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Abstract: As we are witnessing the surge of ongoing wireless communication systems,
simultaneous transmit and receive (STAR) schemes are proving to be advantageous due
to the doubling of spectral efficiency. However, for the successful realization of STAR,
we need to overcome a major bottleneck in suppressing the self-interference from the
transmitter onto the colocated receiver. Currently, mitigating this interference requires
complex hardware and advanced algorithms when employing an array for applications
such as multiple input, multiple output (MIMO), and beamforming. This interference
can arise from both near-field and far-field coupling in a MIMO beamforming system.
Consequently, this paper presents a unique STAR approach that provides an average
isolation of 40 dB between Tx and Rx ports across all elements of the MIMO beamforming
system. The proposed approach can be extended to large antenna arrays.

Keywords: antenna array; beamforming; IBFD; MIMO,; SIC; STAR; wireless technology;
advanced signal processing techniques

1. Introduction

Spectrum remains a precious commodity, with costs reaching billions of dollars for
band licensing. The primary limitation of sub-6 GHz spectra is their overuse, leading to
capacity constraints due to the high demand for wireless services [1,2]. Although smaller
bandwidths were adequate in the past, the future of commercial and government appli-
cations requires much higher data rates, multiple beams, and increased transmit/receive
gains. Furthermore, sub-6 GHz bands have historically enabled reliable communications
but are susceptible to jamming signals [3-5]. Therefore, it is crucial to manage spectral
resources effectively. In this paper, we expand and improve upon earlier works [6-10] to
account for medium-range interference in the MIMO channel.

One approach to improving spectral efficiency is simultaneous transmit and receive
(STAR) via in-band full-duplex (IBFD) communication [11]. This is quite different from
existing time-duplexing (TD) or frequency duplexing (FD) approaches. In TD, we transmit
and receive the signals using the same frequency band but at different time slots. On
the other hand, FD transmits (uplink) and receives (downlink) at the same time but uses
different frequency bands for uplink and downlink [12,13]. Both approaches use spectral
and temporal resources suboptimally. STAR or IBFD can theoretically double the spectrum
efficiency using the same frequency band at the same time slot [14]. The adoption of
STAR, which has the IBFD property, allows new types of communication protocols, joint
communication and sensing, and electronic warfare systems for dual-use [14-19].
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Multiple input multiple output (MIMO) wireless systems are well known for achieving
up to an N-fold increase in system capacity compared to single antenna radios. In fact,
massive MIMO is the dominant technology for future wireless networks as it allows linear
scaling with the number of independent channels in the MIMO-based radio frequency (RF)
access system [20,21]. The ability to combine massive MIMO with IBFD-STAR communica-
tions can open up a lot of new possibilities for future wireless networks aimed at 6G/NextG
deployments. For example, IBFD-STAR with MIMO can allow joint communication and
sensing, increase capacity, and allow higher resilience to electromagnetic cyber-attacks as
potential applications [18,22,23]. Figure 1 depicts an overview of the STAR MIMO scheme
that utilizes beamformers, such as the Butler matrix, which is directly connected to the
self-interference cancellation (SIC) network in the analog part of a multi-beam transceiver.
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Figure 1. Overview of the STAR MIMO radio system.

One major bottleneck associated with the successful realization of STAR is the coupling
of high-power Tx signal onto collocated Rx antennas [24,25]. The leaked signals could be
as high as 100 dB or more than the desired Rx signal. Consequently, we need to employ
SIC approaches that can provide as high as 100 dB or more cancellation of the coupled
signals [25]. This cancellation is achieved through multiple stages across antennas, RF
stages, analog baseband, and digital stages [26-33].

However, the cancellation of self-interference in an antenna array becomes extremely
challenging due to the increased number of elements. There are very limited studies on and
instances of the realization of IBFD-STAR with MIMO arrays [10,34-40]. Most approaches
suffer from either increased hardware demands or require complex algorithms to achieve
self-interference cancellation [35,36,38,39,41,42]. In addition, the cancellation algorithms
do not provide the desired SIC when the array scans.

To address the above shortfalls, in this article, we present a unique solution that
employs a twin array that provides an average cancellation of 40 dB across the entire array
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antenna as shown in Figure 2. The proposed approach combines STAR with MIMO, and
multi-beam beamforming with passive microwave circuits, for the first time in the literature.
Section 4.1 will elaborate on the twin-array analytical model in Figure 2.

