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Abstract. This paper discusses decoupling techniques for suppressing
electromagnetic coupling between elements of beamforming antenna arrays.
Guard trace structures, which are commonly used for crosstalk reduction on
printed circuit board technology, are proposed to be inserted between the array
elements for coupling reduction. Two types of guard trace structures, i.e., straight
guard traces and serpentine guard traces, were explored, and the effect of using
via holes on both types of guard traces was studied. For this purpose, two-element
antenna arrays with guard trace structures inserted between array elements were
designed and simulated. The simulation results showed that a straight guard trace
with vias (straight GTV) and a serpentine guard trace without vias (serpentine GT)
could effectively reduce EM coupling between elements of array antennas. To
verify the simulation results, prototypes of antenna arrays with straight GTV and
serpentine GT were realized and measured. The measurement results showed
coupling reductions of 5 dB and 6.4 dB could be achieved when straight GTV and
serpentine GT are inserted between two array elements separated by edge-to-edge
distances of 4 mm and 9.05 mm, respectively. Therefore, the proposed decoupling
technique is suitable for beamforming antenna arrays with a very close distance
between array elements.

Keywords: beamforming antenna array; EM coupling, microstrip patch antenna;
serpentine guard trace; straight guard trace; via hole.

1 Introduction

The microstrip antenna is the most versatile antenna commonly used in wireless
applications. Low weight, ease of fabrication, low implementation cost, and high
efficiency are the main advantages of this type of antenna. However, they are
inherently narrow-bandwidth and low-gain antennas. To increase the gain,
several single microstrip antennas can be arranged to form an array antenna. To
achieve beam flexibility of array antennas, electrical steering capability is
desired. Technically, antenna arrays with electrical steering capability can be
achieved by introducing beamforming techniques [1]. A beamforming antenna

Received June 27%, 2023, Revised December 15%, 2023, Accepted for publication December 31%, 2023.
Copyright © 2023 Published by IRCS-ITB, ISSN: 2337-5787, DOI: 10.5614/itbj.ict.res.appl.2023.17.3.5



A Decoupling Technique for Beamforming Antenna Arrays 357

array leads to maximum and null beam radiation in the desired and undesired
directions, respectively. This can be accomplished by driving antenna elements
with different phases generated from a beamforming circuit [2]. Beamforming
array antennas can be built by utilizing any kind of radiating element. However,
printed radiators, such as microstrip patch antennas, are well suited for
constructing lightweight and compact beamforming antenna arrays [3]. A further
advantage is that they are easy to integrate with a beamforming circuit [4]. Such
advantages has motivated microwave designers to pay more attention to
microstrip-based beamforming array antennas. However, beamforming antenna
arrays using printed antenna technology suffer from EM coupling as a result of
the excitation of surface waves, which reduces their gain and maximum scanning
angle [5].

Meanwhile, with the increasing need for high-density antenna arrays, massive
antenna elements are required. However, since there is limited available space for
antennas, adding more antennas will lead to a reduction in antenna spacing. On
the other hand, smaller antenna spacing leads to increased coupling intensity
between antenna elements, which further deteriorates the performance of array
antennas. Therefore, an effective method is needed to suppress EM coupling and
enhance the performance of the array antenna. The most straightforward way to
minimize the coupling effect in array antennas is increasing the antenna spacing
by more than half a wavelength, as recommended in [6]. However, this contrasts
with high-density antenna array design requirements. In addition, in array
environments, spacing of more than half a wavelength between antenna elements
will lead to other issues, such as limited beam steering capability for phased-array
antennas and grating lobes.

Various types of decoupling structures have been suggested to disturb the surface
current and hence enhance the EM coupling reduction in antenna arrays,
including electromagnetic bandgaps [7][8], defective ground structures [9]-[12],
and metamaterials [13]-[15]. The aforementioned decoupling structures can
effectively reduce EM coupling, but at the expense of being complex in design
and fabrication since they are periodic structures that require at least three or more
periods to be effective. In addition, in several proposed techniques, the coupling
reduction occurs in part of the frequency range, while in other ranges, the
coupling effect increases [9]-[11]. Guard trace structures have been frequently
used in microwave systems for a range of applications for several decades. Guard
traces are widely utilized in PCB circuits for crosstalk reduction between devices
on board [16][17]. They have also been used as decoupling structures to minimize
EM coupling effects among radiating elements of microstrip array antennas [18]-
[24]. However, the guard trace structures used are not simple, which increases
the complexity of the antenna structure. This paper proposes simple guard trace
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structures for suppressing EM coupling between array elements of beamforming
antenna arrays.

