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Abstract— The synthesis of time-modulated arrays (TMAs) 
is carried out by means of a customized implementation of the 
Particle Swarm Optimization (PSO), carefully taking into 
account in the analysis block the non-linear characteristics of 
the radio-frequency (RF) switches used in antenna beam-
forming network and the mutual coupling effects between the 
array elements. A set of numerical results are reported and 
discussed in a comparative fashion with those obtained with a 
state-of-the-art method limited to deal with ideal TMAs. 

Keywords— time-modulated linear arrays, particle swarm 
optimization, harmonic balance, directivity optimization. 

I. INTRODUCTION 

Four-dimensional (4D) arrays are unconventional 
antennas in which one or more of their parameters are 
subject to modulation in time-domain [1]. Beyond theoretical 
studies [2]-[4], several methods have been proposed since the 
beginning of the millennium, aimed at profitably exploiting 
this additional degree of freedom and suitably handling the 
spurious radiation generated in sideband (the so called 
sideband radiation, SR), mainly based on stochastic single-
objective (e.g., differential evolution, DE [5], particle swarm 
optimization, PSO [6], genetic algorithms, GA [7], and 
simulated annealing, SA [8]) or multi-objective (e.g., 
multiobjective evolutionary algorithm based on objective 
decomposition, MOEA/D [9], and multiobjective particle 
swarm optimization, MOPSO [10]) optimizations. Several 
works have been also presented to investigate the possibility 
to employ the TMAs in different applicative frameworks, 
among which wireless power transmission (WPT) [11], 
direction of arrival estimation (DoA) [12], radar [13] and 
communications [14, 15]. 

 Dealing with radar or communications, as already 
discussed in [16]-[18], the time-varying behavior caused by 
the dynamic on/off switching of the array elements can 
significantly compromise the reliability of the system if the 
antenna directivity along the beam pointing angle has to be 
preserved. In order to limit these drawbacks, a strategy for 
properly optimizing the switching sequence to keep constant 
the instantaneous directivity of the main beam has been 
presented in [16]. However, although effective, such strategy 

deals with isotropic elements without taking into account the 
coupling effects between the radiating elements and the non-
ideal behavior of the RF switches. In order to solve these 
issues, this paper presents a novel approach based on particle 
swarm optimization to determine the pulse sequences 
exciting the array elements, enhanced by the harmonic 
balance (HB) technique. Such technique has been already 
presented in [19, 20] to accurately analyze the field radiated 
by the TMA, but in this contribution and unlike [19, 20], it 
will be directly integrated within an optimization procedure.  

II. MATHEMATICAL FORMULATION 

Let us consider a linear array of N radiating elements 
aligned and equally-spaced (by distance d) along the z-axis 
of a conventional coordinate system. Assuming that each 
element of the array is excited by an independent pulsed 
periodic function of period pT  
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with switch-on and switch-off instants on
nt  and ,off

nt  
respectively, generated through the commutation of a set of 
RF switches inserted in the feeding network, the arising 
radiated field can be expressed as 
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where 0/2 λπβ =  is the wave-number corresponding to the 

working frequency 0f , 0λ  being the wavelength, and ( )rEn  

is the active element pattern of the n-th element, ,,...,1 Nn =   
computed by exciting a single-radiator with all others 
terminated with matched loads. Taking advantage of the 
harmonic balance (HB) technique [19, 20], the field radiated 
by the TMA is accurately analyzed by means of the cascade 
of linear and nonlinear sub-networks described in the 
frequency and time domain, respectively. In order to avoid 
significant fluctuations in the array instantaneous directivity 
and then undesired amplitude modulations in the 
transmitted/received signal due to the varying of the number 
of active elements within the modulation period, the on-off 
sequences of the pulses controlling the RF switches are 
optimized. Accordingly, two different approaches are 
adopted: (i) a bounded approach and  (ii) a full approach. 
Dealing with (i), the pulse durations which allow for the 
generation of a beam pattern at the carrier frequency with 
desired sidelobe level are defined by means of an analytic 
method, whereas the rising instants of the rectangular pulses 
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are optimized through a PSO, via minimization of the 
following objective function: 
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where { }Nnton
nB ,...,1; ==τ  is the vector of the optimized 

parameters at the k-th iteration of the process (K being the 
maximum number of iterations), ( ) SsTt ps /1−=  is the s-th 

time sample (S being the total number of samples within a 
period pT ) at which the directivity is evaluated as  


= π

θ

θθθ

θ

0

2

2

sin)(
2

1

)(max

d
D

E

E

 
(4) 

and D  is the average directivity over a modulation period. 

Dealing with the full approach, both the rising and falling 

instants (i.e., on
nt  and off

nt , Nn ,...,1= ) of the rectangular 
pulses are optimized through the stochastic algorithm, 
minimizing the following objective function 
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where { }Nntt off
n

on
nF ,...,1;, ==τ  is the new vector of the 

optimized parameters, [ ]⋅H  is the Heaviside function, SLL is 
the sidelobe level, BW is the half-power beamwidth (the 
superscript des⋅  indicates the target values for both SLL and 
BW) and ,SLLα  HPBWα  and Dα  are real weighting 
coefficients.  

