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Abstract
Multi-port multi-mode antenna elements have the ability
to move their phase centers and modify their radiation pat-
terns electronically. Arrays composed of such elements
are referred to as virtually aperiodic arrays in this paper.
Herein, optimization of the mode excitation coefficients in
virtually aperiodic sparse linear arrays is proposed, by
introducing novel design constraints with the aim of syn-
thesizing wide-angle scanning, reconfigurable patterns,
with grating/side lobe reduction. A dual-mode patch
antenna is used for demonstration purposes. An efficient
convex optimization based algorithm is adopted to opti-
mize the excitation weight at each element mode port,
while considering the mutual coupling effects. Through
full-wave simulations, the effectiveness of the optimiza-
tion in suppressing the unwanted radiation and adapting to
different fields-of-view is shown. A novel investigation
on the impacts of defining different mode excitation ratios
on the radiation pattern characteristics is conducted.

KEYWORDS
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1 | INTRODUCTION

Aperiodic arrays have been widely studied in the literature
for various applications including satellite communications,1

cellular communications,2 wireless power transfer,3 radars

for imaging4 and direction-of-arrival estimation.5 Compared
to the periodic counterparts, they can further decrease the
level of high side lobes, dissolve the grating lobes in the case
of sparse arrays, improve the beam resolution, provide more
space for the beamformer electronics and enhance the ther-
mal performance.6 Despite the listed advantages, physically
aperiodic arrays have several limitations and drawbacks.
First, the unique array layout is designed to satisfy a specific
pattern mask depending on the field-of-view, side lobe
requirements, aperture size and desired average element
spacing.7 Therefore, each array becomes use-case specific
with no reconfigurability in its layout for different pattern
requirements, unless there are some movable mechanical
parts that can rearrange the element positions.8 However,
implementing such movable units increases the system com-
plexity, creates reliability issues and prevents fast operation.
Second, aperiodic arrays generally result in an increase in
the array size. This is due to the increased sparsity at the
peripheral region.9 Third, due to the asymmetry, the feed
network design may become much more complex when
compared to the periodic arrays, which in turn increases the
losses and calibration requirements.10,11

The disadvantages and challenges brought by the physi-
cally aperiodic arrays motivate the search for ways of realiz-
ing the aperiodicity electronically (i.e., virtual aperiodicity).
This can be ideally achieved by controlling the phase center
of each element separately, which determines the relative
position of the elements in the array. For a microstrip
antenna element, a smart approach to control the phase cen-
ter is to excite multiple modes (fundamental mode and
higher order mode[s]).12 If the antenna functions at a single
mode, the phase center will coincide with its physical center.
However, combination of two or more modes helps move
the phase center away. The new phase center (as well as the
modifications in the pattern shape and polarization proper-
ties) is determined by the relative amplitude and phase
excitations of the modes.13,14

The concept of electronic control of the element phase
center and radiation pattern via multi-mode excitation has
already been established. However, the idea of exploiting
this concept to achieve adaptive element spacing for elec-
tronic pattern reconfigurability was only proposed very
recently,15 where only small (2- and 3-element) arrays radi-
ating at broadside are considered. There are also a few recent
works that demonstrated the grating lobe reduction capabil-
ity of the multi-mode excitation technique in phased arrays
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(with seven elements arranged in a linear or hexagonal
topology) having a large element spacing.16,17 However,
they aim to modify the (common) element pattern (which is
to be multiplied by the array factor) so as to achieve suffi-
cient gain toward the scanning angle, while placing a null at
the angle of the grating lobe.

In the case of multi-port multi-mode excitation for null-
scanning, a constant 90-degree phase shift is used between
the two ports of each element.16,17 The common amplitude
ratio at the two ports of each element, and the excitation
amplitude ratio between the center element and the periph-
eral elements are found via an extensive search routine. A
primitive study toward optimizing the excitation coefficients
was also conducted.18 However, (i) the analysis was based
on simplified analytical expressions for radiation, (ii) there
was no control on the amplitude ratio between the funda-
mental and higher order mode, which can cause a significant
reduction in the array gain, (iii) only normalized radiation
patterns were considered that do not reflect the absolute gain
values, (iv) there were no constraints on the beamwidth and
input power and (v) there was no consideration of pattern
reconfigurability. Thus, it can be inferred that the existing
approaches do not carefully use the full synthesis flexibility
in terms of individual amplitude-phase control at each port
in the array, do not guarantee the optimality of the solution,
do not consider mutual coupling effects in the synthesis, and
cannot adapt to the changes in the beam forming require-
ments fast enough.

