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Abstract

We consider the problem of detection of a conducting target on a raralah
surface and introduce a new method — based on exploiting angular temrela
function (ACF) of the backscattered signal to improve detectioropeaince. We
show that ACF exhibits better signal to clutter ratio than dhdiackscatter RCS.
We analyze the probability distribution function of the expectadmet signal and
the correlation function to generate the respective ROC curmds campare
performance.

1 Introduction

Detection of target in cluttered environment based on electroshiagvave scattering has been
considered for many years [1-3]. In this work, we consider deteofia target situated on top of a
random rough surface, whereby the scatter component from tfecesus considered to be
background clutter. Detector design is traditionally based oditfeeence in the characteristics of
the returned signal from background clutter alone vis-a-vis teclygter, and usually only exploits
the differences in the observed wartensity (or equivalently, radar cross section or RCS) [4],[5].
Our primary contribution is to introduce the use of the angular ebtwel function (ACF) for
enhanced detection which correlates the scattered signal atffer@mti angles. In our previous
work, we exploited this strong correlation from rough surface esgadt for sea-ice [6] and snow
thickness determination [7]. However, in the problem of targetti@teon random rough surface,
the effect from rough surface scattering is to be minimizdee $cattered signal from the
background as a function of elevation angle exhibits strong peaksrt@in combination of
frequencies and incident and observed angles. Hence, by careftd didransmit frequencies
and incident and observed angles, we should be able to reduce the effeough surface
scattering.

2 Analytical modelsfor surface correlation functions

Consider the geometry in Fig. 1 (a) consisting of a conductiggttaf interest against a random
rough surface background. A bi-static radar system emits prgima sit an incident anglé® , the
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scattered signal is observed at two anglgs and 6!
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Obvious generalizations include multiple



simultaneous transmitters at respective incident angi@s ¢/, and so on. Fig. 1(b) shows the
geometry where there is no target.
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Fig. 1. Geometry of the target detection problem.

First, we limit ourselves to one transmitter and analyze leacteristics of the angular correlation
function defined as the statistical expectation of the observegrechsignal at the two elevation

angles<z/1fj,}s,z,llof}S > For analytical tractability, we invoke the following assumptions:

(1) Random rough surface has a Gaussian characteristics.
(2) Only first-order perturbation is considered.

In our geometry, the medium 1 is free spage=(¢,; &, = 4,) while medium 2 is a lossy dielectric.
We define intrinsic propagation constant of the medlum 2 by

27t
a + Jﬂz = J— r2 (1)

where ¢, is the complex relative dielectric constant of mediumd. represents a loss constant
while B, represents a phase constant. The wave number is givdg $f /c, f is the
frequency of the wave; is the speed of light. We can see tjfat k, .The far-field scattered wave
is given by [8]
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K = B sin(6h,) , KiL = B, sin(é5%)
I is the reflection coefficient, and@ is the transmission coefficient. The relationshgiween
gl and & can be found using the Snell’s law.



The functionH is given by
H (KL, K) = [ h(x) exp( - KEL K )dx (3)
where h(x) is the height (relative to a baseline) of the randirface.

The angular correlation function of the observechplex amplitude is given by
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where
(H(KE KOH" (KELK2)) = [[(h(o)h(x)) exp{ - (KL - K2) x ) exd+j (K2 - K, ) %) dx,
For a random rough surface with Gaussian corogldtinction,

(hOR)h(x)) =(h*) exp —ﬁj =0, ex —ﬁj (5)
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If we have a taper function in the Gaussian fc»m])(—x2 /qu) we have
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A=Ky -KE, B=KZ-K®, A =(A+B)/2, A=A-B,x =(x+X) /2,% =x~-x, and |
= correlation length; g, = rms height. This formulation shows that the elation
(L (KEL KEDWEIP(KELKR)) is strong when a phase matching condition is iiaet, A, =0,
which meansKf! -K® =Kl —K® = This is called ‘memory line’ effect [9] and itilwbe

illustrated in the later section.

