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Abstract. In this paper, a novel approach for synthesizing
multiple radiation patterns with reduced hardware complexity in the feed network by exploiting the additional
degree of freedom ‘time’ in time modulated unequally
spaced linear array (TMUSLA) is presented. In the proposed approach, with a suitable common set of element
position of TMUSLA, the desired dual-beam pattern with
low sidelobe level (SLL) is obtained by simply controlling
the ON-OFF time sequence of the RF switches connected
to the array elements. To show the effectiveness of the
proposed array synthesis method, two dual beam patterns first one as pencil (sum) beam (PB) and flat-topped beam
(FTB) pattern, and the second one as sum and difference
pattern with different constraints have been synthesized.
For the successful generation of the desired power patterns, differential evolution (DE) algorithm is employed to
obtain the optimum possible solution in terms of common
element position, time-modulation, switching sequences
and applicable excitation phase for the desired shape beam
patterns. The superiority of the proposed approach with
the favourable improved performance has been demonstrated by comparing the realized patterns with the stateof-the-art relevant reported works.

Keywords
Pattern synthesis, on-time duration, side lobe level,
sideband level, differential evolution

1. Introduction
In many applications including wireless communication [1], radar systems [2] and terrestrial or vehicular systems, multiple dual-beam patterns have been widely used
due to their requirement of limited space in antenna installation. In conventional phased array (CPA), for a particular
pattern, the satisfactory excitation amplitudes, phases and
positions of the elements are evaluated such that the radiation pattern produced by the array can be approximated
closed to the desired one [3–5]. For a set of desired multi-
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ple patterns, suitable switching devices are utilized to select the predetermined excitations of the corresponding
patterns [6]. However, for each pattern, a set of attenuators
and phase shifters is used in the feed network of the array.
This increases the overall cost, weight and complexity to
synthesize multiple radiation patterns in CPA system. Further, some desired patterns with the stringent requirement
of low SLLs cannot be realizable due to the practical limitations of unwanted error of tolerance to provide the proper
excitation amplitude and phase. In this framework, over the
past decade, time modulated arrays (TMAs) have been
used. In TMA, the radiation performance of the antenna
elements are controlled by periodic on-off sequences of
a set of RF switches that modulates the static excitation
amplitude and phase array weights using “time” as an additional degree of freedom. The time-modulation technique
as introduced by Kummar et al. [7], was first employed to
synthesize low SLL patterns with uniform or reduced dynamic range ratio (DRR) of static excitation amplitudes [8].
During past 60 years, various array pattern synthesis methods have been presented, such as Taylor-Kaiser [9], Dolph
Chebyshev [10]. However, these analytical methods are
used to generate element excitation for synthesizing pencil
beam patterns in equally spaced array. On the other hand,
unequally spaced antenna array has the advantage of
providing low sidelobe pattern with uniform static excitation amplitude and phase. The major problem in designing
unequally spaced array is that in addition to the excitation
amplitude and phase, inclusion of the element spacing as
another optimization parameter leads to increase the problem dimension. Different pattern synthesis methods based
on convex optimization (CVX) [11], [12], iterative FFT
[13] have been successfully applied to synthesize the desired patterns by finding out the appropriate antenna array
design parameters. In the past two decades, time-modulation principle is emerged as one potential method to synthesize antenna array patterns [14–17]. Towards this, many
nature inspired global optimization algorithms such as
differential evolution (DE) [14], [15], simulated annealing
(SA) [16], genetic algorithm (GA) [17], particle swarm
optimization (PSO) [18] are used. Also, some methods
based on different time-modulation techniques have been
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employed in this regards [19], [20]. Further, the advantage
of using the additional degree of freedom namely, ‘time’ is
applied to synthesize shaped beam patterns [21], [22],
dual-beam sum and difference patterns [23], dual-beam
harmonic patterns [24] and multiple power patterns [25].
Although numerous methods have been proposed to synthesize equally spaced time-modulated arrays, the multiple
pattern synthesis problem using time-modulation in unequally spaced antenna array is rarely considered [26]. In
[26], the time-modulation principle is used to synthesize
low SLL pencil beam pattern in unequally spaced antenna
array. In this article, the potentiality of time-modulation is
employed to synthesize different dual-beam patterns, specifically, pencil-flat topped and sum-difference, in unequally spaced linear array. Without large number of phase
shifters and attenuators as required to synthesize such patterns in CPAs, the desired patterns have been realized by
controlling the ON-OFF status of the switches by using
a simple, cost-effective switching circuit in the feed network. The efficient global search optimization algorithm,
namely, DE is employed to find out the unknown array
design parameters of the desired patterns. By comparing
the results of state-of-the-art relevant literatures, it is seen
that time modulated linear arrays (TMLAs) with unequally
spaced elements are more capable of synthesizing the desired patterns of low/ultra-low SLL.
The rest of the paper is organized as follows. Theoretical analysis and problem formulation has been discussed in Sec. 2. Numerical result to show the effectiveness of the proposed approach is presented in Sec. 3. Finally, some conclusion about the work has been written in
Sec. 4.

