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ABSTRACT

This paper presents particle swarm optimization (PSO) technique to miti-
gate the radiation performance of an active phased array antenna under
the condition that a selective number of radiating elements have malfunc-
tioned. The PSO algorithm has been applied to determine the excitation co-
efficients of array elements yielding optimum performance of an active
phased array antenna with a few elements which have failed. Simulated
radiation performance has been presented for different cases of failure.
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INTRODUCTION

Active phased array antennasarewidely used in
multimode SyntheticAperture Radar (SAR), Satellite
Communications, multi object tracking radar etcasa
reliable antennasystem for e ectronic beam scanning.
Active phased array antennasystem comprisesof array
of radiating elements having variable phase and
amplitudeexcitation co-efficient controlsat each dement
or at sub-array level for pattern shaping aswell asto
electronically scan beamsto specified anglesin space.
In order to control the phase and amplitude of each
radiating d ements/sub-arrays, RF Transmit/Receve(T/
R) modul es are attached to the el ements/sub-arrays.
With these components, the transmitting/receiving
antennas can e ectronically scan two independent beams
or aspecified beam. The active phased array antenna
system of high gain and high beam agility requirement
haslarge number of radiating el ementsand thusthe
probability of failure of T/R modules as well as
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malfunctioning of theradiating eementsarehigh[1].
Replacing thefaulty T/R modulesor antennael ements
maly not be possiblein many systemswherethe access
tothearray isnot feasible especialy inthe case of a
space-borne phased array antennasystem. T/R module
fallurescan severdly distort thefar-field pattern of array
antennasdesigned for very low side-lobe and cross-
polarization characteritics.

Active phased array antenna system offersavery
good flexibleand reliabledesign asthearray performs
with graceful degradation even whenthe T/R modules
of some of the elementsfailed. In the case when the
number of failuresat elemental levelsisnot very high
and theradiation performance has not degraded very
serioudly, the pattern shape and side-lobelevel may be
recovered by re-distributing the excitation co-efficient.
Thusitisworthwhileto exploresuitabletechniquesto
compensate T/R modulefailures.

Very few methods have been reported for array
dementfalurecorrectionintheopenliterature. Peterd™


mailto:Rizwan_alad@yahoo.com

2 T/R Module failure correction in active phased array antenna system

E&EEJ, 1(1) 2016

e

Full Paper

has proposed amethod to reconfigure the amplitude
and phase distribution of the non-failing elementsby
minimizingtheaverage SLL, viaaconjugate gradient
method. Thismethod was applied to the synthesis of
sum and difference patternsof planar arrayswithfailed
eements. Yeo et d.I¥ have described an approach based
on GeneticAlgorithm (GA) for array failurecorrection
of arbitrary digital beamforming arrays. Yang and
Stark™¥ reported the method of vector space
projectionsfor the recovery of areasonable antenna
performance when as many as 30% of the elements
had failed. Maill oux® has used themethod of replacing
thesgndsfromfaled dementsinadigita beamforming
receiving array. All thismethodswere applied to smal

array. In case of high gain planar array with alarge
number of radiating elements, therate of convergence
using theabovetechniquesmay betoo dow to arriveat
anoptimumsolution. In caseof GA, the convergenceis
dow becauseof large cross-over and mutation between
all populationsfor ahigh-gain array antenna. Hence,

for real-time applications, GA may not be preferred.

Boeringer™™ has described anew approach based on
the Particle Swarm Optimization (PSO) techniquefor
phased array antennawhichisrelaively smpler, faster
and at thesametimeyiedsaccurateresults. PSOisa
stochastic evol utionary computation technique, based
onmovement and intelligence of svarmg*19,

In thispaper, theanalysis of planar active phased
array antennainwhich T/R modulesarefed at linear
array level iscarried out considering different number
and locationsof faulty T/R modules. Thistypeof active
phased array antennafindsgpplicationsin SAR system
wherethe scanning of beamisdoneonly inonedirection.
Thedegradationin array performance caused by the
faulty T/R moduleshave been mitigated by re-ditribution
of theexcitation co-efficientsof theremaining radiating
elements/sub-arraysinwhichthe T/R modules perform
satisfactorily. The optimization of the radiation
performance hasbeen carried out using PSO agorithm.
Usingthisandyss, it hasbeen demongtrated thefailure
casesasafunction of locationsand thenumber of T/R
modulesthat havefailed and the extent of recovery of
radiation pattern. Thisinformation may beusedtojudge
the graceful degradation of the active phased array
antenna system in case of multiple failures of T/R
modules.

