of the MTI filter divided by the target to clut-
ter ratiov at the receiver input. The interrelationships between these

factors will be discussed throughout this section.

Since the actual modeling methodology is to calculate the clutter
attenuation (CA) of the MTI filter, it will be assumed that this vaiue
is the same as the SCV ratio, Reference 31 defines the CA factor as the
ratio of the input power divided by vhe output power. Thus if a calcula-
tion shows that t'e clutter attenuaticn, of rain, for example, results 1in
30 dB cancellation, then it i1s assumed that the radar has an SCV of 30 dB
for rain. In the following discussion the basic terminology is introduced
in the derivation of the clutter cttenuation for a single delay line can-
celler and the clutter attenuation for a double delay line canceller is
then described. Barlow’s parameters are tabulated to facilitate modeling

under various forms of clutter.

B. Single Delay Line Cancellers

Adhering to the procedure out:ine in Ref. 37, the attenuation of the

clutter signal due to MTI cancellation is defined as

2 © 2
[Cley(n)17df J, lea () l7es

CcA

= 2. - ; f
L?Igz(f)l af 4fmlgl(f)l sin? <;._) df

0 f,
where the limits of integration are from zero to the reciprocal of the
pulse repetition frequency (PRF), g,(f) is the Fourier transform of the

input and f_is the PRF. From Ref. 38,

f

- 0

2
g, (12 = g, (0] exp - a(f) (60)
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1
wnere

g(f)

clutter power spectrum as a function of fre-

quency
fq = radar transwritter frequency
a = a parameter dependent upon clutter

(Barlow’s number).

Figure 10, taken from Ref. 38, is a plot of Eq. (69) for various clutter
sources. Substituting Eq. (60) into Eq. (59),

A = — : ) (61)
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SOURCE: Ref. 38. TA-2187-22¢

FIG. 10 POWER SPECTRA OF VARIOUS CLUTTER TARGETS
(1) Heavily wooded hills, 20-mph wind blowing {a =2.3
x 10'7); (2) Sparsely wooded hills, calm day {(a = 3.9
x 10'9); (3) Sea echo, windy day (a = 1.41 x 10'¢);
(4) Rain clouds {a = 2.8 x ]0‘5); (5) Chaff (a =1 x 10]6).
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Then integrating, the clutter attenuation factor for a single delay line
canceller (signal gain of 4; for a double delay line canceller signal
gain is 16, and for a triple delay line canceller the signal gain is 64)

may be writter as

1

f LY
211 - exp ~\m — | — X (62)

a

r

Since the frequencies asually involved are far in excess of the PRF fre-

quencies, Eq. (62) may be written, with little loss in accuracy as

CA = —m8M— ) (63)

From Ref. 1, the improvement factor for a single delay line canceller is

2
1 (1
=3 C;;:) (64)

where o is the standard deviation of the lobes of the clutter spectrum
in the intermediate frequency. Exact expressicns for the imprcvement

factor for both coherent and noncoherent integration are listed as

cam20 2 2
[TV = 1 - TN (65)

_ 2.2 2
- _]__ ] - o 4o (1/f ) . (66)

o_ may be related to Barlow’s number by

where o is the rms velocity spread of the scattering elements and ¢ 1is

the velocity of propagation.

Table III, from Ref. 14, lists some characteristics of clutter spectra.
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Table 111
CHARACTERISTICS OF CLUTTER SPECTRA

soURCE oF | SN |matio BARLOW' S Y ov

CLUTTER {knots) me a (em/sec) | (ft/sec)
Sparse woods | (calm) 3.9 x 1¢® 3.5 0.057
Rocky terrain 10 30
Wooded hills 10 5.2 7.2 x 1018 8 0.13
Woode: 20 2.3 x 1027 45 0.74
Wooded hi .i. 25 0.8 9 x 1017 23 0.38
Wooded hiii. 40 0 1.1 x 10%7 65 1.u6
Sea echo 2.4 x 1016} 140 2.3
Sea echo 0 (1-2) x 1026 | 165-205{ 2.5-3.3
Sea echo 8-20 (0.6-2.6) x 10*® [100-220) 1.5-3.5
Sea echo (windy) 1.4 x 101€ | 143 3.0
Chaff 0-10 J (1.4-8) x 103¢| 75-180]1.2-3.0
Chaff 25 ¢ 7 x 1018 | 250 -1
Chaff 1018 § 215 3.5
Rain clouds 0 (0.7 - 3) x 1018 | 370 - 800 613
Rain clouds 2.8 x 15| 410 6.7

SOURCE: Ref. 14.

C. Double Delay Line Cancellers

Following the same procedure as outlined above in Section B, the
clutter attenuation for a double delay line canceller is, from Ref. 31,

> (68)

0.
fo ¥ f.\
3 -4 exp |-\7 7 Jal + exp |-1 \m —] /a

For most radar rases, this expression may be approximaced, with little loss

in accuracy Ly

¢ : T (69)
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From Ref. 1, the improvement factor for a double delay line canceller

may bhe written as
-1

P o 5 o | \4
-%n~g ~ — -gn~g T —
A <2 ¢ 2 1 (/.
o= [1-2e v 2 & P o= (70)
3 3 8 ch
— 9-1
and PO a 162,2 il 4
! g2 2 f;
Iy = 201 - e e 2. s L[
3 3 16 \O'c

ID. Barlow’s Parameter

The model for a double delay canceller requires a value for Barlow's
parameter. This parameter is dependent on the type of clutter under con-
sideration. Table Ill listed some typical values for Barlow’s number.

Figure 11, taken from Ref. 37, graphically depicts the variation of Barlow’s
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number with various types of clutter. The values of €A obtained from
the above mentioned methodology should be increased by about 10 dB to
account for such realistie degradations in system performance as fre-
quency and timing degradations.  Thus a computed SCF of 45 dB would
realistically represent a SCV of about 35 dB.  Fluctuations dee to scan-
ning 1imit one sou:ce of clutter to a double delay line canceller.
Figure 12, taken from Ref. 31, gives representative values of the atten-
vation of these fluctuations. Thus a system may have an SCV for ground
clutter €' .ctuations on the order of 90 dR (CA) but the scancing loss
may - r more dominant at about 45 dB. Then an SCV of about 35 dB

sionld be used for the evalvation of the S/C ratio for ground clutter.
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FIG. 12 CLUTTER ATTENUATION WITH A SCANNING ANTENNA
FOR SINGLE CANCELLATION AND DOUBLE CANCELLATION

The methodologies set forth in this section afford the anatyst

representative values of clutter suppression techniques for comparative
analy:sis purposcs. The equatinns aiso i1llustrate the concepts and system
considerations that must be i1dentified du-ing a performance evalustion

analysis.
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