2. Theoretical Analysis and Problem
Formulation
2.1 Theory
Let us consider an unequally spaced, symmetric linear
array with 2N number of isotropic radiators placed along
the x-axis. For the positive half of the array structure as
shown in Fig. 1, the locations of the individual antenna
elements are represented as, X = {x1,x2,…,xN} while the
negative half is the mirror image of the positive half. If
each of the element in the array is connected with highspeed RF switches, then the array factor [F(θ, t)], of such
array [19], [27] is expressed as

F ( , t)  Ef ( ) e j0t

N



n  N
n 0

An e jn U n  t   e j xn cos (1)

where Ef(θ) and ω0 = 2πf0 are denoted as element factor
and operating angular frequency, respectively. An and αn
are the static excitation amplitude and phase. xn is the location of the nth element from the reference position taken as
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Fig. 1. A typical block diagram of the positive half of
a symmetrically placed 2N- element time-modulated
unequally spaced linear array geometry.

Fig. 2. Schematic of time-switching function.

array center, coinciding with the origin of the coordinate
system; β = 2πf0/c is the free-space wave number, c be the
velocity of the light in free space; θ is the angle measured
from the broadside direction of the array and Un(t) is the
time switching function with time period Tp, given by,
1, tn  t  tn   n
U n (t)  
otherwise
0,

(2)

where tn is the ON-time instant (OTI), and τn is the ONtime duration (OTD) of the nth element as shown in Fig. 2.
Due to the periodicity of Un(t), its Fourier representation
turns out to be
Un t  



u

hn

h 



exp jh p t



(3)

where ωp = 2πfp = 2π/Tp is the modulation frequency in
rad/sec and h is the harmonic number. The Fourier coefficient at the hth harmonic order due to periodical switching
of the nth antenna element, uhn is given by
T
1 p
uhn 
 U n  t  exp  jhpt dt.
Tp 0





(4)

By considering isotropic radiators [i.e. Ef(θ) = 1], the
far-field radiation pattern can be represented as [16]
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where Ahn = An uhn, and Fh(θ, t) is the array factor at the hth
harmonic and is given as
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The beam pattern at the operating carrier frequency f0
depends upon the 0th order coefficients and is given as

A0 n  An u0n ; n   N , N .

(7)

In (7), u0n is the 0th order Fourier coefficient and is
obtained as
Tp

u0 n 

1
U n  t  dt   n
Tp 0

(8)

where ξn = τn/Tp is the normalized OTD. However, the
radiation at different sideband depends on the non-zero
harmonic order of the Fourier coefficient uhn (h ≠ 0) and is
given as

uhn  An n

sin(hn )  jh (2 n   n )
e
hn

(9)

where σn = tn/Tp is the normalized OTI of the switch. Equations (6)–(9) indicate that radiation pattern at center frequency (h = 0) depends only on the normalized OTD
ξn; n  {–N, N} while the signal radiated at different
sideband is governed by both OTD and OTI, ξn and
σn; n  {–N, N}. Thus, for the time-modulated unequally
spaced linear array (TMUSLA), the desired power patterns
at the center frequency can be synthesized with proper
selection of the element positions and OTDs while both
OTDs and OTIs of the elements can be tuned to suppress
the undesired sideband radiations. However, for the multipattern application of TMUSLA, if different pattern is
synthesized with different set of element position, it will be
practically difficult to switch from one pattern to the other
by changing their respective element positions. Thanks to
the time-modulation technique where a common set of
element position can be fixed for the desired multi-beam
patterns while the individual pattern differs with OTDs and
OTIs of the switches connected to the array elements.
Thus, switching from one pattern to the other pattern of the
array can be achieved easily, electronically by controlling
the on-off status of the switches with their respective predetermined OTDs and OTIs with the help of a computer
program.