We employ the RCS definition [10]

2
RCS= fim m% @)

Note from (2),¢,. in the far-field is a function of/\/ﬁ and the RCS thus does not dependran

For our two-dimensional geometry, RCS is the sgatjewidth or the radar cross section per unit
length (and has units of length) [10]. For & &mmparison, we employ the ACF definition

(B (KL, K (<L, K D)
|2 (8)

ACF=lim 271R
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which also has units of length.




3 ACF/FCF characteristics

We compare the behaviors of the angular correldiimetion and the radar cross section. The
numerical simulations are performed using two-disi@mal finite-difference time-domain (FDTD)
method. The geometry of the simulations is illatgd in Fig. 2. Wave scattering is simulated and
the observed wave is calculated in the situatioerevtthe perfect electric conductor (PEC) target is
present and when there is no target. The roughcimterface has a Gaussian correlation function
with the rms height of 2.4 cm and correlation léngt 12 cm. PEC target has the size of 10 cm,
center frequency of incident wave is 1.5 GHz, gobdielectric constant i8.7+i0.1. The incident
wave is a tapered plane wave with an incident anfjl0 degree. The grid resolution in the
simulation is 50 points per wavelength. PML is dude absorb out-going wave and prevent
erroneous scattering.
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Fig. 2. Geometry of FDTD simulations.

First, we show the memory line characteristics fitin analytical derivation. It is confirmed by
the FDTD numerical simulation and illustrated ingF8. The memory line exhibits strong
correlation of scattered wave from rough surfaceartain direction In this case, since we only

have one source with a single frequency, the merioeyoccurs adl. =42 . The significance of

obs obs *
this memory line is that it is the contributionimaough surface scattering which can be considered
unwanted signal in this target detection applicatidherefore, in the target detection, observation
on this memory line should be avoided.
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Fig. 3. Memory line for rough surface scatterimpwing strong correlation aff. = g2l .

Tos — O - Left: analytical solution.
Right: FDTD numerical simulation.

Next, we investigate the behavior of the RCS and-A@hen target in present compared to the
case when it is not present. Plot of ACF and RE€& &unction of observation angle is shown in



Fig. 4. However, the evidence of improvement ush@f is better illustrated in Fig. 5 where we
compare the signal plus clutter to clutter rat®ignal plus clutter is the case where the ACF and
RCS are calculated when the circular target isgmte@Fig. 1a) and clutter is the case where the
ACF and RCS are calculated when only the randorghr@uirface is present (Fig. 1b). An obvious
observation is that the ratio is very small in gpecular direction where the strong correlation
(memory line) is located. The width of this memdige is inversely proportional to the
illumination areal,, in Eqg. (6). This illumination area depends on giee of the transmitting

antennas and the distance from the transmittingnaat to the ground. Another important
observation is that the signal plus clutter toteiutatio ((S+C)/C) is constantly higher for ACF
than RCS, especially when one of the observed asdired at the backscattering direction (ACF
configuration 1). ACF configuration 1 also showmast consistently bette('(S+C)/C) than

ACF configuration 2. This may be explained by tloatribution from random rough surface in the
specular direction in ACF configuration 2.
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Fig. 4. RCS and ACF configurations and their béavas functions of observed angles. The incidegle is fixed at

20 degree.

We further study the case where there is more tmnincident wave to see whether we can
exploit other correlations or improve detectionttud target. The first incident wave has 20 degree
incident angle and the second incident wave hade®@ee incident angle. When incident wave
comes from two different angles, there exist tiiséinct strong correlation lines (memory lines) as



shown in Fig. 6. We also calculate the signal mluster to clutter ratio in this case. It doeg no
show any significant advantage in improving thaalglus clutter to clutter ratio (Fig. 7).
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4 Probabilistic models of the radar cross section and the angular correlation function