PROBLEM FORMULATION

Inorder to demonstratethefault andysisaswell as
itsmitigation, the active phased array planar antennaof
24x16 radiating elementsat C-band (5.3GHz, centre
frequency) hasbeen consdered. Theradiating eements
have been chosen asplanar microstrip patch antennas
and thed ementd spacing acrosstherowsand columns
has been taken as d = dy = 0.7\. In total 16 T/R
modules are connected to the 16 rows of printed
microstrip patch antennaelements. The schematic of
theantennaisshowninFigure 1.
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Figurel: Planar array antennaof 24x16 radiating dements
with 16 T/R modulefed at each row

Thefar fidd pattern of thisrectangular planar phased
antennawithMxN =24x 16 radiating e ementsarranged
along a rectangular grid and spaced by d, in the x
direction and by dy inthey direction, can bewritten as
the product of the element pattern (EP) and the array
factor (AF)

F(u,v) = EP(u,Vv) * AF (u,v) D
M-1N-1 :

AE (U,V) _ Z Z Armejk(mxu+ndW) (2)
m=0 n=0

Where,

u=sindcosg

v=sinédsing ®)

A _—Complex excitation of the (m, n)" element; k —
Wave number in free space

Intheevent of one T/R modulefails, theexcitation
co-efficientsof al thedementsthelinear array whichis
fed by thisT/R moduleisassumed to be zero. Theresfter,
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PSO techniqueisappliedto correct the SLL and the
main beam shape of the pattern to recover ascloseas
to pre-failure specifications. The acceptable val ue of
the SLL after correction hasbeen taken astaken as—
13.26 dB. Theandysisresultsgiveninthenext sections
deal with the failure cases by considering uniform
excitation of dl thed ementswhentherearenofaled T/
R modulesand all the elementsare active. Different
casesof falure have been considered systematical ly by
assuming the T/R modul es connected to different linear
arraysarenot functioning.

DEVELOPMENT OF PSO TECHNIQUE FOR
FAILURE CORRECTION

Theiterativeformulaof standard PSO algorithm for an
N-dimensiona problemisgivenasfollows”,

An+1) = (Wx An) + (c1x randix ( pbestn — An))
+ (c2x rand 2 x (gbestn — An)) “)

This equation (4) is used for updating current
excitationsof radiating elementsin array antenna. The
superscripts n+1 and n refer to thetimeindex of the
current and thepreviousiterations. P | isthepersonal
best position which definesbest sdelobelevd of each
individual population. g, , .istheglobal best position
which defines the optimum side lobe level for all
population. Therand, () and rand,() aretwo uniformly
distributed random numbersintheinterva in between
Oand 1. The parametersc, and c, specify therelative
weight of the personal best position versustheglobal
best position. Eberhart et d. have concdudedthat avaue
of 2.0 is a good choice for both the parameterg®.
Recent parametric studies have suggested, however,
that the optimal choice for ¢ and c, is 1.499. The
parameter «w isanumber, caledthe “inertial weight,” in
therange between 0 and 1, and it specifiestheweight
by whichthe particle’s current excitations depends on
its previousexcitationsand how far theparticleisfrom
itspersona best and global best positions. Robinson
and Rahmat-Samii'® have concluded that the PSO
agorithm convergesfaster if w islinearly damped with
iterations starting at 0.9 and decreasing linearly to 0.4
at thelagt iteration using thefollowing equation.

(Wmax— Wmi n)

W = Wmax— -
(Max. Iteration

]. (IterationNumber) (5)
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Theimplementation of PSO agorithmfor active
phasearray antennatile of 24x16 e ementsisdescribed
below.

Initializeparameters

Thenumber of population (solution space) isrdaed
to convergence speed of algorithm. In the current
implementation of the particle swarm optimizer,
popul ation size should be less than 301, An initial
population of a least 5 random popul ationsisgenerated.
Theweighting vectors of the degraded array pattern
are added to replace one of the weakest individuals
among theinitial population. Their insertion helpsto
improvetherate of convergence®.

