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Abstract

An airborne broadband jammer present in the mainbeam of a Synthetic Aperture Radar (SAR) can potentially
destroy a large region of the SAR image. In addition to this, multipath reflections from the ground, known as hot-
clutter or terrain scattered interference will add a non-stationary interference component to the image. The goal of
interference suppression for SAR is to successfully suppress these interferences while not significantly effecting
the image quality by blurring, reducing the resolution or raising the sidelobe level. This paper provides an analysis
of the degradation from hot-clutter, the limited restoration that slow-time Space Time Adaptive Processing (STAP)
can provide and how fast-time STAP can improve the final image.

1 Introduction 2 Signal and Hot-clutter Model

Coherent SAR imaging can be very sensitive to addlonsider a SAR travelling along the y-axis, imaging a
tive noise and an airborne broadband jammer has fetch in the slant-plane € [X. — Xy, X, + Xo], y €
potential to cause it to be effectively useless. The ip-Yy, Y;]. After range processing, the received signal at
terference from an airborne jammer can be modelled the n!" antenna from thé'" patch(zy, yi) with Radar

a direct-path signal and multipath reflections from th@ross Section (RCS); is given by,

ground. The direct-path of the jammer signal is defined , ,
by a narrow azimuth region and requires spatial degredg* ") = 7% exp| ~jewers i (u) [ sinc| Br(t — 7. (w)] (1)

of freedom for effective cancellation. It has been showvhere the carrier frequency is. (rad/s) with band-
that by combining the multichannel data from multiwidth B (Hz) and the variable§, v) represent fast-time
ple pulses (slow-time) and performing slow-time STARyithin a pulse and the SAR platform position respec-
much greater suppression is possiflp [On the other tively. The delay to thex'" channel is given by,

hand, due to the diffuse reflection from the ground, the 1
hot-clutter component is spread in azimuth and its prop- ™+ = ¢ [ @k vk =) + R @k, ye = u = dn)] (2)
erties can change rapidly with time, even over sevefghere R(.,-) is the distance to the patch and the an-
pulses. While this technique works well for suppresgenna offsetd,, = (n — 1)§ for antenna spacing
ing signals which are narrow in azimuth, as the hofith n < [—(N —1)/2,(N —1)/2] for N (odd) an-
clutter becomes more dominant, interference contribiénna elements. In the fast-time frequency domaia

tions spread over azimuth and the recovered imagelis — Br,w, + B, this expression becomes

blurry and poor quality. o 1 (0,0) = o3 XD [_jm k(u)] . 3)

Thus, to remove the effect of non-stationarity betwe . . .
pulses, cancellation must occur before azimuth proce‘?Pst—he SAR s being jammed by an airborne platform,

ing and therefore requires adaption using fast-time sagfre will be two extra signal components required in the

ples from within each pulse. An effective method for r ata model, the direct-path and the ground reflected path

moving stationary and non-stationary interferences %Ibrc_’lf;glg;ggi_cgﬂlsé?;g:fef?!O\il\\g]r?m?; OTﬁgé’i';;%:re
a general airborne radar is to combine the spatial aji P 9 0

id ; i
fast-time samples into a space/fast-time adaptive procé%rgt%he ;;rrr: rtr:)etrhglgt;olém szg:?n bpatChL?%/f\J; gc?gri
sor [2]. A third comparison is performed with results P P R -

from optimal fast-time STAP. While the results shod! €ach direction are indicated 8,0, R; . andR, .

improvement over slow-time STAP, there are now twphe bistatic jammer model is adapted fra8) &nd as-
new side-effects similar to those described3j [The sumes there ar& hot-clutter patches within a given
first is a ‘training modulation’ due to different trainingarea. If an absolute time variable = u/v, + t is de-
sets used in estimation of the jammer covariance Mfired as the sum of slow-time and fast-time, then the

trix and the second is a ‘coherence modulation’ whicutput of then'” receiver,z, (-), is the superposition of
results from the incoherency of the hot-clutter. The cothe delayed reflectors for each patch,

sequence of these side-effects are to increase the side- X
lobe level of the target signal and cause it to blur across 2o (t,u) = Z brj(t = Tr i (t,w)) (4)
doppler bins. ’

k=0



Jammer Platform Table 1:Simulation Parameters
SAR Platform

Direct-path Parameters Value

(Knynva) Carrier Frequency / Bandwidth 10/0.3 GHz
Number of Elements / Spacing 5/ % m

PRI/ Platform Velocity 1ms/50ms!
Imaging Hoteluttor An Range / Azimuth Resolution 1/0.2m
Area N orelierare Range Center / No. Fast-time Avgs40 m / 5

s XeXo No. Hot-clut. Scats. 100
/ > W / / y SZR I?nacg?ng Aizas - Arrow
/ ‘WL/ / /X ~ Direct Path Power 75dB
/ < 0
7