A more ambitious aim would be to apply this concept to
phased arrays with a larger number of elements, and to opti-
mize the mode excitation coefficients efficiently at each ele-
ment using a desired (and reconfigurable) goal function on
the array radiation pattern, while including the mutual cou-
pling effects. In that way, full electronic control (position
and radiation pattern) at each element could be achieved. To
this aim, this paper proposes a novel optimization methodol-
ogy in electronically reconfigurable, wide-angle scanning,
virtually aperiodic sparse linear array synthesis for effective
side lobe/grating lobe suppression. To the author’s

knowledge, this is the first time that optimization of virtually
aperiodic phased arrays is studied comprehensively with
novel and practical design constraints. The proposed concept
is particularly interesting for the applications where sparsity
in the array layout is desired. A recent and relevant example
is active millimeter-wave phased array antennas for beyond-
5G, for which the high potential of using large inter-element
spacings is extensively reported in the literature in terms of
improved spatial multiplexing,19,20 antenna-IC (Integrated
Circuit) integration21 and thermal management.22

The rest of the paper is organized as follows. The design
details for the multi-mode antenna element and its array used
for demonstration purposes are provided in section 2. The
optimization procedure is explained in section 3. The
simulation settings, results and complementary discussions
are given in section 4. The conclusions are reported in
section 5.

2 | ANTENNA ELEMENT AND
ARRAY

Let us consider a stacked circular patch antenna element
with two ports. The first port feeds the upper patch with
smaller radius and excites the fundamental (TM11) mode,
while the second port feeds the lower patch with larger
radius and excites the high order (TM21) mode. The feed
points are located along the horizontal axis (i.e., x-axis). In
order to control each mode separately, the lower patch is
used as the ground plane for the upper patch.23 The design
parameters’ values were estimated by following the cavity-
model based design strategy for the patch radii24 and the best
ratio of feed location to disk radius analysis.25 Considering
the impact of coupling, further tuning based on full-wave
simulations was then applied to satisfy the matching require-
ments at the center frequency of 9 GHz.

The dual-mode element design and its array are shown
in Figure 1. Both the upper and lower patch substrates have
the relative permittivity of 2.2. The values of all the design

(A)

(B)

(C)

FIGURE 1 Design of the dual-mode antenna: (A) element top view, (B) element side view, (C) array top view

2 ASLAN



parameters are listed as follows: f 0 ¼ 9 GHz, r1 ¼ 6:10 mm,
r2 ¼ 10:13 mm, d1 ¼ 2:05 mm, d2 ¼ 5:98 mm, L¼ 23:33
mm (0.7 λ0), h¼ 1 mm, de ¼ 23:33 mm (0.7 λ0). In the array,
the first (TM11) port of the nth element is labeled as “Port
n�1,” while the second (TM21) port of the nth element is
labeled as “Port n�2.”

3 | OPTIMIZATION PROCEDURE

The co-polarized electric far-field radiated by an N-element
linear array arranged as shown in Figure 1 with dual-mode,
dual-port elements for a scanned beam s, f s θð Þ, is given by

f s θð Þ¼
XN
n¼1

en,1 θð Þ ws
nþ en,2 θð Þ qsn

� � ð1Þ

where en,1 θð Þ and en,2 θð Þ denote the complex horizontally
polarized (in Ludwig-3 definition) embedded electric far-
fields with respect to the array origin for the excitation of
first port and second port of the nth element in the array,
respectively. The complex valued coefficients ws

n and qsn rep-
resent the excitation weights of the nth element for the
scanned beam s for the first (TM11) and the second (TM21)
ports, respectively.