III. NUMERICAL RESULTS 

 In this section, in order to assess the effectiveness of the 
proposed synthesis method, a comparison between the results 
obtained with and without exploiting the HB technique 
during the optimization process is presented: these two 
approaches will be identified as “HB-PSO” and “PSO” in the 
following (in the second case, the optimization is carried out 
with a standard approach considering isotropic elements and 
ideal RF switches [16], but at the end of the optimization 
process the solution is analyzed by means of the HB 
technique). Toward this aim, a linear array composed by 

16=N  printed monopoles and their microstrip feeding 
network is considered, whose RF switches are assumed to be 
controlled by symmetric pulse sequence. The monopoles, 
equally-spaced by λ5.0  and resonating at 2.45GHz, are 
realized on a 0.635mm-thick substrate with dielectric 
permittivity εr=6.15 (tanδ=0.0028). The optimization 
parameters of the PSO have been set as follows: swarm 
dimension ,NP =  ,200=K  inertial weight ,4.0=w  

cognitive and social acceleration coefficients 0.221 == CC  

and unitary weighting coefficients .0.1=== BWSLLD ααα  

(a) (b)

(c) 

 

(d) 

Fig. 1.  Bounded Approach – (a)(b) Pulse sequences optimized through (a) 
the PSO and (b) the HB-PSO methods along with (c) the corresponding 
radiation patterns and (d) the peak directivity function within a modulation 
period. 

TABLE I.  BOUNDED APPROACH: STATISTIC OF PEAK DIRECTIVIY 
WITHIN A MODULATION PERIOD. 

 avg[D] var[D] min[D] max[D] 

PSO 11.33 1.06×10-1 10.84 11.92 

HB-PSO 11.52 9.66×10-3 10.83 11.63 

 

Dealing with bounded approach, the pulse durations have 
been defined in order to generated a Dolph-Chebyshev 
pattern with sidelobe level equal to dBSLL 20−=  at the 
central frequency. The pulse sequences with optimized pulse 
shifts obtained through the PSO and the HB-PSO methods 
are depicted in Fig. 1(a) and Fig. 1(b), respectively, whereas 
the corresponding radiation patterns are shown in Fig. 1(c). 
Although such patterns are almost perfectly overlapped 
because of using the same pulse durations, the behavior of 
the directivity peak vs. time of the two solutions turns out to 
be significantly different. More in detail, it is possible to 
notice from Fig. 1(d) that a high average peak directivity and 
a lower variance is obtained through the HB-PSO method as 
confirmed by the data reported in Tab. I: 

dBD
PSOHB

52.11][avg =−  vs. dBD
PSO

33.11][avg =  

and 31066.9]var[ −
− ×=

PSOHB
D  dB  vs. 

PSO
D]var[  
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.1006.1 1 dB−×= In the second numerical example, the 
performance of the HB-PSO are investigated using the full 
approach, and the target sidelobe level and beamwidth of the 
pattern to be synthesized at the carrier frequency have been 

chosen as dBSLLdes 20−=  and deg0.7=desBW  (namely, 
the values corresponding to those of the Dolph-Chebyshev 
pattern of the previous example).  

(a) (b) 

(c)

 

(d)

Fig. 2. Full Approach – (a)(b) Pulse sequences optimized through (a) the 
PSO and (b) the HB-PSO methods along with (c) the corresponding 
radiation patterns and (d) the peak directivity function within a modulation 
period. 

TABLE II.  FULL APPROACH: STATISTIC OF PEAK DIRECTIVIY WITHIN 
A MODULATION PERIOD. 

 avg[D] var[D] min[D] max[D] 

PSO 10.83 3.51×10-2 10.83 11.61 

HB-PSO 11.44 6.05×10-3 11.01 11.62 

 

The pulse sequences fully optimized via PSO and HB-PSO 
are depicted in Fig. 2(a) and 2(b), respectively, and the 
arising radiation patterns are shown in Fig. 2(c). The better 
performance of HB-PSO method are confirmed also when 
the full approach is concerned. Indeed, as for the previous 
numerical example, the method guarantees high average 
peak directivity and lower variance, as noticeable from Fig. 
2(d) and confirmed by the values reported in Tab. II. More 
precisely, dBD

PSOHB
44.11][avg =−  vs. 

=
PSO

D][avg dB83.10  and 

dBD
PSOHB

31005.6]var[ −
− ×= vs.  

PSO
D]var[  

.1051.3 2 dB−×=  Moreover, a lower sidelobe level is also 

achieved through the HB-PSO ( dBSLL
PSOHB

56.19−=−  

vs. dBSLL
PSO

40.19−= ).  

IV. CONCLUSION 

A novel method for optimizing the instantaneous directivity 
of a time-modulated linear array by means of a particle 
swarm optimization enhanced by an accurate time-
frequency analysis aimed at taking into account the coupling 
phenomena between the radiating elements and the non-
ideal behavior of the switches in the array feed network has 
been presented in this paper. Selected numerical results have 
shown the better performance of the proposed technique 
compared to a state-of-the-art method considering ideal 
TMAs. Future works will be devoted to the study of the 
effects of mutual impedance and active reflection coefficient 
in TMAs also focusing on the main differences with respect 
to conventional phased arrays. 
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