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ABSTRACT

This is Volume 2 of the final report summarizing two years of work on ground-based
foliage-penetration radar. The design and implementation of a breadboard radar sys-
tem and of a theoretical and experimental investigation of target and propagation

phenomena specific to the foliage-penetration problem are described., o

The radar is a coherent UHF system which uses a large (R0-foot-diameter), semi-
circular electronically steered array antenna, All signal processing {including pulse
compression), MTI processing, and automatic detection use digital circuitry. The
digital signal-processing chain ends in a rather sophisticated thresholding algorithm
which provides constant-false-alarm-~rate detection for real-time area search oper-
ation of the radar. In addition to this area search mode, the radar can be operated
as a measurements system which records radar measurements digitally on magnetic
tape for more detailed non-real-time processing. Finally, the radar can be operated
to produce real-time periodograms of returns from a single range azimuth resolution
cell. This mode is useful for monitoring the radar's performance as well as for
making preliminary investigations of various target and clutter returns. Operating

results and capabilities are described briefly.

Volume 1 comprises three main sections: a shoxt introduction; an overall description
of the radar; and detailed descriptions of the hardware and software subsystems in

the radar.

Volume 2 describes the use of the radar as a measurements system for studying tar-
gets and the clutter environment, in addition to its use for demonstrating the feasi-
bility of radar detection of walking men in foliage. Investigations of target return
spectra, cluttexr return spectra, and clutter return amplitude statistics are reported.
Theoretical models relating clutter spectra te wind turbulence and tree resonances
are presented and compared with experimental results. Similarly, a previous theo-
retical prediction of target return spectra is compared with experimental results.
Clutter return amplitude statistics are measured and found to be Gaussian under cer-
tain conditions. Finally, Vol. 2 contains some comments on the relationships between

the subclutter visibility and various parameters of digital MTI svstems,
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AN EXPERIMENTAL UHF GROUXND SURVEILLANCE RADAR

ANALYSIS AND MEASUREMENTS
i, INTRODUCTION R.D. Yates

In this Volume, the spectra of clutter and target returns from foliated areas are presented,
and a study of the clutter statistics is given. In addition, an expression for the subelutter visi-
bility in digital MTI radars is presented. .

The Long Range Demonstration Radar (LRDR} program was terminated on 30 June 1‘972.
The radar as a detection systern was debugged and operated satisfactorily by early April. The
measurements system part of the radar became operational by the middle of May. Hence, there
was a limited time available for science experiments.

In Sec. II, a theoretical model is presented which can predict the clutter spectrum from
foliated areas ag a function of several parameters. Experiments were conducted which verified
the validity of the model. A series of estimated clutter spectra from various aress under dif-
fereni wind conditions is presented.

A theoretical model which can predict the spectrum of a target moving at a constant velocity
in foliage is presented in Sec. III. The estimated spectra of a transponder used as a point target,
and those of a single man are presented. It appears that the model is valid, but additional tests
are outlined to further verify the model.

In Sec. 1V, the clutter statistics are considered. Based on theoretical considerations given,
it appears that the temporal statistics may be modeled as a Gaussian random process over the
time the clutter ig statistically stationary. An experiment is presented to verify this model.
Additional tests are outlined to study further the spatial and temporal clutter siatistics.

Finally, Sec.V presents an expression for the subclutter visibility in digital MTI radars.



[I. CLUTTER SPECTRUM

A. Theory R. D, Yates
M. Labitt
An extensive study has been made of theoretical and experimental models for the clutter
. : 1,2 R - iam L.
power spectral density from wind-blown foliage.*” In this section, the results will be recast in

radar terminclogy and summarized.
Rosenbaum and Bowles1 model the forest by a flat dielectric slab over a flat conducting

ground. The mean or background slab has a refractive index %, an attenuation factor o, and z

height hf. The permittivity of the slab has random fluctuations characterized by the zero mean,
complex, space-time random process e(r,t} where r = (x, ¥, 2} represents the transverse direc-

tion (x, y} and height z, and t is the time. The motion of the scatterers is characterized by a

velocity field V(r, t) which is assumed to be independent of the permittivity process ¢{r,1). The
antenna, which is horizontally polarized, is assumed tobe high enough above the forest so that

the lateral wave propagation mode can be ignored,
Although general expressions for the clutter power spectral density are derived, the most
practical situation is when the forest is assumed to be statisiically homogeneous and isotropic
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Under the above assumptions, and using a range-gated pulse-doppler radar such as the

LERDR, the complex envelope of the clutter signal can be expressed as

X(t) = I{t) + jQIt)
_gl/e pt/z, .
= G, P, o3 {11-1)

in which I(t) and Q(t} are the in-phase and quadrature components, respectively, and

G = receiver gain

Pc = received clutier power per pulse from compressed range cell

C(t) = unit power, complex, clutter random process.

The received clutter power PC may be written as

PC=P0-G-A-UC-Fc (I1-2)
where
PO = {ransmitted peak power
G = one-way antenna gain
A = antenna aperture = G\~ /4
. . 2
g, % clutter cross section ih m
Fc = two-way clutter propagation factor.

Since the forest is assumed to be statistically homogeneous and isotropic in the transverse

directions, the clutter cross section o, can be expressed in terms of an area cross section g, as

o =g_- R* AR - A9 {II-3)
C o



where

. . 2, 2
clutter area cross section in m“~/m

q
]

R = distance to range cell

AR = effective range cell length = ch/Z
Tp = effective duration of the compressed pulse
A9 = two-way antenna beamwidth, .

On letting P(t) denote the compressed pulse, its effective duration is defined as

S 1Py |%at

i (IE-4)
P max fpet) [2

Let the antenna have a one-way gain pattern P(8, ¢) where © and ¢ are the azimuth and
elevation angles, respectively. Since the pattern is chosen so that the elevation beamwidth is
large and ground targets are of prime interest, the one~way antenna gain G and two-way beam-
width AB are as follows:

G = max P(o,0) = P(0,0) (II-5)
&

ST 1P, 0% de
- (11-6)

1P, 0|

Due to the nature of the clutter model used, it is only possible to express the product O’OFC

in terms of the forest parameters, antenna height, and distance to the range cell as follows:

(ha - hf 4
¢ F_ = i : An . R(0) (11-7)
o ¢ R8 65(??2 _ 1)2.
in which
ha = antenna height

h, = slab height

o
1]

free-space wavelength
R = range to cell

free-space permittivity

€
o

7 = slab refractive index.

The function R(7) is a correlation function which can be expressed as

h, ~h
R(T) =§ f‘S‘ £ qﬂ(%;zi. z,) glzy) grlz,)
[0} o

4 2
X mi(z,, 7} exp(j 5= Nn° — 1 (24 ~ z,)] dz, dz, . (I1-8)



The function g(z) represents the effects of ground lobing and attenuation within the forest and

is expressed as

g(z) = exp[-—a(i - Ez‘f‘)] 11 - exp[-- hif {a + jb)” 2 (1I-9)
in which
o= 2o (11-10)
=, | ‘

4rh
b= L Wp o1 . (11-11)

The funiction m(z, T) represents the effects of the motion of thé scatterers and is expressed
ag

m(z,7}= B (II-42)

.
exp[j % j Volz, b) dt]
[a]

where VT(z, t). is the component of the velocity field Vix,y, z, t) in the transverse direction (x, y).

and E{ } is the statistical expectation operator. If a carrieriat (c/x) Hz is frequency modulated
by the random process {(47/A) .__V_T(z, t), then m(z, 7} is the correlation function of the modulated --
signal. It-has been assumed that V(r,t) is statistically stationary with respect to t.

The function qa(k;‘zi, ZZ) representsthe spatial-spectral density of the random permittivity

function e (r,t) with respect to the transverse directions and is expressed ag follows:
. 2
oz = {§ Clpszg apemi-io - 1 a% -
= g I_k_}; 24 22) due to statistical homogeneity and isotropy

in the transverse directions. (11=-13)

The function C(p; z,.2z,} i§ the correlation function of the random permitiivity and is defined as

Clp;zys2,) = E{e{R, 2, 1) ex(R — p, 2,, 1)}

|

C(lp|:z,. z,) due to statistical homogeneity and isotropy
- in the transverse directions, and stationarity
in time. (11-14)}

The clutter process C(r) in Eq, {II-1) hag a correlation function RC(‘J“) where

R (7) = B{C(r} Cx(t — 7}
_ Rin) -
= ®(0) (11-15)
and where R{r} is givent by Eq. {II-8). The power spectral density of C(r) is denoted as Sc(f) where

S_(1) = 51 R, () e BT g (I1-16)

Due io the way the process C{t) has been defined, it possesses unity power,



Although it is not possible to separate the product cOFC, three propagation terms contained
in Eq. (11-8) are worth noting. If the random fluctuations of the permittivity are ignored, the two-
way propagation factor corresponding to a point at height h within the slab is given as

4

)
1

. s s eyt (11-17)
{47R") n-1"-R

16n2(ha ~h

F(h) =

The first factor in Eq. (II-17) is the free-space loss, the second is the loss due to the trans-
mission through the slab-free-space interface, and the third is the loss due te ground lobing and
attenuation within the slab. : .

In order to proceed further in evaluating the clutfer specirum, the statistics of the velocity
field V{r,t) and the correlation function of the random permittivity C(p;z,, zz) must be known.
However, there are two limiting cases which lead to simple expressions for the correlation func-

tion miz, 7).
Since the scatterers are bound, the velocity process VT(z, t) is integrable and a displacement

process DT(z, t) can be defined as

t
D {z.t} = (‘ V(2. 8) ds + Do{z,0) . {11-18})
i Jg T I

The correlation function miz, 7) can then be written as
_ . 4
miz, 7) = E(eXP{J + [Dplz, 1) = Dtz t — ‘T)]}) ) {11-19)
A phase modulation index p(z) can then be defined as

p(z) = % alz) (1I-20}

o2z} = Var {Dn(z, t}} . {(I1-21)
The first case of interest iy when p(z) << 1. Then, Eq. (II-19) can be approximated as
miz,7) = 1~ p°(z) + p%(z) * pplz, ) (11-22)

in which pD(z, 7) is the normalized covariance function of the displacement process and is defined

as

D.p(z, t} = Dz, t} ' Dp(z,t = 1) — Dplz, t — 7}

oz 512 (1I-23)

prz,T) =E

In order to derive Eq. (11-22), the statistics of DT(z, t) need not be known. Only the variance
>
¢ (z} and normalized covariance function pD{Z,. T) are needed.
The second case of interest is when p(z) >> 1, and corresponds to the case of large index

phase modulation, From Ref,3, Eq. {II~19) can be approximated as

4T
[or i Ty . s -1
HNZ, 7] F W AL, T {1124}

where ¥_(z, x) is the characteristic function of the random process VT(z, t) and is defined as




¥ (2, x) = E{exp[jx - VT(z,t)]}

j pfz. V) *V ay (11-25)

where P,z \) is the first-order probability density function of the process VT(z, t).