One further advantage of this approach is the fact that no additional hardware or
reconfiguration is needed to maintain the desired SIC of 40 dB as the array antenna starts
scanning (i.e., when beamforming) or when it is configured as a MIMO system. In other
words, the proposed twin array approach guarantees the expected 40 dB SIC irrespective of
the configuration of the antenna array.

(a) (b)

Figure 2. Proposed full-duplex system: (a) Proposed N-element FD system diagram block. (b) De-
signed four-element linear antenna array FD system.

2. Review of the Current MIMO Beamforming System

Current research on improving isolation in microstrip-based MIMO beamforming
systems emulates two main approaches as follows: (i) integrating additional RF components
into the system [43—46], and (ii) optimizing the design of antenna array structures [47-51].

The work in [47] presents a full-duplex 2 x 2 MIMO system that achieves an average
isolation of 50 dB. In [48], the authors demonstrate a maximum isolation of 25 dB by using
the concept of neutralization lines. In contrast, the authors in [43] apply analog adaptive
filters to improve the total signal interference (SI) below —40 dB. Changes in antenna
designs were explored in [49] to achieve an isolation of 34.6 dB on a dual-functional
MIMO antenna array. The same group proposed an alternative MIMO system using slot
antennas in [50], achieving a maximum isolation of 30 dB for their design. The authors in
[44] proposed an in-band full-duplex (IBFD) beamformer utilizing a Butler matrix and a
4 x 4 MIMO array, achieving an average isolation of 38 dB for 5G communications. In [45],
a coplanar waveguide (CPW)-fed ultra-wide bandwidth (UWB) MIMO system operating
from 5 to 9 GHz was proposed based on the microstrip technology. A coplanar stripline
(CPS)-fed UWB MIMO array system was proposed that achieves an average isolation
of 25 dB for the 4 to 12 GHz frequency range [46]. An electromagnetic band gap (EBG)
structure-based dual-layer dual-patch unit (DLDP-EBG) was used to improve the isolation
for the MIMO system from 5 to 6.4 GHz, achieving an average isolation of 35 dB [51]. In [52],
the authors applied the common mode and differential mode combined with microstrip
couplers and combiners to achieve a 38 dB isolation from 3.3 to 3.8 GHz. To better improve
the isolation performance, an active circuit was applied in work [53] to achieve another
20 dB isolation at 2.4 GHz based on the passive circuit.

Although the aforementioned works have made significant contributions to MIMO-
STAR, they have the following drawbacks: (i) cancellation performance deteriorates as



Information 2025, 16, 321

40f17

the array begins scanning, (ii) they are limited by narrow-band cancellation capabilities,
and (iii) they require complex antenna array structure designs. Table 1 provides a com-
parison of the state-of-the-art MIMO beamforming system performances alongside our
proposed system. Meanwhile, to better evaluate the trade-off between system isolation and
bandwidth, we introduce a new normalized figure of merit (FOM), as follows:

B
=1
100F,

where [ is the average isolation in linear scale, B is the bandwidth in GHz, and F. is the

M; )

center frequency in GHz. For the consideration of easier comparison, M; is normalized by
dividing it by 100.

Table 1. Comparison table of state-of-the-art MIMO beamforming systems

Average Center

Reference Technology Cor;nectlon Isolation Frequency BanGdIt:Iv idth Metric M;*
ype (dB) (GHz) (GH2)

[47] Microstrip Discrete 50 2.58 0.01 3.88
[48] Microstrip Discrete 25 24 0.2 0.26
[43] Microstrip Integrated 40 2.4 0.04 1.67
[49] Microstrip Discrete 34.6 3.5 0.2 1.65
[50] Microstrip Discrete 20 3.5 0.2 0.06
[44] Microstrip Integrated 38 2.5 0.3 7.57
[45] CPW-fed Microstrip ~ Integrated 25 7 4 1.80
[51] EBG Microstrip Integrated 35 5.8 14 7.63
[46] CPS-fed Stripline Integrated 25 7 8 3.61
[30] Microstrip Discrete 50 24 0.02 8.33
[33] TSMC 65 nm CMOS Integrated 30 60 19 3.17
[41] Microstrip Integrated 30 3.45 0.1 0.3
[27] Microstrip Integrated 40 2.45 0.065 2.61
[34] Microstrip Integrated 45 4.04 0.02 1.57
[40] Microstrip Discrete 45 28 0.5 5.65
[52] Microstrip Discrete 38 35 0.5 9.01

This work Microstrip Discrete 40 52 0.5 9.62

* Metric M; is defined in Equation (1).