MATLAB command that yields a random
population matrix of npop chromosomesisgiven by

population = rand (npop — 1, nelem)
newpop = [ population; failarrayexc] ©)

Fitnessunction

Thefitnessfunction and the sol ution space must be
specificaly developed for each optimization; therest of
the implementation, however, isindependent of the
physica system being optimized. Asdiscussed, dueto
eementsfalurein activephasearray antenna, SLL raises
which isrequired to minimize. Thusthe SLL of an
antennawill becomefitnessfunction of thea gorithm.
Now due to consideration of SLL only for fitness
function; when number of iterationincreases, mainbeam
becomes more and more broad. Hence, in fitness
function, other condderationsarearray factor of origind
pattern (without failure) and corrected pattern. Sofitness
function becomes,

AFd — AFc
AFd

AF i~ Desired Array Factor without failure; AF —

Corrected pattern Array Factor; SLL —Desired SLL;

SLL ~SLL of antenna array with failed elements

f=4( ) —(SLLd)-(SLLc) @)

(Fitness Function)d — (Fitness Function)c
(Fitness Function)d (8)

A template, formed by the shape of themainlobe
and the specified SLL, iscast over the array pattern
produced by each populationto computetheir difference
asaformof fitnessmeasurein decibels. Thustheided

error function =
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array patternisonethat conformstotheoriginal main
beam shapewith the specified SLL. Hencecorrection
agorithm must betried to minimizethiserror function
of equation (8).

Initializepbest and gbest

Inorder to begin searching for the optimal position
in the solution space, each particle beginsat itsown
random current amplitudeexcitations. Sinceitsinitia
positionistheonly location encountered by eech particle
at start of runs, this position becomeseach particle’s
respective pbest. It meansthat individud particleside
lobelevel becomeseach particle’s personal best value.
Thefirst gbest isthen sdected from among theseinitia
exatations.

Updatetheparticle’sexcitation

Themanipulation of aparticle’s excitations is the
coredement of theentireoptimization. Theexcitations
of the particle are changed according to the relative
locations of pbest and gbest. It is accelerated in the
directionsof thesel ocations of grestest fithessaccording
totheequation (4).

Evaluate the particle’sfithess, compareto gbest
pbest

Thenew excitations of the particleare cal culated
by adding the new excitation vector to theold particle
excitation vector asindicated in equation (4). Thisnew
position isthen mapped to amplitudeweightsand the
new resulting far-field patternisscored. If thisposition
has the best score that this particle hasfound so far,
then it is retained as the local best memory for this
particle. If inaddition, this position hasthe best score
of any particle so far, thenit isfurther retained asthe
global best for the entire swarm. The fina array
distribution istaken asthe global best scoring particle
after aspecified number of iterationsarereached. The
current implementation of the particlesvarm optimizer
uses asynchronous updates?, wheretheglobal bestis
updated after each particle, rather thanwaiting until all
the particleshave been scored. Thismakesthe most
current global best information knowntoal particlesas
soon asit becomesavailable.

Repeat
After thisprocessiscarried out for each particlein

the swarm, the processisrepeated starting at step of
B. Repetition of this cycle is continued until the
termination criteriaaremet.

There are several methods to determine these
termination criteria. The most often criterionused in
optimizationswith PSO isamaximum iteration number.
With thistermination condition, the PSO endswhenthe
process (starting with step 3.4) has been repeated a
user-defined number of times. Other criterionisatarget
fitnesstermination condition, i.e. set minimum fitness
function vaue. Withthisoptionthe PSOisrunfor the
user-defined number of iterations, but at any timeif a
solutionisfoundgrester than or equd tothetarget fitness
vaue, thePSO will stop. Thisisuseful when onehasa
very specific engineering god for thevaueof thefitness
function, andisnot necessarily concerned with finding
the“best” solution. In some cases if a solution is found
to bebetter than the target fitness, thenthe solutionis
good enough and thereisno reason to continuetherun.

SIMULATION RESULTS& DISCUSSIONS

In this section representative numerical results of
faillurein active phased array antennaas described in
section 3 are presented. The excitation co-efficients of
theplanar array antennaof 24x16 microstrip radiating
elements spaced uniformly 0.7 apart computed for a
side-lobe level of — 13.26 dB using uniform array
synthesistechnique areused asinitia valueto predict
theradiation patterntermed asided pattern considering
al ementsareactive.

Thedgorithm hasbeenimplemented withfollowing
system specifications, MATLAB 7.5 smulationtool,
windows XP platform, 2.13 GHz core2duo P-1V
processor with 1GB RAM. Thefollowing casesof fallure
have been considered.