There are also simplifications of Eq. {II-8) for the correlation function R(7) which result
from assumptions about the permittivity process e(r,t). The first case is when it is assumed
to be homogeneous with height. Then, the statistics of the velocity field do not depend on height,
and the spatial spectrum function ¢ik; z,.25) is a function of Ty . Thus, Eq. (II-8} reduces to

R{7} = R{0) m(7) {11-26)

where
h, ph

R{0) =S‘ fS f qoi(%;zi —z,) glz ) g(z;)
o o

. 47 2
X exp[J - 7 e 1 (Zi - ZZ)] dz'_l dzz (I1-27)

mir) = E (exp {j %—73 [Dp(t) — Dyt - 'r)}}) . {11-28)

It follows from the above that the shape of the clutter spectrum depends only on the statistics

of the displacement process DT(t).
The second, and more important, simplification of Eq. ([I-8) is when the spatial spectrum
function can be written as follows:
(,p(k;zi,zz) = (pz(%,zi) é(zi - z,) (I1-29)

where 6(2) is the delta function, Then, Eq. (II-8) can be expressed as

h
r
R{r} = R{0) - W(z) m(z

1 dz {¥1-30)
T) Jy miz, 7) dz (f1-30)
in which
4 2
N 0,55, 2) lglz)] o
Wiz} = 5 - (II-31}
T 47 2
Jot a5 ez [T da
and
1'lf 47 - 2
R(0)=S ¢ (55 2) lglz)[“dz . {I1-32)
[e]

Equation (II-30) would result if one assumed that the scattering was uncorrelated as a func-
it and that the effective cross section was proportional to Wi{z),

Based on heuristic considerations, Labitt2 was able to choose a weighting function W(z) and
a correlation function m(z, 7) which could model the experimentally measured clutter spectrum
fairly well, This model is described below, However, the function R{0} given by Eq. (II-32),

roportional to the clutter area cross section, could not be determined.



It is assumed that within a range-azimuth cell, all the trees are gimilar and that their mo-
tion may be approximated by a linear dynamic system. The force acting on the trees depends
on the velocity of the turbulent wind within the forest. The tree displacement then phase mod-
ulates the transmitted carrier frequency.

L.et the average wind velocity above the irees be denoted as v, and the turbulent component
within the forest as v(t} which is modeled as a zero-mean, statistically stationary random proc-

ess. The power spectral density of v{t} may be approximated as4
S(f) = ——F (11-33)
v [ i 1 2:5/6
{1+ (£/f Y] .
C
where k is a constant, and fc is a cutoff frequency. The power of the wind turbulence depends

in some manner on the average wind velocity, so that k is a function of . Typical values for

the cutoff frequency fC appear to be 0,01 Iz.
The force acting on the trees will be a nonlinear function of the wind turbulence v{t). Since

the trees generally have a highly damped motion, it would seem reasonable to assume that the

force F(t) could be expressed as

Fit) = [vit)]” v(t) > 0

= —[=vit)]¥ vit) < 0 (11-34)

where » is a small posgitive number. It is also reasonable to agsume that v{t) is a Guassian

random process, Then the power spectral density of F(t) can be expressed as

_ (n) -
Sp(h = AnsV (£} (II~35)

n

i [~ 8

1

where S\(,n)(f) is the n*P-fold convolution of Sv(f), and An are decreasing positive constants. Since

Sv[f) is impulsive, except for the exact shape about zero frequency, SF(E) can be approximated as

S(f) alvo) (I1-36)
s (f/f1)2]5/6

where [, is some convenient cuteff frequency, and «(v_ ) determines the dependence of the power

in tha fore s
L Lol Ul

e functicn o
The tree motion is modeled by a linear dynamic system. In terms of an electrical aralog,
the force ig a voltage source driving a series RLC circuit where the tree displacement is pro=~

porticnal to the charge on the capacitor. The displacement process DT(z, t) is modeled as

DT(z,t) = gfz) + d(t} (I1-37)

where ¢(2) is defined by Eq. (II-21), and d(t) is a normalized displacement process with unity

power. It has been assumed that the correlation function of the displacement process depends

on the height z only through a gain factor. Since irees bend like a beam, i

of the standard deviation ¢(z} was taken to be proportional to z
Under the above assumptions, the variance and normalized covariance functions of the dis-

placement process DT(z,t), which are defined by Eqs. (II-21) and (II-23), respectively, can.be

written as



o’(z) = 62w ) - 2t (1I-38)

Pz, ) = pyl)

= 5‘ S,4(0) &2 gr (11-39)

in which B(vo) is a function which depends on the average wind velocity and type of trees and
Sd(f) is the power spectral density of the displacement procegs d(t) and is expressed as

G, (1) - Gl

Sd(f) {1r-40)

JG,(® - Gpip) at

where
G () = [1 + (f/f1)21'5/6 (I1-41)

2 4.-1

1 f £

Gph) = [1 + (z -_2) (f_) + (f—)] i (11-42)
QO o o

In Eq. (II-41), fi is the cutoff frequency of the wind turbulence; in Eq. (II-42), f0 is the res-
onant frequency of the trees and Q, is the " Q" {or quality) factor. Although the limiting form of
the correlation function m{z, 7}, given by Eq. (II-22), is now known, for general medulation in-
dices the statistics of d(t) mL_tst be known. It was decided to model dit) as a Gaussian random

process s¢ that m(z, 7} can then be writien as
2
m(z, 7) = exp {~p"(z) [1 —p ()]} (11-43)

where p(z) 1s the modulation index, and from Eqgs, (II-20) and (II-38) is

wiz) = % ©Blv,) - - . (11-44)

The normalized covariance function pd('r) of the displacement process is given by Egq. (II-39),
The weighting function used in Eq. {II-30} must now be determined in order to obtain an ex-
pression for the clutter power spectral density shape. Again, heuristic considerations were
used to ob#in a reasonable answer.
It was assumed that the density of scatterers as a function of height is given as y{z), and

that the field intensity I(z) at height z is the solution of the eguation:
dl{z) = I{z) y(z) dz . (I11-45)

Hence, I{z) can be expresged as
Z
I(z) = {0} - exp [S‘ vih) - dh] . (II-46)
0

It follows that the weighting function W(z) can then be expressed as

- M=)+ y(z) -
Wi(z) = m . (I1-47)



Several choices for y{2) were tried and the resulting spectral shapes were compared with

2
the clutter spectra estimated from real data. The best choice of y(z) was found to be e ” /2.
Thus, the weighting function can be written as
12,
exp {—[L - erfc(z/N2Z) + 5 20}
Wi(z) = T {I1-48)
fo f exp {—[Lerfc(z/N2) + % zz]} dz

in which the parameter L represents the total propagation attenuation within the forest and is

given as

lhy)
L = 10 15 a9

and erfe(x) is the complementary error function. As a practical matter, hf was taken to be in-
finite in Egs. (1[-48) and (II-49). ‘

Using Egs. (11-39) through (1I-44}, {Ii-48) and (II-30), the normalized clutter power spectral
density given by Egs. (II~16) and (II-15) can be computed. It will be a function of the cutoff fre-
quency of the wind fi’ the resonant frequency of the trees fo’ the "Q" of the trees Qo’ a standard
deviation gain factor B(VD) of the displacement process which depends on the average wind veloc-
ity Vo and the type of trees, the wavelength A, and a propagation loss factor L of the forest.

Orne could question some of the assumptions that were made in order to arrive at an.expres-
sion for the clutter spectral shape. In the next section, experimental verification of this model

will be presented.

B. Experimenis

1. Clutter-3dodel Verification M. Labitt
R.D. Yates

The clutter model developed in Sec. A above was tested against data gathered from the Florida

Field Site Measurements program. The radar measurement system and experiments performed
are described in Ref. 5.

The quadrature clutter components from five range cells were recorded simultaneously at
435 and 1305 MHz. The range-azimuth area was flat land with pine trees and light underbrush.
The wind velocity above the range-cell location was also recorded.

The clutter spectrum was estimated at UHF and L-band, The tree resonant frequency fo’
tree quality factor QO, displacement standard deviation at unit height ﬁ(vO), and two-way attenua-
tion L were chosen so that the theoretical clutter spectrum matched the estimated clutter spec-
trum at UHF. The frequency was then changed to L-band and the attenuation L chosen so that
the theoretical and estimated clutter spectra matched up again.

The displacement spectrum Sd(f), and the corresponding clutter spectrum Sc(f] at 435 and
1305 MHz, based on the theoretical model, are shown in Fig.II-1. The comparison of the the-
oretical and estimated spectra is shown in Figs. 1I1-2 and II-3 for 435 and 1305 MHz, respectively.

The running mean and standard deviation of the wind velocity above the trees are shown in
Fig. [I-4(a-b) over the time segment used to estimate the clutter spectrum, It is seen that the

wind is esgentially constant at 10 mph.



The parameters used in the theoretical model are:

UHF L-Band

Carrier frequency (MHz) 435 1305
Tree resonant frequency f (Hz) 0.375 0.375
Tree quality factor @, 3 3
Tree standard deviation at unit

height g{v,) (m) 0.021 0.021
Two-way attenuation L (dB) 15 40
Wind cutoff frequency f, (Hz) 0.01 0.01 -

Other clutter areas were considered and similar results were obtained. Based on this, it
would appear that the clutter model presented in Sec. A can be used to predict the shape of the
AC clutter spectrum as a function of the parameters f_, f ., Q. B(vn), A and L.

It was not determined whether the exact shape of the clutter spectrum over the range of
+0.1 Hz was predicted correctly. The wind cutoff frequency fc did not affect the shape of the clut-
ter spectrum outside this region. However, it greatly affects the apparent DC power present.
The shape of the scatterer density v(z) about z = 0, as given in Eq. (II-45}, will affect the amount
of BC power present also, When a clutter spectrum was estimated with the DC left in, the differ-
ence hetween the theoretical and estimated DC clutter power was at most 10dB.

It should be noted that, given a particular range azimuth cell, the observed DC clutter power
will be a random variable, For a homogeneous forest, the DC clutter power wiil be exponentially
distributed over the collection of range cells. This makes it difficult to match up the theoretical

and estimated clutter spectra near zero frequency.

