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ABSTRACT

Coherent Sidelobe Cancellation (CSLC) is a coherent
processing technique that has the potential of reducing
noi se jamm ng through the antenna side |obes. Present CSLCs
have the capability of reducing the noise jamm ng by 25 to
35 dB. The naxi num nunber of side |obe jammers that can be
handled by a CSLC is equal to the nunber of auxiliary
ant ennas.

The performance of CSLC is governed by nonlinear
stochastic differential equations that are not solvable by
analytic nmeans. Therefore this thesis enploys sinulation
techni ques to sol ve these equations.

The CSLC becones saturated as the nunmber of janmmers in
different directions exceeds the nunber of [|oops. Janmer
mul ti path adds an additional degree of freedom for each
mul tipath signal that has a direction different than that
of the main jammer.

The objective of this thesis was to determne the
effect that these nmultipath or hot clutter signals have on
a CSLC. It was found that hot clutter produced substantia
degradations on single, double and triple CSLCs. The effect
was nost pronounced for single cancellers where nultipath
with a magnitude of 1% of the janmm ng signal reduced the
cancellation ratio by 18 dB. Conparable nunbers for double

and triple cancellers were 11 dB.
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. 1 NTRODUCTI ON

A major operational form of noise janmng is called
stand-off or support janmm ng. The objective of this form of
jamming is to shield an operational force by injecting
interference into the radars side |obes (also the nmain |obe
if geonetrically feasible). Support janming aircraft that
are capable of carrying |arge anmounts of jammi ng resources
while enploying a directional antenna are dedicated to this
purpose. The jammer has the advantage that its signal is
attenuated in proportion to the second power of range,
while the radar signal is attenuated by the fourth power of
range and the back-scattering characteristics of the radar
target. The radar has the advantage that the stand-off
jammrer nust generally attack through the radar's sidel obes
and also that the target is generally closer to the radar
than is the jammer. The current radar trend is to maximze
its advantage through ultra-low sidel obes and the use of
si del obe noi se-cancel |l ati on t echni ques (si del obe
cancel lers)[1].

Coherent Sidelobe Cancellation (CSLC) is a coherent
processing technique that has the potential of reducing
noise jammng through the antenna side |lobes and is
enployed in a nunber of operational radars for this
pur pose. Present CSLCs have the capability of reducing the
noise jammng by 25 to 35 dB, but their theoretical
performance is potentially nuch higher. CSCLs operate by
suppl ementing the min radar antenna wth ancillary
receiving antennas having the same angular coverage but
di splaced laterally to provide directional sensitivity. The

purpose of the auxiliaries is to provide replicas of



janming signals that are intercepted in the nain antenna
pattern for cancellation. An ancillary receiving antenna is
required for each jammer to be cancel ed. Hence the naxi mum
nunber of side |obe jamers that can be handled is equal to

t he nunber of auxiliary antennas.

Many current operational surveillance radars enploy
CSLCs wusing the analog Howell s-Applebaum cancellation
approach. In this approach weights are generated using
feedback | oops connected to each auxiliary antenna. The
wei ghts are then applied to the jamm ng signals intercepted
by each auxiliary antenna, sumed and then subtracted from
the janm ng signals received in the sidelobes of the main
antenna. This process can also be viewed as generating
nulls in the min antenna's receiving pattern in the
direction of each jamrer. Interaction of the nmultiple |oops
generally restricts the nunber of |oops enployed to a
maxi mum of 4 with two and three |oops being nore common

[2].

As is well-known the CSLC becones saturated as the
nunber of jamrers in different directions exceeds the
nunber of |oops. Jammer nultipath from objects in proximty
of the radar add an additional degree of freedom for each
mul ti path signal t hat has a direction significantly
different than that of the main jamer. This provides an
opportunity for the jamer to disturb the CSLC by directing
its jammng signal so that it illumnates both the radar
and also the surface in front of the radar. This form of

operation is sonmetines referred to as "hot clutter.”

The objective of this thesis was to determne the
effect that these nmultipath or hot clutter signals have on

the operation of a CSLC. It was found that hot clutter



produced substantial degradations on single, double and
triple CSLCs. The effect was nobst pronounced for single
cancellers where multipath with a magnitude of 1% of the
janmi ng signal reduced the cancellation ratio by 18 dB.
Conpar abl e nunbers for double and triple cancellers were 11
dB

The performance of a CSLC is governed by nonlinear

stochastic differential equations that are not solvable by

analytic nmeans [2]. Therefore this Thesis enploys
sinmulation techniqgues to solve these equations. The
simulation is acconplished using Sinulink. Compl et e

Simulink nodels are supplied for single, double, and triple
CSLGCs.
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I'1. JAMM NG SI DELOBE CANCELLERS

Radar is one of the nobst powerful and nobst inportant
sensors in the battlefield. Preventing the proper operation
of a radar system is one of the nmmjor objectives of a
janming operation. Different jaming techniques can be
enpl oyed against radars. Standoff janming and escort
janmming are the nost wuseful noise jamm ng techniques. The
noise jammng of radar through its antenna pattern
si del obes arises fromthe nature of standoff jamm ng. Since
a standoff jamrer can be enployed outside the threat zone
of enemy weapon systens, it is a safe jamm ng technique for
the jamer platform However a high janm ng signal power
must be introduced into the sidelobes of the radar antenna

to be effective at |ong ranges.

Current radars use advanced si del obe canceller systens
to defend agai nst sidel obe janm ng, but their effectiveness
is restricted to the nunber of sidelobe canceller |oops,
which is also known as the “degrees of freedontf of the
canceller system It is known that once the degrees of
freedom is exceeded using nmultiple jaming sources (i.e.
hot-clutter), the sidelobe canceller system begins to |ose
its effectiveness.

The hot-clutter effect is econom cal since the nunber
of degrees of freedom of the sidelobe cancellers can be
easily overloaded. It is nore efficient to use hot-clutter
effects instead of wusing much nore expensive multiple
stand-off or escort janmers in different |ocations. Milti-
path reflected signals arising from one janm ng source,
reduce t he cancel l ation per f or mance dramatically,

especially when they are very powerful and distributed in



di fferent angl es. Thi s ef f ect i nproves j anmi ng
effectiveness, and is the nmuin theme of this research

st udy.

The conmputer sinmulation of hot-clutter effects on
si del obe canceller units caused a |arge degradation of up
to 36.2 dB in the cancellation performance. These
simulation results also showed that the relative operating
range of the radar can be decreased a maxi num of 87% by
using hot-clutter effects. This denonstrates that hot-
clutter is a major threat to the operation of radar systens
as well as sidel obe canceller systens.

The time-varying nature of hot-clutter further affects
si del obe cancellers, where the response tine and | oop-noise
conpete with each other. The canceller |loop should be
inplenmented with a very fast response tine to track these
time-varying j anm ng si gnal s. Conput er simul ation
experinments proved that very fast responsive canceller
| oops can be designed, but in the steady state condition
the loop noise effects degrades the canceller performance
by a considerable amount. The |oop should be designed with
very strict error tolerances to overcone this problem This
is very costly and difficult owng to performance

limtations of real-tine correlation |oops.

Since hot-clutter introduces closely spaced replicas
of jamm ng signals into a radar system it is necessary to
insert multiple nulls to effectively mtigate hot-clutter
ef fects. The mul tiple si del obe cancel | er comput er
simulation verifies the inprovenent of cancel l ation
performance by up to 20.43 dB by increasing the nunber of
degrees of freedomup to four. In the presence of nore than

one janm ng source, it is necessary to increase the nunber



of sidelobe <canceller |oops. Under these circunstances
using the hot-clutter effect increases the required nunber
of sidel obe canceller |oops. Due to design considerations,
it is not easy to build a system with nany sidelobe
cancellers, so wusing the hot clutter effect presents a

serious problemfor the radar designer.

As a result, jamers present a special problem due to
multipath (i.e. reflection of the jamrer interference off
the earth into the radar), especially when the jamer is
| ocated in the sidelobes of the radar. In regions where the
Earth is very snooth (e.g., snoboth sea) this nultipath may
appear at the sanme azimuth as the direct jamrer
i nterference.
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[11. CANCELLER LOOP DESI GN AND COVPUTER SI MULATI ON

A OVERVI EW
In this chapter, a conventional Howell s-Applebaum
analog correlation |oop has been designed and simulated

with a MATLAB Si nmulink software package.

First, one sidelobe canceller with only one auxiliary
antenna is sinmulated to validate the design. In fact, a
single canceller loop represents only one anplitude and
phase change on the auxiliary antenna signal. So, a
si del obe canceller system with only one auxiliary antenna
is wunable to cancel nore than one jammng signal
Cancellation of nore interference signals from different
directions requires different weights to be used for each
interference signal. Using nore than one auxiliary antenna
with a correlation loop attached to each one can approach
the problem of canceling interference fromultiple janmm ng
signals at different angular |ocations. The nunber of
maxi mum j amm ng signals that the system can cancel is equal
to the nunber of auxiliary antennas and attached control
| oops, which is also known as the degrees of freedom of a

cancel l er system

A single jamm ng signal from one jamer arrives at the
radar via two paths: a direct path and a surface-reflected
path, which is due to reflections fromthe earth’s surface.
Surface-reflected jammng signals are distributed at
different angles as a result of surface roughness. Surface-
reflected signals differ from the original jamrmng signa
in anplitude and phase due to the surface reflection
coefficient and the slight range difference between the

direct path and the surface-reflected path.



The Howel | s- Appl ebaum i nplenentation of the multiple
si del obe canceller systemis shown in Figure 1, where there

is a correlation | oop attached to each auxiliary antenna.

Correlation Loop: n

> Vn l(]’:ji'ﬂn { ‘ J‘
A A
un F
xt b
ie b
ln d
in b
aa a
e c
¥ g k

Correlation Loop: 1
V11 )Wl |

x -

E} Vm 1 > SLC Out

Figure 1. Howel | s- Appl ebaum I npl enentati on of Miultiple SLC

In Figure 1, V, denotes the signal comng from the
main antenna and V...V, denote the signals comng from the
auxiliary antennas. Anplifier outputs W..W denote the
conpl ex weights generated by each control |oop. Also, the
conpl ex wei ght of each channel determ nes the anplitude and
phase change applied to each auxiliary antenna signal.

These weights are used to correlate the auxiliary channel

signals with the main channel signal.

10



The sidel obe canceller output signal is fed back to

the correlation | oops.

B. CANCELLER LOOP DESI GN AND | MPLEMENTATI ON

The conventional Howells-Applebaum control loop is
designed according to the trade-off analysis in Appendix B
sections Dl-c and d. The Howell s-Applebaum control | oop
theory 1is explained in Appendix B section Dl and
schematically drawn in Figure 47.

The receiver channel bandwidth, BW, is sinulated as
100 kHz, BW = 100 kHz. The receiver filter tinme constant,
T., IS
L
2rBW

=1
¢ 200 ooom’

(3.1)

The canceller |oop bandw dth, BW,., is chosen not to

exceed one-tenth of the receiver channel bandw dt h.

B
BUC < -8 T 2 10 (3.2)

1

Torn > ———. 3.3
€7 20 000m ( )

A good average of the weight process is obtained by
choosing the maxi mum canceller |oop bandw dth as 10 kHz,
BW,. = 10 kHz.

A hard-limter is used to reduce the dependence of the
| oop performance on the intensity of the external noise
field. Then the anplitude variations in the conjugate
signal are renoved, and only the phase variations remain.

11



Thus, the canceller loop is nore sensitive to the phase
variations of the input signal rather than to the anplitude

vari ati ons.

The weight W reaches its optinmum value wth the

transient tinme constant of the canceller |oop being [21]

— Tiee
T, = —LPF 3.4
SLC (1 + G|Va|) ( )
The mnimum canceller loop tinme constant, from
Equation (3.3), is
1

T = 3.5
SLGuin 20, 000Tt ( )

The low pass filter tinme constant, 71, and anplifier
gain, G are chosen to keep the canceller loop tine

constant, T1y., Wthin its limts, as defined by Equation

(3.3) and Equation (3.5).

The nmain jamer signal power is normalized at 1 W So
the receiver self-noise power is adjusted to sinulate

different Jammrer-to-noi se Rati o val ues.