2 EM Coupling Between Microstrip Patch Antennas

To demonstrate EM coupling between two patch antennas, the configuration
shown in Figure 1 was constructed. Two rectangular microstrip antennas, where
each antenna patch has width W, and length L,, are arranged in a side-by-side
configuration with a center-to-center distance of S., which corresponds to an
edge-to-edge distance of S.. Each antenna is fed through a microstrip line, which
has width W, and length L respectively, and a transformer line, which has width
W, and length L, respectively.

Antenna 1

Port 1 w Port 2

Figure 1 Configuration of a two-element antenna array.

Table 1 Optimized dimensions of antenna configuration.

Parameters Symbol Size (mm)
Width of the antenna patch Wa 345
Length of the antenna patch La 28.3
Width of the transformer line Wn 1.0
Length of the transformer line Lm 18.3
Width of the feeding line Wy 2.6
Length of the feeding line Ly 16.9

The configuration is designed on a 1.6 mm thick FR4 dielectric substrate (er =
4.4, tand = 0.02). The antenna dimensions are calculated using the standard
microstrip antenna formula at 2.4 GHz. Based on the calculated dimensions, the
optimal dimensions of the antenna structure are determined by performing
parametric simulations using an electromagnetic simulator, as summarized in
Table 1. The simulated scattering parameter response, i.e., the EM coupling
represented by transmission coefficient (S21) and reflection coefficient (S11), for
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different antenna spacings is plotted in Figure 2. As expected, the EM coupling
intensity between the antenna elements becomes weaker as the antenna spacing
(S.) increases, as shown in Figure 2(a). Moreover, from Figure 2(b), the reflection
coefficient is relatively constant for various antenna spacings.
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Figure 2 EM coupling characteristics between microstrip patch antennas (a)
transmission coefficient, and (b) reflection coefficient..

3 Reduction of EM Coupling using Guard Trace Structures

In this work, two types of guard trace structures, i.e., straight and serpentine guard
traces, are proposed to reduce EM coupling between two antenna elements of an
antenna array.

3.1 Straight Guard Trace

The configuration of a two-element antenna array with a straight guard trace is
depicted in Figure 3. The structure is composed of two rectangular microstrip
antennas and a straight guard trace inserted between the antennas. The straight
guard trace is a microstrip transmission line loaded with a number of vias. The
microstrip line has a length that is equal to the width of the antenna patches, while
the width is W,. The vias have a diameter of D, each and are uniformly distributed
along the line with a spacing of S,. To determine the optimum dimensions of the
straight guard trace, parametric simulations were carried out for the antenna
configuration shown in Figure 3 using an electromagnetic simulator. In the
simulations, the distance between antennas was set to 4 mm, which was attributed
to 0.0324y, where A, is the wavelength of an EM wave propagating in a vacuum.
As a result, the optimum configuration was achieved with a straight guard trace
width of 3 mm, a via spacing of 8.6 mm (4 vias), and a via diameter of 1 mm.
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Antenna 1 Antenna 2

Port 1 Port 2

Figure 3  Configuration of a two-element antenna array with a straight guard
trace.

To analyze the impact of using a straight guard trace, a two-element array with
and without a straight guard trace in between were simulated using an EM
simulator. The simulated scattering parameter is depicted in Figure 4. It can be
seen that the insertion of a straight guard trace without vias (straight GT) between
antenna patches cannot suppress EM coupling. In contrast, placing a straight
guard trace with vias (straight GTV) between antenna patches reduces the
coupling intensity over the entire frequency range, as shown in Figure 4(a). At
2.4 GHz, the transmission coefficient of the two-element array with a straight
GTV is —17.3 dB, while without GT it is —12.7 dB, indicating a 4.6 dB coupling
reduction. Moreover, it was found that introducing a straight guard trace with via
among antenna patches improves impedance matching at the expense of a very
small frequency shift, as depicted in Figure 4(b).