2. Tree and Wind Experiments M. Labitt
R.[. Yates

in the clutter model developed in Sec. A, the phase modulation index given by Eq. (1I-44}) is

plz) = i—” AN 2 (11-50)

The function ,G(VO). where A is the average wind velocity above the trees, can be interpreted as
the standard deviation of the displacement process D(z,t) at unit height. As Vo increases, the
wind turbulence within the trees also increases, so that one could postulate that ,@(VD) is a mon-
otonically increasing function of Vg When B(vo} is known, the behavior of the clutter spectrum
as g function of v, €an then be determined,

In the clutter model, a displacement process Dz, t) was defined and, based on heuristic ar-
guments, an expression for its power spectrum was given by Eq. {II-40}. As seen {rom Sec.1
above, the theoretical and estimated clutter specira could be made to agree. However, the dis-
placement spectrum could only be measured indirectly for low modulation indices,

An experiment designed to check the validity of the displacement spectrum and to estimate
the function B(vo) is depicted in Fig. II-5. A thin horizontal wire was attached {0 a tree trunk
3m above the ground, looped over a stationary pulley, and attached to a small weight. The pul~
ley shaft was connected to a precision servo potentiometer. A DC voltage was applied to the po-
tentiometer, the output of which was connected to an A/D converter. A hot wire anemometer
was used to measure the wind speed at the treetop level in the area of the tree. Its output was
also connected to an A/D converter. The digitized data were recorded on magnetic tape in the

same manner as for the clutter and target data.

10



The power spectral density estimate of the wind velocity is given in Fig.II-6. As expected,
an f'5/3 roll-off in frequency was observed,

The power spectral density estimate of the tree displacement is given in Fig.II-7. In addi-
tion, the theoretical displacement spectrum given by Eq. (I1-40) is shown,

In estimating the displacement spectrum, the DC component was removed, hence, the notch
at zero frequency. It is seen that the estimated displacement spectrum is wider about £0.4 Hz
than the theoretical gpectrum. There are also two spikes present at 20,9 Hz,

With the anemometer 30m from the tree, the squared coherency function between the wind
velocity and tree displacement wag estimated, as shown in Fig. II-8. One would expect no cor-
relation between the tree displacement and wind velocity. It is seen that a correlation exlsts at
*#0.9Hz and about zero frequency. Based on these resulits, it was deduced that the spectral broad-
ening about 0 Hz in the displacement spectrum was due to system instabilities. The lines at
+0_.9Hz were due to a resonance in the measurement system, possibly in the wire or potentiometer,

Based on the above results, one can conclude that the theoretical expression for the displace-
ment spectrum is accurate,

The next problem considered was the behavior of the function g(v ). Due to the fact that the
displacement spectrum has most of its power near zero frequency, a measurement of its standard
deviation would be dominated by low-frequency components. The displacement process model
assumed that the displacement spectrum shape was independent of the average wind speed. It
follows that the variance of the derivative of the displacement process can be expressed as

ol =gty 2t (ppio] (I1~51)

where ﬁD(o) is the second derivative of the normalized displacement covariance function. It fol-
lows that the behavior of ,B(vo) can also he determined from Oy

The iree displacement samples and corresponding wind velocity samples were divided inio
consecutive blocks of 6 minutes in duration. The sample mean Go of the wind, and sample var-
iance Er\g of the tree velocity were computed for each biock. The plot of fr\fz) Vs fv\'o is shown in
Fig. [I-9. A least-mean-square-error fit of o =ac- V: indicated that b = 1,47, with a correla-—"
tion coefficient of 0.937. The estimate of the variance of the tree velocity was computed by tak-
ing discrete Fourier transforms over the block, multiplying the magnitude squared of the fre-
quency coefficients by fz, and summing all the modified coefficients,

Based on these results, it is postulated that the function ,B(vo) has the following forms:

v, = K- vé'f’ (11-52)

where K depends on the type of forest.
It should be remarked that Eq. (II-52) was deduced for wind speeds between 0 and 20 mph,

It is not clear if this expression is valid well beyond 20 mph.

3. Clutter Spectrum Estimates

The measurement mode of the LRDR was used to record the quadrature components of the
clutier return from five congecutive range cells from three foliage areas under different wind

conditions. The wind velocity at the top of the antenna tower was also recorded,
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{a) Spectral Estimation Scheme M. Labitt
R.D. Yates
A detailed discugsion of clutter and target returns and the estimation of their power spec-
tral density is given in Ref. 3, A summary of the estimation scheme is presented here for
completeness,
In the LRDR, the compressed, range-gated, quadrature video signal samples are produced
at a rate of (555,6 X '10"'5)-1 = 1799.8560Hz per channel. The TAPWRITE program reduces the
12,4940 Hz by segmenting the data into consecutive blocks, each block containing

+ HST Y Tha aimdrnfiare ssamno =
L LY Lo l-il.ld.uL GLUL T UL Y

nents from five consecutive range cells are then recorded on digital magnetic tape,

A series of computer programs, written to analyze the data from the Florida Everglades
measurement program, was used to study the data produced by the LRDR measurement program.
The basic procedure may be divided into three steps.

The first step is to filter the data further, depending on the frequency extenii- of the signals
being studied. The data per quadrature channel were divided intc consecutive groups of Na points
per group. The Na points in each group were then added to produce one filtered data point. The

sampling rate of the filtered data is then

_ 112.4910 -
f = T Hz . (II 53)

The second step consists of forming a set of frequency coefficients using the FFT (fast
Fourier transform} algorithm. The data per guadrature channel are divided into B consecutive
blocks, each block containing N peints, Let Ilrib), Qr(lb)] N-1 be the N samples of the in~phase

n=0
and quadrature components of the bth block. Let the complex signal sample X,_(Ib) be defined as

X{gb) =1k, jQéb) ) (11-54)

n

th

The N frequency coefficients IAk(b)l N-1 for the b block are computed as
k=0

N-1
.2
Aéb) = Z erb) + W, exp [~] % nk] (I1-55}

n=0

in which {Wn} are a set of time weights used to obtain the appropriate frequency resolution. In

all cases, they were chosen as

1/2

In Eq. {I1I-55), N was constrained to be a power of 2. The gpectral estimates, based on one FFT,

are then defined as
(b} (b),2 -57
P = AL [ (I1-57)

The third step is to smooth the estimates given by Eq. (II-57) using the data from the B blocks.

The N smoothed estimates, IPkIN_i, were computed asg
k=0

12



B
24 (b}
P,=g L Py . (I1-58)
b=1

The samples Xn(b) in Eq. (II-55) can be interpreted as a continuous signal X(t) sampled every

'l/fS sec. Hence,

®) _ 1
Xn =X [(n + BN} fs] , (II-59)}

On assuming that the signal X(t) is a stationary random process with a power spectral den-
sity S (f), and that the sampling is high enough so that no aliasing takes place, the estimates of
the spectrum Sx(f) are then taken as

Pk fork=0,1,2,...,

kf
x Pok fork =—1,-2,...,~352% | (II-60)

The expected value of Pk can be shown to be
£/2 - Kl
E{P,) = S' s 3 (6 R(—\I-S— - ) af (11~61)
{f 5

in which R(f} is a frequency resolution function, and gx(fj is the aliased version of Sx(f},
The resolution function R(f) is given in terms of the time weights {Wn} as

N-1 2
. . 27nf .
R{) = Z Wn exp [*] fs ] {II-62)
n=9
The aliased spectrum §x(f) is expressed in terms of Sx(f) as
o
S0 = Y S (f-mf) . {I1-63)
m=-oa

On assuming that the spectral estimates from block-to-bleck are uncorrelated, the variance
of Pk is given as

var (o @)

Var{P } = —— — (11-64)

The right-hand side of Eq. {II-64) does not depend on b due to the assumption that X(t) is statis-
tically stationary. If X{t) is a Gaussian process, then Var {Plib)} = EZ{Péb)}. so that

Var {P }
—2—]'{— = % , (I["65)
2{P,}

The spectral estimate of a random process based on one FFT is seen to have a variance governed
by Eq. (II-64) with B = 1. Hence, in order to obtain a relizble estimate, B should be large. It
was found that adequate estimates of the clutter spectrum could be obtained with B in the range

of 50 to 100.

13



The resolution of the estimates is governed by the choice of {Wn}. The equivalent rectan-

gular bandwidth of R(f), over its main period |f|g [ /2, is defined as
s —5 .- (11~66)

On letting the weights {Wn} be real, and normalizing R{f) so it has unit area over its main per-

iod, it follows that .
fs/Z
5 R(f) df = 1 (I1-67)
-{£,/2)
R(—1f) = R{f} (II-68)
max R = R(0) = % (I1~69)
r

Jti<t,/2)

On using the weights given by Eq. (1I-56), it follows that the equivalent rectangular bandwidth
is given as
3-f

-_ S -—
fr -~ 2N ' (I1-70)

The resclution function has zeros at f = :Ekfs/N for k= 2,3,...,N/2, and the maximum of the

sidelobes occurs approximately at

|

(k +
f==

R

all [a¥}

kN
L

P

fork=2,3,...,(N~—2)/2. The first 6 sidelobes are 31.5, 41.5, 48.5, 54, 58, and 62 dB below
the main peak. The value of R(f} at ifs/N is 6dB below the main peak. The equivalent rectan-
gular bandwidth fr can be used as a measure of the resolution of the spectral estimates.

Given that R(f) possesses adequate resolution, it follows that Eq. (II-61) can be approximated

as

kf_ ke
E(P,} =Ppe - R(T) * SAC(Y) =74

where it has been assumed that

S (f) =P, 6(f) +5 f . II-72
x( ) DC (f) AC( ) ( )
Hence, if the spectrum of X{t)} has a DC component, it will only appear in the estimates
¢.P,.F ,.

017" -1

In practice, the statistics of the process X(t) may not be stationary across the B blocks used
to compute the spectral estimates. In the case of clutter, when the phase modulation index is less
h e does not vary as a
the average wind velocity. However, the AC clutter power does. By estimating the AC power in
each block, and normalizing the data to unit AC power, the smoothing from block-to-block should
be more efficient., The sample mean Mb and sample variance sz, for the bth biock, were com-

uted as

14



N-1

_ 1 {b) -
M=y L X, (11-73)
n=0
N-1
2 _,,..1__ T b) _ 2 -
S = S R Sh Y (I1-74)
n=0

The normalized data from the bth block were then taken as
{b)
z® _ Zn

4} S

-M
b *(II-75)

b

The spectral estimates based on the normalized samples are then computed.

