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Abstract

This paper proposes a three-dimensional (3-D) amplitude tapering technique
on volumetric random arrays to minimize array sidelobes and emulate phased
array operations on mobile platforms. Our ultimate goal is to realize wireless
phased array applications carried out by mobile platforms; in this paper, we
focus on the development of collaborative beamforming algorithms. This
beamshaping technique mitigates the discontinuity of the current distribution
along the array aperture and lower array sidelobe level (SLL) by specially paying
attention to the array element’s depth deviation. In this work, step by step
amplitude tapering procedures are clearly illustrated. Further, a reconfigura-
ble phased array with sixteen patch antennas is tested to verify the fidelity of
the 3-D beamshaping algorithm. Measured and simulated radiation patterns
are benchmarked to evaluate the sidelobe suppression results, and the best
sidelobe suppressed region is around the array’s main beam.
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1. Introduction

Phased array operations on mobile platforms have been a topic of interest for
many years. The mobile platforms may be swarms of unmanned aerial vehicles
(UAVs), constellation of satellites, group of cars, fleets of ships, or any number

of other spatially distributed surrogates that are in a non-uniform configuration

DOI: 10.4236/0japr.2023.112004 May 9, 2023

36 Open Journal of Antennas and Propagation


https://www.scirp.org/journal/ojapr
https://doi.org/10.4236/ojapr.2023.112004
https://www.scirp.org/
https://orcid.org/0000-0001-7734-4969
https://doi.org/10.4236/ojapr.2023.112004
http://creativecommons.org/licenses/by/4.0/

S.Yeh

with a geometric morphology that changes over time. Figure 1 gives an imagi-
nary picture of a wireless phased array beamforming system implemented by
drones. To realize this wireless array system, the practical challenges associated
with wireless synchronization [1] [2], localization, and coordination of dynamic
beamforming and beamshaping methodologies [3] [4] [5] must be overcome.
Although many techniques need to be established to successfully implement a
wireless phased array system, this work primarily focuses on the development of
three-dimensional (3-D) beamshaping techniques especially for array with a small
number of elements while providing a low sidelobe level (SLL).

In practice, high-amplitude sidelobes are undesirable because of interferences
in wireless communication systems and target ambiguities in radar identifica-
tions. One way to lower the overall sidelobes is to distribute antennas stochasti-
cally [6]. The aperiodic spacing of the swarm effectively diminishes the grating
lobes and reduces SLL beyond what is possible in a structured lattice of radia-
tors. Stochastic antenna positions are expected to provide destructive superposi-
tion of signals everywhere except the array’s main beam. A principal advantage
of the random topology is that all elements radiate at full power while keeping a
low SLL without any compromise of power degrade. In fact, the reduced SLL is
proportional to the array element NV [6] [7]; the more antennas (V) are deployed
in an array, the lower the SLL and the easier it is to mitigate the array sidelobes.
For applications with a relatively small number of array elements, sidelobe can-
cellation effects are trivial; therefore, applying additional tapered weighting along
the aperture illumination to substantially reduce SLL is inevitable.

Many researchers have conducted comprehensive efforts on amplitude taper-
ing for one-dimensional (1-D) and two-dimensional (2-D) arrays [8] [9]. None-
theless, a 3-D amplitude tapering method is still not widely reported in the lite-
rature. A 3-D amplitude tapering algorithm [10] designed for volumetric ran-
dom arrays is investigated in this work, and the proposed method specifically
pays attention to the discrepancies of the array depth. There is little experimen-
tal validation of volumetric random arrays, and this work seeks to advance the
capabilities of spatially distributed antenna systems. This work adopts concepts

from volumetric random arrays to address both the lack of periodicity and the

Figure 1. A wireless phased array beamforming system carried out by drones.
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geometric morphing of the swarming cluster over time. It is therefore not the
explicit purpose of this work to create a random array, but simply to approx-
imate the swarming behavior of a cluster of intelligent systems as a random process
that results in an array with unconstrained element spacing. It is possible to ex-
tend this analysis beyond the randomized positions to include orientation (yaw,
pitch, and roll) and advanced beamforming operations such as nulling and
beamshaping. However, it is important to first demonstrate the basic capabilities
of such an array using antennas with fundamentally linear polarized properties.
The array in this work is composed of sixteen vertically polarized patch anten-
nas. The patches are intended to represent platforms with directional radiation

properties.

2. 3-D Amplitude Tapering Procedures

A 3-D amplitude tapering conduct is advisable to further reduce SLL for volu-
metric random arrays with a small number of N. Step-by-step procedures are
elaborated in this section. In Figure 2, the test array consisted of sixteen patch

antennas (N = 16) was spatially and stochastically displaced.

Figure 2. The sixteen-element volumetric random array in the anechoic chamber.
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2.1. Beamforming and Phase Optimization

The first step is to steer the array’s main beam to the scan angle (6;,4;) and

creating the scan angle vector S by

S = %sin6, cos g, + §sind, sing, +7cosb,. (1)

The position of each antenna is denoted as a position vector P . The progres-
sive length delay from the array scan is calculated by dot product the P and
S . In this way, the distance phases [3] of each array element are derived the-
reafter with the known free-space wavelength. Due to the antenna couplings, an

extra phase optimization step potentially increases the phase accuracy.