The resonant frequencies of a two-element array with and without GTV were 2.44
GHz and 2.42 GHz, respectively, corresponding to a 20 MHz frequency shift. A
straight GTV made of conducting material placed between the two antennas is
like a parasitic antenna that exists between the two antennas. The interaction of
straight GTV with both antennas produces mutual coupling. Due to the different
dimensions, the mutual coupling that occurs between the straight GTV and the
two antennas has a different resonance frequency from the coupling resulting
from the interaction between the antennas. The total coupling on one antenna
comes from the coupling resulting from interaction with the straight GTV and the
coupling resulting from interaction with the antenna. Therefore, an antenna array
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with a straight GTV has a different resonance frequency than an antenna array
without a straight GTV.
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Figure 4 Simulated results of the scattering parameters (a) transmission
coefficient, and (b) reflection coefficient.

To explain the EM coupling reduction, the current distribution for the antennas
with and without a straight guard trace is plotted in Figure 5. It can be seen that
by inserting a straight guard trace between antenna patches, the coupled EM
waves from Antenna 1 are bound to the straight guard trace structure instead of
being coupled to Antenna 2. Hence, a lower concentration of surface currents is
found in Antenna 2, as shown in Figure 5(a), which indicates weak coupling
among the antennas. Figure 5(b) depicts the current distribution on antennas
without straight guard trace. A higher current concentration appears on Antenna
2, indicating strong coupling between the antennas.

Antenna 1 Antenna 2

Juur{la_per_n]

1. So0De DL
1. 3929« «001
1. ZESTeeD0L

1. 1766 -001
.07 1e 00
9. B4 290000

’ 3 3 . B 5714e 000
7. SO0 +000
. N208e 200
Straight 5. 15Tie00
Guard trace N 4, 2857000
3. 24930 <000
2. 142904008
1. 071%+000 1
0. Die 208 I

(a) (b)

Figure 5  Current distributions on antenna (a) with straight guard trace, and (b)
without straight guard trace.
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To wvalidate the impact of the proposed decoupling approaches, further
investigations were done. Some results related to antenna parameters (gain and
efficiency, and MIMO parameters), i.e., the envelope correlation coefficient
(ECC) and the diversity gain (DG), are plotted in Figure 6. A small difference in
gain and efficiency between the antenna arrays with and without decoupling
structures was observed. For all three configurations, their gain and efficiency
were about -1 dBi and 50%, respectively, as shown in Figures 6(a) and 6(b). Low
gain and poor efficiency are due to the large dielectric loss of the FR-4 dielectric
material used in the design. The antenna arrays with straight GTV had the lowest
EEC (Figure 6(c)) and the highest diversity gain (Figure 6(d)). The results
indicate that the decoupling technique using straight GTV could improve MIMO
antenna performance.
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Simulation results for (a) gain, (b) efficiency, (¢) EEC, and (d)
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3.2 Serpentine Guard Trace

Figure 7 illustrates the antenna configuration with a serpentine guard trace in
between. The serpentine guard trace is a meandering microstrip line that has a
width of W;, a gap separation of L;, a height of L,, and a length equal to the width
of the antenna patch (W,). To determine the optimum dimensions for the
serpentine guard trace, parametric simulations were carried out using an
electromagnetic simulator. In the simulations, the separation distance between
antenna patches was set to 9.05 mm. As a result, the optimum configuration was
achieved with a serpentine guard trace width of 1.7 mm, a gap separation of 1.575
mm, a height of 3.9 mm, and a length of 28.2 mm.

- E
‘-
[

Port 1 Port 2

Figure 7  Configuration of antenna with serpentine guard trace.