It was also of interest to estimate the cross correlation between different signals. Let the
two stationary random processes X(t) and Y(t) have power spectra Sx(f) and Sy(f) and a cross
spectrum Sch {(f). The function of interest is the squared coherency function defined as

2
I8, 0]

Syt = 50 5,0

(II-76)

The cross spectrum Sx (f) is defined as the Fourier transform of the cross-correlation function
ny(T) = E{X{t) Y=(t — )}, Ifthere is no correlation between X(t) and Y(t), then ny(f) =0. On
the other hand, complete correlation leads to ny(f) = 4. It has been assumed that X(t) and Y (t)
contain no specular components so that no impulses are present in the spectra.
The squared coherency function was estimated by assuming the spectra of X(i) and Y{t) as
already described, and the cross spectra by replacing [Alib) |2 in Eq. (II-57) by A:ibk): . A;],Dl\):*'
where # denotes the complex conjugate operation, A}S]}i the frequency coefficients of the process
X(t), and —\‘{b]l those of Y(t). The estimate of the squared coherency function was then taken as
A B
ny(fk) = 3 (f")". § )

x 'k ¥k

On assuming adequate resolution and the absence of specular components, -it can be shown

that
i

& )=
E{C )} = Cupf) + 5 (L1~78)
Ja 2 2 1
Var{CXy(fk)} =35 {ny(fk) + ny(fk}] + E-Z (II-79)
where
kfs
fk = T . ({II~-30}%

The estimation schemes described were extensively tested against both real and simulated
data. It was found that the power spectral densities and coherency functions could adequately

be estimated by the methods described in this section.
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(b} Results R.D. Yates

The estimated clutter spectra and squared coherency functions are shown in Figsg. II-10
through 1I-29. Three areas were considered, each one consisting of five consecutive range cells.
The range cells were 15m in length and the azimuth beamwidth was 2.5°. The parameters of

range-cell areas studied are given in Table II-1.

TABLE II-1
PARAMETERS OF RANGE-CELIL AREAS STUDIED
Area t Area 2 Area 2 Area 3 Area 3
First range-cell
number 313 {413 413 1120 1120
Beam number 26 } 5 5 [ 26 26
Range to first cell ‘ _ 5
{km) 5.7 [ 7.2 7.2 17.8 17.8
Approximate wind i
speed at antenna |
tower {(mph) 5to 10 5 10 to 20 10 to 20 5te 10 1 10 to 20
Tape number 28 | 31 31 i 29 22
Records analyzed 1006 to 20051 401 to 800 11 to 400 6 to 2400 6 to 2005
30-dB bandwidth !
of clutter spectra f !
(Hz) +1.43 | £2.81 £3.84 =1 .48 +2.25
Figure numbers 11-10 to -16 t II-17 to -19 | II-20 to ~22 | i[-23 to -26 | 1I-27 to -29
i
y

The estimates of the clutter power spectrum for each range cell are presented on a decibel
vs frequency, and a decibel vs log-frequency scale. The latter case is useful in determining the
slope of the clutter spectrum tails. The average of the spectra of the five range cells is also
given. The squared coherency function between selected range cells is given to determine if any
correlation exists, If there were antenna motion for example, the DC clutter in each range cell
would be modulated in an identical manner. This common signal would then appear in the coher-
ency function.

In most tests, the wind speed at the top of the antenna tower was recorded. The running
mean and standard deviation of the wind speed for the time duration of the data used to estimate
the spectra are presented. Since the range cells were at least 5.7km from the radar, the wind
speed at the range-cell location could be different. If the clutter spectrum bandwidth is to be
correlated with the wind velocity, a wind sensor should be placed at the range-cell location.

Area 1 was 5.7km from the radar. The clutter spectral estimates, with the DC filtered out
before the estimation was made, are shown in Figs. II-10 through I-13; Figs, [[-14 through II-16
show the estimated spectra of the same data with the DC left in.

It is seen that the spectra have the shape predicted by the cluiter model presented in
Sec. II-A-1. The resonant frequency of the trees is seen to be 0.336 Hz. With the DC removed,
it appears that the shape of the spectra in the region £0.140Hz is identical to the turbulent wind
velocity spectra. The tails of the clutter spectra have z slope slightly less than —5% in cells
1 through 4. In cell 5, the slope is — 5%, The flat section of the spectra past +3Hz is due to the
receiver noise. It is seen that the DC clutter power from cell-to-cell in Figs. [I-14(b) through

(f) is not constant. The width of the spectra 30dRB below the tree resonant peaks is 1,43 Hz.
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System tests indicated that the DC offsets in the quadrature video channels were negligible.
Hence, the DC powers shown are entirely due to the clutter signal. When comparing the DC-to-
AC power, it should be remembered that the estimated DC power at 0 Hz is equal to K - PDC . f;i,
where K is a gvstem constant, PDC is the DC clutter power, and fr‘ is the frequency resoclution.
The AC spectrum is equal to K . SAC(f), where SAC(f) is the AC clutter spectrum, when adequate
resolution exists. Tests were made to ensure that adequate resolution was used in all the spec-
tral estimates presented.

The squared coherency function between several range-cell pairs is shown in Figs, II-12(a)
through {e) with the DC absent, and in Figs. II-16(a) through (e} with DC present. I no correla-
tion exists between range cells, then the mean and standard deviation of the estimate of the squared
coherency function are B_i, where B is the number of data blocks used to smooth the estimates.

It is seen that no correlation exists between nonadjacent range cells, There is partial correlation
between adjacent cells, as seen in Figs. 1I-12{a) and (e}, due to the fact that the basic 100-nsec
pulse is passed through a 10-MHz filter at the receiver which causes the apparent range-cell
length to be wider than 15 m,

Area 2 was 7.2 km from the radar. Spectral estimates for two different wind conditions are
ghown in Figs. I1-17 through I1-19 and 11-20 through I1-22, respectively. The frequency resolution
used is identical in both cases. Howewver, due to the extent of the spectrum, the tree resonant
frequency could not be resolved.

In the first case, the 30-dB bandwidth is 22,81 Hz, while for the second, it is 3,84 Hz, These
were the widest clutter spectira seen thus far, Comparing corresponding range cells in both cases,
it is seen that as the AC clutter spectrum spreads out, the IDC power is reduced. Again, this was
predicted by the clutter model,

Area 3 was 18km from the radar. Spectral estimates for two different wind conditions are
shown in Figs, [I-23
low wind velocity, The clufter spectrum has the shape as predicted hy the clutter model. The
tree resonant frequency in this case is 0.3 Hz. The slope of the clutter spectrum tails is seen to
be approximately ~52, There is no correlation between nonadjacent range cells., The 30-dB
bandwidth is seen to be #1.48 Hz. Within the experimental error, thig is the same as the band-
width for the clutter spectra from area 1.

The second case is for a higher wind velocity, The 30-dB bandwidth has increased to #2.25.
Comparing corresponding range cells for the two cases, it is seen that as the AC clutter spectrum
spreads out, the DC clutier power is reduced. Again, there is j

range cells.
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Fig. II-4. Wind data for clutter tape: {a) running standard deviation of wind;
{b) running average of wind.
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DFT length = 256, resolution = 0.165 Hz, sampling
(a) DFTs averaged = 265; (b) through (f) DFTs averaged =53.
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IIl, TARGET SPECTRUM FROM FOLIATED AREAS R. D. Yates

A, Theory

In a forest, the incident electromagnetic energy is scattered from many points which are
moving in a bound manner due to the wind turbulence. This produces an electromagnetic field
across a range-azimuth cell which is both spatially and time varying. As a target travels
through the range cell, this varying electromagnetic field modulates its return and produces an
observed signal with a bandwidth greater than the bandwidth of the same target return in a clear
region.

A detailed study of this problem is presented in Ref. 6. The purpose of this section is to re-
cast the results in radar terminology and to summarize them. The forest model used is identical
to that used to model the clutter returns as described in Sec. II- A,

A point target with a polarizability factor 7 is assumed to be traveling in a radial direction
toward the radar with a constant velocity v. Although a general expression for the target spec-
trum is derived, it will be assumed that the random permittivity €(r, t) is statistically homo-
geneous and isotropic in all directions, and statistically stationary in time.

Tet X(t) = I{t) + jQ(t) represent the complex envelope of the range-gated video signal from a
pulse-doppler radar such as the Long Range Demanstration Radar (LRDR}). Assuming that the
compressed pulse duration ig greater than the time spreading due to multipath, the return from

the point target may be expressed as

Xit) = gl/2. pt/2. p (Z¥0 —¢ )] agt (11I-1
) =G, T (% ST alt) )
in which

Gr = receiver gain

P’I‘ = target received peak power

P(t) = compressed pulse which defines the range cell with
max |P(t)] =1

a(t) = unit power modulation process due to target motion and
varying field across range cell.

In general, the random process a(t) will not be statistically stationary. However, if the
random permittivity €(r, t) is statistically homogeneous and isotropic in r and statistically sta-
tionary in t, then as long as the target's velocity is constant, a(t) will be a stationary random
process. For a target traveling at a constant velocity v in a radial toward the radar, in a clear
area, a(t)is then equal to exp {j [(47r/A) vt + ©]}, where © is a random variable uniformly dis-
tributed between —r and r radians.

The function P [(2v/c) t] represents a time gating pulse, and corresponds to the complex
envelope of the compressed transmitted signal. In the LRDR, since the time sidelobes of the
compressed pulse are at ieast 30 dB below the main peak, P(t) can be taken as the complex enve-
lope of the signal that is fed to the mixers when the input signal is the basic pulse that defines a
bit in the code.

It has been agsumed that the time multipath spreading of the basic bit pulse is small. If
this is not the case, then the duration of X(t) will be greater than P [(2v/c) t]. However, for a

homogeneous, isotropic forest, the energy spectral density of X(t) will not he changed.
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The targets' received peak power PT can be expressed as

PT:PO-G- A'UT- FT (II1-2)
in which

Po = trangmitted peak power

G = one-way antenna gain

A = antenna aperture = Gh2/41r .

O = target cross section in square meters

FT = two-way target propagation factor.

The antenna gain G has been defined in Sec. II- A, Eq. (I1I-5). Ag for the clutter case, UTFT can-

not be factored; their product is given as

(h hf)4
4
e e L IR IR TR S (111-3)
R €, (n"—1)

e

in which

h_ = antenna height

[ap
1}

forest height

free-space wavelength

R = range to cell

Eo = free-gpace permittivity

n = slab refractive index
g(h) = ground lobing and attenuation factor
hT = target height
P o = power in the random component of the target return due
to multipath
P = targets’ polarizability.