3. Twin-Array SIC Solution
3.1. Twin-Array Approaches

The main challenge of the IBFD-STAR system for MIMO lies in the mutual coupling
between all antennas within the MIMO wireless system. This includes both near-field
coupling and far-field coupling through reflections in the environment. Typically, near-
field electromagnetic coupling between antennas is significantly stronger than far-field
coupling effects, perhaps by tens of dB. What that entails is that one has to mitigate the
coupling effects in the near-field before addressing far-field coupling effects, as the near-
field coupling is highly dominant. Furthermore, the near-field coupling causes strong
near-field self-interference that is highly frequency-dependent and also depends on the
geometry of the antenna. Circulator approaches do not always help with this issue, as
the circulator-based STAR is fundamentally a single antenna approach [54]. There are a
few high-isolation antenna approaches that can be employed for MIMO applications [55].
However, with these realizations, the SIC degrades as the arrays start scanning. In other
words, the high SIC is valid only for specific operational modes or configurations.

Consequently, in this twin-array approach, we present an IBFD technique for MIMO
arrays that provides a constant SIC independent of the operational modes. With this
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approach, we create an exact replica of the same Tx-Rx array to model the coupling between
elements, even when scanning. Twin arrays are highly effective in canceling 3040 dB of
near-field coupling, which is dominant for MIMO-STAR. The problem is far-field coupling,
which occurs when transmitted signals are scattered and reflected back to the receiver array,
and it is highly influenced by the surrounding environment. Depending on obstructions,
scattering, reflections, and other channel effects, the far-field self-interference is typically
much smaller (30-60 dB lower) than near-field mutual coupling, and hence, it can be
canceled out at subsequent stages.

3.2. Past Work on Twin Arrays

Past realizations of the twin-pair antenna canceler consider only a single Tx and single
Rx [56]. This was later expanded to support multiple antennas, where the twin-array is
placed inside a shielded RF chamber with absorbing walls [6]. Thereafter, the shielded
RF chamber was replaced with an open array facing the rear of the main array [7]. In
previous works, the twin-array SIC approaches were aimed towards the cancellation of
near-field coupling across a wide band of operation across arrays with a large number
of elements. In this new work, we propose a twin-array solution that not only cancels
IBFD self-interference in the near-field but also allows for a significant reduction of far-field
reflections by combining near-field cancellation with far-field beamforming within the
twin-array architecture.

4. Proposed Twin Butler-Matrix Arrays

This section describes our proposed twin-array model for the STAR-MIMO beam-
former. As shown in Figure 2, we combine a passive multi-beam beamformer matrix
realized in passive microwave circuits with the twin-array concept.

4.1. Twin-Array Analytical Model

Let the transmit signal for N elements be represented by an N-point vector Xr(s)
and the forward beamforming matrix function of a Butler network for transmit signals
is Br 7(s), where port T = [Ty, Ty, ..., Ty]T denotes the transmitting (Tx) port and port
R = [Ry,Ry,...,R,]T denotes the receiving (Rx) port. Following the power amplifier (PA),
the forward (transmit) 180° coupler matrix function is Cr r(s), and the reverse (receive)
180° coupler matrix function is Cg r(s). Likewise, the reverse beamforming matrix function
of a Butler matrix for received signals is Bt r(s). The forward mutual coupling function of
the aperture is Hg r(s), and the reverse mutual coupling function of the aperture is Hr g (s).
The Butler matrix beamformer function for the Tx-mode, denoted as Y7(s), can then be
expressed as follows:

Yr(s) = Hg,1(s)Cr,r(s)Br,1(5)X1(5) )

where Yr(s) is the outgoing transmit signal across N-elements. For the Rx-mode, the
incident received signal vector is denoted as Y (s). Next, we modify the above model to
include self-interference.

In the presence of self-interference, the combined signal Xg(s) at the receivers consists
of the linear combination of the actual (desired) received signal plus the scattered and
reflected component of the Tx signal, yielding the following:

XRr(s) = Hr,r(s)Cr,r(s)Br,r (5)(YR(S) + YT(5)) )

The above expression is a combination of the near-field self-interference represented
using Y7(s) and the desired received signal represented using Y (s).
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Similarly, the received signals at the low-noise amplifier (LNA) input are the total
combined scattering parameters including the Butler matrix and the aperture with mu-
tual coupling effects, as seen by the incident Rx signals. Here we assume 50-ohm ports,
allowing S-parameter matrices to be cascaded for modeling microwave systems without
the need to apply multi-port ABCD parameter theory, which would otherwise complicate
the mathematical model.

