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Handling Sideband Radiationsin Time-Modulated Arraysthrough

Particle Swarm Optimization

L. Poli, P. Rocca, L. Manica, and A. Massa

Abstract

In this letter, the minimization of the power losses in timedulated arrays is addressed by
means of a suitable strategy based on Particle Swarm Opitiilmiz By properly modifying
the modulation sequence, the method is aimed at reducirgntlent of wasted power, an-
alytically computed through a very effective closed-foratationship, while constraining
the radiation pattern at the carrier frequency below a fixddlsbe level. Representative
results are reported and compared with previously pubdigatutions to assess the effec-

tiveness of the proposed approach.
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1 Introduction

The use of time as an additional degree of freedom in arrathegis has been investigated in
the pioneering work by Shanks and Bickmore [1]. Kummtea. in [2] discussed the possibility
of using RF" switches for modulating in time the element excitationsrihen to obtain average
low and ultra-low side lobes. Successively, only a few wdekg., [3]) have dealt with time
modulation. As pointed out in [2][4], the main difficulties the diffusion of such a technique
lie in its technical implementation. However, some recentqtypes [5][6] and new interesting
applications (e.g., the synthesis of sum and differenceepet [7] or the realization of phase
switched screens [6]) have renewed the interest on timediatet arrays as well as on its
practical feasibility.

By a theoretical point of view, the modulation of the arragiétions with RF' switches gen-
erates undesired harmonic radiations and power lossegdér to reduce sideband radiations
(SRs), different stochastic iterative algorithms have beeosppsed [5][8][9][10]. They are
based on on the minimization of the sideband levélB{.s) at the higher order harmonics.
However, such a guideline presents some disadvantages, iFienforces an “indirectS Rs
reduction (i.e., througly' BLs minimization). Moreover, it needs the computation of fhiel

at each harmonic frequency. As a matter of fact, neglectimgeshigher harmonics and con-
sidering just low orders could prevent a suitabl& reduction. In order to overcome these
drawbacks, this papers presents an innovative approa& lmesa Particle Swarm Optimizer
(PSO) [11] aimed at synthesizing a desired pattern with a prbsdrisidelobe levelL L)

at the carrier frequency also directly minimizing the pokesses due t& Rs. Towards this
end, the closed-form relationship, derived in [4] to quiyrthe total power wasted in sideband
radiations, is profitably exploited because of its analfdien, its simplicity, and to avoid the
evaluation of the (infinite) set of higher harmonic patterns

The outline of the paper is as follows. In Sect. 2, the keyassoncerned with time-modulation
for the array synthesis are briefly summarized. Successitle PSO-based strategy for the
reduction of the power losses due$dis is described. Section 3 is devoted to the numerical
analysis. Preliminary results are reported and comparéu state-of-the-art solutions to point

out the effectiveness of the proposed approach. Finaligestonclusions are drawn (Sect. 4).



2 Mathematical Formulation

Let us consider a time-modulated linear arrayMof(without loss of generality) isotropic ele-
ments located at, = nd, n = 0,..., N — 1, (d being the inter-element distance) along the

axis. The corresponding array factor is given by [2]

N-1
F(0,t) =" I, () e™ (1)
n=0

wherew, = 27 f, is the carrier angular frequency, = “2d cosd, c being the speed of light
in vacuum, and the angle measured from the array axis. MoreoYg(f) = a,,U, (t), n =
0,..., N—1, are the time-modulated excitations. More specifically; {«,; n =0,....,N — 1}
andU (t) = {U, (t); n=0,...,N — 1} are the set of static excitations and time-step functions
of the RF switches, respectively.
Because of the periodicity of the pulse sequenégst) = U, (t+i1,), n = 0,...,N — 1,
i € 4,

1 t<t,

Uy (t) = : (2)
0 t, <t<T1T,

T, being the time period, it is possible to exprdgst) in terms of the corresponding Fourier

series

L(t)= ) Apert 3)

h=—o00

wherew, = ?F—’; Apn = apan,, anday, is theh-th harmonic coefficient of,, (¢) given by