2.2 Problem Formulation
DE algorithm is one of the efficient nature inspired
global optimization algorithm, due to its efficient search
ability and fast convergence rate. DE is also successfully
applied to many antennas [22–27], electromagnetics [28] as
well as many other optimization problems. To synthesize
the desired dual-beam patterns at the center frequency by
suppressing the sideband radiations, the cost function to be
minimized using DE is defined as,





3

 W 

b { F , S }
or b { S , D }

a 1

b b
a a


H a  ab  


(10)

where F, S, and D in (10) stand for flat-top, sum (pencil),
and difference pattern. ab with a = 1, 2 and 3 represents
the difference between desired and obtained values of the
design parameters of the respective beam and are given as
follows. For all the individual patterns, 1b and 2b are
defined as 1b = |SLLdb – SLLbmax|, 2b = |SBLdb – SBLbmax|.
However, for the flat-topped pattern, 3b is defined as
3b = |Ripd(b=F) – Ripmax(b=F)| while, for the sum and difference patterns the design parameter is considered as
3b = |FNBWd(b=S,D) – FNBWmax(b=S,D)|. Here, SLLmax and
SBLmax represent the maximum values of sidelobe and
sideband level; Ripmax is the obtained value of the maximum ripple in the flat region of the pattern; FNBWmax is the
obtained beam-width between the first null of the main
beam; SLLd, SBLd, Ripd and FNBWd are their respective
desired parameters; Wa is the weighting factors of the related design parameters and Ha stands for Heaviside step
function.

3. Results and Discussion
In this section few cases are considered and compared
with the published results to establish the superiority of the
proposed approach.

3.1 Case 1: Synthesis of Pencil and FlatTopped Patterns Controlled by OTDs of
the Switches
In this case, a TMLA of 20 isotropic elements is
considered for synthesis of a pencil and a flat-topped
pattern. The excitation amplitude distribution of the TMLA
is pre-fixed as uniform, leaving the on-time duration
(OTD) of the elements are different for each pattern. The
main objective is to find out a common set of element
position for the desired dual patterns while different set of
OTDs are responsible to shape the pattern in pencil and
flat-topped form. To synthesize the pattern at center
frequency the desired values of SLL, SBL and Rip in the
cost function are set as SLLd = –20 dB, SBLd = –30 dB and
Ripd = 0.5 dB. The search range of the optimization
parameters vectors are defined as follows: excitation phase