We combine the aperture coupling with Butler matrix beamforming to describe the
total system using a single set of multi-port S-parameter functions. We note that the received
signals Yr(s) consist of the following two components: (a) the desired far-field transmitter
signal Xs(s), and (b) any external interference which includes reflected components of the
transmitted signal, Yr(s), due to environmental scattering. As shown in Figure 2, we can
model the incident received signals as follows:

Yr(s) = Xs(s) + Hj(s)Yr(s) (4)

where Xs(s) is the signal of interest, and Hj(s) is the far-field self-interference channel
matrix. Hi(s)Yr(s) in (4) includes the far-field coupling interference of Y7(s). The received
signal at the LNA input, just from the actively receiving antenna arrays can then be
represented as,

XR(s) = Pr,r(s)Yr(s) + Pr,r(s)Yr(s) )

where Prg(s) = Hr,r(s)Cr,r(s)Br,r(S)-

Let the twin-array have corresponding S-parameter matrices Pr (s) = Prr(s) +
Arr(s) and Py 1(s) = Pr7(s) + Ag 1(s), where Arr(s) and Ag 7(s) are small-value error
matrices which become null matrices for an electrically identical pair of arrays. Like-
wise, Pr7(s) = Hr 1(s)Cr,r(s)Br,r(s). According to Figure 2, the received signal can be
modeled by the following:

XR(S) = PT,R(S)YR(S) + PT’R(S)YT(S) — P%,R(S)YT(S) (6)

which implies that near-field self-interference perfectly cancels when At g (s) = 0. Assum-
ing for a moment that perfectly identical arrays are available, we are left with the received
signal vector Xg(s) = Prr(s)[Xs(s) + Hi(s)Yr(s)]. In cases where the antenna arrays are
not identical or the communication channel is significantly impacted by external conditions,
such as extreme weather or a highly scattering environment, near-field self-interference
may not be fully canceled. A brief discussion of these effects is provided in Section 4.2.

The received far-field self-interference from nearby scatterers is simply
Prr(s)Hi(s)Yr(s). The Butler matrix beamformer realizes discrete Fourier transform (DFT)
like spatial beams. Therefore Pr g (s) imposes DFT receive beamforming, while Pg 7(s) im-
poses DFT transmit beamforming on the Rx and Tx components. Far-field self-interference
undergoes both transmit and receive beamforming, together with the scattering channel
Hj(s). Therefore, unless Hj(s) represents a retro-reflective surface that reflects the signal
along the same direction of incidence, the received self-interference would be heavily
attenuated due to the directional selectivity of the transmit and receive beams. On the
other hand, the far-field received signal benefits from directional enhancement due to
receive-mode DFT beamforming.

Thus, the only component at the input of the LNA after this process is Pr r(s)Xs(s).
This leads to an improved signal-to-noise-and-interference ratio (SINR) through passive
beamforming in the Butler matrix, as long as the correct beam port is selected for the
specific far-field signal of interest.
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4.2. Radiowave Propagation

As discussed earlier, when the antenna arrays are not identical or the communica-
tion channel is significantly influenced by external factors, such as severe weather con-
ditions (e.g., heavy rain or snowfall) or highly scattering environments, the near-field
self-interference may not be fully canceled. This occurs because the near-field mutual
coupling function Hr g (S) deviates from the nominal coupling function Hy x (S) expected
for a symmetric twin-array configuration. Such mismatches can lead to partial degradation
in the system’s self-interference suppression performance.

To fully assess the impact of these scenarios, a comprehensive radiowave propagation
analysis is necessary. This type of analysis would provide valuable insights into how
environmental effects and complex propagation conditions influence system behavior.
However, conducting such an evaluation requires a rigorous methodology, including ex-
tensive Monte Carlo simulations and statistical assessments based on well-established, yet
intricate, propagation channel models [57,58]. These models must incorporate a wide range
of variables, such as multipath scattering, signal attenuation, and atmospheric variability,
which can vary significantly depending on frequency band and deployment context.