Figure 8 depicts the simulation results for the scattering parameters, i.e., the
transmission and reflection coefficients. The simulated transmission coefficient
is shown in Figure 8(a). It was found that inserting a serpentine guard trace with
vias (serpentine GTV) between patches did not significantly decrease the
coupling intensity. In contrast, introducing a serpentine guard trace without vias
(serpentine GT) between antenna patches suppressed EM coupling in the
frequency range from center to high frequencies. At a frequency of 2.4 GHz, the
transmission coefficients of the two-element array with and without serpentine
GT were —25.0 dB and —17.4 dB, respectively, demonstrating a 7.6 dB coupling
reduction. The simulated reflection coefficients are plotted in Figure 8(b). It can
be seen that introducing a serpentine GTV among the antenna patches slightly
reduced the impedance matching and shifted the resonant frequency. Resonant
frequencies with and without a guard trace were 2.40 GHz (S1; = —32 dB) and
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2.42 GHz (S11 = -28 dB), respectively, showing a 20 MHz frequency shift and a
4 dB decrease in impedance matching.
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Figure 8 Simulation results of scattering parameters (a) transmission
coefficient, and (b) reflection coefficient.
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Figure 9  Current distributions on antenna (a) with serpentine guard trace and
(b) without serpentine guard trace.

The current distribution for the antennas with and without a serpentine guard trace
is illustrated in Figure 9. It can be seen that by introducing a serpentine guard
trace between antenna patches, the coupled EM waves from Antenna 1 are bound
to the guard trace structure instead of being coupled to Antenna 2. Hence, a lower
concentration of surface currents was found in Antenna 2, as shown in Figure
9(a), which indicates weak coupling among the antennas. Figure 9(b) depicts the
current distribution in antennas without a serpentine guard trace. A higher current
concentration appeared on Antenna 2, indicating strong coupling between the
antennas.
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Figure 10 shows the simulated results for gain, efficiency, envelope correlation
coefficient (ECC), and diversity gain (DG) of antenna arrays with and without
serpentine guard trace. For the case of the antenna array with serpentine GT, a
degradation in gain, efficiency, EEC, and diversity gain at 2.2 GHz was observed.
However, within a 10-dB reflection coefficient bandwidth, the performance of
the antenna array with serpentine GT was outperformed. The antenna array with
a serpentine GT had the lowest EEC (Figure 10(c)) and the highest diversity gain
(Figure 10(d)). The results indicate that the decoupling technique using
serpentine GT could improve MIMO antenna performance.
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Figure 10 Simulation results for (a) gain, (b) efficiency, (¢) EEC, and (d)
diversity gain.

Experimental Verification

Based on the simulation results discussed in Section 3, the antenna array with a
straight GTV and a serpentine GT could provide a greater EM coupling reduction
compared to a straight GT and a serpentine GTV. Therefore, prototypes of
antenna arrays with a straight GTV and a serpentine GT were realized and
measured for experimental verification. Figures 9(a) and 11(a) show photographs
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of the antenna prototypes with a straight guard trace with vias and a serpentine
guard trace, respectively, realized on a 1.6 mm thick FR4 printed circuit board.
Furthermore, the fabricated prototypes were measured. Figures 11(b) and 13(b)
depict the measurement setup of the antenna configuration with a straight and a
serpentine guard trace, respectively. For measurement purposes, the antenna ports
were attached with 50-QQ SMA connectors. The scattering parameters, i.e., the
transmission and reflection coefficients, were tested within a 1.4 to 3.4 GHz
frequency range using a vector network analyzer.

4.1 Straight Guard Trace with Via

Figure 12 illustrates the measurement and simulation results for the scattering
parameters for an antenna with a straight guard trace. The measurement results
agreed with the simulation ones. At 2.4 GHz, the measured transmission
coefficient was —18.7 dB, while the simulated result was —17.3 dB, as shown in
Figure 12(a). Hence, a 1.4 dB difference in transmission coefficient was
observed. The reflection coefficient response is plotted in Figure 12(b). The
measured resonant frequency was 2.49 GHz, while the simulated result was 2.44
GHz, corresponding to a frequency difference of 50 MHz. The discrepancies
observed between the measurement and the simulation results were due to the
large dielectric loss of the FR4 PCB, connector loss, fabrication tolerances, and
measurement errors.

™1

Vector network analyzer

(b)
Figure 11 Photograph of experimental characterization of an antenna with a
straight guard trace: (a) fabricated antenna, and (b) measurement setup.
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Figure 12 Measured scattering parameters of antenna with straight guard trace:
(a) transmission coefficient, and (b) reflection coefficient.