The function g{h) represents the effects of attenuation and ground lobing within the dielectric

slab and is given by Eq. (II-9), Although it is not possible to factor the product U'TFT, Eq. (IT1-3)

contains three propagation terms as given by Eq. (1I-17).

e £ mTA e R I | ard haa a mAmwar anantmnal Adangite Q@ {(fl na fAallawa
11 g LICIU dall'uUss Lo Lﬂ.llgc Loll, aliu liapd d PUWEL opfvull Ql Uedioluy Ua\LJ CLO LS LIWA WY O
SE=FN +S, ()
d AC (IIT-4)
S (f) =
a 1+ Fpe
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in which

f . = doppler frequency = 2v/A

46(f) = delta function

SAC(f) = multipath contribution spectrum

In Eqg. {I11-4), the spectrum of the direct path to the target ig the impulse at the doppler fre-

quency f , while the contribution due to the multipath is given by SAC(f). The spectrum Sa(f) of

dJ
the random process a(t) has been normalized to unit power,

The multipath component spectrum can be written as

1
4 .
Spelf) = S; S, (u) Sw(f{ﬂrn NT=Tu, f = nfju) du (I1I-5)
in which
. (217)5 . 4T
S (u) = —=TLo . g(WT-u)- o(ZZ pNT-u) (I11-6)
o] 4 _ 2 A
A €
where
i) = T (3 +2x" +3x7) (I1-7)

and (k) is the spatial spectrum of the random permittivity and is defined as

o = { {{ crp 7Tk,

el |k]) due to statistical homogeneity and isotropy (IIi-8}

N

where C(r) is the correlation function of the random permittivity and is defined as
Clr) = E{e(B,t) ex(R-r, )}

= C{lr|) due to statistical homogeneity and isotropy and
temporal stationarity. . (Iif-9)

The function Sw(k, f) in Eq. (III-5) represents the effects of the motion of the scatterers due

to the velocity field V(r, t}, and can be expressed as

S (k) = S' alk, 7y e 27T g {1I1-10)

in which
i1 \ _ﬁ/. [ I‘“ll\_“.'r\fj_ .\11\ FTTT_A 41
aqlk, 7) —J::.\expuxluu) Dit = rily) . {III-11}

In Eq. (IEI-11), D{t) is a displacement random process and is not a function of position, since the
forest has been taken to be statistically homogeneous end isotropic in all directions. The cor-
relation function m(7) defined by Egq. (II-28) is seen to be equal to g {t4n/A),7]. Hence, the unit

power clutter spectrum is then equal to SW [{4m/A), £].
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The first simplification of Eq. (1}I-5) is when the scatterers are not in motion, so that
Sw(k, f} = 8{f). Hence, the power spectral density SAC{f) given by Eq. (I1I-5) reduces to

f
s (—
o nfd)
f) = ———— for 0 € f< pf

'r,rfd d

= 0 elsewhere . (I11-12)

Thus, the power spectral density of the random process alt} can be written as

5
f
s(f):i—[a(f_f)+ﬂ___-3 1_L - ﬂn {- —
a T TFP, d 14,€§a g A Nt

for 0 <1< nf (IT1~13)

d

in which g(x} and ¢(k) are defined by Eqs. {III-7) and (III-8), respectively.
It is seen that the target spectrum contains no frequencies above the doppler frequency fd'
]

the muitipath is inversely proportional to @, the attenuation factor within the forest. Hence, for
a forest with thick underbrush, one would expect the impulse component in Eq. (III-13) to dominate.

For a telephone-type forest with very little underbrush, the random component SAC(f) would be
the dominant term.

Since the observed signal X{i} given by Eq. (IIi-1} is a time-gated version of the process alt},
we must congider the energy spectral density of X(t) defined as follows:
R 2
E _(f) = E } [ xity emd2ntt dtl } (II-14)
=b . (‘Sa(v)lF(f—u)lz dv (III-15)

where b is a constant, and F(f) is the Fourier transform of the gating pulse used. Hence, the
resolution of the random component SAC(f) of a{t) will depend on the ratio of the bandwidth of
SAC(f} to the bandwidth of |[F(f) !2. If this ratio is large, then Ex(f) can be approximated as

follows:

Ex(f} = b' [WI(f - fd] + SAC(f)} (ITT-16)

in which b' is a constant, and Wi{f) ig a unit area window function defined as
2
wig) = —EDIZ (I11-17)

The other simplification of Eq. (III-5) results when the target velocity is assumed to be zero
and wind turbulence is present. Hence,

ct e —
SAC(f) =j So{u) Sw(— N1 —u,fidu . {111~ 18)

o A
The normalized clutter power spectral density is given as SW {(42/A}, f]. Assume that the
phase modulation index u = 45o/A, given by Eq.{II-20), is less than 1, Then, Eq.{III-4) can be

expressed as



- 2 Z
S,(f) = (1 +Pye) t. “1 + PAC(i —q )] B(E) + Py poS4(0) (1I-19)

in which 6{f) is the delta function, Sd(f) is the normalized displacement process defined by
Eq. (I1I-40), and pz is a mean square phase modulation index defined as follows:

1
7 anonp2 fo usS, (1 - u) du
s (wau
(o] Q

k= (252152 (III-20)

The function So(u) ig given by Eq. (III-6), and PAC [the power in the AC component of a(t)) is

given as
1
Pac =§ So(u)du . (I1-21)
o]

It follows from Eq. (I1I-20) that p.z sz, where p is the phase modulation associated with the
clutter spectrum. Since the non-impulse part of Eq. {III-19} is due mainly to forward scattering,
one would expect that the DC-to-AC power ratio in 8_{f) would be greater than that of the clutter

spectrum.

B. Experiments

In this section, several experiments are described which were performed to verify the

theoretical results givenin Sec. A zbove,.

i1, Transponder Returns

A coherent transponder described in Sec. III-F-1 in Vol. 1 was used as a point target. Its
antenna ig horizontally polarized and essentizlly omnidirectional. The received signal is ampli-
fied, delayed by 20psec, and frequency shifted by (256 X 555.6 X 10‘6)'1 = 7.03 Hz. The reason
for the frequency shift is to ensure that the target return does not overlap the clutter return in

frequency. Amplification of the signal was necessary in order to ensure that the target spectrum

be well above the receiver noise. The transponder was pulled at a constant velocity at a fixed

height above the nominally flat ground within foliated areas.

a. Transponder Closed-Loop Stability

In order to determine the spectral purity of the transponder, a closed-loop stability test was
performed. The low level coded gated RF from the LRDR was fed directly to the transponder
via a circulator. The amplified, time, and frequency-shifted signals were then fed to the LRDR
receiver input. Adequate attenuation was used to ensure that the transponder and LRDR receiver
were operating linearly. Using the measurement mode of the LRDR, the compressed, range-
gated, 10w—pass—filtered, quadrature video components were recorded on digital magnetic tape
using the TAPWRITE system described in Sec. III-F-3 in Vol 1.

An estimate of the power spectral density of the transponder signal is given in Fig. III-4,

The main line is at +7.03 Hz while its image at —7.03 Hz is 28 dB below it. This image is due to
phase and amplitude errors in the quadrature channels. The other lines, which are at least

38dB below the main line, appear to be due to the trangponder’s nonideal digital frequency shifter,
A closed-loop-stability test of the entire radar, as reported in Sec. II-D in Vol. 1, shows that
there are no spurious signals present, Thesge extra lines presented no major problems in the

experiments to be discussed.
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b. Spectrum Broadening Due to Multipath

In order to verify the nature of the power spectral density [as given by Eq. (I1I-13}} for the
return from a point target in a foliated area, the transponder was used as the target.

The area chogen was geveral kilometers from the radar and congisted of trees with an aver-
age height of 40 feet with light foliage. The transponder traveled a distance of 90 feet in which
a 50-foot range cell was centered. Eleven round trips were made so that some averaging of the
data was possible.

The time data per pass were examined to isolate the section which contained the major re-

turn. A time-weighted FFT was performed on the data and successive FFTg were added inco-

herently to provide smoothing. If the number of points per FFT is denoted as N = 2" , then the
number of FFTg per pass was 1024/N.

The estimated spectrum for an inbound pass is shown in Figs. III-2,
lengths of 64, 256, and 1024, respectively. The corresponding spectrum for an outbound pass
is shown in Figs. I1I-5, -6, and -7, It appears that Figs. I1I-3 and -6 show the best tradeoff be-
tween resolution and smoothing and, on examining them, it is seen that the inbound and outbound
spectra are mirror images of each other about the offset frequency of 7.03 Hz. The predicted
asymmetry about the offgset doppler frequency of 8 24 Hz for the inbhound pass and 5.85 Hz for the
outbound pass is also present, Since the target doppler is 1.48 Hz and the 3-dB bandwidth about
1.4 Hz, the @ of the spectrum is then 0.85. Although this appears to be smaller than expected,

it does correlate with the fact that the detection of a single man in the same range cell was very

-3, and -4 for FFT

difficult, Tt appears that the multipath was severe enough to cause considerable broadening of
the target spectrum.
In all these Figures, the component about zero frequency is the spectrum of the clutter from

the range cell 20 psec further out. The component about —7 Hz is due to the sideband unbalance

of the svagtem. The wind in the area of the range cell was minimal gso that spectral broadening

sy¥ygter

due to the motion of the scatterers can be neglected.

c. Spectrum Broadening Due to Wind

In order to determine the effect of the motion of the scattering centers on the spectra pre-
sented in Sec.b above, the transponder was placed in the center of the range cell and the result-

ing radar return was recorded. The theoretically predicted spectrum is given by Eq. (I1I-19).
given in Fig. III-§, while the running mean and standard deviation

The estimated spectrum isg
f +thae wind valnrity dnring tha Aats resarding flme avrae ogive n Fia ?TT—Q{Q»T‘\\ Wind velnerity
I ine wWing veIoCLly Quring wngé Gaia recoraing iime are give nooig ARi-Pia-L wWing velocily

was measured by an anemometer at the top of the antenna tower, and gives a relative measure
of the wind conditions at the range cell since it was several kilometers away.

It is seen that the spectral broadening about the transponder offset frequency of 7.03 Hz occurs
about 25 dB below the main line. Except for the clutter spectrum about zero frequerncy, the other
lines present are due to the transponders digital frequency shifter as discussed in Sec. a ahove.

Based on the above results, it is seen that the effect of the wind on the spectra presented in
Sec.b can be ignored. However, for high wind velocities, this may not be the case since the

TY ' _ 4~ A
=it -au

"CS
e
]

2, Spectrum of Man in Woods

A man is an extended target vertically, so that some form of averaging of the field will occur.
If the field statistics do not change gignificantly over the target's height, the spectrum of a man

should be similar to that of a point target such as a transponder.
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One man walked at a constant velocity in a radial direction with respect to the radar. The
area consisted of trees with light underbrush. Several passes were made through the range cell
to ensure smoothing of the spectral estimates., The range cell was several kilometers from the
radar and in a different location from the transponder test area.