Accurately capturing the influence of multi-scattering phenomena and other transient
conditions also demands validation against empirical or semi-empirical data [59-61]. This
level of fidelity entails substantial computational effort and is beyond the intended scope
of the current study. Nonetheless, we recognize the importance of this analysis and identify
it as a key direction for future research.

5. Antenna Array Aperture and Butler-Matrix Beams Design
5.1. Design of a Single Patch Antenna Array

To demonstrate our approach, we design a four-element microstrip rectangular patch
antenna array at 5.2 GHz (see Figure 2). Our antenna array, as well as our Butler matrix, are
designed on FR4 boards with a dielectric constant of €, = 4.4 and thickness of t = 0.72 mm.
For a N-element array, the array factor (AF) reads as follows [62]:

AF =Y o=y )

A four-element rectangular microstrip patch antenna is designed and shown in
Figure 3 with element spacing of half wavelength at the designed center frequency of
5.2 GHz.

130 mm

A A
/ l 2 l l 2 | \
| | | 1
7.6 mm
22.5 mm
29.2
mm 1.75mm %10.91mm
2.8 mum {(H _J
}13. 13 mm
Port E1 Port E2 Port E3 Port E4

Figure 3. Schematic of the designed 4-element patch antenna array (port width = 1.4 mm).

5.2. Design of Butler Matrix Network

To achieve switched-beam functionality in our antenna array, a MIMO beamforming
network is required. For this, we utilize a linear, passive feeding beamforming network [63].
Among the various passive microstrip beamforming technologies, such as the Butler
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matrix [63], microstrip lens [64], Blass matrix [65], and Nolen matrix [66], we selected the
Butler matrix for its advantage in easy fabrication and precise control over output beam
phases. The Butler matrix is a passive beamformer with an equal number of inputs and
outputs [63], making it ideal for our proposed STAR system. Additionally, it performs a
spatial fast Fourier transform, generating N orthogonal beams [63]. The conventional Butler
matrix consists of couplers, crossovers, and phase shifters. Figure 4 shows the designed
microstrip-based 4 x 4 Butler matrix structure, while Table 2 lists the phase differences
between outputs for various excitations. As it can be seen, the Butler matrix is a passive
beamformer that has the same number of inputs and ouputs [67]. Meanwhile, the Butler
matrix performs a spatial fast Fourier transform and provides N orthogonal beams [63].

Port D1
Phase
Coupler shifter Coupler
Port C1 Port D2
[ —— Lt e 1
Port C2 7 : : '
Port C3 ! T !_
Port C4 Port D3
shifter Crossover
Port D4
Figure 4. Schematic of the designed 4 x 4 microstrip Butler matrix.
Table 2. Output ports phase of the designed Butler matrix.
Port Name Port C1 Port C2 Port C3 Port C4
Port D1 135° 45° 75° 5°
Port D2 90° 180° —60° 50°
Port D3 45° —45° 165° 95°
Port D4 0° 90° 30° 130°
Phase Difference —45° 135° —135° 45°

5.3. Design of an Integrated Antenna Array with a Butler Matrix

By combining the designed antenna array with our Butler matrix, we obtain an
integrated microstrip-based antenna array with a beamformer. Figure 5a shows the design
of the integrated 4 x 4 antenna array. Notably, the Butler matrix is designed to operate
at 5.2 GHz. Figure 5b presents the fabricated twin array of the passive beamforming
system. The passive beamforming circuit is fabricated on an FR4 board with a thickness of
h = 0.72 mm and an overall size of 121.8 x 130 mm?.

The measured and simulated radiation patterns of the antenna array systems are

shown in Figure 6. Ports C1 and C4 in Figure 5a demonstrate better side-lobe control at
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¢ =90° compared to the other two ports, while the side lobes for beams excited at ports
C2 and C3 slightly degraded. The slight variations between the two are attributed to
fabrication imperfections and the compact size of the antenna array.

121.8mm

Port C1
Port C2

10.95mm 13.93m;
f——r

AN

Port C3
Port C4

@

= 130mm

Port C1 | PortC2 | PortC3 | PortC4 J Port C1’

(b)

Port C2’ | Port C3’ | Port C4’

Figure 5. Design of the Butler matrix integrated with the antenna array: (a) Schematic of the EM
design. (b) Fabricated prototype.
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Figure 6. Normalized measured and simulated results of the two Butler matrix array systems of

Figure 5 (at ¢ =

90°, f = 5.2 GHz).