2.2. Define the Array Aperture

To assign precise current distribution to each array element, it is essential to de-
fine the array aperture and identify the aperture origin (AO). Figure 3 depicts
sixteen array elements (V= 16) projected onto the array aperture (S'), and each
antenna is indicated as antenna element number n, where n=1,2,---,N . The
U and V are reference vectors, which are horizontally and vertically parallel
to S', respectively. The array aperture is a normalized plane, which is perpen-
dicular to the scan angle vector S, and the array aperture encloses all projected
antennas. The AO is located at the center of the array aperture, and it may not
be the same as the origin of the coordinate system, keeping in mind that the ar-

ray aperture implicitly changes with the array scan angle.

1 =
05
1D OF
-0.5)
b
-1 -0.5 0 0.5 1
U

Figure 3. Distribution of sixteen array elements (red cross) projected on the array aper-
ture.
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2.3. Amplitude Tapering

There are three kinds of tapering approaches that are utilized in beamshaping
operations, and they are radial, horizontal, and vertical tapering. For applica-
tions providing azimuth (AZ) and elevation (EL) scan, the current distribution is
tapered horizontally and vertically along the array aperture, respectively. Like-
wise, for 31t (-1 < AZ < 7, 0 < EL < 7) scan volume, the antenna excitation is
tapered according to the radial distance. The horizontal tapering technique is
demonstrated in this work for illustration purpose, and the reference vector T

is essential to establish by

T (X,Y,z)=cos6, cosg, +cosb, sing, —sing,, (2)

where U is a unit vector that is horizontally parallel to S’ and orthogonal to
S . Under this circumstance, array elements are projected onto U (as shown in
Figure 4), and each antenna’s relative distance to the AO is resolved. In this
case, the array aperture is shifted to accommodate for the utmost left and right
projected antennas. Making use of the relative distance in U , the tapering am-

plitude for each array antenna is obtained accordingly.

2.4. Amplitude Mapping and Averaging

The binomial coefficients (1, 6, 15, 20, 15, 6, 1) are deployed to taper the current
amplitudes along the array aperture, and the normalized binomial coefficients
are shown as the blue curve in Figure 5. Mapping each array element to the bi-

nomial curve depends upon the relative distance derived in the previous step.

0.5 1

1
—
1
o
(&)
2 O

Figure 4. Sixteen array elements (red cross) projected on the T.
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Figure 5. Sixteen array elements map to the normalized amplitude tapering curve (blue
curve).

An evenly and symmetrically distributed current along the array aperture re-
sults in a lowest SLL outcome. However, if partial antennas are overlapped or
located closely, it creates spike amplitude, which is deviated from the ideally bi-
nomial curve. Thus, it is necessary to average the amplitudes to alleviate the
spike amplitude. Figure 6 summarizes the results of amplitude averaging for
proximity antennas. For example, elements #3 and #5 are close to each other;
therefore, both of its amplitudes are divided by 2. Similarly, the amplitudes for

elements #15 and #16 are averaged.

2.5. Depth Gain

One major difference compared volumetric arrays to linear or planar arrays is
the depth deviation. The depth is defined as the shortest distance between array
elements to the array aperture. As antenna radiates electromagnetic wave, the
wave reduces its power density as it propagates through free space. As a result,
antennas with farther depth need to reimburse more excitation power to even
the propagation loss. Once the depth of each array element is acquired, array
antennas are mapped to the propagation-loss curve, as shown in Figure 7. Sub-
sequently, the loss from the depth is added back to each antenna; therefore, the
discontinuity of the current distribution along the array aperture is flatted by

this process.

3. Experiment

The fidelity of the 3-D beamshaping algorithm is examined by implementing
pattern measurement campaigns in the far-field anechoic chamber (located at

the Electromagnetics and Microwave Laboratory, Department of Electrical and

DOI: 10.4236/0japr.2023.112004

41 Open Journal of Antennas and Propagation


https://doi.org/10.4236/ojapr.2023.112004

S.Yeh

Computer Engineering, Texas A&M University) to reduce multipath reflections
and replicate a free space environment. When considering the characteristics of
the mobile platform criteria, the volumetric random array becomes a proper
candidate. In this work, the volumetric random array is demonstrated by the re-

configurable phased array [11] shown in Figure 8.

. e o o
o N ® ©

Normalized Amplitude
o
(&)}

0.4
0.3
0.2
0.1
o L 1 1 16:\15
-1 -0.5 0 0.5 1
U

Figure 6. Amplitude averaging for proximity antennas.

Propagation Loss (dB)
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Figure 7. Propagation loss of an antenna from 0 m to 0.5 m.
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Figure 8. The photograph of the sixteen-element experimental array displaced in the
anechoic chamber.