In this section, we investigate the probabilistiodels for RCS and ACF of the scattered wave from
the random rough surface. The results in thisi@echow the relationship between the rough
surface parameters, incident and observed anglie tprobabilistic models for RCS and ACF for
rough surface scattering. The p.d.f for the rougiiage scatter leads to the direct determination of
probability of false alarm. Previous investigagomto models for intensity or RCS of rough
surface backscatter has suggested Weibull-Riciafrildition [1],[11], where the parameters of
Wiebull-Rician distribution are estimated by fitjimo available measurements. On the other hand,
analytical solution offers valuable insight int@trelationship of physical and system parameters to
those in the resulting p.d.f. However, closed faxpressions for the latter exist only for specific
cases such as random rough surface with Gaussudifepr[(12]. The p.d.f. of the ACF of the
scattered wave from Gaussian random rough surfasenbt been derived analytically, to the
authors’ knowledge, and is done next.

The p.d.f. for the RCS of the Gaussian random sarn@as derived by [12] and is in the form of an
exponential distribution

1 u
p(u) :—zexp(——zl cuxC (9)
205 |Ky| 205 |K,|
where the parameter relates to the RCS by
u=RCS A (10)
&l

inc obs 1 ) N [ ’URb -
Cose(gbs + V n2 - Slﬁ eobs 2
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éaa is the power spectrum of the surface. If the eaelation function of the surface is Gaussian,

we get
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wherel =correlation lengthg =rms height;L, = illumination length.

Now, we focus on the p.d.f of the ACF of the saatiewave from a rough surface. From the far-
field scattered expression in Eq.(2) and the diédimiof ACF in Eq.(8). We will derive the p.d.f of
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Therefore, using the definition of ACF, we get
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Note that functiom (K5, K®) is a random function that is the Fourier transfafithe random

height h(x) .The functionsF, = y;(Kgy, Ki)H (Kg, Ki) and F, =y, (Ko, KRH (K KiY) are,

in general. If the rough surface height has a G€aanscharacteristics, the real and imaginary parts
of these functions are also Gaussian distributecesgt, and ), are both complex constants [12]. By
transformation to polar coordinates, the real andginary parts are converted to magnitude and

phase. With the large illumination arela( - %), we can assume that the magnitude and phase of

functions F’'s are independent [12]. Thus, we fine p.d.f of the magnitude of the functidf in
the form of Rayleigh distribution as [12]

2
f (m):Lexp{—L} (13)
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Whereaélzéléaa(fl) % Sal )} &= k1(3|naﬁc)—sm6?[”) and S, is given in Eq.(10).
l

In other words, the p.d.f of the magnitude of thedom scattered field from random rough surface
of Gaussian type is in the form of Rayleigh disitibn in Eq.(13). The same derivation can be
performed for the magnitude of the scattering fiomcF,. The distribution of the magnitude of the

function F, is in the same form as Eq. (13) but the functiarf andy, becomeo?, andy, where

) due to the different angles.
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The p.d.f of ACF is therefore the p.d.f of multgation of two Rayleigh-distributed random
variables with two different parameters and a purell number scaling. With large illumination
area (L, — ©), we can assume th& and F, are independent, the distribution of the proddct o

two independent Rayleigh random variables. We obttaé p.d.f of V =|F||F,| as the the double-
Rayleigh distribution [13],[14], i.e.,

\Y V
fv(v)= Ko (14)
) ol ablv’ (Umlyllamlyzlj

where K, is the modified Bessel function of the second kand zeroth order. From Eq. (12), the

paramete relates to the ACF by
_ ACF
V= k, cosdll cogl? (15)
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Notice that the ACF of the scattered wave from candough surface is related to physical
parameters including the dielectric constants, rhwgghness parameters of the surface, and the
incident and observed angles. We plot the expedsi EQ.(9) and Eq.(14) and compare with the
numerical simulations using FDTD method in Fig. & this particular instance, the RCS is
calculated for the geometry shown in the top of. Bigvhere the incident and observation angles
equal -20 degree. The ACF is calculated in the edsere the incident wave is -20 degree and the
observed waves are at -20 degree (backscatterimj)ab-10 degree. This corresponds to the




geometry shown in the middle of Fig. 4 (ACF configion 1) whered??! =-10. The results show

that the probabilistic model for RCS (Eq. (10)) dhdt for the ACF (Eq. (16)) based on Gaussian
random rough surface assumptions, matches full W&vED numerical simulations. Note that this
analytical solution result is derived from the fiosder rough surface scattering, which does not
include the reflected wave in the specular directiolherefore, the solution is not valid in the
specular direction.