RADIOENGINEERING, VOL. 30, NO. 4, DECEMBER 2021

for flat-topped pattern as (–π, π); common element positions as (0.5λ, λ); OTDs for the pencil beam as (0.1TP, TP)
while for flat-topped beam it is defined as (0.05TP, TP).
The controlling parameters of DE algorithm are chosen as
population number Np = 90, mutation constant F = 0.5,
crossover probability rate Cr = 0.85. For synthesizing the
desired dual patterns from the symmetric 20 element
TMLA, the number of unknown parameters to be determined are: common element positions - 10, OTDs corresponding to both PB and FTB - 20 (10 for each) and excitation phase for the FTB - 10. In order to find the optimum
solution, DE continuously minimizes the cost function as
defined in (10), until it meets the required conditions or
reaches to maximum iteration limit of 500. DE optimized
on-time durations for dual beam pattern are shown in
Fig. 3.
The DE optimized pencil and flat-topped pattern at
center frequency f0 is depicted in Fig. 4. The common element position for both PB and FTB and the required excitation phase for the FTB are shown in Fig. 5. For the synthesized dual-beam patterns, the values of SLL and SBL
are suppressed as low as to –24.60 dB and –23.92 dB in
case of pencil beam whereas in case of flat-top beam the
values are suppressed to –24.75 dB and –14.73 dB respectively. The obtained value of the maximum ripple Ripmax in
the flat region of the flat-topped pattern is 0.45.
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Fig. 5. DE optimized element position and excitation phase
obtained for dual beam patterns.
Obtained values of design
parameter
Pencil
Flat-topped
Optimization
Method beam
Array type
beam (FTB)
parameter vector
(PB)
SLL
SLL Ripmax
(dB)
(dB)
(dB)
UARef. [25]
–20
–20
0.5
{τn, αn}
TMESLA*
NUA{xn, αn, and An with
Ref. [29] –30.27 –25
0.5
CUSLA*
DRR of 10.29}
Ref. [30]
–16
–10
0.5
UA-CESLA*
{αn}
{α
,
and
An with
n
Ref. [31] –24.13 –21.17 0.47 NUA-CESLA*
DRR of 4.98}
{αn, and An with
Ref. [32]
–20
–20
0.75 NUA-CESLA*
DRR of 3.5}
Proposed
UA{xn, τn and αn only
–24.60 –24.75 0.45
Method
TMUSLA*
for shaped beam}
Tab. 1. Comparison of design parameters, optimization
parameters and antenna types for pencil beam (PB) and
flat-top beam (FTB). Note: UA - Uniform Amplitude;
NUA - Non-uniform amplitude; TMESLA - timemodulated equally spaced linear array; TMUSLA time-modulated unequally spaced linear array; CESLA
- conventional equally spaced linear array; CUSLA conventional unequally spaced linear array.

Fig. 3. Graphically represented DE optimized OTDs for
pencil beam pattern and flat-top beam pattern.

Fig. 4. DE optimized pencil and flat-top shaped pattern of
N = 20, with unequal element spacing where mainlobe
is at θ = 30° and θ = 90°.

Table 1 compares different parameters of the dual
beam patterns obtained under the proposed method and
other related reported results. In [25], for an equally (/2)
spaced time modulated linear array with the same number
of elements, the obtained value of SLL of the synthesized
patterns is –20 dB. In the proposed approach, using the
element position in combination with modulation on-time
duration as optimization parameter, reduction of SLLs of
PB and FTB are improved by 4.6 dB and 4.75 dB, respectively, as compared to those obtained in [25]. In [29],
though the SLLs of the synthesized patterns in unequally
spaced CPA are reduced more, however, higher DRR
(= 10.29) of static excitation amplitudes leads to increase
of the design cost and complexity of the practical array.
Although uniform amplitude excitation can be used in the
multiple-pattern synthesis in CPA [30], higher SLLs of the
synthesized patterns make them unsuitable for some applications. Also for the conventional arrays as considered in
[31], [32], a pre-defined amplitude excitation with relatively higher dynamic range ratios (DRR) as mentioned in
Tab. 1 is required to realize the desired patterns. On the
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other hand, using the proposed method desired low SLL
patterns can be achieved only by controlling the on-off
status of the RF switches with their respective OTDs with
the help of software. Thus the hardware implementation of
the proposed method is much easier than a CPA one with
higher DRR.

3.2 Case 2: Synthesis of Sum and Difference
Patterns Controlled by OTDs and OTIs of
the Switches
In this case, a TMLA of 30 isotropic elements is considered for the synthesis of sum and difference patterns.
The array is symmetric at the origin of the co-ordinate axis.
The excitation amplitude distribution of the TMLA is prefixed as uniform, leaving the on-time duration (OTD) and
on-time instants (OTI) different for each pattern. The pulse
shifting strategy as detailed in [20] is applied to synthesize
the desired patterns. The cost function as defined in (10) is
minimized using DE. Thus to generate desired radiation
pattern the OTDs, OTIs and element positions are considered as optimization parameter vector for DE. Here, the
main objective is to find out a common set of element position for the desired dual patterns while different sets of
OTDs and OTIs are responsible to shape the pattern in sum
and difference form.
The search range of the optimization parameter vectors are defined as: element spacing [0.5, 1], normalized
OTDs [0.1, 1] and OTIs [0, (1 – OTD)] so that summation
of them becomes less than or equal to 1. For sum and difference patterns, the desired values of SLL, SBL and
FNBW in the cost function are set as SLLd = –25 dB,
SBLd = –30 dB and FNBWd = 10°. The synthesized sum
and difference pattern are shown in Fig. 6. From the DE
optimized sum pattern the obtained values of SLL, SBL
and FNBW are found as –24.8 dB, –26.5 dB and 8.6°.
Similarly for difference pattern the obtained values of SLL,
SBL and FNBW are –22.8 dB, –25.8 dB and 8.8°, respectively. The optimum solutions consisting of common
element positions and different set of OTDs and OTIs are