The closed-loop gain reaches its mninmm value when
all the receiver noises are renoved from the system The

m nimum value of the voltage comng from the auxiliary

antenna channel, (|V]) , is
(W)~ =1.696 (3.6)

where the auxiliary antenna gain is twice the nmain antenna

gain. The m nimum cl osed-loop gain is

(G}, = (%), (3.7)
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The wei ght reaches its ideal value when G|V| > 1 [21].

The anplifier gain, G is chosen to satisfy this condition
when voltage comng from the auxiliary antenna is at its

m ni mum val ue of 1.696

(GIv]) = Gx1.696. (3.8)

The nininum closed-loop gain, (G|V]) ., is chosen to be

10,000 to satisfy the condition of G|V,| > 1. Thus

Gx1.696 = 10, 000. (3.9)

The mnimum value of the anplifier gain is 5,896.226
to keep the nininum closed-loop gain, (G|V]) , at 10,000
The anplifier gain is chosen to be 5,900, so the mninmm
cl osed-loop gain is

(GV]) . =10, 006. 4. (3.10)

The mninmum closed loop gain is 10,006.4, which always

satisfies G|V| > 1.

The voltage <coming from +the auxiliary channel
approaches its maxi num value as the receiver self-noise is
added to the system The maxi num value of the voltage from

the auxiliary antenna channel is

(W) . =1.896. (3.11)

The maxi num val ue of the closed-loop gain is

(GV,]) =11 186.4. (3.12)

max

The canceller loop time constant reaches its m ninum
val ue when the closed-loop gain reaches its maxi num val ue

of 11,186.4. The low pass filter tine constant is chosen to

13



keep the closed-loop time constant within its limts, as
defined by Equation (3.3) and Equation (3.5)

— Tier
Tqun.n 1 + (G|\7a|) (3 13)

max

1

T = _ - 3.14
e 1. 7877T ( )

This is the mnimm value of the lowpass filter tine

constant to satisfy the closed-loop tinme constant, which is

al ways greater than ; The |owpass filter tinme
20, 0001t

constant is chosen to be Therefore the m ni num val ue

51
of closed-loop time constant is

1

T = — 3.15
StGin 16, 781. 1T ( )

whi ch al ways satisfies Equation (3.3).
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1. | mpl ement ati on of Howell s-Appl ebaum Control Loop
in MATLAB Si muli nk Software

The functional block diagram of Howell s-Appl ebaum
control-loop and its inplementation in MATLAB Sinulink
software are shown in Figure 2 and Figure 3, respectively.

Main Auxiliary
Antenna Antenna

Hard
Limiter

2
[x
A
]
Low-Pass \'T
Filter

U

Amplifier (;

Vm W

;t) WxVa rsc- Va

7

Figure 2. Conventional Howel | s- Appl ebaum Control Loop
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) X @D
Wa * Va Wa*Va
pre —_ OUTPUT
T — i

Real-Tmag to
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The canceller |oop block accepts the auxiliary antenna

out put, V

a’?

and the canceller system output, Z, as input
signals and calculates the conplex weight, W, for the
auxi liary channel signal input. The block output is the
mul tiplication of the auxiliary channel signal wth the
cal cul ated weight, W xV,. A lowpass filter is inplenented
by using the s-domain transfer function and applied to real

and imaginary parts of the signal separately. The first-
order Butterworth Ilowpass filter transfer function 1is

defi ned as ———1———. The transfer function of the filter is
STiee +1
i mpl ement ed as _L.5m since T, = L
s +1.51 P 1. 510

The inplenmentation of the Howell s-Applebaum control
loop is used as a block in the sidelobe canceller block
diagram It is naned the Canceller Loop—N, where N denotes
t he nunber of the canceller |oop.

2. Si del obe Cancel l er System | npl ement ati on

Al individual canceller |oop outputs are sumed and
then subtracted from the nain channel signal to obtain the
si del obe canceller system output. This output is fed back
in parallel to all <canceller loop inputs for the next
operation cycle. The canceller system block diagram is

shown in Figure 4.
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Figure 4. Sidel obe Cancel |l er System Bl ock Di agram
C. MODELI NG OF JAMM NG SI GNALS
The mat hemati cal nodel of the free-space jamrer is
a(t)cos[wt + 3(t)] (3.16)

where af(t) and o(t) represent the anplitude and phase

nodul ation terns respectively, and w represents the angul ar
frequency of the signal [21]. The signal produced in the

mai n channel is

Ga(t)cos[wt + 3(t)] (3.17)
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where G, is the voltage gain of the radar antenna sidel obe

in the jamer direction. The signal produced in the first

auxiliary antenna is
Ga (t)cos[wt + @ + 3(t)] (3.18)

where G, is the voltage gain of the auxiliary antenna in
the jamrer direction of arrival and ¢ is the phase

difference term due to an extra path length, dsin®, wth
respect to the radar antenna phase center, traveled by the
jamm ng signal to reach the auxiliary antenna [21]. The
phase difference termis explained in Appendix B section Cl
by Equation (B.4).

The free space jammng signals are nodeled as zero-
mean CGaussian random variables. Since it is convenient to
express Equation (3.16) as the real part of the conplex
nunber, the signals received by the main and the auxiliary

antennas are

V,
Y/

(t)
t

(t)

where j (t) is the free-space jamming signal with power P.

Gy (t) +ny (t)
Gj (t)s, +n,(t)

<

(3.19)

>

n,(t) and n,(t) are the thermal noises in the nain and the
auxiliary receiving channels wth power B, [21]. The
receiver thermal noises are nodeled as zero-nean Gaussian
random variables. The s, denotes the phase shift of the
janm ng signal between the main and the auxiliary receiver

channel due to the extra path length, dsin®, which is
expl ai ned in Appendi x B section C4 by Equation (B.9).

The calculation of the phase shifted jamnm ng signals

is showmn in Figure 5.
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One block is built to calculate phase-shifted jamm ng
signals arriving at antenna elenents, as in Figure 5. This
bl ock accepts the janmer noise signal in a conplex form It
accepts the direction of the arrival of the jammer in
radi ans, the antenna el enent spacing (d) in nmeters, and the

operating wavelength (A) in nmeters as inputs.

The phase shift for the first auxiliary antenna is
cal cul ated, where ESF =1d, and this unit phase shift is
multiplied by 0, 1, 2, 3 and 4 to calculate the phase
shifts for the main antenna, first auxiliary, second
auxiliary, third auxiliary and fourth auxiliary antennas,
respectively. These phase-shifts are applied to the janmmer
signal by using a conplex phase shift block. Consequently,
the total signal arrives to the antennas.

1. The Main Jamer Noi se Cenerator
The min jammer noise generator block is drawn in

Fi gure 6.

M - Fe OuUTPUT
= )
I T —Jf_ MATN Jammer
Noise Signal

Gaussian

Generate DelMux Construct

Main Jarmer Noise Main Jammer Nolse

Figure 6. Generation of Main Jamm ng Signa

The Gaussi an noi se generator block is used to generate
the zero-nmean Gaussi an random variable with 1 W power. Rea
and imaginary parts of the jamer noise are generated wth
different seeds. These parts are then conbined to construct

t he conpl ex nmain janmer noi se signal
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2 Di stributed Jamrers Noi se Gener at or
The distributed janmer noise generator block is drawn

In Figure 7.
" v =@%( Re — OUTPUT
aussian L
I~ " x
Generate Distributed v DISTRIEUTED Jammer

Variable DelMux Construct

Transport Delay Tammer Noize Apply JDJR Noise S8ignal

Conversion

Jammer MNoilse

X.EXEEY

Initial Delay

IHPUT

1) i f{u)
.Jqﬂzn Convert
n from "dBE" to "Value™

Figure 7. Generation of Distributed Jamm ng Si gnal

This block accepts the jammer-to-distributed jammer
ratio (JDJR in dB) as input. The zero-nean Gaussian random
variable is generated with a Gaussian noise generator
bl ock. The variable transport tinme delay is applied to the
noi se signal to uncorrelate the distributed jamrer noise
signal from the main jamer signal. Real and inmaginary
parts are also conbined to obtain the conplex distributed
janmrer noise signal with 1 W power. The noise signal is
multiplied by the jamer-to-distributed jamrer ratio. So,
the power is adjusted according to the JDRJ. The variation
of distributed jamm ng signal powers is simulated, which is
due to different scattering coefficients of the earth’'s

surf ace.

The jammng signals at each antenna elenent are
calculated by conbining Figure 5 Figure 6 and Figure 7.
The distance between the antenna elenents (d in neters),
the operating wavelength (A in neters), the directions of
arrival of jamers (DOA in degrees), and the jammer-to-
distributed jammer ratio (JDIJR in dB) are also included.
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d

Thus X =0.5 is <chosen as a conpromse value. These
i npl enentations are shown in Figure 8.
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Figure 8. Generation and Cal cul ati on of Jamm ng Signal s
Arriving at Each Antenna El enent
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D. MCODELI NG OF RECEI VER NO SES

The main and auxiliary receivers thermal noises, n,
and n,, are nodeled as zero-nmean Gaussian random vari abl es.

The receivers noise generator block is showm in Figure 9.
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n X ()
-
DeMux Construct v MATIN Receiver
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T X (2D
.
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Tm - ks __________+(:)
.
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Re — . OUTBUT
n X (D
-
DeMux Construct v AUX.4 Receiver
AUX.4 Receiver Nolse Apply JHR Noise
INPUT r——————j
(1} L i)
JNE
in "dB" Convert

from "dB" to "Value"

Figure 9. Generation of Receiver Self Noises

This block accepts the jamer-to-noise ratio (JNR in
dB) as the input variable. Real and imaginary parts of all
receiver noises are generated with the Gaussian noise
generator block as zero-nmean Gaussi an random vari ables, all
with different initial seeds and 1 W power. Also, the rea
and imaginary parts are conbined to construct each

receiver’s self-noise signal. Al the receivers noise
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signals are nultiplied by the jamrer-to-noise ratio to
simul ate different JNRs.

E. ANTENNAS AND RECEI VER CHANNEL BANDW DTH

One main and four auxiliary antennas are nodel ed. The
mai n antenna sidelobe gain is assuned to be unity and the
auxiliary antenna gains are assuned to be twice the main
antenna gain in the direction of the arrival of the janm ng
signals. In the steady state of the canceller |oop, a large
value of auxiliary antenna gain margin is desirable, in
whi ch case the weights of the auxiliary channels would be
smal |l and the corresponding internal noise power values in
the auxiliary channels would be attenuated. However, in the
transient state of the canceller |loop, the transient
si del obes are proportional to the auxiliary antenna gain
margi n; therefore, a low value of the gain nmargin would be
advi sabl e. Auxiliary antenna gains are chosen to be 2 as a
conprom se value. Receiver self-noises are added to the
received signals in the antenna bl ock. The Simulink antenna

nodel inplenentation is shown in Figure 10.

Recei ver channel bandw dths are chosen to be 100 kHz.
This is due to strict conputational tine restrictions. To
i npl enent hi gher receiver channel bandw dths, the sanpling
frequency of the jammer signal should also be increased to
satisfy the Nyquist sanpling theorem This process requires
very long processing tinmes on today's digital computers.
Recei ver channel bandwidth is inplenmented by using an s-
domain transfer function of the first-order Butterworth
| ow-pass filter. The filters are placed at the antenna
out put s.
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Fi gure 10. Ant enna | npl enentation in Sinulink Software

The antenna block accepts 11 inputs: one receiver
self-noise input, one main jamer signal input and eight
distributed jamrer signal inputs. Receiver noises are
generated, as in Figure 9, and jammer signals at the
antenna elenments are determned, as in Figure 8. Janmer
signal inputs are multiplied with antenna gain in the
direction of the arrival of the jamm ng signals and then

summed together. The gain is 1 for the nmain antenna and 2
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for the auxiliary antennas. Receiver self noise is added to
the summation of the received jamming signals. This tota
signal determnes the output of the antenna. Each antenna
output is filtered with receiver channel bandwi dth. The
out put of each antenna and filter conbination is equal to

V,, V. .V,, shown in Figure 1. The auxiliary channel signals

go into the canceller loop input after the filtering.