I :
Appn, = —/ U, () e= "t (4)
Ty Jo

By substituting (3) in (1), the far field pattern radiated bg farray appears to be the summation
of an infinite number of harmonic contributions. More spesifiy, the central frequency beam

is given by
N-1

n=0

while the sideband radiations turns out to be



o0

Fsr(0,t)= Y F"(0,1) 6)

h=—00 (h#0)

where F( (6, t) = [Zif;ol Ahnej"“} o (hwptwo)t
As regards to the losses dued®s, they can be analytically quantified according to the f@llo

ing closed form [4]

N-1

P (o, 1) = E_ {|an|2 Tn (1 — Tn)}—|— E {R{amai}sinclk (zm — 2n)] (T — T Tn)
n=0 m,n=0 (m#n)
(7)

whereR {-} and the apex indicate the mean real part and complex conjugation, resedc
Moreover,r = {7,; n=0,...,N — 1} is the set of normalized switch-on times whos¢h

element is defined as, = fp—’; while

S Tn of Th < Tm . ®)
T, Otherwise
Therefore, it turns out that theRR power losses can be minimized by properly setting the values
of the static excitationsy, as well as the durations of the time pulses,However, since we
are interested in synthesizing antennas with a low numbeowofrol parameters, uniform and
isophoric excitations (i.eq, = 1,n = 0,...,N — 1) are assumed. Only the durations of
the switch-on times are then optimized by means of an itexdti being the iteration index)

PSO-based strategy aimed at minimizing the following cost tiorc

\\ (I) = ’(USLL\I’SLL (I) + pr,fR. (9)

|sLLre! —SLL|”

—1 . models a constraint on the
|SLL7‘€f|

The first term in (9) W5t = H [SLL™/ — SLLy)
array pattern atv, and quantifies the distance between the curre$it L, and the desired
sidelobe level SLL™/, while the latter is related to the power losses. Moreowgy,;, andwp

are real weight coefficients arfd(-) is the Heaviside step function.



As regards to thé>SO-based minimization, the algorithm starts from randomlgsan guess
values and updates at each iteration the sét wial solutions,z,(f), s=1,....5,as well as the

corresponding®?SO velocities,y,(f), s=1,...,5,as follows [11]

o = e+ Cin (57 - 1) + o (5, - 121)
e ey O s=1,..,8 (10)

wheree (inertial weight), C; (cognitive acceleration), and C, (social acceleration) are the
PSO control parameters. Moreover, andr, are two random variables having uniform dis-
tribution in the rangg0 : 1]. Furthermoreg_olf) — arg{minq:1 77777 & [\If (L(f)ﬂ} and " =
respectively. The process is iterated until a convergeniberion based either on a maximum

number of iterationgs or the following stationary condition

q=1

Kuinaon ¥ (") = i w (2, 07"

< 11
\I/ (Izpt) — 77 ( )
holds true. In (11)K.in400 @ndn are a fixed number of iterations and a user-defined numerical

threshold, respectively.

3 Numerical Results

This section is devoted to give some indications on the &ffecess of the proposed approach in
minimizing the power losses associated to #ifes, while synthesizing a fixed4L L pattern at
the carrier frequency. Towards this purpose, some reptathemexamples are reported and dis-
cussed also in a comparative fashion. Comments on themeddip betwee R minimization,
performance (i.e.$ L L) and complexity of the synthesized array are given, as well.

Let us consider a linear array df = 30 elements equally-spaced dy= 0.7\. The same
experiment has been previously dealt with in [10] with thra af minimizing the sideband levels
(SBLs) ath = 1, 2, while keeping a desirefLL atw = wy. In [10], the optimization has been

carried out by means of a Simulated Annealisgl] approach by setting LL™/ = —20dB



andSBL™ = —30dB, respectively. The synthesized solution [10] fulfills boglguirements
(.e.,SLLss = —20dB, SBLY) = —30.2dB, andSBLY) = —35.1dB) by time-modulating
only 9 elements ove30 and the power wasted in the sidelobe radiations amouri§ fo= 3.89
% of the total input power. The directivity and the feed-netikvefficiency computed through
the relationships in [12] are equal fof, = 15.14dB andnf;A = 0.82, respectively.