In this work, the goal function considered for optimiza-
tion of excitation weights ws

n and qsn is to minimize the peak
magnitude of radiation outside the main lobe for a wide-
angle scan. To achieve this, the set of observation angles θ
corresponding to region outside the main lobe for each
scanned beam s should be stored. A straightforward way to
achieve this is to define a main lobe beam width θb such that

θ ∈ θsc if �θh ≤ θ< θs0�θb
� �� �

or θh ≥ θ> θs0þθb
� �� � ð2Þ

where θs0 is the angle of the main lobe maximum for the
scanned beam s, and θh is the largest observation angle in
the angular region-of-interest. The vector θsc holds the set of
observation angles outside the main lobe of the scanned
beam s. Here, the same θb value is used for all the scanned
beams, but it can be varied with increased scan angles.

The complete optimization problem for a scanned beam
s at a single frequency can be formulated as

minimize ρsmax, for

j f s θð Þ j ≤ ρmax for θ ∈ θsc,

ws
1 ¼ 1,

jws
n j ≤wmax, 8n∈ 1, � � �,N½ �

j qsn j ≤ qmax, 8n∈ 1, � � �,N½ �

8>>><
>>>:

ð3Þ

where ρsmax (to be minimized) is the maximal magnitude of
the electric field outside the main lobe for the scanned beam
s. The parameters wmax and qmax can be used to put upper
limits on the excitation magnitudes for the first and second
ports at each element, respectively. The excitation amplitude
at the first port of the first element is equal to 1 for all the
scanned beams, which is used as a reference (since other-
wise, all the weights will be set to zero to minimize ρsmax).

The optimization problem in (3) is a convex problem,26

which can be efficiently solved by using the Interior Point
Method27 based solvers available in the existing optimiza-
tion software packages.28 Obtaining the solution to (3) with
several iterations for convergence takes only about half a
second in a standard laptop, which can be shortened in the
case of a more powerful processor. After the optimization is
done, an additional constraint is applied to ensure the total
transmit power is equal to 1 for a fair comparison between
the various cases analyzed in the next section, which
results in

w0s
n¼ws

n=

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
XN
n¼1

ws
n

�� ��2þ qsn
�� ��2� 	

vuut

q0sn¼ qsn=

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
XN
n¼1

ws
n

�� ��2þ qsn
�� ��2� 	

vuut
ð4Þ

where w0s
n and q0sn are the excitation coefficients scaled

according to the power constraint.

4 | SIMULATION SETTINGS,
RESULTS AND DISCUSSION

The embedded element gain patterns for the horizontal
polarization for each element and for each port are plotted in
Figure 2 for varying observation angles at 9 GHz. The
observed patterns for Port 1 (TM11, maximum at broadside)
and Port 2 (TM21, null at broadside) are in line with the
theory. Some variations from element-to-element can be
observed, which originates from the mutual coupling.
The complex embedded far-fields are then combined in array
pattern synthesis after being multiplied by the scaled excita-
tion coefficients (w0s

n,q
0s
n) corresponding to them.

Initially, the array patterns with scanning for two refer-
ence cases are computed. In the reference cases, only single
dominant mode (TM11) excitation is considered
(i.e., q0sn ¼ 0, 8s,n) for 7 scan angles from �45 degrees to
45 degrees with 15 degree steps. As for the values of w0s

n,
uniform amplitudes and 30 dB Chebyshev window ampli-
tude taper are applied with linearly progressive phases.
Table 1 (first two array types) shows the array gain and
side lobe peaks for horizontal polarization with scanning.
It is seen that although side lobes are effectively
suppressed by the tapering, the problem with grating lobes
is observed as expected in both cases when j θs0 j = 30, 45
degrees.

Having the reference results at hand, next the pattern
results with optimized port excitation coefficients at the
9 GHz operation frequency will be provided and discussed.
The optimization settings used in the formulation of the
problem in (3) are as follows:

ASLAN 3



• θs0 = [�45, �30, �15, 0, 15,
30, 45] degrees

• wmax: not defined

• θh = 90 degrees • qmax: varied, = [0.5, 1]

• θb = 8 degrees • θ step size = 0.5 degrees

The realized gain patterns and optimized excitation coef-
ficients are provided in Figure 3 and Figure 4 for qmax ¼ 0:5
and qmax ¼ 1, respectively. It is worth to mention that to keep
the readability of the graphs, only the excitation coefficients
for θs0 = [15, 30, 45] degrees are shown. The optimization
results in terms of the peak realized gains at the desired
beam positions and side (or grating) lobe peak gains within
the angular region-of-interest are summarized in Table 1
(last two array types).