F. CALCULATI ON OF CANCELLATI ON RATI O

The average power levels of the main jamrng signal
and sidelobe <canceller system output are calculated
i ndependently. These power |evels are converted to decibels
(dB) and then the sidelobe canceller output power is
subtracted from the main jaming signal power. The
cancellation ratio is obtained in dB. The block diagram of

this calculation block is shown in Figure 11

The cancellation ratio calculator block accepts the
mai n jamrer signal, the sidelobe canceller output signal
and the step size as inputs. The step size of the
simulation is wused to calculate the nunber of signal
sanples. This nunber is used when calculating the average
power |evels of the input signals. Since the signal powers
are calculated in dB, the sidelobe canceller output power
is subtracted from the main jamer signal power to obtain
the cancellation ratio. The output is connected to a
display to read the cancellation ratio easily during

si mul ati on
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| V. COWMPUTER SI MULATI ON RESULTS

A OVERVI EW OF COVWPUTER SI MULATI ON

An analog nmultiple sidelobe canceller system is
simul ated using the conventional Howel |l s-Appl ebaum adapti ve
control loop theory. This design was sinulated on a
conputer using MATLAB Simulink software, which is one of
the nost suitable software packages for sinmulating an
analog circuit. A 100 kHz receiver bandw dth was used due
to conputational tinme limtations, which was directly
limted by the conputer resources (i.e. cpu speed). The
sanpling frequency of the jamm ng signal was 1 MHz that was
w de enough to cover the whol e receiver bandw dth.

First, the sidelobe canceller design was tested to
ensure its proper operation according to the theory. The
control | oop bandwi dth was chosen to not exceed one-tenth
of the receiver channel bandw dth, even wunder extrene
jamm ng conditions. This provides a good average of weight
processing in the steady state condition. Fast response
time is obtained to track non-stationary jamrers. A robust
si del obe canceller system is designed to provide a fast

response tinme and a high steady state cancellation ratio.

Hot-clutter effects were injected into the system
after the suitability of the sidel obe canceller design was
tested with different jammng scenarios. Different power
levels of nulti-path reflected signals were applied to
sinmulate different scattering properties of the terrain
between the jammer and the receiver. Milti-path janm ng
signals were simulated through distribution at different

angl es each having the sane power |evel.

29



B. SUMVARY OF SI MULATI ON AND PERFORMANCE EVALUATI ON

The hot-clutter effect was sinulated on single and
mul tiple sidelobe canceller systenms wth up to four
cancel ler loops. The single sidelobe canceller system was
tested against one main jamer and five nulti-path janm ng
signals. A large decrease of up to 36.2 dB was obtained in
the cancellation performance as a result of hot-clutter.

A doubl e sidel obe canceller system was tested agai nst
one main jamer and six distributed jamers. The nunber of
distributed jamrers was increased by one for the simulation
results to be conparable with each other. The second
canceller | oop helped to decrease the effect of hot clutter
by up to 8.2 dB, but the hot-clutter effect still reduced
t he cancell ation performance significantly by up to 28 dB.

The nunber of sidelobe canceller |oops was increased
to three and then four while the nunber of distributed
janmers was increased to seven and eight, respectively. The
hot-clutter effect on the canceller system was reduced due
to the increasing nunber of degrees of freedom of the
canceller system The third canceller |oop decreased the
hot clutter effect by up to 18.4 dB. But despite this the

hot-clutter managed to reduce canceller perfornmance by 17.8

dB. In the case of four canceller |oops, which is the
practical limt for today’ s sidelobe canceller systens due
to design problens, the nmaximum inprovenent in the

cancel l er performance was just 1.63 dB as conpared to three
canceller 1loop performance. The benefit of wusing four
canceller loops is a nmaximum 20.03 dB increase in the
cancel | ati on performance, which nmeans that hot-clutter can
still be wuseful for reducing the canceller performance by
up to 16. 17 dB.
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The summary of the simulation results proved that hot-
clutter played a considerable role in degrading the
si del obe cancell er performance. A strong hot-clutter effect
decreased the cancellation performance of a quadruple
si del obe canceller by up to 16.17 dB. Hot-clutter was nuch
nore effective in degrading the cancellation performances
of single and double canceller systens by causing a

performance | oss of up to 36.2 dB.

This effect directly and significantly affected the
operating range of radar. The reduction of the relative
operating range of the radar versus the interference plus
noi se-to-noise ratio is plotted in Figure 12.
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Figure 12. Rel ative Operating Range of Radar versus

I nterference plus Noise-to-noise Ratio
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A single sidel obe canceller reduced the JNR from 40 dB
to 1.36 dB wthout the hot-clutter effect. Thi s
corresponded to a 38.64 dB cancellation ratio. In this
case, the canceller increased the relative operating range
of the radar from 0.1 wunits to 0.9247 wunits. This
corresponded to an 824.7% increase in the relative
operating range of the radar. Clearly, the canceller did
not perform as satisfactorily when hot-clutter was included
in the scenario. Hot-clutter reduced the cancellation
performance easily by overloading the nunber of degrees of
freedom of the sidelobe canceller. The maxi num effect of
hot-clutter reduced the cancellation ratio from 38.64 dB to
2.44 dB, which corresponded to a 36.2 dB performance | oss.
Thus, the relative operating range was reduced to 0.1151
units with 37.56 dB JNR The maxi mum effect of hot-clutter
decreased the relative operating range of the radar by
87.55% The mninum effect of hot-clutter reduced the
cancel lation performance by 2.9 dB, and the cancellation
ratio dropped from 38.64 dB to 35.74 dB. The m ni num effect
of hot-clutter was a 15.37% decrease in the relative
operating range of the radar.

The summary of the analysis results proved that hot-
clutter was one of the nost effective nethods to |imt
single and nultiple sidelobe canceller performances. The
nunber of degrees of freedom of the sidelobe canceller
system was easily overloaded with the hot-clutter effect
owng to its nature of disturbance at different angles.
This negative effect of hot-clutter on sophisticated
si del obe cancell er systens makes it a major concern in the

j anm ng arena.
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C. ANALYSI S OF COVWPUTER SI MULATI ON RESULTS
The effects of hot-clutter on different sidel obe
canceller configurations were analyzed in the follow ng

scenari os, which are then discussed in detail bel ow

1. Janm ng effects on single si del obe cancel | er
performance wi thout hot-clutter

2. Effects of hot-clutter on single sidelobe canceller
per f or mance

3. Effects of hot-clutter on double sidelobe canceller
per f or mance

4. Effects of hot-clutter on triple sidelobe canceller
per f or mance

5. Effects of hot-clutter on quadruple sidel obe canceller
per f or mance

The jamm ng effect on a single sidelobe canceller was
analyzed to obtain an overview of the cancellation
performance w thout the hot-clutter effect. The drop in
performance of the canceller system in the intense hot-
clutter environment can be evaluated quantitatively in the

foll owi ng sinulations.

1. Jamm ng Effects on Single Sidelobe Canceller
Performance wi thout Hot-clutter

A carefully designed single sidel obe canceller reduced
the JNR by up to 50.36 dB. This allows the radar to work
well in a high-power jamm ng environnent. The sinulation
results of this configuration are tabulated in Table 1 and
the cancellation ratio of a single sidelobe canceller
versus jammer-to-receiver noise ratio (JNR) is plotted in
Fi gure 13.

33



JNR (in dB) CR (in dB)
5 3. 996
10 8. 955
20 18. 93
30 28.9
40 38. 64
50 46. 6
60 49. 85
70 50. 36

Table 1. Single Sidel obe Canceller Perfornmance w thout Hot-
clutter
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Fi gure 13. Cancel l ation Ratio versus JNR for Single
Si del obe Canceller without Hot-clutter

A sinmulation was perforned for different values of JNR
as in Table 1. The cancellation ratio curve was obtained by
interpolating these sinulation results wth the cubic

i nterpol ati on net hod.
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The single sidelobe canceller performed well against
one jammer wi thout the hot-clutter effect. The canceller
| oop correlated the auxiliary channel signal with the min
channel signal with a high degree of correlation. A |large
anount of jammer energy was denied and the radar system
performed nuch better when this highly correlated auxiliary
channel signal was subtracted from the main channel signal
This analysis proves that a well-designed sidel obe
cancel l er decreased the jamm ng effectiveness greatly and
jamm ng was ineffective without the hot-clutter effect. One
may conclude that hot-clutter nust be used to increase the
jamm ng effectiveness against the sidelobe canceller
syst ens.

It was proven that the maxi num achi evabl e cancel |l ati on
ratio was limted to the JNR value. The cancellation ratio
began to converge its final value of 50.36 dB and renained
at this level wth increasing JNR This is because the
convergence tinme, the weight variance, and the weight nean
remai ned alnost at their own values wth increasing JNR
since the receiver self-noise was decreased to sinulate the
increasing JNR values. This convergence began as the JNR
reached the canceller loop’s nmaxinmum interference power
level. This design can handle about 40 dB interference
power | evel above the quiescent receiver noise |evel.

The sidel obe canceller output versus tinme, and weight
magni tude versus tinme are plotted in Figure 14, and Figure
15, respectively. Both figures are plotted for JNR = 40 dB.
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Fi gure 14. Si ngl e Si del obe Cancel | er Power Qut put

versus Tinme without Hot-clutter

The plot in Figure 14 showed that the single sidel obe
cancel l er reached the steady state condition very quickly.
The output power is very snmall in the steady state
condition and it does not fluctuate around its nean val ue
very much. This provided good steady state cancellation,
which was caused by good estimation and calculation of

wei ght average and wei ght variance by the canceller | oop.

The cancel |l er |oop performed outstandingly well

agai nst one janmer w thout hot-clutter.
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Fi gure 15. Wei ght Magni tude versus Tine for Single

Si del obe Canceller wi thout Hot-clutter

The wei ght reaches its average value of 0.5 very fast.
The weight variance is very snmall. So, the weight does not
fluctuate around its nean value very nuch. The single
canceller loop is very effective in calculating the optinmm
wei ght for the auxiliary channel and thus, suppressing the
hot-clutter effect. The fast cal culation of weight nean and
the small variance of weight provided the canceller output

to be quite stable as shown in Figure 14.

The plots in Figure 14, and Figure 15 served to
val i date proper and successful operation of the canceller

| oop, which was designed in Chapter 3.
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2. Effects  of Hot-clutter on Single Sidel obe
Cancel | er Performance

The hot-clutter effect was sinulated with five multi-
path reflected jamm ng signals. Al these reflected janm ng
signals have equal power, but they were distributed in
different directions of arrivals. The varying powers of the
reflected signals were also sinmulated. The sinulation
results are tabulated in Table 2 and the hot-clutter effect
on the <cancellation performance of a single sidelobe

canceller is plotted in Figure 16.

JDJR = 5 dB JDJR = 10 dB
JNR (in dB) | CR (in dB) JNR (in dB) | CR (in dB)
5 0. 1743 5 1.885
10 1.588 10 4.18
20 2. 348 20 5.679
30 2. 432 30 5. 862
40 2. 44 40 5.881
JDIR = 20 dB JDJR = 30 dB
JNR (in dB) | CR (in dB) JNR (in dB) | CR (in dB)
5 3. 658 5 3. 959
10 7.944 10 8. 838
20 13. 31 20 17. 88
30 14. 53 30 23. 18
40 14. 67 40 24. 37
JDIR = 40 dB
JNR (in dB) | CR(in dB)
5 3.992
10 8. 943
20 18. 81
30 27. 85
40 33. 1

Table 2. Triple Sidel obe Canceller Performance with the
Exi stence of Hot-Clutter
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Fi gure 16. The Hot-clutter Effect on Single Sidel obe

Cancel | er Perfornmance

The term JDJR denotes the jammer-to-distributed jamer
ratio, where JDJR =20 dB indicates that al | t he
distributed jamer powers are 20 dB below the nain janmer

power .