Sixteen vertical-polarized patch antennas (V= 16) are acted as the mobile ra-
diators, and each antenna is positioned by moving the flexible arms (made from
acetal copolymer) to the designated location. Array elements are distributed
stochastically in a volumetric formation, and the maximum depth differences
(along the array’s broadside direction) among antennas are limited to one free-
space wavelength (<125 mm) of the operating frequency (2.4 GHz) for the sake
of tapering performance. Array antennas are aligned upright (y-polarized) and
orthogonal/facing to the z-axis to provide linearly polarized characteristic. The
positions of the array antennas are obtained and recorded by the spatial recogni-
tion system [11]. In addition, the obtained positions are fed to the ANSYS HFSS
simulator, as shown in Figure 9 and Figure 10. The array simulations are car-
ried out thereafter the pattern measurements.

The microstrip patch antenna acting as the array element has linearly pola-
rized characteristic. The patch is well designed to operate at 2.4 GHz with ap-
proximately 50 Q input impedance; therefore, no extra impedance matching
network needs to be added, which significantly reduces the complexity and cost
of the antenna element. These antennas are fabricated on 62 mil (1.57 mm) thick
FR4 (¢ =4.4) and have a width w = 38 mm and resonant length Z = 28 mm.
The SMA probe feed is placed at a distance of 6 mm from the patch edge. Figure
11 shows the measured VSWR and input impedance of the patch antenna from
2 GHz to 3 GHz. The antenna has a 2:1 VSWR bandwidth of 60 MHz (from
2.365 GHz to 2.425 GHz) centered at 2.395 GHz. Figure 12 shows the measured
radiation pattern at 2.4 GHz for the two-elevation cut-planes. The antenna has a
maximum gain of 2.97 dBi.

For the experiment, the array is steered to (6, ) =(0°,0°) with a linear-
polarized property, and a horizontal current distribution with binomial coeffi-

cients (1, 6, 15, 20, 15, 6, 1) is implemented along the array aperture while taking
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Figure 9. The front view of the sixteen-element volumetric random array
modelled in HFSS.

z

Figure 10. The top view of the sixteen-element volumetric random array
modelled in HFSS.
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Figure 11. Measured VSWR and Smith Chart (overlaid) of the microstrip patch.

care of the depth difference. The experimental array is centered on a turntable

during pattern measurements to avoid pattern distortion, and the 3-D beam-

shaping result is examined from 6>-180" to 6 <180" in the xz-plane. Both

measured and simulated results are evaluated at 2.4 GHz.
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4. Result

The simulated and measured radiation patterns for tapering and non-tapering
cases are plotted in Figure 13 and Figure 14, respectively. The tapering patterns
are normalized to the non-tapering pattern for better comparison. Instead of
focusing on the whole array’s field-of-view (180" <6 <180"), it is of particular
interest for the range from 6>-30" to #<30° in the xz-plane, which allo-
cated the first sidelobe. Figure 13 shows the simulated results, and the maxi-
mum gain (G, ) is 22.47 dBi, located at the array’s broadside (& =0"). The peak
of first sidelobe before tapering is 11.06 dBi at € =-15", and it is 5.46 dBi at
6 =23 after tapering. A 5.6 dB sidelobe reduction is achieved, and the peak of
first sidelobe moves away from the array’s main beam. For measured patterns in
Figure 14, the maximum gain (G, ) is 22.47 dBi, located at the array’s broadside
(8 =0). Before applying amplitude tapering, the peak of first sidelobe has gain
of 12.49 dBi at 6§ =-12". After applying amplitude tapering, the peak of first
sidelobe decreases to 2.76 dBiat @ =—25". There is a 9.73 dB sidelobe reduction
after applying tapered weightings.

—90° $=0°
‘ ) H Plane

Figure 12. Measured radiation pattern (dB) of the microstrip patch.
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Figure 13. The simulated patterns at = 2.4 GHz in the xzplane.
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Figure 14. The measured patterns at /= 2.4 GHz in the xzplane.

These results indicate that the amplitude tapering approach not only lowers
the first sidelobe level but also pushes the first sidelobe away from the array’s
main beam. This method comes with the side effects of broader beamwidth, de-
creased directivity, and reduced aperture efficiency. After applying the tapering
weightings, both simulated and measured SLLs are reduced. The measured re-
sults generally followed the expected behavior of the simulations. Even though
the volumetric array is not aligned in the same plane, the proposed 3-D ampli-
tude tapering technique deals with discontinuities of the current distribution

along the array aperture well.

5. Conclusion

The emphasis of this work is on applications where the volumetric random
array has only a few array elements, and sidelobes are needed to further suppress
[12]-[22]. This paper clearly elaborates in 3-D amplitude tapering procedures and
successfully demonstrates the beamshaping results. Simulated and measured radi-
ation patterns of tapering and non-tapering are illustrated and compared to con-
firm the feasibility of the proposed 3-D beamshaping algorithm. It is observed
that the array with tapering weightings has lower SLL and peak sidelobes moved

away from the array’s main beam.
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