Probability density for abs(RCS) Prabability density for abs(ACF)
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Fig. 8. The p.d.f of magnitude of RCS and ACF corigma between analytical model and FDTD simulatiqa¥ Pdf
of RCS comparison between Eq. (9) and FDTD. (b)YBfdACF comparison between Eq. (14) and FDTD.

5 Target detection performance

A. Detection performance comparison between RCS and ACF method

We apply FDTD method to obtain the probability disition in the case where there is a target
including the RCS and ACF methods. The resultsllisrated in Fig. 9. Then, we can calculate
the probability of detection versus probabilityfafse alarm of the RCS and ACF method and the
result is shown in Fig. 10. This shows that ACRhod consistently provides a better probability
of detection than RCS method at the same probgabilitalse alarm.

B. Change in the observation angles

Fig. 5 gives the information on which observed angfiould be used to form the ACF that will
enhance the probability of detection and reduce pgtabability of false alarm. In the ACF

configuration 1 shown in Fig. 4 where the obserwede 1 is the backscattered waggl = -20,

we can explore the change in observed angle foobserved wave 2. The followings are the
observation from the results shown in Fig. 5 thatoan use to pick appropriate observed angles
(1) The signal plus clutter to clutter ratio plotted fing. 5 indicates that the ratio for ACF is

generally higher than that of RCS. The rati#gt = -20 coincide with the ratio of RCS.

(2) The ratio near the specular directiéff. =20 is low because the strong contribution of the

memory line. Therefore the observation at or ado@® degree should not be used for
correlation calculation.

(3) On the other hand, the wave in the specular doedives the strong target signal. As a result,
when the effect from memory line lessens, the sighas clutter over clutter ratio can be
significant as shown at the observed angle 2 ofiaB6 degree. The extent of the memory line
depends on the illumination distance which direothates to the size of the antenna used.



We compare the ROC curve for ACF method when tre=iofed angle 2 changes in Fig. 11. This
explains the performance of the choices we can nma&eoosing the observation angles.
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C. Changein theincident angle

We now investigate the change in the incident amgl¢he target detection performance. We
perform FDTD numerical simulation when the inciderve is 30 degree. Then, we calculate the
signal plus clutter to clutter ratio in the samshian as we do for the result shown in Fig. 5is It
shown in Fig. 12. We observe similar behaviorsxgsained in the previous section which leads to
the same determination for the observation angleshie best target detection performance. The
result of target detection in terms of the prolkgbibf detection and probability of false alarm is
illustrated in Fig. 13. Comparing to the case wehigre incident angle is 20 degree, the detection
performance when the incident angle is 30 degresrideates.

Signal+Clutter over Clutter ratio
40 T
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Fig. 12. Signal plus Clutter over Clutter ratio qmarison between RCS and two ACF configurations wherincident
angle is 30 degree.
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Fig. 13. ROC curve when the incident angle is 3@rele and the observation angle 2 varies showingpeefrmance
at the observed angle 2 of 38 degree.

6 Conclusions

We consider detection of a conducting circular ¢éargn random rough surface. We introduce
angular correlation function (ACF) method to impeadetection of the target. We show that ACF
is superior to the conventional method using ramass section (RCS) in improving signal plus
clutter to clutter ratio. We also analyze the iaibty density of the ACF and RCS and produce a
ROC curve showing the ACF exhibits better perforogamn the probability of detection vs.



probability of false alarm. We also show the dffet the observation angles to the detection
performance and the strategy for choosing apprgpabservation angles for the best detection.
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