From the optimization results, the following main obser-
vations can be made:

1. When q0sn ¼ 0, 8s,n (i.e., TM21 mode is not excited), the
problem with grating lobes cannot be solved via
optimization.

2. When the second ports at each element are excited for
multi-mode operation, the grating lobes are suppressed
by about 20 dB on average for varied qmax values.

3. The relative side lobe peak remains below about
�32 dB for the non-zero qmax values chosen for radia-
tion near broadside (i.e., θs0 = [�15, 0, 15] degrees).

4. Excitation of the TM21 mode generally reduces the array
gain at the beam peaks as compared to the reference
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FIGURE 2 Embedded element realized gain patterns for horizontal polarization in the 16-element linear array at 9 GHz for the excitation of:
(A) first port at each element, (B) second port at each element [Color figure can be viewed at wileyonlinelibrary.com]

TABLE 1 A summary of 16-element linear array optimization
results at 9 GHz in terms of the main beam peak and side/grating lobe
peak realized gain levels for different array types and different main
beam positions

Array type
Main beam
position (deg.)

Main beam
peak (dBi)

Side (or grating)
lobe peak (dBi)

Uniformly
fed

�45 14.6 15.0

�30 16.5 13.2

�15 18.1 5.9

0 19.3 6.0

15 18.5 5.9

30 17.0 11.9

45 15.1 14.5

30 dB
Chebwin
tapered

�45 14.0 14.3

�30 15.9 12.5

�15 17.5 �11.1

0 18.7 �11.4

15 17.8 �12.2

30 16.4 11.2

45 14.5 13.8

Optimized,
qmax ¼ 0:5

�45 13.8 �4.4

�30 16.1 �5.6

�15 16.9 �14.8

0 18.0 �15.5

15 16.6 �15.6

30 16.2 �7.2

45 13.9 �5.4

Optimized,
qmax ¼ 1

�45 9.6 �10.7

�30 14.7 �11.9

�15 15.4 �16.5

0 16.6 �17.1

15 14.8 �17.5

TABLE 1 (Continued)

Array type
Main beam
position (deg.)

Main beam
peak (dBi)

Side (or grating)
lobe peak (dBi)

30 13.5 �13.5

45 9.9 �11.1

4 ASLAN
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cases. The extent of reduction depends on the ratio of
this mode with respect to the TM11 mode, which is con-
trolled by the parameter qmax in the optimization model.
For qmax ¼ 0:5, the maximum decrease in the beam peak
within the �45 degree scan range is only about 1 dB as
compared to the 30 dB Chebwin tapered reference

array. On the other hand, for qmax ¼ 1, the beam peak
reduction reaches up to 4.6 dB as compared to the
tapered reference array, which is seen for the beam at
45 degrees.

5. There is a trade-off between the grating lobe suppression
capability and the array gain. For example, for the

-50 0 50
 (deg.)

-40

-30

-20

-10

0

10

20

G
ai

n 
(d

B
i)

0
 = -45 deg.

0
 = -30 deg.

0
 = -15 deg.

0
 = 0 deg.

0
 = 15 deg.

0
 = 30 deg.

0
 = 45 deg.

5 10 15
n

0

0.1

0.2

0.3

0.4

A
m

pl
itu

de

w'
n
, 

0
 = 15 deg.

q'
n
, 

0
 = 15 deg.

w'
n
, 

0
 = 30 deg.

q'
n
, 

0
 = 30 deg.

w'
n
, 

0
 = 45 deg.

q'
n
, 

0
 = 45 deg.

5 10 15
n

0

100

200

300

400

P
ha

se
 (

de
g.

)

w'
n
, 

0
 = 15 deg.

q'
n
, 

0
 = 15 deg.

w'
n
, 

0
 = 30 deg.

q'
n
, 

0
 = 30 deg.

w'
n
, 

0
 = 45 deg.

q'
n
, 

0
 = 45 deg.