The variation of the powers of the distributed jamer
signal s was due to di fferent terrain scattering
coefficients. A higher scattering coefficient of the
terrain increased the multi-path reflected signal power, in
which case the JDIR decreased in the sinmulation. The
hi ghest power of nulti-path reflected janm ng signals was
considered to be 5 dB below the main jamrer power, which

states that JDIJR =5 dB.
39



The sidel obe canceller output versus tinme, and weight
magni tude versus tinme are plotted in Figure 17, and Figure
18, respectively. Both figures are plotted for JNR =40 dB
and JDIR = 20 dB.
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Figure 17. Si ngl e Si del obe Cancel | er Power Qut put
versus Tine with Hot-clutter

The single sidelobe canceller output power is not
stabl e when the hot-clutter is included. The canceller |oop
is unstabl e because of the existence of distributed janm ng
signals in different directions. The average output power
| evel is higher than previous sinmulation, which is plotted
in Figure 14. The output power also fluctuates around its
mean value nore. This is due to the high weight variance

cal cul ated by the canceller |oop.
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Fi gure 18. Wei ght Magni tude versus Tine for Single
Si del obe Canceller with Hot-clutter

The weight reaches its nmean value fast, but it
fluctuates around the nean value nore than the weight
obtained in previous simulation, which was plotted in
Figure 15. The fast response is due to hard-limter, which
is used in the design. The response tine does not depend on

when
fluctuati on around

external excitation conditions the hard-limter 1is

used. The wei ght its nean value is due

whi ch makes the cancell er
This high

cancel | ati on, as

to distributed jamm ng signals,

loop less stable and weight

t he

vari ance higher.

vari ance of wei ght causes worse

explained in Appendix B sections D 1-a/b and as seen in

Figure 17
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The degradation effect of hot-clutter on the single
si del obe canceller performance can be seen by conparing

Figure 13 and Figure 16. This degradation effect is plotted
in Figure 19.
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Fi gure 19. Perf ormance Degradation Effects of Hot-
clutter on Single Sidel obe Canceller

The hot-clutter effect degraded the single canceller
performance by up to 36.2 dB. Hot-clutter becane relatively
| ess effective with decreasing JNRs. This was due to the
change of weight variance in the steady state of the
canceller with a changing JNR The degradation effects of
hot-clutter were 26.468 dB, 16.582 dB, 7.367 dB and 3.8217
dB for 30 dB, 20 dB, 10 dB and 5 dB of JNRs, respectively.
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The mnimm effect of hot-clutter was 5.54 dB performance
degradation for 40 dB JNR

The hot-clutter effect rose with the increasing powers
of nmulti-path reflected signals. The effects of increasing
powers of multi-path reflected signals on cancellation
performance of a single sidelobe canceller are plotted in
Fi gure 20.
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Fi gure 20. Ef fects of Increasing Powers of Reflected

Signal s on Single Cancel |l er Performance

The cancell ation performance was degraded by 30.66 dB
when nulti-path reflected signal power was increased by 35
dB for the nost powerful jammng scenario of JNR =40 dB.
10 dB, 20 dB and 30 dB increnents of reflected signal
powers degraded the cancellation performance by 8.73 dB,

18.43 dB and 27.219 dB, respectively. The effects of
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varying powers of multi-path reflected janm ng signals were
simul ated for the | ess powerful jammi ng scenarios of 30 dB,
20 dB, 10 dB and 5 dB JNRs where the cancellation
performance was degraded by up to 25.418 dB, 16.462 dB,
7.355 dB and 3.8177 dB, respectively. The operating range
was reduced by up to 82.87% owing to a 35 dB increase in

the refl ected signal powers.

The varying powers of multi-path signals represent the
effects of different terrain scattering coefficients. The
terrain characteristics between the jamer and the radar
platform determi ne the effectiveness of hot-clutter as well
as the di stance between the jamrer and the victimradar.

This analysis proves that the hot-clutter effect
easily undermnes the benefits of using a single sidelobe
canceller system in every hot-clutter scenario. This Kkind
of vulnerability is due to the nunmber of degrees of freedom
of the single sidelobe canceller, which is 1. It is easily
over | oaded with hot-clutter and t he cancel | ation
performance i s reduced drastically.

The performance loss in the cancellation ratio affects
the relative operating range of radar directly, as plotted
in Figure 12. Reduction in the operating range of
surveillance radar prevents the early detection of
attacking units by a defending missile system Successful
jammi ng helps the attacking units infiltrate closer to the
protected platform without being detected. After detecting
the attacking wunits by tracking radar, the defending
mssile system may not have enough reaction tine if the

attacking units are already very close to the platform
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3. Ef fects of Hot -cl utter on Doubl e Si del obe
Cancel | er Performance

The nunber of nulti-path reflected janm ng signals was
increased to 6 for a double sidelobe canceller |oop
simul ation. The second canceller loop tried to cancel this
extra jammng signal. It also inproved the overall
cancel l ation performance since both canceller 1|oops work
together to cancel the interference. The sinmulation results
are tabulated in Table 3 and the hot-clutter effect on the

cancel l ation performance is plotted in Figure 21.

JDJR = 5 dB JDUR = 10 dB
JNR (in dB) | CR (in dB) JNR (in dB) | CR (in dB)
5 1.587 5 2.35
10 5. 365 10 6. 489
20 9. 703 20 12. 89
30 10. 55 30 14. 83
40 10. 64 40 15. 08
JDIR = 20 dB JDJR = 30 dB
JNR (in dB) | CR (in dB) JNR (in dB) | CR (in dB)
5 3. 692 5 4.218
10 8 10 9. 052
20 16. 41 20 17.97
30 22.7 30 26. 32
40 24.53 40 32. 27
JDIR = 40 dB
JNR (in dB) | CR (in dB)
5 4. 29
10 9. 265
20 19. 05
30 27.91
40 34. 95

Tabl e 3. Doubl e Si del obe Cancel |l er Performance with the
Exi stence of Hot-clutter
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Fi gure 21. Hot-clutter Effect on Doubl e Sidel obe

Cancel | er Perfornmance

The hot-clutter effect was reduced by up to 9.86 dB as
conpared to the single sidelobe canceller performance in
Figure 16. The least powerful hot-clutter effect reduced
the cancellation performance by 3.69 dB. Hot-clutter stil
effectively reduced the cancellation perfornmance by up to
28 dB. This corresponds to an 80.04% decrease in the
operating range of radar.

Clearly, the double sidelobe canceller system is also
ineffective at mtigating the negative effects of hot-
clutter.
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The relative i mpr ovenent in t he cancel l ation
performance of a single sidelobe canceller as a result of a

second si del obe canceller loop is plotted in Figure 22.
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Fi gure 22. Rel ative I nprovenent of a Single Sidel obe
Cancel l er Performance due to a Second Cancell er
Loop
The second si del obe cancel | er i mproved t he

cancel lation performance increasingly wth high-power
jamm ng signals of 30 dB and 40 dB JNRs. But, the varying
powers of nulti-path reflected janmmng signals stil
degraded the double canceller performance by up to 24.31
dB

The effects of the wvarying powers of nulti-path
reflected signals on the cancellation perfornmance of a

double sidelobe <canceller are plotted in Figure 23.
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Fi gure 23. Ef fects of Varying Powers of Reflected

Si gnal s on Doubl e Si del obe Cancel | er Perfornmance

The effects of the varying powers of reflected signals
were reduced due to a second sidelobe canceller in the
system The maxi num degradation effect of 24.31 dB occurred
when the distributed jamer powers were increased by 35 dB.
The cancell ation performance degraded by 2.68 dB, 10.42 dB
and 19.87 dB as a result of 10 dB, 20 dB, and 30 dB
increnents of reflected signal powers, respectively. The
effects of the relatively increasing powers of the nulti-
path reflected jammng signals were sinulated for the |ess
powerful jamm ng signals of 30 dB, 20 dB, 10 dB and 5 dB of
JNRs. In this case, cancellation performance was degraded
by up to 17.36 dB, 9.347 dB, 3.9 dB and 2.703 dB,
respectively. Hot-clutter was still effective in preventing
t he proper operation of the radar.
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The doubl e sidelobe canceller output versus tine is
plotted in Figure 24 when JNR = 40 dB and JDJR = 20 dB.
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Fi gure 24. Doubl e Si del obe Cancel | er Power Qutput

versus Tine with Hot-clutter

The double canceller output is nore stable than the
single canceller output. The second canceller |oop reduced
mean output power as conpared to Figure 17, but canceller
system response tinme is longer. This is due to the
conpetition between canceller |oops. The |oops conpete with
each other at the beginning and then they becone stable
after a learning tinme. The weights do not fluctuate around
their mean val ues as much as single cancel | er
configuration. This provides nore stable operation and

better cancellation in the steady state of the system
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4. Ef fects of Hot -cl utter on Si del obe

Cancel | er Perfornmance

Triple

The third sidelobe canceller loop was added to the
sinmulation to test the effects of hot-clutter on a triple
si del obe cancel |l er nunber of multi-path
The third

sidel obe canceller mtigated the effects of hot-clutter

system The
reflected jammng signals also increased to 7.

nore effectively conpared to the single and the double
sidel obe cancellers. The sinmulation results are tabul ated

in Table 4 and plotted in Figure 25.

JR = 5 dB JDUR = 10 dB
JNR (in dB) | CR (in dB) JNR (in dB) | CR (in dB)
5 1.514 5 2.581
10 5. 038 10 6. 492
20 12.55 20 14. 06
30 18. 89 30 21. 24
40 20. 84 40 25. 06

JDIR = 20 dB

JDIR = 30 dB

JNR (in dB) | CR (in dB) JNR (in dB) | CR (in dB)
5 3.673 5 4.213
10 8. 229 10 9.017
20 16. 47 20 18. 23
30 24,52 30 26. 4
40 29. 87 40 31. 65

JDJR = 40 dB

JNR (in dB) | CR (in db)
5 4.323
10 9.298
20 19. 02
30 28. 18
40 35. 74

Table 4. Triple Sidel obe Canceller Performance with the
Exi stence of Hot-clutter
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Fi gure 25. Hot-clutter Effect on Triple Sidel obe

Cancel | er Perfornmance

The third sidelobe canceller reduced the effects of
hot-clutter by up to 19.179 dB, as conpared to the single
si del obe canceller performance in Figure 16. The maxinmm
benefit of wusing a third sidelobe canceller against a
doubl e sidel obe canceller was that the hot-clutter effect
was reduced by up to 10.2 dB. Thus hot-clutter was still
effective in reducing the cancellation performance by up to
17.8 dB.

The |east powerful hot-clutter effect reduced the
cancel lation performance by 2.9 dB as conpared to the
single canceller performance w t hout the hot-clutter
effect, as shown in Figure 13. The third canceller |oop

provided 2.64 dB perfornmance inprovenent over the single
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cancel ler performance for the |east powerful hot-clutter
ef fect.

The relative i mpr ovenent in t he cancel l ation
performance of a single canceller configuration due to the

third canceller loop is plotted in Figure 26.

22 T T _ T I
; : : ; — JNR=5dB
- : ; : JNR =10dB
20 - JNR: 40dB ............................... e ................ S Ho JNR=2O dB H
g : f : — JNR=30dB
T8 [ N T e — : JNR=40 dB |
JNR =30dB : ' ; :

14 . R SN - S e _

10

Cancellation Performance Improvement - in dB

; ; _ \\\ - 5
4" JNR=10dB ' j : \\;\\\ : I
JNR=5dB 5 j S
\ : 5 é . P
0 i | e i T
5 10 15 20 25 30 35 40
JDJR (Jammer-to-Distributed Jammer Ratio) - in dB
Fi gure 26. Rel ative | nprovenent of Single Canceller

Performance due to a Third Cancel |l er Loop

Even with a 19.179 dB increase in the cancellation
ratio, hot-clutter still affected the canceller performnce
by reducing the relative operating range of radar up to
65% Though the effects of multi-path reflected janm ng
signal powers decreased, the hot-clutter was still powerfu
enough to renove the benefits of using a triple sidelobe
cancel l er system
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The effects of the wvarying powers of nulti-path
reflected signals on the cancellation perfornmance of a

triple sidel obe canceller are plotted in Figure 27.
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Fi gure 27. Effects of the Varying Powers of Reflected
Signals on a Triple Canceller Perfornmance

The third sidelobe canceller reduced the effects of
the varying powers of reflected signals, as conpared to
single and double canceller |oops. The naxi num degradation
effect of 14.9 dB occurred when distributed janm ng signa
powers were increased by 35 dB for the nost powerful
jamm ng signal of JNR =40 dB. The cancell ation perfornmance
degraded by up to 4.09 dB, 5.87 dB and 10.68 dB as a result
of 10 dB, 20 dB and 30 dB increnments of reflected signal
powers, respectively. Just by increasing the multi-path
refl ected j amm ng si gnal power s, t he cancel | ation

performance was degraded by up to 9.29 dB, 6.47 dB, 4.26 dB
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and 2.809 dB for the less powerful jamming signals of 30
dB, 20 dB, 10 dB and 5 dB of JNRs.