Number of Pulses / Range Bins | 136/134

7
-Yo Y Yo SAR Imaging Area - Pt. Target
Direct Path Power 20dB
Figure 1:Jammer Geometry Number of Pulses / Range Bins | 128/ 106
wherej(-) is the jamming signalf, x(-) is the bistatic - *

delay andb;, is the relative magnitude between the di- J 'ii.
rect and reflected paths with the direct-path power set I
unity (bp = 1) and fork > 0, _-I-l.
-
]

1/2
by, = (GT”“ U’“A’“> Rao k>0 (5)

Gro 4w Ry xRk’

il | |
whereA,, is the effective areas;, the bistatic RCS, and iﬂ L
G, andG, j, are the transmit and receive gains for each
direction. Equatioig4) can be simplified using the stan- Figure 2:lmage Comparison
dard narrow-band assumption which implies that the

jammer signal can be written as a separable functi%‘_l, Slow-time STAP for Stationary

K Jammer Suppressmn
zn(tw) = Y bej(®) expl—jwean(tw)l. ()
k=0 The principle cause of non-stationarity is due to the rela-
The hot-clutter distribution is modelled with a speculdive motion between the two platforms and the changing
component at the center of the ground patch@id-1) super-position of the direct-path and terrain scattered
diffuse components surrounding it. The RCS is modemponents of the interference. The degree of non-
elled with a two-dimension gaussian distribution witktationarity will depend on the relative power between
independent: andy variables. For each pulse, the locahese components as well as the geometrical and phys-
tion of both platforms change and the hot-clutter patital features of the ground which varies in each pulse.
varies position on the ground. This implies that eadhthe relative power of the direct-path signal is much
hot-clutter scatterer will have a different position fogreater then the terrain scattered component, the total
each pulse. interference can be classed as ‘approximately station-
ary’ and less intensive filtering using slow-time STAP
algorithms may be sufficient to remove the predominant

3 Effect of Hot-clutter on SAR interference.
To focus an image in azimuth, a slow-time steering vec-

If these models are combined in a simple simulatiohor Is required to determine the response for each fo-

the effect of hot-clutter on a SAR image can be se cussing position. This is typically done in the fast-time

The parameters chosen are summarised in Thate a PTrr]equency domairiw, u) using equatiof(3) with unity

comparison between a synthetic SAR arrow image aﬁ S,

the same image with hot-clutter added are shown in Fi

urel2. For azimuth focussing, a multichannel Spatia

Matched Filter/Interpolation algorithm is used].[ () = L [R(Xe,w) + R (Xoyu — dn)]. (8)
(&

sn(w,u) = exp [—jwTn (u)] ©)
nd the central rang&,. chosen as a range reference,

The hot-clutter has severely degraded the SAR imagelim maintain the phase center at the center of the syn-
Figurel2. To quantify this, a number of image metricshetic array, the SAR sample positions are referenced by
are presented in sectiand applied to the SAR imagesn € [—(M — 1)/2, (M — 1)/2]. Slow-time filtering is
with varying hot-clutter power levels. then accomplished by a convolution over all pulses. If



the slow-time steering vector and the data vector are firsk(t — t;,u) = [51(t — t;,u), ..., 55t — t;,u)]T € VXL,
spatially stacked and then stacked over pulse delays, S(t,u) = [8(t — t1,u),...,8(t—tr,u)]T € CLNX1

S(O-H u — Um) = [51("-’, u — uTIL)7 ce 73N(W7u - um)]T CNX17

then the following equations can be written,

S(w,u) = [s(w,u—u1),...,s(w,u—up)]T e cMVxL .
then the following equations can be written, z(t,u) = ZﬁH(t =t w)x(t, u)
M =1
y(w,u) = Z st (w, v — Um)x(w, um) = gH(t’ u)X(u). (15)
B :;1 % ) Optimal fast-time STAP involves replacing the fast-time
= ST WX (w) steering vector with the optimal weight for each pulse,
where X (w) represents the stacked multichannel SAR #(t,u) = WH (£, u) X (u) (16)
data in the(w, u) domain. Optimal slow-time STAP in-
volves replacing the slow-time steering vector with th‘gh re W 515 LNx1
W(t,u) = Ry 'S(t, u) € CENX a7
optimal weight for each frequency, and the interference covariance is now determined by
Glw,u) = WH (0w, u)X(w) (10) running SMI average over the previoli$’ pulses. For
example, on then'” pulse,(2,, € [m — M’ +1 : m].
where ~ , . . . ' . :
W(w,u) =Ry 'S(w,u) € cMN*1 (11) The covariance is again whitened with 0dB of noise to

and the interference space-time covariance is det@y0id a non-singular inverse.
mined by a Sample Matrix Inverse (SMI) estimated over, _ 1
L frequency bins with 0dB of additive noige? = 1) T

to regularise the covariance estimate, ) o ) _
Figure3 represents an overview of fast-time STAP.