Failureof onerow: 9" row

Inthiscase, 9" row from thetop asshowninFigure
lisconsideredto befailed because of thefailureof T/
R moduleattached toit. Let usconsider thebeam 6=
90° and ¢, = 0° where an entire 9" row of the planar
structurefails. After thisrow fails, far field patternis
shown using dashed linein Figure2. The SLL raises
from—13.26 dB of uniform array to— 12.33 dB. After
applying PSO dgorithmfor parameters, aszeof swarm
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Figure2: Corrected pattern alongwith original pattern and
uncorrected patter n with main beam pointing at broadside
consideringthe 9" row T/R modulefailure

set to 5 particles. The maximum numbers of iteration
are1l0andtherequired minimum SLL issetto—13.26
dB, without faillure SLL requirement. TheSLL —14.8936
dB can be achieved with single iteration of PSO
technique. Thecomputational timewill behardly 0.70
second.

Failureof central row: 12" row

For the same configuration of array antenna as
mentioned above, now |et usconsider the T/R module
of the central row failsandinthiscaseentireradiating
elementsof centrerow fails. After thiselementsfail,
SLL raisesfrom—13.26 dB to — 11.36 dB of uniform

ﬁ
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Figure3: Corrected pattern with main beam pointing at
broadsideand failuresat central row with original and un-
corrected pattern
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Figure4: Fitnessprogresscurves, obtained of 6iterations,
with main beam dir ected at broadsdeand elementsof centre
row failures
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Figure5: Corrected pattern when elementsof entire 7" and
12" row failureswith uncorrected pattern

array. Inthiskind of failure, GA techniquefor faillure
correction does not work®, PSO a gorithmisapplied
for the same parameters asmentionedin previous case
but more iteration will be required to achieve the
converged valueof Sdelobeleve. Heresix numbersof
iterations have yielded the converged result. After
correction, SLL of far field pattern— 15.0859 dB as
showninFigure3. Thefitnessprogresscurve, obtained
over 6iterations, isillustrated in Figure 4.

Multiplerow failurecorrection

Let usconsider the casewhen entiretwo and three
row failsin 24x16 rectangular planar array structures.
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If two and three T/R fails80% and 70% T/R modul es
are properly working. Let usexamine the case of 71"
and 12" row T/R modulesfail, sidelobelevel raises—
11.60 dB and after failure correction using same
parameter corrected far fidd patternisshowninFigure
5.

After correction, SLL of far field pattern-13.3717
dB asshownin Figure5. Thisismade possibleby the
insartion of thesolutionfor theabovesinglerow dements
falurecorrection, esemoregeneraionswill berequired
to achieved satisfactory fitnesslevel. Further consider
entirethreerows 7", 12 and 20" elements T/R module
failsand after corrected pattern using PSOisshownin
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Figure6: Corrected pattern when elementsof entire 7t, 2"
and 20" row failures
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Figure7: Corrected pattern when elementsof entire 12"
and 13" row failures

0.3

Cost Function

0.2t {

0.1 I I 1 t
0 5 10 15 20 25
Number of Iteration

Figure8: Fitnessprogresscurves, obtained of 25iterations,
with main beam dir ected at br oadside and elementsof two
centrerow failures

Figure®.

Improvement of sidelobelevel is1.1106 dB, due
tofallure SLL — 12.8443 dB and after correction SLL
—13.9549 dB.

Finally consider the case of two centre rows 12"
and 13"falls, after PSO runsimulation resultsareshown
in Figure 7 and Figure 8. In this figure, we clearly
observed that two centre rows failure than so much
degradationin SLL. Thecorrectionadgorithmminimizes
error functionupto 0.115 within 25 numbersof iteration.

CONCLUSION

PSO technique has been applied to array failure
correction of single-, double-, and threerow failures.
The PSO dgorithmisused to optimizethe excitation
amplitude of array dementstoredizethearray pattern
with improved side lobe level as compared to the
degraded pattern because of T/R modulefailure. The
success of correcting a damaged pattern depends
heavily ontheorigina excitation of thefailed e ement
and the number of failed elements. Inthisinstance, if
the entire 12" and 13" element fails resulting in a
blockage, it would beimpossibleto correct or yield
any improvement. Incidentally, for morethantwo number
of row failuresat position 2, 7"and 20", itiseasier to
recover ascompared to thosewith failed row position
at centre. The particle swarm optimization technique
demonstrates the possibility of its application for
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recovery system in real time application. As PSO
optimize SLL using less number of iteration without
crossover and mutation unlikeingeneticagorithmsoit
has lesser computational cost. Hence, the proposed
particleswarm optimizationtechniquefor dement failure
correctionin active phased array antennacan be used
to solve many practical problems with faster
convergence by maintaining required sidelobelevd.
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