(A) (B) (C)

FIGURE 3 Results of optimization of excitation coefficients (w0s
n,q

0s
n) in the 16-element linear array at 9GHz for �45 degree scanning with

15-degree steps when qmax ¼ 0:5: (A) realized gains for horizontal polarization, (B) excitation amplitudes, (C) excitation phases [Color figure can be
viewed at wileyonlinelibrary.com]
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FIGURE 4 Results of optimization of excitation coefficients (w0s
n,q
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n) in the 16-element linear array at 9GHz for �45 degree scanning with

15-degree steps when qmax ¼ 1: (A) realized gains for horizontal polarization, (B) excitation amplitudes, (C) excitation phases [Color figure can be
viewed at wileyonlinelibrary.com]
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outermost scanned beam at �45 degrees, the grating
lobe is reduced by about 18 and 20 dB for qmax ¼ 0:5
and 1, respectively. The final selection of qmax can be
made based on the system requirements.

Next, an additional study case is performed to demon-
strate the usefulness of the proposed optimization routine with
reconfigurability to different angular region-of-interests. Let
us consider the beam scanned to 30 degrees. The parameter
θh is varied. Thus, the optimizer aims to minimize the grat-
ing/side lobes within the modified region-of-interest.

The following settings are used for the optimization:

• θs0 ¼ 30 degrees • wmax: not defined

• θh: varied, = [90, 60, 40] degrees • qmax = 0.5

• θb ¼ 8 degrees • θ step size = 0.5 degrees

The realized gain patterns and excitation coefficient
results at 9 GHz are shown in Figure 5. The outcome in
terms of array gain at 30 degrees and side/grating lobe peak
gains within �θh is summarized as follows: for θh = 90, 60,
40 deg., main beam peak is 16.2, 14.5, 14.3 dBi and the side
(or grating) lobe peak within �θh is �7.2, �13.4,
�22.9 dBi, respectively.

From these results, it can be inferred that at the expense
of some reduction in the peak array gain, the excitation coef-
ficients can be reconfigured to further suppress the unwanted
radiation within the �θh range, which increases the radiation
outside the region-of-interest. The suppression becomes
more effective while θh decreases. For example, when θh is
changed from 90 degrees to 40 degrees, the gain at
30 degrees reduces by 1.9 dB, while the side lobe peak gain
within �θh is reduced by 15.7 dB.

Note that in general, the cross-polarization level
increases with the increasing ratio of the TM21 mode as com-
pared to the TM11 mode.29 One way to reduce the cross-
polarization levels is to modify the structure by adding
another layer to the bottom with a larger patch and a separate
(third) port which excites the TM02 mode. Since this mode
provides an omnidirectional pattern in azimuth, adding a
proper amount of the TM02 mode to the TM11 and TM21

modes can help reduce the cross polarization, as demon-
strated in the literature.29 Excitation and optimization of
more than two modes is out-of-scope of the paper.

5 | CONCLUSIONS

In this paper, the idea of optimizing the excitation coeffi-
cients in arrays with multi-port multi-mode antenna elements
(i.e., virtually aperiodic arrays) for low side/grating lobe pat-
terns in a wide scanning range and for pattern

reconfigurability has been proposed and investigated com-
prehensively for the first time.

Through comparative simulation and optimization results
with respect to the reference arrays using dominant mode
excitation only, the capabilities/limitations of virtually aperi-
odic arrays in suppressing the grating lobes in wide-angle
scanning and maintaining the beam peak levels have been
identified. Moreover, the trade-offs between the grating lobe
suppression capability and peak field magnitude decrease
have been studied by using various higher mode excitation
ratios in the optimizer. It has been inferred that by con-
straining the higher mode ratio to a relatively low (but
non-zero) value, the grating lobes can be suppressed very
effectively, while maintaining close-to-optimum field magni-
tudes. The reconfigurability for narrower field-of-views has
provided further unwanted radiation suppression capability
in the field-of-view, which comes at the expense of slight
reduction in the beam peak and increased radiation outside
the field-of-view.

The future work will focus on identifying the capabilities
of the optimization in planar arrays with phase center/
radiation pattern control in both array dimensions, and on
addressing the polarization/gain loss and bandwidth require-
ments with different approaches to element design and array
optimization.
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