The triple sidelobe canceller output versus tine is
plotted in Figure 28 when JNR = 40 dB and JDJR = 20 dB.
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Fi gure 28. Tripl e Sidel obe Cancell er Power Qut put

versus Time with Hot-clutter

The nost stable canceller operation is obtained with
the triple sidelobe canceller configuration. The nean
output power is reduced as conpared to Figure 17, and
Figure 24. The weights reach their optinum values slowy
owng to the conpetition between canceller |oops but |esser
wei ght variances are obtained in the steady state. So the
response time is longer than single and double canceller
systens but the power fluctuations are less than these two

syst ens.
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5. Effects of Hot-clutter on Quadruple Sidel obe
Cancel | er Performance

The effects of hot-clutter on a quadruple sidelobe
cancel ler system were simulated with 8 multi-path reflected
jamm ng signals, which were distributed at different
angles. Four is the practical |limt of the nunber of
si del obe cancellers because of difficult operational design
problenms. The sinmulation results are tabulated in Table 5

and the hot-clutter effect is plotted in Figure 29.

JDJR = 5 dB JDUR = 10 dB
JNR (in dB) | CR (in dB) JNR (in dB) | CR (in dB)
5 1.309 5 2.369
10 5. 462 10 6.471
20 12.92 20 14.7
30 18. 49 30 20. 78
40 22. 47 40 24.58
JDIR = 20 dB JDJR = 30 dB
JNR (in dB) | CR (in dB) JNR (in dB) | CR (in dB)
5 3. 677 5 4. 165
10 8. 209 10 8. 99
20 16. 55 20 18. 22
30 24.72 30 26. 46
40 29. 83 40 33. 4
JDIR = 40 dB
JNR (in dB) | CR (in dB)
5 4. 285
10 9. 261
20 18. 99
30 28.18
40 35. 33

Tabl e 5. Quadrupl e Si del obe Cancell er Performance with the
Exi stence of Hot-clutter
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The quadrupl e sidel obe canceller configuration reduced
the effects of hot-clutter by up to 20.03 dB for the nopst
powerful hot-clutter effect of JDJR =5 dB, as conpared to
Figure 16. The nmaxi num benefit of wusing four canceller
| oops was that the hot-clutter effect is reduced by up to
1.63 dB for JDJR =5 dB when conpared to the triple
si del obe canceller performance. Hot-clutter was still
effective at reducing the cancellation performance by up to
16.17 dB, as conpared to the single sidelobe canceller

per f or mance.

This analysis clearly proved that wusing nore than

three sidelobe cancellers did not provide any noticeable
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performance inprovenent because of the strong hot-clutter
ef fect.

The relative i mpr ovenent in t he cancel l ation
performance of a single canceller configuration is plotted
in Figure 30.
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Fi gure 30. | mprovenent of Single Canceller Performance

due to Fourth Cancel |l er Loop

The best effect of a four canceller |oop decreased the
JNR from 37.56 dB to 17.53 dB. All against such a high
i nprovenent in the cancellation ratio, the hot-clutter
effect still reduced the relative operating range of radar
by 60.58%

The effects of the varying powers of the nulti-path
reflected signals on the cancellation performance of a
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guadrupl e sidel obe canceller system are plotted in Figure
31.
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Fi gure 31. Ef fects of Varying Powers of Reflected

Si gnal s on Quadrupl e Sidel obe Cancell er

The rmaxi mum degradation effect of varying powers of
multi-path reflected jamm ng signals was 12.86 dB, where
JNR was 40 dB. This degradation effect of hot-clutter
decreased with decreasing JNR Hot-clutter degraded the
cancel l ation performance by up to 9.69 dB, 6.07 dB, 3.799
dB and 2.976 dB with decreasi ng JNR val ues of 30 dB, 20 dB,
10 dB and 5 dB, respectively, when nulti-path reflected
janmm ng signal powers are increased by 35 dB. A fourth
sidel obe <canceller loop did not reduce the hot-clutter
effect by a considerable anmount as conpared to triple
si del obe cancel l er.
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D. SUMMVARY

The conputer sinulation result showed that hot-clutter
provided a formable threat to I|imt a sophisticated
si del obe canceller’s performance. The nunber of degrees of
freedom of the sidel obe canceller was easily overloaded by
the nature of hot-clutter. Hot-clutter reduced the success
of a form dabl e sidel obe canceller system by up to 36.2 dB.
Even the multiple sidelobe canceller systens proved very
vul nerable to the hot-clutter effect. In fact, increasing
the nunber of degrees of freedom of sidelobe canceller
system is not always a wuseful nethod to mtigate the
negative effects of hot-clutter. Note that increasing the
nunber of sidelobe cancellers from 3 to 4 provided just a
1.63 dB increase in the cancell ation perfornmance.

The zero-cost hot-clutter effect easily renoved the
benefits of using costly and sophisticated sidel obe

cancel | er systens.
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V.  CONCLUSI ONS

The CSLC has a nunber of inherent defects that can be
exploited by support jamrers. The nunber of degrees of
freedom in CSLC is generally limted. Thus, if nultiple
jammi ng signals can be induced into the janmer at various
angl es through, for exanple, multi-path reflections, then
the CSLC becones overloaded and its performance becones

severely degraded [1].

The m ssion of stand-off support janming is to deny,
delay, and degrade acquisition of strike aircraft while
forcing early turn-on of termnal radars. Current support
janm ng systens have proven effective in recent conflicts
agai nst operational enenmy air defense systens that used

radar technol ogy of nodest capability [1].

It is believed that support jamrers can use hot-
clutter effects to gain advantage of sending the direct
signals as well as reflected signals to the radar. It is
known that snooth surfaces inprove the hot-clutter effect
because of the high reflection coefficients. Especially
ai rborne jamers have the advantage of wusing snoboth sea
surfaces to increase the jammng performance. So, the
reflected signals can enter the sidel obes at the sane power
level as the direct jammng signals to degrade the
operational capability of the radar.

In this study different paraneters were used under a
simul ation environnent to determne the effects of the hot-
clutter or multi-path signals against a CSLC. The research
results have shown that the hot-clutter saturates the CSLC

effectively and renoves the beneficial use of the CSLC
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The CSLCs show an outstanding performance in negating
and nulling the effects of sidelobe jammng. Using nore
janmers can defeat CSLCs but this is not always cost
effective and al nost inpossible due to operational needs.
Therefore, wusing the nmulti-path effect or hot clutter
effect is nore feasible. Anbng the many possible sol utions,
use of the hot clutter effects is the nost efficient way to

attain a better jammer performance agai nst a CSLC.

This study shows many possibilities of jamm ng effects
that can be applied against a CSLC using hot clutter. Under
generic assunptions a nodel was built to represent an
analog system in a digital environnent wusing Sinulink.
Generic power values for the reflected signals were used to
represent different coefficient nunbers for different
surfaces. So, the hot clutter effects were denonstrated in
a generic system Any future study can focus specifically
on the corresponding reflection surfaces to obtain nore

realistic val ues.

In the recent era, nodern radars are manufactured wth
one or nore CSLC units enbedded into the system So, the
radars are designed wth nmaximum protection against
jammers. Wth the availability of the nmulti-path signals
it is believed that the nodern radars are still vulnerable
to the noise jamers if the hot clutter effects can be used
wisely. It is also believed that future studies will focus
nmore on the real world systens by pointing out further
advant ages of enploying the hot-clutter technique against

nodern radar systens.
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APPENDI X A. HOT CLUTTER

A GENERAL DEFI NI TI ON

The earth's surface and at nosphere cause major effects
on radar performance. Since propagation effects m ght
extend the radar range significantly it is inportant to
account for the earth's environment when attenpting to
predi ct radar performance [6].

Study of the nodels wused in terrain scattered
interference (TSI) sinulations and use of these nodels to
assess the performance of adaptive cancellation algorithns
in the presence of multipath jammng or "hot clutter” is a
difficult subject to deal wth [7].

Forward scattering (reflection) of the radar energy
from the surface of the earth enhances the radiated energy
at sone el evation angles. Refraction (bending) of the radar
energy by the earth's atnosphere can cause the radar energy
to devi at e from straight-line pr opagati on. Ducti ng
(trapping) of the radar energy causes extended radar
ranges. Diffraction of radar waves by the earth's surface
causes energy to propagate beyond the normal radar hori zon.
It applies mainly at the lower frequencies that are sel dom

used for radar applications [6].

The difficulty with hot clutter is due to distribution
of angle, time delays and powers of the multipath jamm ng
conponents. Hot clutter effects are nore severe with |ow
altitude and short-range jamrers due to nore spread in

angle and tine-delays [7].
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B. TERRAI N REFLECTI ON
The field scattered by a rough surface consists of two

conponent s: the specul ar conponent and the diffuse
conponent. A rough surface is usually defined according to

the Rayleigh criterion [7].

1. Snmoot h Sur f ace
The condition for a snpoth surface is

A
8sin Y

AR < (A 1)

where, A4 is the change in surface height, WY is the
grazing angle and A is wavelength. Smooth  surface
reflection occurs mainly from the first Fresnel zone. The
first Fresnel zone is defined as the region on the surface
where the distance traveled by any ray fromthe transmtter
to the receiver after reflection from the surface does not

i A
differ by nore than /é.

specular

v CClion ia'f.!;fﬁ'lr.'}'ﬁ

incident

diffuse ray

Fi gure 32. Specul ar and di ffuse reflections [From
Ref . 7]

Specular reflection is simlar to snmooth surface
reflection in that it is directional and follows the |aws
of classical optics as shown in Figure 32. It is a result

of coherent radiation from points on the first Fresnel
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el lipse. These transnmtted waves are of approximtely equal

phase towards the receiver [7].

2. Specul ar Refl ection

The specular scattering coefficient is a factor that
multiplies the snooth surface reflection coefficient, which
takes into account the surface irregularities. In theory
specul ar reflection is assumed not to be dependent on the
physi cal geonetry of the terrain but only the radar and

j ammrer paraneters.

The coefficient for specular reflection is:
Py, = P,-P. (A 2)

where, p is reflection coefficient of a smooth surface and

p, is specular scattering coefficient.

o, is standard deviation of surface height, WY is

grazing angle and A is wavel ength.

pl=e (A 3)
=Z,SIn T sj]n bt (A 4)

5 _ysinW -y —cos® W (A 5)
’ Y’ sin Y +\/y2 —cos® Y .

E
/’Irc

where, &  is surface conplex relative dielectric constant,
M. 1S the relative perneability and y is the interference-

to-noi se ratio.
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3. D ffuse Scattering

The bistatic scattering coefficient is a function of
both the geonetrical paraneters and terrain paraneters. W
may assune the sanme terrain exists everywhere in the
scattering plane but the geonetrical paranmeters wll
change. Since diffuse scattering occurs over an extensive
region, we expect significant changes to occur for the
value of the bistatic scattering coefficient for the
scattering surface.

The nodels developed for conmputing the bistatic
scattering coefficient assune that the geonetric paraneters
do not change over the surface of interest. To apply these
nodels we nust divide up the terrain into surface patches
over which the geonetrical paraneters are approximtely
constant. This woul d suggest choosing small areas [7].

Choosing small surface patch sizes increases the
correlation between the incoherent scatters from different
points on the surface. For small surface sizes, correlation

bet ween adj acent surfaces should be taken into account.

surface normal imcident re

A

scattered ray

surface patch
Fi gure 33. Bi static Geonetry [ From Ref. 7]
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The power received from a differential patch of area

as shown in Figure 33 is

P _BGGNF, 0,dA
" @4n’RR °

P = janmmer power

G,= janmer antenna gain

G, = radar antenna gain

F,= pattern propagation factor

R = distance fromradar to suface point
R,= distance fromjammer to surface point
o,= bistatic scattering coefficient

dA= surface area

(A7)

Three regions may be identified in order to calculate

the bistatic scattering coefficient:
« Low grazing angle region: 8 or 6 <3
e Bistatic scatter region: at any angle
« Specul ar region: 140 <@ +6 <220

For each of the three regions different

apply.

a. Regi on 1
. |+
0, = ysin 2B
b. Regi on 2
_PF %
UB = pﬂZd € g

F2 = Ja-pa-2)

equati ons

(A 8)

(A 9)

(A 10)

L. is terrain dependent and ranges in value between 0.05

and 0. 06.
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For land terrain we have the followi ng £ values:
[.-= 0.14 radian for desert
L.= 0.2 radian for farm and
F.-= 0.4 radian for woodl and

L-= 0.5 radi an for nountains
For sea surface:
L. =2.44(SS +1)"* (71/180) (A 11)

where SS. Sea state ranges between 0 and 8.