Fig. 6. DE optimized sum and difference pattern for 30
element linear array where mainlobe is at θ = 30° and
θ = 90°.

Element
number

Element
position xn
in terms of λ

±1
±2
±3
±4
±5
±6
±7
±8
±9
±10
±11
±12
±13
±14
±15

±0.25
±0.75
±1.25
±1.86
±2.47
±2.99
±3.49
±4.02
±4.57
±5.26
±6.05
±6.88
±7.73
±8.60
±9.46

Sum pattern
OTD
0.34
0.63
0.37
0.85
0.79
0.90
0.90
0.95
0.95
1
0.99
0.99
0.99
0.99
0.99

OTI
0.62
0.34
0.02
0.14
0
0.08
0.07
0.02
0.01
0
0.004
0.001
0.004
0.0001
0.0048

Difference
pattern
OTD
OTI
0
0.91
0
0.99
0.36
0.55
0.77
0.10
0.99
0.008
0.99
0.0002
0.99
0
0.98
0.006
0.99
0.002
0.99
0.007
0.99
0.001
0.99
0.003
0.90
0.083
0.07
0.084
0.08
0.0002

Tab. 2. Element-wise optimization parameter values for sum
and difference pattern obtained using DE algorithm.

presented in Tab. 2. In comparison with [25], approximately 4.8 dB improvement in SLL is observed in this
case. As in [33], almost the same pattern is obtained in
conventional antennas by using non-uniform excitation
amplitude distribution with DRR of 5. However, in this
proposed approach, the desired low SLL patterns can be
achieved only by controlling the on-off sequence of the RF
switches with their respective OTDs and OTIs. Therefore,
the hardware implementation of this approach is much
easier than conventional antenna arrays.

3.3 Case 3: Synthesis of Sum and Difference
Patterns Using Phase Only Control
In this case, a TMLA of 30 isotropic elements is considered for synthesis of sum and difference pattern using
phase-only control having uniform excitation amplitude
distribution. The tuning parameter values of DE are same
as considered in case 1. The main objective is to optimize
the sum and difference patterns with variation in phase
while maintaining common element position, excitation am-

Fig. 7. DE optimized sum and difference pattern for 30
element linear array by phase only synthesis where
mainlobe is at θ = 30° and θ = 90°.
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status of the switches as per the corresponding OTDs and
OTIs of the pattern. Hence, during switching from one
pattern to another, controlling more number of switches
increases the complexity in the feeding network. In this
case, with the aim of reducing the complexity in the feed
network, the desired sum and difference pattern is synthesized not only with a common element position but also
with a percentage of elements having common excitation.
For the individual pattern, time-modulation is applied to
few elements only. Therefore, generation of dual-beam
patterns with a higher sharing percentage in element excitations results in lower complexity and cost. The normalized power patterns obtained by DE algorithm are shown in
Fig. 10.
Fig. 8. DE optimized On-time duration and On-time instants
for sum and difference pattern.

Table 3 lists the element position with uniform excitation and on-time durations for sum and difference pattern
obtained after optimization using DE. For sum pattern, the
obtained values of SLL = –23.44 dB, SBL = –27.83 dB and
FNBW = 8.8°, and for difference pattern the obtained values are SLL = –21.32 dB, SBL = –22.71 dB and FNBW = 8°.