4.2 Serpentine Guard Trace

Figure 14 plots the measurement and simulation results of the scattering
parameters for an antenna with a serpentine guard trace. The measurement results
agreed with the simulation ones. As depicted in Figure 14(a), the measured and
simulated transmission coefficients were —25.9 dB and —25.0 dB, respectively, at
2.4 GHz, corresponding to a 0.9 dB transmission coefficient difference. The
reflection coefficient response is shown in Figure 14(b). The measured resonant
frequency was 2.48 GHz, while the simulated result was 2.42 GHz, indicating a
small resonant frequency shift of 60 MHz.

L Antenna
§" under test

(b)

Figure 13 Photograph of experimental characterization of antenna with
serpentine guard trace: (a) fabricated antenna, and (b) measurement setup.
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Figure 14 Measured scattering parameters of antenna with serpentine guard
trace: (a) transmission coefficient, and (b) reflection coefficient.

In order to demonstrate the distinctive characteristics of the proposed design,
some key performance parameters of an array antenna, i.e., the array dimensions,
antenna spacing (edge-to-edge spacing), fractional 10-dB reflection coefficient
bandwidth, mutual coupling reduction, and complexity of the antenna
configuration, were compared with the data of previously published related
works, as tabulated in Table 2.

Table2 Comparison of proposed antenna designs with related works.

Ref. Decoupling Array Antenna  Fractional Coupling Complex-
technique dimensions  spacing  bandwidth  reductio ity
(L¥9) () () n (dB)
[15] Frequency 1.84x1.84 0.13 2.6 3.6 Moderate
selective surface
(FSS)
[71 Combined EBG 0.88x0.44 0.13 4.7 20 High
and DGS
[21] Open stub 0.96x0.48 0.19 1.2 37 High
meandered BSF
[14] Waveguided 1.06x0.89 0.12 1.4 >6 Moderate
Metamaterials
[8] Electromagnetic 1.93x0.97 0.75 1.7 7.8 Moderate
bandgap (EBG)
[9] Defected Ground 1.09x0.78 0.15 5.1 2-5 Moderate
Structure (DGS)
[22] Slotted Meander- 0.86x0.72 0.11 5.2 6-16 Moderate
Line Resonators
This Straight guard 0.66x0.55 0.03 2.9 3.5-54 Low
work traces with via
Serpentine guard 0.71x0.55 0.07 2.5 5.8-8.1 Low

traces
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The proposed antenna has a higher coupling reduction than the antennas in [15]
and [9], and a wider fractional 10-dB reflection coefficient bandwidth than those
in [8], [14], and [21] and is comparable to that of the antenna in [15]. In contrast,
the proposed design has a lower coupling reduction than the designs reported in
[7-9], [14], and [21] and a narrower fractional 10-dB reflection coefficient
bandwidth than the designs in [7], [9], and [22]. However, they have large array
dimensions and high complexity. The proposed antenna has the smallest array
dimension and the lowest complexity and hence is suitable for high-density
antenna arrays.

5 Conclusion

A decoupling technique for suppressing EM coupling between elements of
beamforming antenna arrays was presented in this paper. To reduce the EM
coupling, guard trace structures commonly used to reduce crosstalk on PCB
technology are proposed to be inserted between the array elements. To
demonstrate the effectiveness of guard trace utilization, two-element antenna
arrays with straight GTV and serpentine GT were designed, realized, and
measured. The measurement results showed that coupling reductions of 5 dB and
6.4 dB could be achieved at 2.4 GHz when straight and serpentine guard traces
were placed between two array elements separated by an edge-to-edge distance
of 4 mm and 9.05 mm, respectively. Inserting a straight GTV and a serpentine
GT between antenna array elements had little effect on the impedance matching
characteristics. Since the strongest coupling reduction occurs at very close
element spacings, the proposed decoupling technique is suitable for massive-
element beamforming antenna arrays.
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Nomenclature
D, = Diameter of via
L, = Length of microstrip patch antenna
Ly = Length of feeding line
Ly = Gap separation of serpentine guard trace
L, = Length of transformer line
L, = Height of serpentine guard trace
S. = Center-to-center distance
S. = Edge-to-edge distance
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Sy, = Distance between two vias
W, = Width of microstrip patch antenna
Wy = Width of feeding line
W, = Width of straight guard trace
W, = Width of transformer line
W, = Width of serpentine guard trace
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