As far as theP SO-based method is concerned, a swarny'ef 10 particles (i.e., trial solutions)
has been chosen and the control parameters have beenset to4, C; = C, = 2.0, andK =
1000. Moreover, a uniform weighting has been assumed in (9) (igr;, = wp = 1.0). The
numerical simulations have been run oB@H = PC with1 GB of RAM and the convergence
has been reached aftgt,,, = 761 iterations with a total and average (per iteratiohiyU time
equall13.39 [sec] and0.149 [sec|, respectively. The time sequence synthesizeld at K.,
is shown in Fig. 1 while the patterns afforded at the carnieqéiency [Eq. (5)] and the first
two harmonic patterns [Eq. (6)» = 1, 2] are shown in Fig. 2. As it can be noticed (Fig. 1),
only 4 elements are time modulated (¥sin [10]) and the same performances of thd-based
approach have been obtained neglecting the elemeés27, and29, which are always turned
off.

As regards to the fulfillment of the synthesis constraintgyfe 3 shows the behavior 8f”" =

v (IZ’”) and the values of the two terms in (9). As expected /5@ solution widely fulfils the
user constraint on thé L L at the convergence [i.el**L (K,,,) < 1075], when the stationary
condition on the value of the cost function is reached. Comng the SR, although the side-
band level of the first harmonic term of tl&SO solution is higher than that synthesized with
the S A approach (i.e.SBL%O = —28.9dB vs. SBLSZ1 = —30.2dB - Fig. 4), the amount
of power losses in thé Rs turns out to be lower sincB3%, = 3.57 %. Such a result points
out that a suitable strategy based on the direct miniminaifahe S R, instead of the optimiza-
tion of the SBLs [5][8][9][10], seems to be more effective in reducing powssses. On the
other hand, it should be noticed that the proposed techsigise guarantees satisfactéhg Ls
since, besides the first harmonic £ 1), SBL}),, < SBLY) for h > 2. As a matter of fact,
the reduction of the&S BL ranges from a minimum oA>?L = 0.7 dB to a maximum equal to

ASBL — 11.5dB, with an average value of arouds - = 6.2 d B. Conversely, the directivity

max



as well as the feed-network efficiency slightly reducéXp,, = 14.94 dB andn}g, = 0.79.

Finally, Figure 5 gives some indications on the trade-ofirg®en antenna performance (i.e.,
directivity and SLL) and associated power loss@%;”, when considering Dolph-Chebyshev
distributions [13]. As expected, it is worth noting that thés an inverse relationship between

the amount of power losses and the maximum directivity foetimodulated linear arrays.

4 Conclusions

In this paper, an innovative approach for the synthesisnoétmodulated arrays has been pro-
posed. In order to reduce the power losse3.5&)-based optimization strategy has been adopted
to minimize a closed-form relationship, which takes into@mt the whole sideband radiations
in a direct way thus avoiding the computationally-expeagvaluation of the infinite set of har-
monic patterns. Thanks to these key-features, the propesedique represents an improve-
ment with respect to state-of-the-art methods in termsrapécity and efficiency as shown by
some representative results.

Further investigations will concern with the extensiontod P.SO-based strategy to the synthe-
sis of real-time adaptive systems suitable for commurocatas well as for the suppression of

jamming signals.
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FIGURE CAPTIONS

e Figurel. SR Minimization (N = 30, d = 0.7)) - Switch-on time sequence synthesized

with the PSO-based approach.

e Figure2. SR Minimization (N = 30, d = 0.7)) - Normalized power patterns at the car-
rier frequency f = 0) and related to the sideband radiatiohs< 1, 2) in correspondence

with the pulse sequence in Fig. 1.

e Figure 3. SR Minimization (N = 30, d = 0.7)) - Behavior of the cost function and its

terms during the iterativ® SO-based minimization.

e Figure 4. SR Minimization (N = 30, d = 0.7)\) - Behavior of the sideband levels
SBL™ whenh ¢ [0, 30]. Reference [10] and values computed with th€O-optimized

pulse sequence in Fig.2.

e Figure5. Performance Analysis (N = 30, d = 0.7)) - Behavior of the power lossé3° %
and directivityD? versus theS LL for Dolph-Chebyshev patterns [13].
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