Fig. 9. DE optimized excitation phase for sum and difference
pattern.

plitude and switch-on time durations. In this case, the
desired value of SLL, SBL and FNBW are considered as
–25 dB, –30 dB and 20°, respectively. The DE optimized
sum and difference pattern is shown in Fig. 7 where the
obtained values of SLL, SBL and FNBW are –24.07 dB,
–26.45 dB and 8° for sum pattern and for difference pattern
the obtained values of SLL, SBL and FNBW are observed
as –19.65 dB, –22.98 dB and 11.4°, respectively.

Fig. 10. Sum and difference pattern obtained using optimized
element excitation where mainlobe is at θ = 30° and
θ = 90°.

Element
number

Element
position
(xn) in
terms of λ

Uniform
static
excitation

±1
±2
±3

±0.26
±0.84
±1.34

±4
±5
±6
±7
±8
±9

3.4 Case 4: Synthesis of Sum and Difference
Patterns with Less Number of TimeModulating Elements
Since for a particular pattern, the predetermined
OTDs and OTIs are to be established through the feed
network of the array. Thus, switching from one array pattern to another requires appropriate control of the ON-OFF

The DE optimized OTDs, OTIs and excitation phase
are shown in Fig. 8 and 9. In the proposed approach reduction of SLLs are improved by 8 dB, as compared to those
obtained in [30]. In comparison to [31] almost the same
pattern is observed in conventional antenna array with
equal element spacing. This implies the result obtained in
this case is the optimum one.

Normalized OTDs

1
1
1

Sum
pattern
0.5000
0.5706
0.5006

Difference
pattern
1
1
1

±1.84
±2.55
±3.25
±3.91
±4.61
±5.46

1
1
1
1
1
1

1
1
1
1
1
1

1
1
1
1
1
1

±10

±6.31

1

1

1

±11
±12
±13

±7.16
±8.00
±8.51

1
1
1

1
1
1

1
1
0.2000

±14

±9.01

1

1

0.3129

±15

±9.81

1

1

0.2010

Tab. 3. Element-wise uniform excitations and OTDs for sum
and difference pattern obtained using DE algorithm.
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lower side lobes compared to conventional antenna arrays.
Moreover, the study shows that unequally spaced linear
arrays with pre-fixed amplitude distribution can be utilized
to synthesize multiple patterns. The SBL reduction and
minimization of SBR have been observed. Finally, this
method can also be extended further to synthesize circular,
planar array antennas.
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Fig. 11. Sideband level at first 10 sidebands obtained from
different optimization methods.

As compared with [24], approximately 7.6 dB improvement in SLL for sum pattern and 4.9 dB improvement
in SLL for difference pattern is observed in this case. Also,
to obtain the difference pattern in [24], four elements are to
be time-modulated while in the proposed method, improved performance is observed with time-modulation of 3
elements. For the synthesized patterns as considered under
case 1 to 4, the maximum SBL of first 10 sidebands are
presented in Fig. 11. It can be seen that the SBL at higher
order sidebands are suppressed significantly. From the
results illustrated under different cases, it can be observed
that using the proposed method, without changing the element position the desired dual-beam patterns can be realized only by altering the ON-OFF time sequence of the RF
switches. However, if multiple patterns are synthesized
using the method reported in [26], element position will be
different for the different patterns and a complex feed network will be required to achieve the patterns. To show the
suitability of the proposed method in the application for
estimating the direction of arrival (DoA), all the synthesized patterns are steered along 30° as depicted with dotted
lines along with the synthesized broadside patterns in
Fig. 4, 6, 7 and 10. Almost the same pattern characteristics
at the steering angle show the applicability of the designed
array for the wide angular range. This indicates the superiority and effectiveness of the proposed approach in terms
of realizing low SLL patterns as compared to the previously published works.

4. Conclusion
This paper focusses in improving the SLL, SBL of
multiple radiation patterns by applying time modulation in
unequally spaced linear array with the help of DE. The
technique represents an up-gradation for re-configurability
purpose. Numerical results corresponding to different radiation patterns including the sum, difference and flat-topped
pattern synthesized from time modulated unequally spaced
linear array are compared with conventional arrays. After
comparison with some of the published articles, it is found
that multiple patterns obtained from TMLAs have much
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