The spectral estimates with a frequency resolution of 0.659, 0.11, and 0.0549 Hz are given
in Figs.I1I-19, ~-11, and -12 for an inbound pass, and in Figs, II1-13, -14, and ~15 for an outbound
pass. It is clear that a frequency resolution of 0.659 Hz is not adequate in order to estimate the
target spectrum. However, this case is presented here for comparison since the bandwidth of
the coherenti filters in the LRDR signal-processing scheme is 0.655 Hz. It appears that <he best
estimates are given by Figs. III-12 and -15.

On examining Fig. III-12 for the inbound pass, the definite asymmetry about the target doppler
of 4,3 Hz is present. The 3-, 6~, and 10-dB bandwidth measures are 0.42, 0.93, and 1.46 Hz,
respectively. Hence, the corresponding @s, defined as the ratio of the doppler to bandwidth,
are 10, 4.6, and 3, regpectively, Since the bandwidth is proportional to the tar'get‘s velocity,
the Q is independent of target velocity.

The outhound spectrum is not a mirror image of the inbound spectrum as predicted by the
T3

T e YL, [ PR SR T PURFIEE TN [TV i R -
tNeLry 4l L LdIsPonUel” CAperLimerlls. e LO LIl dlmniived Lifqne

Nowed for gcience experiments,
this problem was not investigated further. It could be attributed t r

velocity control of the

Q W

poo

target, and an incorrect centering of the range cell and data window.

3. Recommendations for Further Work

An extensive study of the spectrum of a target in a clear region was presented in Ref, 5. In
addition, the spectrum of a man in foliage from one range cell was presented and it showed the
asymmetry about the doppler frequency., The R—8 dependence of the received target power on
range from foliated areas, as given by Eq. (II-3), was also verified. The refractive i 7
attenuation « for several types of foliage were also estimated.

In this report, the transponder returns appear to have a spectrum with the correct properties
as predicted by Eq. (II-13),

An extensive experimental program should be carried out to check the validity of the expres-
siong for the target gpectrum as presented in Sec. III-A. Different types of foliage should be
studied to determine how they affect the target spectrum. Assuming that, over the observation
time, the target's velocity is constant, it should be possible to characterize the foliage by a Q@
which can then be used in the design of the target filter bank.

Since the target return consists of a specular plus a random component, experiments should
be designed to measure the ratio of the specular to random power. If the specular power is
dominant, then the receiver should coherently integrate over the time-on-target. However, if
the random component is dominant, then the receiver should coherently integrate over its coher-
ence time and incoherently integrate over the time-on-target. This assumes that the target's
velocity is constant over the time-on-target, Variations of target velocity will spread the ap-
propriate spectrum further, and require wider bandwidth filters,

In erder to predict receiver performance, the statis
If there is a great deal of multipath present, one might speculate that the random component of
the target return is a Gaussian process. Experiments should be designed to estimate the statis-

tics of the target return for various types of foliage.
Finally, more experiments are needed to determine the behavior of the received target

power as a function of the type of foliage.
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49



X
&

RELATIVE POWER (dB)
™
(=]

—-4-14832

M

A\
/1

AN N\\A %MM o AN
”V\/‘uv\,’VJJ
.40
-50
-14.06 -8.43 -2.8¢ o] 2.8 8.43 14.06

FREQUENCY (Hz}

Fig. III-3. Spectrum of transponder in woods inbound, DFT length = 256,

sampling rate = 28.412 Hz, resolution = 0.165 Hz,

target pass

L
=

RELATIVE POWER (d8)
s 8

-40

es = 11, target velocity = 1.35ft/sec,

EETl

Al

A){’l"'i'ﬂ
.J\A |” -

"\. W

JJ YL I A
\ gl WL MY
il AT iy R
%0 e ~843 SEYT T 281 843 12.06

Fig. I11-4,

gampling rate = 28.12 Heg,

FREQUENCY (Hz)

Spectrum of transponde= in woods inbound.

target passes = 11, target velocity = 1.35 ft/sec.

50

DFTs averaged = 44,

DFT length = 1024,

resolution = 0.0412 Hz, DFTs averaged

= 11,



A T Ui

@
-
20
@
(1]
2
& -20 o
~ -~

w \/-—~v / -
= ~ \\../
=
< .30
w
o

-40

-50

-i4.08 ~5a3 “3.81 ) 2.81 B4 74.06

FREQUENCY (Hz)

Fig. III-5. Spectrum of transponder in woods outbound. DFT length = &4,
sampling rate = 28,12 Hz, resolution = 0.659 Hz, DFTs averaged = 176,
target passes = 14, target velocity = 1,35 ft /sec.

1 “i-12085]
o
3 ™
o
Z -0
@x
(W)
Y / \
E -20 +
Ed
[t , ! A/\
< —BC‘A A A Lol - it
5 TR Y 'J\j\,\f\ﬂ v T
-40
Bt 843 7.8 ] Z.80 8.93 14.06

FREQUENCY (H7}

Fig. II-4. Spectrum of transponder in woods outbound. DFT length = 256,
sampling rate = 28.12 Hz, resolution = 0.165 Hz, DFTs averaged = 44,
target passes = 11, target velocity = 1,35 ft/sec.

51



10
-4-14436

il

MMVWVMWM WW“ FWW.,MW M\

50
~14.06 -8.43 -2.81 0 2.81 B.43 14.06
FREQUENCY (Hz)

L
=]

RELATVE POWER (dB}
@ ®
=1 <

]
r3
o

Fig. IlI-7. Spectrum of transponder in woods outbound. DFT length = 1024,

sampling rate = 28.12 Hz, resolution = 0.04412 Hz, DFTs averaged = 14,
target passes = 11, target velocity = 1.35 ft/sec.

SA-1A837

-20

-30

RELATIVE POWER (dBI)

B | R R e B

“70b e A s e — B e

-80 : 1

~14 06 T843 28 o a0 843 13,06

FREGUENCY (H2)
Fig. IlI-8. Spectrum of transponder at rest in woods with wind,

DFT length = 256, sampling rate = 28.12 Hz, resolution = 0.165 Hz,
DFTs averaged = 54,

52



MILES PER HOUR

20

0

50

40

30

20

1.68 3.386 5.04 6.72 8.40
TIME {min.}

(b)

Fig, [1I-9, Transponder at rest in woods with wind. (a) Running standard
deviation of wind; (b) running average of wind.

53



® /\ -4-14839
. \
h=d
S o
f- 4
L
)
o 20
L
=
S .30 /| L~
o |
ul
14
~a0
-850 -2.81 Q 2.81 843 1406

~14.06 -8.43

FREQUENCY (Hz}

Fig, IlI-106. Spectrum of man in woods inbound.
rate = 28.12 Hz, resolution = 0.659 Hz, DFTs averaged = 132, target passes = 114,

target velocity = 1.5 m/sec.

DFT length = 64, sampling

10 -4-14640
gqo '[J \qrﬁ "A
[ ] ad |
m_wﬂw\rmw v”-fvw \”\MW\W

0
-9.37 -5.62

Fig. I1I-14, Spectrum of man

-1.87 0 187
FREQUENCY (H2)

in woods inbound.

562 9.37

DFT length = 256, sampling

rate = 18,75 Hz, resolution = 0.41 Hz, DFTs averaged = 10, target passes = 10,

target velocity = 1.5 m/sec.

54



L
3

RELATIVE POWER {dB)
o &
Q Q

5 ANW

J

=50

4

\F"Jl"'\u’\ PJ‘U M M
L

-9.37 ~5.62

Fig, [1I-12. Spectrum of man in woods inbound.

-1.87 0 1.87
FREQUENCY (Hz}

5.62 9.37

DFT length = 512,

sampling

rate = 18.75 Hz, resolution = 0.0549 Hz, DFTs averaged = 10, target passes = 10,

target velocity = 1.5 m/sec,

10 [-¢-14842]
s}
=
- -1
14
]
= / \
Q
o 20
w
b
"'I' b b ] L
4 -30
)
3
-40
=50
-14.06 -8.43 -2.81 Q 2.81 8.43 14,08

Fig III-13. Spectrum of man in woods outbound.

FREQUENCY (Hz)

DFT length = 64,

sampling

rate = 28.12 Hz, resolution = 0.659 Hz, DFTs averaged = 132, target passes = 11,

target velocity = 1.5 m/sec.

55



i |
!

g—ac mfﬁ \\/““/ \/\\A

"‘_WWW‘/ | I~

=-9,37 -5.62 -1.87 0 1.87 5.62 9.37
FREQUENCY (Hz)

Fig, III-14, Spectrum of man in woods outbound. DFT length = 256, sampling
rate = 18.75 Hz, resolution = 0.11 Hz, DFTs averaged = 10, target passes =10,

target velocity = 1.5m/sec.

© HL

RELATIVE POWER (dB)
5
=
%xt{:
T =_|

R — P

- 50
~9,37 -5.62 -1.87 0 1.87 5.62 9.37

FREQUENCY {Hz}

Fig. III-15. Spectrum of man in woods outbound. DFT length =512, sampling
rate = 18.75 Hz, resolution = 0,0549 Hz, DFTs averaged = 10, target passes = 10,

target velocity = 1.5 m/sec.

56



IV, CLUTTER STATISTICS J. H. Teele
R. D). Yates

A. Theory

In order to design optimum receivers and analyze their performance, the clutter statistics
must be known. In Sec.II-A, a clutter model was presented which could predict the clutter
spectrum. However, nothing was said about the clutter statistics. If the correlation distances
of the random permittivity €(r,t) in the transverse directions are denoted as r. and ry, then as
long as r.-r, << R - AR + A9, there will be many independent scattering centers in the range -
azimuth cell of area R - AR . A®. Assuming that €(r, t) is homogeneous and isotropic in :che
transverse directions so that there are no dominant scatterers, one would then postulate that
the clutter return is a Gaussian random process.

Consider the clutter return from a single range-azimuth cell as given by Eq. (II-1). It has
a power spectral density with an impulse at zero frequency. Hence, the quadrature components

contain a DC or specular component and may be expressed as

it} = G:/Z [T, +1,0)] (IV-1)
1/2
Q) = G, [Q,+Q,m] . (IvV-2)

The random variables Io and QO represent the DC clutter component and are zero mean and

uncorrelated with

I0 =A cose {IV-3)
Q, = A sine (IV-4)

where © is a random variable, independent of A, and uniformly distributed between 0 and 2.