Wth correlation distance T, the surface slope can be

found according to the geonetry in Figure 34.

il :tan_l(%) (A 12)

JerEe

Fi gure 34. Cal cul ation of Angle B[From Ref. 7]
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C. Region 3
0, = y.sin @sin §F F’, (A 13)

For pattern propagation factors F, and F,,:

FL =[50, =2 Py oo sin ) (A 14)
R4 =[14+0 0y =268 Dy cosesin 0)F (A 15)

C. COHERENT S| DELOBE CANCELLER ( CSLC)

1. | nt roduction

When we consider the presence of janming interference
together with the nonostatic clutter that is naturally
produced by ground reflections of the radar's transmtted
signal, we have to deal with an extrenely high jamrer-to-
noise ratio (JNR) by placing an antenna null adaptively in

the direction of the jammer.

Energy that arrives at the radar receiver by way of
bistatic path is received in the target beam with the
receiver's full main beam gain. This interference cannot be
mtigated using spatial-only processing, because nulling
the jammer would also attenuate target returns [8]. O her
terns used for this bistatic path energy are *“terrain
scattered jamming,” “hot clutter” or “terrain scattered
interference (TSI).”

The distinction between hot clutter and ordinary
nonostatic clutter is that cold clutter or nonostatic
clutter is a reflection of the radiated radar signal, while
the hot clutter refers to the multipath scattered janmer
signals [8].
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Scattering characteristics of the terrain, the jamer
and receiver antenna patterns, and the transmtted janmer
power cause the problem between antenna and jamer
platform Mtion of the radar receiver or jamer platform
induces a bistatic Doppler shift for each terrain
reflection. This wll result in nonstationary TSI, which
varies as a function of tinme. This will result in a severe
inmpact on the mtigation strategy that 1is enployed.
Fortunately, bot h TSI and nonostatic clutter can
effectively be mtigated usi ng space-tine adapti ve
processi ng (STAP) techni ques [8].

Rx 3.2123° N, 344.47° W Scattered Power Received 340.89°
Tx: 43,2133 N}344 4T ——— . . 45.91°
15'm, (0 m 44
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o 418659°N O -
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3463220 W ¥ distance (km) -= (longitude) bosmacc‘langm_,:ﬂ
Fi gure 35. Cold Cutter [From Ref. 9]

A CSLC is a signal processor used in conjunction with
a set of antenna weights that provides a versatile form of

spatial filtering. The processor conbines spatial sanples
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of a propagating field with a variable set of weights.
Weights are typically chosen to reject interfering signals
and noise. In radar, the spatial filtering capability of
the array facilitates cancellation of hostile jamm ng

signals and aids in the suppression of clutter [8].
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Phillips height spectrum 0 40 80 120 160 200 240 280 320 360 400 440
345.4336° W % distance (km) -> (longitude)  posnia, o and,ghz cel
Fi gure 36. Hot Clutter [From Ref. 9]

The practical usefulness of a CSLC is limted by the
conplexity associated with the conputation of the adaptive
weights. In an adaptive beanformer only subsets of the
avai l abl e degrees are used adaptively. So, the nunber of
free weights nust be conmputed. The principal benefits
associated with reducing the nunber of adaptive degrees
will reduce the conputational burden and wll inprove the
adapti ve convergence rate.
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The conputational cost of adaptive algorithnms 1is
generally either directly proportional to the nunber of
| oops or proportional to the square of the nunber of

adaptive wei ghts.

As a result, the nunber of data vectors needed for the
adaptive weights to converge to their response requirenents

will dictate reductions in the nunber of adaptive weights.

2. Concl usi ons

First of all we expect to see sone decrease in the
performance of jammng cancellation due to terrain
reflection interference. This interference is very nuch
dependent on the altitude of the jammer source. The higher
the altitude of the jammer, the less the interference. Any
reflection from rough terrain will occur over an extensive
region and the anmount of data present in the hot clutter is
very large. Even though cancellation takes place pul se-by-
pul se, each pulse contains a |arge nunber of range sanples

and antenna el enments [10].

Hot clutter <cancellation techniques rely on the
presence of energy produced by the jamer, which is in the
angul ar spectrum Since the jamer transmtter has a |arge
beamwi dt h and significant sidelobes, in addition to the
main beam interference, the radar receiver wll also
receive jammer energy from both the direct-path and from

hot clutter through the receiver sidel obes.
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APPENDI X B. THECORY OF S| DELOBE CANCELLATI ON

A JAW NG EFFECTS ON A RADAR

Radars are vulnerable to the negative effects of
janmrers due to the sidelobes of the radars antenna' s
radi ati on pattern. Janm ng can affect a search radar in the
foll owi ng ways [ 14]:

. Reduce the operating range drastically,

. Overload the search Radar wth non-existent
targets,

. Prevent proper radar operation via saturation.

O these three effects, reducing the operating range is the
nost inportant. The reduction of the relative operating
range of a radar versus interference plus noise-to-noise

ratio is plotted in Figure 37.

Figure 37 is plotted according to the radar range

equati on:

- __RGGAo (B. 1)
™ (AN{KT,BN,) (SNR

where P; is the transmitter power, G is the transmt
antenna gain, G is the receiver antenna gain, A is the
operating wavelength, o is the target radar cross section,
(KToBNg) is the receiver thermal noise power, the SNR is the
signal-to-noise ratio and R is the detection range. This
equation nust be satisfied to achieve the desired detection

performance with a given SNR
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Fi gure 37. The Rel ative Operating Range of a Radar
versus Interference plus Noise-to-noise Ratio

This kind of wvulnerability of a radar system to
jammng is due to the one-way and two-way radar range
equations [6,13]. In the target case, the two-way range
equation applies and the target signal power varies wth

the inverse of the fourth power of the range:

_ PIGGMo

Raget = AR (B.2)
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In the jamer case, the one-way range equation applies
and the jamm ng power varies only with the inverse square
range:

_ PuG,GA?

P amrer = (4R (B.3)

where P;; is the jamer power, G; is the jammer antenna gain
and R is the distance between the jammer and the radar

ant enna.

Thus, even a weak janmmng power can substantially
reduce the operating range of a radar, even if it enters
the low gain sidelobe region of the radar antenna
Consequently, the capability of janm ng rejection is one of
t he nost desirable features for a Radar system[20].

B. TECHNI QUES TO REDUCE JAMM NG EFFECTS

The efforts to reduce the wvulnerability of radar
systens to intentional, i.e. jammng, and unintentional
interference resulted in various interference mtigation
nmet hods. O these nethods, antenna sidelobe reduction and
adaptive interference cancellation are the nobst popular
[17] .

Antenna sidelobe reduction seeks to mnimze the
interference received beyond the antenna’'s field of view by
reducing the antenna sidelobe levels via the antenna’s
design [17]. The nost wdely used dish type reflector
antenna and phased array antennas can generate considerably
| ow sidelobe levels. But to reach an ultra-low sidel obe
| evel radiation pattern, the dish size should be nuch
| arger than the practical limts. In the case of a phased

array antenna, many nore antenna elenents should be used
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with correct phasing. Large antennas are not desirable for
practical real-time applications, such as shipboard radar.

Large phased-array antennas are al so not cost-effective.

On the other hand, adaptive interference cancellation
by using adaptive array antennas is nore cost-effective
than ultra-low sidelobe |evel antenna techniques. It is
necessary to build an ultra-Iow sidel obe | evel phased-array
antenna within very tight nechanical and electrica
tol erances. However, for the sane accepted Ievel of
performance, adaptive antenna arrays with larger mechanica
and electrical building tolerances can be used owing to the
self-correcting nature of the radiation patterns. As such,
adaptive array antennas are nore useful and nore cost-

effective for today' s practical applications.
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Ant enna Si del obe Level = -28.28 dB, HPBW= 5°
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A conventional reflector type antenna mght have a
maxi mum ~28 dB of sidel obe |evel below the peak of the main
beam as seen in Figure 38. But those with sidelobe |evels
of =50 dB or less can be considered as ultra-low sidel obe

| evel antennas [6].

1. Adaptive Arrays and Sidel obe Cancellers

Undesired noise appears in the signal environnent.
This negative effect decreases the signal-to-noise ratio
and reduces the performance of the radar by reducing the
operation range. Adaptive antenna arrays can be used to
keep or inprove the performance of the radar systens under
such conditions. This is true because these antennas
automatically respond to unknown interferences by steering
nulls in the direction of these undesired interferences
wi t hout human intervention, thereby maxim zing the signal-
to-noise ratio and inproving the detection probability of

the desired signals.

To illustrate the effect of a sidel obe canceller for a
radar system consider Figure 37 again. Suppose that a
single jamer is present and it corresponds to a janmer
pl us noi se-to-noise ratio of 28 dB. Under such a condition,
the relative operating range of radar would be 0.2 units.
But in the presence of a sidelobe canceller system which
has a cancellation ratio of about 16 dB, the jammer plus
noi se-to-noise ratio would become about 12 dB and the
relative operating range would be alnbst 0.5 units. Here
the sidelobe canceller effect is nore than double the

exi sting operating range.
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C. SI DELOBE CANCELLER CONFI GURATI ON

The conventi onal adapti ve si del obe cancel | er

configuration is shown in Figure 39.
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Fi gure 39. Conventional Sidel obe Canceller Mdel [From
Ref . 18]
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Analog IF Crcuit [From Ref. 19]

78



Paul Howells’ text description associated with Figure

40 clearly explains the operation of the configuration:

The sinple parallel arrangenent connects the
auxi liary channels together as an adaptive array
whose summed output is subtracted from the main
channel . The conplex weighting of each auxiliary
is perforned by its control mxer, which replaces
the usual elenent phase shifter. A single jamrer

Wil appear in all auxiliaries wth equal
anplitude and a relative phase dependent on its
angle of arrival. The nain channel residue of

that jamrer is fed in parallel to all the |oops,
to be correlated with the jamm ng present there.
As before, the action in each loop is to produce
an output to the sunmm ng network proportional to
jammer power, in phase with the min channel
residue, and therefore, in phase with each other.
The main channel jammng residue, therefore,
serves as a steering signal that produces a
uniformy weighted array beam centered on the
janmer. Subtracting its output from the nmain
channel creates a narrow null there with only
m nor perturbations to the pattern el sewhere. The
paral l el |oops behave in a cooperative node |ike
a single loop with a directive auxiliary: 1oop
voltage gain is increased by the gain of the
array, and the auxiliary receiver noise brought
over is reduced by that gain [19].

INTERFERENCE X DESIRED SIGHNAL
SO0URCES
HIGH-GATN
MATHN BEAM
Auxiliary
MATN BEAM
ANTENNA

Array Elements
‘r

Q
OUTEUT

Figure 41. Conventi onal Adaptive SLC Configuration
Nom nal Schematic Di agram [ From Ref. 19]
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The sidelobe canceller system consists of a main
antenna of reflector type, an array of auxiliary antennas
and a nunber of real-tine adaptive processors that adjust
the antenna elenment weights, W, to optimze, or maxim ze,
the output signal-to-noise ratio(SNR) with selected control
algorithnms. The nunmber of deep nulls this system can
introduce to the total radiation pattern is equal to the
nunber of auxiliary antennas. So the nunber of auxiliary
antennas together wth the control |oops determnes the
degrees of freedom of the sidelobe canceller system For
strong cancellation, the nunber of auxiliary antennas nust
be at | east equal to the jamm ng signals to be suppressed.

1. Ant enna El enent Spaci ng

The design assunmes that interference arrives through
the sidelobes of the main antenna and the main antenna
receives both the desired signal and the interference
signal components. The auxiliary antennas primarily receive
interference power because their gain in the direction of
the reflector’s main beam is nuch lower. The signals
received by auxiliary antennas are the same signals as the
signals received by the main antenna, but with different
phase shifts. According to Figure 42, the phase difference

bet ween the adj acent antenna el enents is
d .
(p:2nX3|ne (B. 4)

where ¢ is the phase difference between the first auxiliary
antenna and the main antenna, d is the separation between

these two antenna phase centers and O is the jammer
incident angle relative to the array bore sight.
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Array Boresight Jamming Signal

Main Auxiliary Auxiliary Auxiliary Buxiliary
Antenna Antenna 1 Antenna 2 Antenna 3 Antenna 4
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v

Fi gure 42. II'lustration of Phase Difference between
Recei ved Signals in Each Channel

The auxiliary antennas should be placed as close as
possible to the phase center of the main antenna. This
provi des nore correlation between the main antenna sanpl es
and the auxiliary antenna sanples. The sidelobe canceller
output is determned by subtracting the auxiliary antenna
array output from the main antenna output. The correl ation
between the min and the auxiliary antenna elenents
guantifies the received interference power, and this
interference power is treated like an error signal in the
control loop. Mnimzing this error signal is equivalent to
mnimzing the interference [17]. As a result, higher

correlation provides better cancellation perfornance.
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Consi der t he fol |l ow ng relationship for t he
correlation coeffient, p, for the one-pole filter case
[ 21] :

(X = ™ (B.5)
where X is the Tinme-Bandw dth product, which is given by:
X = BT, (B. 6)

where B is the filter bandwidth, T, is the difference
between the tine of arrival of the interference at the nmin
and at the auxiliary antenna which is given by:

T =

a

9sine (B.7)
c
where 6 is the angle of incidence of the interference and c

is the speed of |ight.