Z(um)ZH (um) + 021 n € CENXEN (18)

L
> T 1 H 2 MNXMN
Ry = I E Z(w)Z" (W) +osInn €C (12)

— Suory (1514

Itis assumed that techniques as describe8jiahd 1], Stack vectors

can be useq togeta in.terference plue noise'only estime «x,(ru) |5, (t-1.1) ﬁgmf(;,u),e .

of the covariance matrix and henZ¢ ) is obtained from x () > X() Hermitian
signal free data. The final step to form a SAR image i: = Tnner Product
to perform range migration compensation by using Sto ]

. . . . flx,y) Single Chanmel

interpolation as described id][ “—|  Tiaging Algorithm

5 Fast-time STAP for Hot-clutter Figure 3:Fast-time STAP Block Diagram

suppression in SAR
Filtering SAR data in fast-time is slightly different as it6 Image Comparlsons
is not focussing in azimuth, but rather beamforming t
spatial channels for each pulse. The form of the f
time steering vector is therefore similar to equaifth
with unity RCS and a spatial delay only,

gfo obtain a quantitative measure of image degrada-
tion, the Signal to Interference plus Noise Ratio (SINR)
and Mean Square Error (MSE) can be calculated. Let
Y (zp,yq) denote either the conventional, slow-time

8n(t,u) = exp [—jweTn (u)] sine [Br(t — 7n(u))]  (13) STAP or fast-time STAP images described above in the
where presence of signal, jammer and noise for image pixels

.P,g=1...Q. CorrespondingD(z,, y,) de-
notes the image in the presence of just the signal. The
Note that the spatial delays are relative to the first ahINR is then defined as
tenna since the fast-time samples are not centered in S ID(wp,yq)|?
' = i SINR = P4

phase as the slow-time samples were. Alggu) is S Y (29, ya) — D(@pryq) 2
practically independent af and hence fast-time STAP P
is essentially forming a broadside beam at each pu@ed the MSE by,

. : : 1
while nulling the interference. MSE = 75 Z Y (2, ¥a) — D(p, yg) |- (20)

Similarly to slow-time focussing, fast-time filtering is

accomplished by a convolution over all range bins. To provide a greater degree of accuracy, each of these
the fast-time steering vector and the data vector are finsetrics will be averaged over five iterations. Figd-e
spatially stacked and then stacked over range bins, presents the averaged values of SINR and MSE when

n(u) = % [R(Xec,u+dpn —d1) — R(Xc,u)]. (14)

(19)




the relative power of the hot-clutter interference is vaZ T he Effect of Fast-time STAP

ied. For the fast-time STAP algorithm, the hot-clutter

covariance is averaged over five pul$@$’ = 5). The The use of fast-time STAP results in two unwanted mod-
three plots show how the arrow SAR image degradektions, training and coherenc8][as described in the
and then how effective slow-time and fast-time STARtroduction. Training modulation was investigated us-

are at removing the interference. ing only the direct-path signal as it represents a spatially
201 stationary environment. To view the training modula-
S tion, Figures shows the PSF of with only the direct-path
s | T Seemmml was run with no averagingd’ = 1) and with signifi-
> o - cantly more averagingM/’ = 32).
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Figure 4: SINR and MSE Comparisons for Conventional
Imaging (-), Slow-time STAP (-.-) and Fast-time STAP (- -)
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As the relative hot-clutter power level is increased for /\/\/“\/\/\M "
the three cases, the SINR decreases and the MSE in- Asmuth (m

creases accordingly. While the slow-time STAP offers ~ Figure 6:PSF forAl’ = 1 (=) andM’ = 32 (- -)

an improvement, the best suppression is achieved by

fast-time STAP which maintains good performance i"kveraging over a greater number of pulses has the ef-
dependent of the strength of the hot-clutter. fect of raising the sidelobes of the PSF and skewing the
To further quantify the effect of the interference, theange slice to the left. Though the effect is noticeable,
Point Spread Function (PSF) of a single scatterer d&¢ corruption is only small, indicating that the training
be analysed. The Peak Sidelobe Ratio (PSR) and thenmdulation adds only a minor distortion to the SAR im-
tegrated Sidelobe Ratio (ISLR) can be used to determi@e.

the difference between the main-lobe and greatest side- .

lobe and the ratio of all energy in the sidelobes to t@ Conclusion

energy in the mainlobe. Figufshows a comparison

of the ISLR and PSR for a single point scatterer as th&is paper has demonstrated how hot-clutter can de-
relative hot-clutter power is varied. The damaged imageade a SAR image and that while slow-time STAP can
is again compared to the recovered image using slawgecover the image, fast-time STAP is far more effective.
time and fast-time STAP. As the range PSR and ISURnally, to reduce distortion in the recovered image, the
remain almost constant for each of the three cases, ogifpice of training data is important for fast-time STAP
the azimuth ratio’s were analysed. as it effects the amount of training modulations.
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