The mean square value of the random variable A is the DC clutter power and is given as

2 2, 42
Pre = E{A%) = B{1] + @7}

P r R (=) . (IV-5)

The random processes Ii(t) and Qi(t) are zero mean, uncorrelated, wide-sense stationary

with correlation functions

RI {(T) =R

1

Q.M =3 P o [RT =R (=] . (1V-6)
1

The AC clutter power is then given as
- [ 2 -
Pac = E{I[0) + Q7)) = P - Ppo - | (IV-7)

The total clutter power Pc is given by Eg. (II-2), while the normalized clutter correlation func-
tion Rci‘r) is given by Eq. (II-15). In addition, the random variables IO and Qo are uncorrelated
with the random processes 11(t) and Qi(t)'

If the clutter can be modeled as a Gaussian random process, then IO and QO are independent
Gaussian random variables, A is a Rayleigh random variable, and Ii(t) and Qi(t) are independent

Gaussian random processes.
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It should be noted tnat IO and QO are spatial random variables so that the expectation in
Egq. (IV-3) is with respect to the ensemble of possible range cells. The random processes Ii(t)
and Q1(t) evolve in time so that the expectation in Eq. {IV-6) is a temporal cne.

Now there are two extensions of the above model which occur in practice. It wasg assumed

that the velocity field was a stationary process in time, A modulation index was defined in

Eq. {(II-44) as

47

wez) = 55 pv ). 22 {1V -8)

where B(vo) is a monotonically increasing function of the average wind velocity Yo above the
trees. Let Vo be slowly varying compared with the AC clutter signals and let it have a correla-
tion time T . Then, over a time span T, the clutter processes I(t) and @{t} can be modeled

as stationary and Gaussian, conditioned on v, being known. Over periods much longer than To’
the clutter probably is not Gaussian and certainly is not statistically stationary.

The second extension concerns the spatial statistics of the clutter, The forest was assumed
to be homogeneous and isotropic in the transverse directions. This implies that the clutter area
cross section a, is constant. Suppose that %, is a random process with respect to the trans-
verse directions x, y, and that over the range cell area R - AR - A8 it can be considered a
constant. Then, conditioned on o, being known, the clutter is a Gaussian process. However,
over the ensemble of possible range cells, the clutter is not a Gaussian process and its statistics
will depend on the statistics of T

An additional complication is that the two-way clutter propagation factor Fc may also be a
function of space due to different free-space forest interface losses, hills, etc.

The spatial statistics of the clutter are important because they indicate the dynamic range
needed in the receiver front end.

The type of processing of the time data in a given range-azimuth cell will depend on the
temporal clutter statistics. Consider the case of a small phase modulation index. Then, from

Eq. (11-22} the clutter power and clutter cerrelation functions may be written as

Poe = P, (1 - %) ' (IV-9)
- - I .
RIi(T) = RQi(T) =3 pAC pD('r) (IV-10)
P =P - 2 (Iv-11)
AC c ®

where pz is 2 mean square modulation index given by the expression

h
uz = (%E)Z 5 Wi(z) 24 az - Bz(vo) {(Iv-12)
o

and pD(r) is the normalized displacement correlation function given by Eq. {II-39).

It is seen that the total clutter power does not depend on the average wind velocity Vo How-
ever, in Sec.lI-B it was postulated that ,BZ(VO) was propertional to V;. Hence, the AC clutter
power is very sensitive to the wind velocity. If the Gaussian nature of the clutter is to be deduced
from studying the time signal from one range cell, it is important to properly normalize the

clutter so that it has a constant mean and variance.

58



Note that Fqgs.(IV-9), (IV-10), and (IV-11) imply that the clutter spectrum shape does not
depend on the average wind speed Vo only the powers do.

B. Experiments

The experiments performed to verify the clutter statistics were limited due to time, No
spatial statistics were studied. However, in Ref. 5 it was shown that, for flat, uniform-type
foliage, the R"T dependence of the clutter power is correct. The clutter return as a function
of range, under the absence of wind, was recorded. A least-squares fit of an R dependence
of IZ(R) + QZ(R) was found. Due to recording limitations, the clutter statistics were notsstudied.

Using the measurement mode of the LRDR, the quadrature components of the clutter from
one range cell were recorded for an hour. One quadrature channel was studied and the data
reduced to several segments of 8192 points. In each segment, the sampling rate was 11.25Hz
corresponding to a segment duration of 723 sec. A histogram of one of these segments of 8192
pointg is shown in Fig.IV-1, where it is seen that the probability density is not Gaussian. Similar
results were found for other segments.

The data were now filtered to remove the high-energy clutter about zero frequency and the
receiver neise. A histogram of the filtered data showed no improvement. For each segment,
the 8192 points were divided into B consecutive blocks, with 8192/B points per block. Given
a block, the sample mean M and sample variance s2 were computed and used to normalize the
data in the block as follows:
X - M

i s

{IV-13)

M

where x. are the original data points, and 3?.1 are the normalized data. Histograms were now
made for each segment. The case for B = 32 is shown in Fig. IV-2 for the same data used in
Fig.IV-{1. Each block consisted of 256 points corresponding to a time span of 23 gsee, By using
the Kalmogorov-Smirnov nonparametric tests,7 the probability that the 8192 points were independ-
ent Gaussian with variance 02 and mean m was 50 percent.

Other block lengths were tried since there is a tradeoff between the number of samples
needed to estimate the mean and variance, and the time over which the clutter statistics are
stationary. It was found that B = 32 gave the highest probability of heing Gaussian.

If the N = 8192/B clutter gamples in a block were independent identically distributed
Gaussian random variables, then ii as given by Eq. (IV-13) would actually be distributed as
N1 {/N. tN-i’ where tN—i has a student-t distribution with N — 1 degrees of freedom. How-
ever, for N > 40 there is negligible difference between the t-density and the Gaussian density
over the +3¢ points.

The fact that the histogram in Fig. IV-2 hag a greater variance than one obtained from a
set of 8192 identically distributed, independent, Gaussian random variables can be caused by
the following conditions. The firstcondition is that the data points are not independent, so that the
equivalent degrees of freedom are less than 8192, the second is due to the nonstationary clutter
statisties so that the data are not normalized properly.

Based on the above results, it appears that the first-order statistics of the clutter are

Gaussian over the correlation time of the average wind velocity above the trees.
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However, an extensive study should be made of the temporal statistics of the clutter from
several different range cells under different wind conditions. The average wind velocity above
the trees in the area studied should be recorded. This will help in correlating wind changes

with those in the clutter spectral shape and power, and in properly normalizing the data.

The gpatial statistics of the clutter from foliated areas should also be studied, Let

IIR,8,t)and Q(R, &, t) be the quadrature components of the clutter from a range-azimuth cell
at R, ©. The quantity

1 [T rfR, 0,0 + QAR 0, 1)) at

ZR,0) = —p G A R- AR- 46 Tv-14)

could be computed where T is long enough to smooth ocut the variations due to wind. The quan~
tities in the denominator are defined in Egs. {II-2} and (II-3).

If the forest were homogeneous and isotropic over the range-azimuth ceils measured, then
{Z(R o, )} would be exponentially distributed random varxables with a mean value of o F o 28
given by Eq. (II-7). Hence, a histogram of {Z(Rl, e} R, } should be made to see if 1t is

exponential.
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V. SUBCLUTTER VISIBILITY IN DIGITAL MTI RADARS L. Cartledge
R. D, Yates

The purpose of this section is to present an expression for the subclutter visibility in Digital
Moving Target Indicating Radars such as the LRDR,

Consider a range-gated, pulse-doppler, MT! radar whose general structure is described by
Figs. V-1 and V-2. The transmitted signal consists of an RF pulse which is sent at a fixed prf
{pulse repetition frequency). Generally, this pulse will be modulated so that pulse compression
can be used to increase the range resolution. For this discussion, it will be assumed that the
RF pulse consists of N coherent basic subpulges, A binary code is modulated onto the RF pulse
by letting the basic subpulses have an amplitude of £A. In this manner, the range cell is defined
by the basic subpulse provided that the code has a correlation function with low time sidelobes.

The analog section of the receiver is shown in Fig. V-1. The first bandpass filter is used
to limit the oui-of-band interference. It is followed by a low-noise, wideband, RF amplifier,

This amplifier then feeds a variable attenuator, which is followed by a second wideband low-noise
RF amplifier, a second bandpass filter, quadrature video detectors, and video amplifiers. In
practice, the combination of the second RF amplifier and bandpass filter is implemented with
several cascaded wideband RF amplifiers, the bandpass filter being placed in the center of the
chain. In a properly designed system, the video noise level is set by the second RF amplifier
for most of the attenuator's range.

e digital section of the receiver is shown in ¥ig.V-2. The in-phase and quadrature video
signais are sampled by two analog-to-digital (A/D) converters, followed by a digital transversal
filter which performs the pulse compression. The compressed samples are then fed to a digital
signal processor which produces a detection statistic for each range-doppler cell to be examined.
These statistics then are sent to a thresholding device for decision-making and a display unit.

The digital signal processor may be implemented in several ways. The most flexibie is to
use a general-purpose, high-speed digital computer which is programmed to compute the detec-
tion statistics given the input data. Signal processing algorithms then exist as software packages
which can be easily modified. The most inflexible method is to use a hardwired special-purpose
computer. Based on the experience gained with the I.LRDR, the first meihod should always be
used until all the details and operating characteristics of the signal processor are understood.

The fixed-point arithmetic and finite word length of the computing machine used can produce
quantization and dynamiec range problems which can affect the performance of the signal processor
in unpredictable ways. In the derivation of the expression for subcluiter visibility, it will be as-
sumed that these problems can be neglected.

The dynamic range of the entire system is then limited by the A/D converters and the process-
ing gain following them. The attenuation contro! must be adjusted as a function of range, for
ach a t the peak signal levels are just below the A/D's maximum input level. In
a system where the clutter return is much greater than the target and receiver noise signals, the
clutter peaks should not be allowed to saturate the A/Ds. If they do, the clutter spectrum will
broaden out, the time sidelobes of the compressed pulse will deteriorate, and a loss in detection

Since phase coding is used, the attenuator must be held constant over the basic gubpulse
duration. As gain changes are made across the received signal, corresponding gain corrections
must be introduced in the digital transversal filter so that the pulse compression is correctly

a AAdAR Ahaorosa wwhisal s

performed. The simplest lly is a 6-dB change, which corre-

sponds to a word shift. Based on the ground clutter seen with the LRDR, the front-end receiver
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gain should not be monotonically increasing with range. One should be able to accommaodate elut-
ter hot spots without a loss of subclutter visibility in range cells following the rangé cell having
large clutter.

_ The second probiem that arises with the use of an A/D is the nonlinearity caused by the quan-
tization. Signals whose peak-to-peak excursions are less than a quantizing level can be badly
distorted or even lost unless an effective dither device is used, Thig can be accomplished by
injecting receiver noise at the A/D input with an rms value of at least one-half a quantizing level
which is independent from sampie-to-sample. This is done by making the second bandpass-filter
bandwidth equal to the sampling rate of the A/D and by adjusting the gain of the second RF
amplifier.