It is obvious from Equation (B.5), Equation (B.6), and
Equation (B.7) that a higher correlation is obtained either
by reducing the separation between the phase centers of the
antennas or by reducing the bandwi dth of the receiving
channels. H gher correlation is also obtained when the

jamrer incident angle is close to the array bore sight.

In a nore detailed analysis, higher ~correlation
requires the separation d between the phase centers of the
main and auxiliary antennas, divided by the velocity of
light, to be much less than the smaller of the receiver
bandw dt hs [ 21]:

g-<< BV (B. 8)

wher e BM& is the smaller of the receiver bandw dths.
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2. Correlation Effects

The several values of the cancellation ratios versus
t he jamrer-to-noise power ratio is plotted in Figure 43 for
the case of one SLC | oop with one auxiliary antenna.

CR (dE).m
40+ -
@=0.9993
30+
£=0.999
201
£=0.99
10+
£=0.9
2=0.8
. : : : »
20 30 40 JHR (dB)
Fi gure 43. The Cancellation Ratio vs the Janmer-to-

noi se Ratio Having the Correl ation Coeffient, p,
as a Paranmeter [From Ref. 21]

It is obvious from Figure 43 that the maxi num
cancellation ratio is obtained wth highly correlated
signals and the maxi num achi evable cancellation ratio is

l[imted by the jamer-to-noi se power ratio.
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3. Antenna Gain Margin

Two states of the sidelobe canceller should be
consi dered when choosing the gain margin of the auxiliary
antennas [21]: The transient state and the steady state
The transient sidelobe levels are proportional to the
auxiliary antenna’s gain margin. A |ow value of gain margin
is better for the transient state. However, a |arge value
of auxiliary antenna gain margin is useful in the steady
state. This is true because the weights of the auxiliary
channels would be small and the corresponding internal
noi se powers of the auxiliary channels would be attenuated.
The gain margin of the auxiliary antennas should be chosen
according to this trade-off analysis. |In general, the
auxiliary antenna gains should approximate the average
si del obe | evel of the main antenna pattern [21]. An exanple
pattern is shown in Figure 44.

-10+ -

o0k Main Antenna Radiation Pattern

Auxiliary Antenna Radiation Pattern
_30 | - .

Radiation Pattern — dB
A
o
T
|

_800 110 25 310 4;0 56 6;0 75 810 90
0 — degree(s)
Fi gure 44. General Main and Auxiliary Antenna Radiation
Pat t er ns
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Besides the antenna elenent spacing and the gain
margin, finding a suitable way of controlling the auxiliary
channel weights is the next nmjor problem for adaptive
arrays. The weights should be highly optimzed to achieve

hi ghly correl ated signal s.

4. General Control Law for Sidel obe Canceller

Before establishing the general control law for the
si del obe cancellers, it is better to derive the general
control law for adaptive arrays because the sidel obe

canceller control law can be generated from this control
| aw. The auxiliary channel outputs are weighted and sumred
and then subtracted from the main channel in the sidel obe

cancel l er configurati on.

a.=sl a.sz a.zk
nl n- nk

£]

wl 2] R 3

SUMMING METWOREK

=
Il

Fi gure 45. Functional Representation of Optinum
Coherent Conbi ner [ From Ref. 26]
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To derive the control Ilaw for adaptive arrays,
consider Figure 45. The signal at the k'" channel can be
represented as the product asyx, where a defines the |evel
and tine variation of the arriving signal. The sy represents
the application of the phase difference of the signal at
the k' antenna el enent. This phase difference is due to the
extra path length traveled by the signal to reach k'"

ant enna el enent .
s, = ek (B.9)

where ¢ is defined by Equation (B.4). The w represents the
wei ght of k'™ channel determined by the control law All
t hese signals, noises, and weights can be represented in

matrix formas foll ows:

_Sl_ _nl_ _Vvl_
S, n, W,

s=| |,N=| |,wW=] |. (B. 10)
_Sk_ _nk_ _V\‘<_

The expressions for the signal and noise outputs of
the sunm ng network in Figure 45 are

K

Ve = a) ws, . (B.11)
k=1
K

V, = DLW, (B.12)
k=1

where vs is the signal output and v, is the noise output. In

matri x notation:

v, = aWsS = aS'W. (B.13)

S
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v, = WN = NW. (B. 14)

The superscript T denotes the matrix transpose in Equation
(B.13) and Equation (B.14).

The expected noi se power of sunm ng network output is

R = E{v,[} = E{\V\ﬂ\f}.
P, = E{WN{(NW}. (B. 15)
R = E{WNNW

where the asterisk(*) denotes the conplex conjugate. The
expectation operator wll affect only the noise terns in
Equation (B.15) [26]. So, P, can be witten as

P = WE{NN} w. (B. 16)

E{N'N} is the ~covariance matrix of the noise
conponents [26]. The nx denotes the conplex envel ope of the
noi se conponent of the k'™ channel in Figure 45. The
covariance of ng by n; is

we = E(ng,). (B. 17)
M = E(”F”k) = My - (B.18)
M = [py ] (B. 19)

where M denotes the covariance matrix of the noise outputs.
The expression E{NN} in Equation (B.16) can be changed
with Min Equation (B.19) and then Equation (B.16) becones

P = WM\ ( B. 20)

The covariance matrix M wll be a diagonal matrix if

the noise conponents are uncorrelated. However, matrix M

may have non-zero entries in any position. Mitrix M is
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Hermitian, that is M = M [26], from Eq.(B.18) and
Eq. (B. 19).

Covariance matrix M is also positive definite since
the output noise power is greater than zero unless W#O0
[ 26] .

Matrix M can be diagonalized by a nonsingular
coordinate transformation since M is a positive definite
Hermtian matrix. Al channels wll have equal power
uncorrel ated noise conponents by diagonalization of the

covariance matrix M| 26].

A transformation matri x A can be defi ned to

di agonal i ze the covariance matrix M as in Figure 46.

a.=1 a.=2 a.zsk
nl nz nk
MATETIX TEAMNSEFORMATION
A
1 1 1
a.=1l a.&z a.=k
Bl A Eas
1 i 1
wl wz | ... wk

SUMMING NETWORE

l

wa
W

Fi gure 46. Use of Transformation Matrix A to
Di agonal i ze Covariance Matrix M [ From Ref. 26]
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After the transformation shown in Figure 46, the

si gnal and noi se conponents, respectively, becone
S = AS. (B. 21)
N = AN (B. 22)

where the caret(”) represents the quantities after the
transformation and matrices S and N are as defined in
Equation (B.10). Wien the results of the transformation are

conbined with the weights, W the output signal and noise

of the summ ng network becones:
v, = aWS = aWAS. (B. 23)
v, = WN = WAN. (B. 24)

| f Equation (B.13) and Equation (B.14) are conpared
with Equation (B.23) and Equation (B.24), it is obvious
that conmbining the channels after the transformation matrix
A with the weight vector W is equivalent to using the
wei ght vector AW without the transformation. Thus, for

equi val ent out puts:
W= A"W, (B. 25)

If W in Equation (B.13) and Equation (B.14) is
replaced with the expression in Equation (B.25), then
Equation (B.23) and Equation (B.24) are obtained.

From Equation (B.15) and Equation (B.24), t he
expression for the output noise power becones:

R = E{v.f} = E{V\ﬂ\f}
P, = E{WN(NW . (B. 26)
P = WE{NN} W
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The covariance matrix of the noise conponents is
sinply the identity matrix of order K because the
transformation matrix A decorrelates and equalizes the

noi se conmponents powers [26]. Thus,
E{NN} = 1,. (B. 27)
The expression for the output noise power becones:
P, = W= |W. (B.28)

Since the configurations of Figure 45 and Figure 46
are equival ent, the output noise power from Equation (B.20)
and Equaiton(B.25) can be witten as

P = WAMAW (B. 29)

Comparing Equation (B.28) and Equation (B.29), it
obvi ous t hat

AMAT =1, (B. 30)

Equation (B.30) expresses that the transformation
matri x A diagonolizes the covariance matrix M

It is well known that the optinmum choice for the
wei ghting vector Win Figure 46 is given by
W, =8’ (B.31)

where i is an arbitrary constant [26]. The optinmum val ue of

W may be obtained from Equation (B.25) and Equation (B.31)

as

W, = AW, = AS’ (B.32)
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By changing S’ with the expression in Equation (B.21),
W, in Equation (B.32) becones:

W, = pA'AS, (B. 33)
and finally from Equati on (B.30)
W, = uM's’, (B. 34)

Thus the optinmum weight vector for the conmbiner in Figure
45 is the value of weight vector W that satisfies the

equati on:

MV = uS! (B. 35)

a. Application of Control Law to Sidel obe
Cancel l ers

In case of a sidelobe canceller system the
summ ng network output is subtracted from the main channel.
The rejection of disturbance in the min channel is
achi eved by subtracting the estimate of the janmm ng signa
from the min channel signal. So the noise power of

si del obe cancel l er output is

n n

P = E{‘V”h —v 2} (B. 36)

where V,is the noise output of the main channel and
Vi, = Ng Replacing v, in Equation (B.36) wth the

expression in Equation (B.14) gives:

P = E{\v,m - V\ﬂ\f}. (B.37)

n

From Equation (B.16) and Equation (B.20), the

covariance matrix Mis
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M= E{NNT}, (B. 38)

and the cross-correlation vector, R between the min and

the auxiliary channel noises is
R = E{n,N} = E{v,N}. ( B. 39)

The equation of the noise output of the sidel obe
cancel ler, Equation (B.37), is a quadratic function of W

with paraneters Mand R
P = E{\vnhf} - WR - WR” + W M\, ( B. 40)

By taking the gradient of P, with respect to W
(Haykin, 1986, pp. 105-108):

0P, 0P, 0P,
(B.41)

0P, = .
hr L?vv1 oW, oW,
0P = 2[MV*+ R],

and equating it to zero, the follow ng equation is obtained
for the opti mum wei ghts (Brennan and Reed, 1973)

W, = IM'R. (B. 42)

D. SI DELOBE CANCELLER | MPLEMENTATI ON

The nethods for inplenmenting the SLC can be divided
into two main categories: Cosed-loop or feedback contro
techniques and open-loop or direct solution nethods.
Cl osed- | oop nmet hods are wel | sui ted to anal og
i npl ementation owng to their self-correcting nature and
they do not require wde dynamc range or highly Iinear
conponents. However, the main l[imtation of the closed-|oop
methods is that their speed of convergence nust be
restricted to achieve stable operation. Direct solution

92



nmet hods require wde dynamic range and highly linear
conponents that can only be realized digitally. But direct
solution nethods do not suffer from convergence speed and

stability problens [21].

1. The Howel | s- Appl ebaum Cl osed- Loop Approach

The Howel | s- Appl ebaum control loop is the conventi onal
anal og adaptive processor for inplenmenting the sidelobe
canceller. This configuration tries to find the optinmm

wei ghts in a cl osed-1oop fashion.

Main Auxiliary
Antenna Antenna
;; d
Vm Va
sk
Va*
Hard
Limiter
" +
> X
A
]
Low-Pass \'T
Filter
U
Amplifier (;
Vm W
+ -
WxVa WV
=0 38
Fi gure 47. Functional Bl ock D agram of Howel |l s-

Appl ebaum Cancel | er
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The equations describing the operation of Howells-

Appl ebaum control -1 oop are

V. = GA . (B. 43)

V, = GAS, (B. 44)

a

where A is the arriving signal at the main antenna, s, is
as defined by Equation (B.9), G, and G, are the gains of

the main and auxiliary antennas at the direction of arrival

of the signal, respectively [14]]21].
Z =V, -W, ( B. 45)

a

where Z is the output of the sidelobe canceller and Wis
t he conpl ex wei ght determ ned by the control I oop.

A = ZV! ( B. 46)

where A is the input to the Iowpass filter. From Equation
(B.45) and Equation (B.46), A can be witten as

A= VoV = WV (B. 47)

A

VAVAERT\VA S (B. 48)
The output of the lowpass filter is U So the

equation for Uis

TLng—:J+U:A (B. 49)

where T, is the integration tinme constant of the |ow pass

filter. Weight is calculated by amplifying U with a high-
gain anplifier:

W= U (B. 50)

where Gis the anplifier gain.
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| f Equations (B.48), (B.49) and (B.50) are conbined,

t hen Equation (B.49) can be witten in the follow ng form

dawi W
+ —

T — = = V.V? — WV, B. 51
LPth G G m-a |a| ( )

Equation (B.51) can be rearranged as:

aw, W _ G (Vme —W|Va|2), (B. 52)
dt Tirr Tipr

2
LUV ] VA (V) (B. 53)
dt Tipe Tipr

wher e G|\/a|2 is the closed-loop gain [21]. Equation (B.53) is

the stochastic non-linear differential equation describing

t he wei ghts.

In the Howells-Appl ebaum control-1oop, the weighting
signal is developed in a closed-loop fashion, which causes
t he power of residual signal, Z to be a mninmm/[21].

a. Wei ght Mean and Vari ance

It is necessary to solve the stochastic non-
linear differential equation, Equation (B.53), to evaluate
the sidel obe canceller performance properly. The presence

of the stochastic processes, V, and V,, makes the weight a

stochastic process itself [21]. The calculation of weights
according to their stochastic nonlinear differential

equation has been considered in reference 22 and accurate

expressions for the nean, W, and the variance, o, of W(t)

w!

have been obtained in the follow ng forns:

W) = e[I:C]W + p{e[rs;] - 1} (B. 54)
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where W is the statistics of the initial value of W(t) and
o is the correlation coefficient between the signals at the
main and the auxiliary antenna elenments, V, and V, [22].

m

According to statistics [22]

pzw (B. 55)

2

P

where p° denotes the power of V, and V,:
p* = V[ =|v[. (B. 56)

In the steady-state condition, the nean val ue of

t he wei ght approaches the limt val ue of

o _ POV

= B. 57
W 1+ GV (B.57)

whereas, in the |east-mean-square sense, the optiml value
of Wis

W = p. (B. 58)
This is an unbiased estimate of W, considering

that GV > 1. However, W _ _ is a random variable with a

vari ance of

oy . =(1 + p)F (a) (B. 59)

where a is defined as:

a = BV¥LC - Tc ' (B 60)

2BW 2T ¢

which is the ratio of the sidelobe canceller bandwidth to

twi ce the receiver channel bandw dth [22].
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F is a function that takes a as the paraneter
[22] and F is defined as:

F(a) = —ueﬁzJ{%-—|erf(a)@ (B. 61)

where the error function erf (X) is

M NCY
erf (X) = — | e ? “dy. B. 62
(X) m! y (B. 62)
b. Per f or mance Eval uati on

Two figures of merit define the sidel obe
cancel ler performance [21]: the tinme required to conpute
the estimated weights and the power cancellation ratio at
the steady-state condition. These two figures conpete wth

each ot her.

First, the steady-state perfornmance of t he

circuit should be expl ai ned.

The sidel obe canceller output signal, which is

defined by Equation (B.45), is a zero-nean process. The
facts that E{V,} =0 and E{W,} = 0 nake the output signal a

zer o- nean process [22].

The cancellation ratio is defined as the ratio of

i nput jamm ng power to the output residual power:

CR = Eiﬁﬁl (B. 63)
E {zz}

where E{Z} is the output residual power.

97



The uncancel | ed out put power is
E{Z} = E{V}} + E{wW\Z} - 2E{v,w}. (B. 64)
Assunmi ng that weight is a gaussian process [22], then
E{vZ} = p*

s{wv =\ § W =W (8.65)
E{v,wi} =g v\ E{W = p*pE[ .
In the steady-state condition, the cancellation

ratio in Equation (B.63) follows from Equations (B.57),
(B.59) and (B.64) as

1
(1-90°)+ (1 +p)F(a)

CR = ( B. 66)

where a and F(a) are defined by Equations (B.60) and (B.61)
, respectively, [21,22].

It is obvious that the effect of the variance of

the weight, o@aw, on the system cancellation can be

evaluated as a function of o, which is the ratio of the
si del obe canceller bandwidth to twice the receiver channe
bandwi dth, as in Equation (B.60). Here, o is the key
paranmeter of the system The cancellation ratio versus o is
plotted in Figure 48 for sonme values of correlation
coeffient p.
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Fi gure 48. Cancel l ation Ratio versus a for Single
Si del obe Cancel l er [From Ref. 22]

Figure 48 illustrates the inportance of keeping a
as |low as possible to obtain high cancellation perfornmance
even at the expense of a slower circuit response [21][22].
When a reaches zero, the cancellation ratio approaches its
i deal val ue because canceller loop time constant reaches to
infinity as a - 0 and an infinite time of observation is
spent to obtain a precise estimate of +the correlation
coefficient p. The effect of the correlation coefficient on
the cancellation ratio was discussed in Appendi x-A section
C-2 and shown in Figure 43. To reach the optinmm val ue of
the weight, which is defined in Equation (B.57), the
transient tinme constant of the sidelobe canceller |[|oop
shoul d be [21]

— Tiee
Tgc = v - B. 67
SLC (1 + G |va |2) ( )
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C. Trade-of f Anal ysi s
The weight reaches its ideal value when G/ > 1.
v2

It seens that increasing G is a good strategy to reach

the ideal cancellation. But, according to Equation (B.67),
i ncreasi ng (BBQF reduces the sidelobe canceller |oop tine
constant and a decrease in Tg. increases the sidelobe

cancel ler loop bandw dth, BW,.. Thus, this increases the
anmount of interference power transferred to the output and
worsens the cancellation. In other words, a decrease in Tg.

causes an increase in a and worsens the cancellation. In

fact, the mean value of the weight would quickly reach the

steady-state condition wth increasing (BKAF, but the

2

W woul d al so be increased, thus

vari ance of the weight, o

reducing the efficiency of the jamer cancellation. This is
called the loop-noise effect and this is the nmain

[imtation of the Howel |l s-Appl ebaum control |oop [21]]22].

The loop noise effect requires a careful design
of the circuit parameters of the anplifier gain and | ow
pass filter tinme constant so that the canceller |oop
functions properly. The canceller loop tinme constant should
be kept within the limts of 1y, = 10t. by choosing the
appropriate values for the circuit paranmeters, as expl ai ned

bel ow.

Since the bandwi dth of the receiver channels are

generally fixed, Tt. cannot be readily changed. So, the

si del obe canceller |oop bandwidth should be adjusted to

reduce a according to Equation (B.60).
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To obtain a good average of the weight process,
the sidelobe canceller |oop bandwi dth should not exceed

one-tenth of the receiver channel bandw dth [ 14, 24]:

B
BW,. < 1—\34, T > 107, (B. 68)
Hi gher loop tinme constant causes a |onger

response tine, but better cancellation owng to a decrease
in the weight variance and |oop bandw dth, as discussed

earlier.

The mnimum value of the loop gain can be
cal cul ated by using the quiescent receiver noise level. In
the mninmum conditions, there wll be no external

interference source and the output of the receiving channel

equal s the receiver self noise:

V, =n (B. 69)
where n, is the receiver self noise. To obtain the idea
condition for the weight, the follow ng condition should be

met : (BBLF:» 1. See Equation (B.57) and Equation (B.58).

To obtain G|V > 1 for the minimm condition,

the anplifier gain should be chosen to satisfy Equation
(B.70):

G=

(B. 70)

This is the mnimum value condition for the

anplifier gain.
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. — 12 . .
Loop gain, GJ|V,[, wll be increased due to an
increase in V, as the external interference power increases.

The lowpass filter tinme constant should be chosen
according to the level of nmaxinmum interference power that
the loop handles. Cearly, an increase in the external
interference power decreases the sidelobe canceller |oop

time constant. To keep 1y, Within the limts defined by
Equation (B.68) a proper value should be chosen for the
| ow-pass filter tine constant. The tg. reaches its mninmm
val ue when G|Va|2 reaches its maxi num value. The | ow pass

filter time constant should be high enough to keep T1g.
within its limts as the external interference power

i ncr eases.

To address the maxi mum condition, the closed |oop
gain can be expressed in terns of the mninmum |oop gain,

G|ﬁa|2, and the interference power ratio [24].

A G(n.[ + ) _ L

GJn,f .

(B. 71)

The ratio of the squares of the voltage

7
.l

|2

magni t udes,

is equal to the ratio of the interference

power -t o-recei ver noise power, P. Then the closed |oop gain

is
G|V, = G, (1 +PR) (B. 72)
where the mninum |loop gain can be fixed at any desired

val ue by choosing an appropriate value for the anplifier

gain, as discussed previously. The maxinmm interference
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power to be handled by the loop, P , determnes the

'max

maxi mum | oop gain [24], (G|va|2)

nmax

(GI%f),, =6l (1+r,) =(cluf), (t+r.) (B73)

max =
Al the discussions above define the mninm

value of the lowpass filter time constant in relation to
the maxi muminterference power to be handled by the | oop

Tgc 2 10t Tge = 10rc. (B.74)
The maxi mum cl osed | oop gain defines t1g.
Ty, = Toer . (B. 75)
w1 o)
From Equati on (B. 73)
Lo = Tac. (1 + (G|\7a|2)m_n + (G|\7a|2)m_n Pim). (B. 76)
— 12 7 |2
T = 10T, (1 +(6vf) +(svf) F?m)- (B. 77)
— 12 7 |2
T = 107, (1 + (Gv[) +(swf) Pim). (B. 78)

It is evident from Equation (B.67) and Equation
(B.75) that the sidelobe canceller loop tine constant, or
in other words, the response tinme of the canceller |oop
depends on the external excitation conditions. The variance
of the weight in the steady state is also related to this
external power level. This dependence can cause w de
variations in the canceller’s performance, ranging from
excessive control loop noise when the interference is
strong, or very slow convergence time when the interference
is small [23].
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d. Hard-limter Modification

The envelope limting technique can help reduce
the effects of the varying external noise intensity w thout
degrading the |oop performance [23]. Inserting a coherent
hardlimter at point 1 of Figure 47 is likely to reduce
such dependence [14,24]. After the hardlimting, the signal

at the m xer input becones

O

V.
QUt pUt i miter = |Va| (B. 79)

a

The anplitude variation in the conjugate signa
has been renpbved and only the phase variation is retained.
The m xer output is sensitive to the phase of its input,
but not to its input anplitude. Thus, limted signals can
be used wthout Iloss of information [13]. After the
hardlimter nodification, the closed | oop gain becones

GV, = GV]. (B. 80)

At the mninum conditions, when there is no
external interference power, the loop gain will be equal to

(G|v) Gn (B. 81)

mn a|

The mninmum |loop gain should be fixed at any

desired value by choosing an appropriate value for the

anplifier gain to satisfy G/, > 1.

Addr essi ng t he maxi mum condition after
hardlimting, Equation (B.71) can be witten as

A LR A A
_a — = 1 + — = 1 + R . ( B. 82)
G| Gy|n.f [

G|V| = G| (1 +PR). (B. 83)
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The Maximum loop gain is determned by the

maxi mum i nterference power to be handl ed by the | oop.

(Gl%),, = 6t +R.) = (N, [t +R.). (B89

a I I

To keep the canceller loop time constant within
[imts defined by Equation (B.74), the m ninum value of the
| ow-pass filter tinme constant should be

Tae =TT (gTVaDW' (B. 85)

Ter, = T, (1 +(G[w)),., (1 + F?m))- (B. 86)
T = 10T (1 + (Gl%) \/m) (B. 87)

T, = 101, (1 +(Gv)) 1+ Fgm)). (B. 88)
Note that because of the square root of P , the

! max

| ow-pass filter tinme constant is faster now owing to the
fact or determined by this square-root process. The
effective tinme constants that determne the rate of
convergence and control |oop noise are changed by this
square-root factor, thus reducing the dependence of |oop

performance on the intensity of the external noise field.
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