The bandwidth of the second RF amplifier must be greater than or equal to the bandwidth of
the basic subpulse transmitied. 1If it is equal to it, then one has essentially a filter matched to
the basic subpulse, and the digital transversal filter consists of (N — 1) shift registers and adders.
However, the bandwidth of the second RF amplifier may be greater than that of the basic sub-
pulge, in which case the filter matched to it will be a hybridrfilter_ If the bandwidth of the filter
is twice that of the subpulse then the transversal filter will consist of 2N — 1 shift registers and
adders.

It will be shown that the subclutter visibility can be increased by opening up the bandwidth
of the gecond bandpass filter, adjusting the video noise level, and increasing the A/D sampling
rate. However, the receiver eventually will become susceptible to jamming and interference
if the bandwidth becomes too great.

In order to derive the optimum receiver structure, a complete statistical degcription of the
clutter, noise, and target signals is necessary. In most casesg of interest, the received clutter
power is much greater than the target power. Hence, unless their spectra are separated in fre-
quency, reliable detection is impossible due to the limited time-on-target,

It will be agsumed that the clutter signal from one range ceil can be modeled as a zero mean
Gaussian random process whose statistics change slowly compared with the processing time,

The process is completely characterized by its power spectral density which is known except for
a finite set of parameters, An example would be a spectra of known shape but unknown gain.

The receiver noise can be modeied 2s a zero mean, band-limited, white Gaussian random
process with at most an unknown spectral height. This spectral height will be a function of the
gain control which, in turn, will depend on the clutter power. However, for a well-designed
system, the noise spectrzl height will remain constant over most of the operating range of the
gain control.

The target returns may be either deterministic or random. For aircraft and ground targets
in open areas, where their velocity is constant over the cbservation time, the target signal can
be modeled a5 a known gignal with gseveral unknown parameters. Generally, these would be the
amplitude, phase, arrival time, and doppler of the received signal. If a rotating antenna is used,
the known form of the signal will depend on the two-way antenna pattern. If a phased array is
used in a stepped scan mode, the known signal form will depend on the dwell time and the com-
pressed pulse shape.

The return of a target in foliage will be random., The multipath within the forest causes
the field to vary spatially across the range cell which, in turn, modulates the target's return
asg it passes through the ceil. For a constant-velocity target, its spectrum may be expressed

as a known function with a finite set of unknown parameters. These parameters could be a gain,
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a bandwidth measure, and a frequency shift. It is not clear what the statisticg of the target signal
are, However, if a great deal of multipath were present, it would seem reasonable to model it
as a Gaussian random process with unknown parameters. This process must be time-gated by

a pulse which will depend on the compressed pulse and the target's velocity.

In the case of a deterministic signal, the receiver consists of a whitening filter followed by
a bank of filters matched to frequency-shifted versions of the target signal that appears at the
ouiput of the whitening filter. The matched filters are followed by square law envelope detectors.
For an arbitrary observation time, the whitening filter is usually time varying, However, if the
observation time is several times the clutter correlation time, the filter becomes time invariant.
The output of the whitening filter is white noise when its input is clutter plus receiver noise.

In the case of a random signal which can be modeled as a Gaussian process, the receiver
can be implemented in the following manner provided that the observation time is several times
the clutter and target correlation time. The receiver consists of a whitening filter followed by
a bank of target filters. The outputs of the target filters are square law envelope detected and
integrated for the corresponding time-on-target. In generél, the target filter will depend on the
clutter, receiver noise, and target spectra, However, the target filter has a simple form if
over the bandwidth of the target spectrum the target power is appreciably greater than the clutter-
plus-noise power. The target filter can then be approximated as having unity gain over this band-
width, and zero gain elsewhere,

Unless the time-bandwidth product of the target signal is large, in order to obtain reliable
detection, the target power must be larger than the clutter-plus-receiver-noise power over the
target's bandwidth.

Given a probability of false alarm, the detection probability is directly a function of the re-
ceiver’s output signal-to-clutter~plus-noise ratic when the signal is deterministic, Unfortunately,
for the random signal case, the ouiput signal—to-noise (S/N) ratio cannot be related directly to
the detection performance. However, by adding an incoherent integration logsg factor, the signal-
to-clutter-plus-noige ratio may be used as a criterion for the detection performance. This loss
factor will be a function of the target signal’s time-bandwidth product, the probability of false
alarm, and the probability of detection.

In most cases of interest, the target signal will be competing only with receiver noise once
proper filtering has taken place. The clutter return has set the receiver gain level so that the
A/Ds are not overloaded. The receiver noise level is set by the linearity requirement of the
A/D. Under these assumptions and by using the optimum receiver, the output S/N ratio can be

expressed as

S, _ .S, G
No= & T

in which
(g)i = received peak signal power/received clutter

power from compressed range cell
G = processing gain
i, = losses

The processing gain is expressed as follows:
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CN. T . opet. 220671,
G=N-T_ - prf-2 Bad/Bp
in which
N = length of phase code
Tot = time on target

prf = pulse repetition frequency

b

il

number of bits in A/D

B 4= A/D sampling rate

Bp = bandwidih of compressed pulse,

The loss factor ig expressed as

L=Lc- Lg- L’ad' Li

The factor Lc repregents the logs due to range extended clutter when pulse compression is
used, The A/D must accommodate the uncompressed clutter return without limiting. I follows
that

I. = 1 for point clutter

= N for range extended clutier with a uniform cross section
over the code duration.
For the most part, the loss LC will be hetween 1 and N,

The factor L represents the loss due to an increase in the noise level at the A/D as the
recetver gain is increased and the front-end neoise predominates. For a well-designed system,
this will only occur at the maximum range.

The factor Lad represents the loss due to the A/D limiting and linearity margins and is given

as
_ 2
Log= (6 /v}

in which
3 = A/D limiting margin, The rms clutter voltage is set to E/8, where
E is the magnitude of the A/D's maximum input.

v = A/D linearity margin. The rms noise voltage is set to Q/v, where Q
is the A/D's quantizing increment,

The factor Li represents the incoherent integration loss for random target! signals, If the

target gignal is detierministic, then Li = 1; otherwise,

_ @
Ll N {Tot BS)
Tot = time on target
B, = target signal bandwidth = 1/T0t.
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The factor « is such that 0 g @ £ 1/2 and is a function of the coherent S/N ratio, probabilities
of false alarm and detection, and the time-bandwidth product Tot . Bs'

In a forest where the field can be considered a spatially homogeneous random process with
a correlation distance of ro it follows that the incoherent integration loss can be expressed as

o
L. = (ﬁ)
i r.
c
in which
r.= correlation distance of the field across the range cell
AR = effective range-cell length = (C/2) T o110 Where T 1

is the effective compressed pulse duration.

In this case, the target spectrum possesses a constant Q and as the target's velocity increases,
its bandwidth increases while the Tot decreases. It has been assumed that the range cell defines
the Tot and that the target has a constant velocity.

Given a desired output 3/N ratio (S/N)Od, the subclutter visibility (S/C)V of a radar with a
processing gain G and a loss 1. can be defined as

S, (8, . L
(e = Rlhoa” G
Then, so long as (S/C)i > (S/C)V, the radar will perform adequately,
Given that the clutter area cross section is uniform across the range-azimuth cell, the input
signal-to-clutter-power ratic can be expressed as
o - ¥y

i UO'FC'R'AG'AR

Ak

in which

o = clutter-area cross section
F = two-way clutter propagation factor
o, = target cross section
F_ = two-way target propagation factor
R = range to range-azimuth cell
AD = two-way antenna beamwidth
AR = effective range-cell length = (C/2) Teoll

T = effective compressed pulse duration,

cell

If all the parameters above are known, it then can be determined whether reliable detections are
possible.

In many cases, one would like to compare different radars to determine which performs best.
Thus, the comparison should be made on an output S/N ratio basis. Assume that range extended
clutter predominates so that Lc = N, that the A/D noise level is such that Lg = 1, and that the
A/D limiting and linearity margins are set so that Lad = 1. Then the output 3/N power ratio can
be expressed as

(%)0 - ‘Tt: Et . Tog° prf C B
%a c Bp- (T, Byl - R+ A6 - AR

2JZ(b-‘I)
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Let us now consider two cases.

Case 1:

Let the dwell time on a range-azimuth cell be long so that the Tot depends on the range-cell
length and target velocity, Then, Tot = AR/V where V is the magnitude of the target's radial
velocity. For the case of a coherent target signal, it follows that

g, - F prf - T
t Tt cell | . ,2(b-1)

‘N’o“c-Fc'R-Ae-v ad :

It should be remembered that B 4% 1/T cell’

In comparing different radar systems, it follows that (o't .
dependent parameter while the remaining terms are system dependent.

Provided that the target's velocity is constant over the range cell and that the A/D sampling
rate remains constant, the output S/N ratio is proportional to the range-cell length. There are

gystem constraints such as noise level and gain adjustments, the RF bandwidth of the receiver,

Ft)/(ao . FC) is a medium-

and the complexity of the digital transversal filter that will limit the usefulness of choosging
Bad > 1/Tce11‘

If the A/D bandwidth is matched to the compressed pulse bandwidth so that Tcell . Bad =
it then follows that the output S/N power ratio does not depend on the range-cell duration Tcell'

There is a tradeoff between the A/D sampling rate and the number of bits, provided that the
In this case, a useful figure-of-merit

1,

range-cell duration can be chosen so that Tcell > 1/Bad.
of the A/D can be defined as

- 2(b-1)
M = 10log,  [B,, - 2 ]
In this marnner, different A/Ds may be compared when designing a digital MTI radar.
In the cage of a target in foliage where the target return is random, the coherent S/N power
ratio must be multiplied by the factor (AR/rc)_a = (CTceli/Zrc)_a’ Hence, the output S/N ratio

will be proportional to Tcie-l(f‘ Since 0g « g 1/2, the system will perform better as Tcell is

increased, provided that B_ 4 2 1/Tce11'

Case 2:
Let the dwell time on the range-azimuth cell be controlled by the antenna scan time and not

the target velocity. Then, the output S/N ratio for a coherent target has the following form:

(§) ) O't'Ft - lerf‘Tot_B
No‘go-Fc R- a9 - C ad

. 22(b~1)

Again it is seen that this expression can be separated into medium and system parameters.

For a fixed A/D sampling rate and provided that Tce11 P 1/Bad, it is seen that the output
5/N power ratio does not depend on the range-cell duration. This property is attained at the
expense of the increased digital hardware in the transversal filter. If'the A/D sampling rate is
matched to the compressed pulse bandwidth, then the output 5/N ratio is inversely proportional

to the range-cell duration T .
cell

Ag in Case 1, there is a tradeoff between the A/D sampling rate and number of bits. The

criterion factor M ean be used to compare different A /Ds.
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