Figure 7 presents the simulated and measured S parameters of the two antenna array
systems shown in Figure 5. Minor discrepancies between the measured and simulated
results are observed, primarily due to fabrication tolerances. Notably, the designed Butler
matrix achieves an average isolation of approximately —25 dB between different ports
without additional optimization.
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Figure 7. Measured S parameters for the two designs shown in Figure 5.

6. MIMO STAR System

In the previous section, we proposed the mathematical model of the twin Butler matrix
array. In this section, we present the fabrication and measurement of the full-duplex (FD)
MIMO STAR system incorporating the Butler matrix.

The proposed full-duplex MIMO STAR system is shown in Figure 8. It includes 180°
couplers, which represent four inputs and outputs, as well as two Butler matrices integrated
with rectangular microstrip patch antennas. The Butler matrix and antenna array on the
left, placed in the RF anechoic chamber, function as a reference array to provide a copy of
the interference signal; this has a 180° phase difference from the interference signal received
by the right antenna array.

The four Tx ports in Figure 8 are labeled T1 through T4, while the four Rx ports
are labeled R1 through R4. Figure 8b shows the connections of the proposed system.
Instead of using SMA connectors to connect the Butler matrix and the couplers, coaxial
cables were used. To facilitate easier measurements, the four couplers were separated into
individual components.
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Figure 8. Layout of our proposed full-duplex MIMO system: (a) Layout in simulation.
(b) Fabricated system.

6.1. Radiated Beam-Measured Results

The normalized beams of the proposed STAR system shown in Figure 8 are measured
and presented in Figure 9. When compared with the beams of the single beamformer in
Figure 6, the proposed system maintains a similar beam shape. However, since side-lobe
optimization was not applied during the system design, the beams for ports T2 and T3
exhibit suboptimal performance compared to the other two ports. Side-lobe optimization
will be addressed in a future work.
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Figure 9. Normalized simulated and measured realized gain (at ¢ =90°, f = 5.2 GHz) of the complete
system shown in Figure 8.
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6.2. Measured System Return Loss

Figure 10a presents the measured return losses for the Tx ports (T1 to T4), while
Figure 10c shows the measured return losses for the Rx ports (R1 to R4). For comparison,
the corresponding simulated results for the Tx and Rx ports are displayed in Figure 10b
and Figure 10d, respectively. The fabricated FD system demonstrates good agreement with
the simulations. The return loss for all ports is approximately —20 dB across the 5.0 to
5.5 GHz frequency range. Notably, the return loss performance of the proposed system
is influenced by the performance of the coupler ports. With further improvements in the
coupler design, the system’s return loss is expected to improve.
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Figure 10. Normalized simulated and measured realized gain (at ¢ = 90°, f = 5.2 GHz) of the complete
system shown in Figure 8.

6.3. Designed Ports’ Isolation-Measured Results

The measured coupling between the ports of the proposed system, compared to the
simulated results, is shown in Figure 11. The diagonal entries in Figure 11 represent the
self-isolation of the system when connected to a single coupler. Compared with ports T2
and T3, the self-isolation for ports T1 and T4 are better, since there is no optimal side-lobe
control for port T2 and port T3, as shown in Figure 6.

The off-diagonal entries show the coupling between different transmitter (row) and
receiver (column) ports. The measured couplings between transmitter and receiver ports
achieve isolation levels below —40 dB at the target frequency of 5.2 GHz, with an average
isolation of —40 dB across the 5 to 5.5 GHz frequency range. The simulated system perfor-
mance is marked in red-dashed lines in Figure 11, while the measured system performance
is marked in blue. Although the measured isolation is lower than the simulation results,
likely due to the use of a long cable during measurement for improved accuracy, the ap-
plication of the proposed twin-Butler structure still results in an isolation improvement of
over 20 dB between the different Rx and Tx ports.
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Figure 11. Measured FD system isolation in Figure 8.

7. Conclusions

This article presented a unique microstrip technology-based twin-array STAR ap-
proach with low complexity suitable for MIMO beamforming systems. By applying such an
approach, the MIMO system achieves ~40 dB isolation between Tx and Rx ports across all
elements, without the use of any sophisticated algorithm. Meanwhile, system redundancy
is reduced by only applying simple printed microstrip circuits. The proposed approach also
addresses the near-field coupling issue between antenna elements in an array, which can
significantly affect isolation performance in multi-element antenna array MIMO systems.
Consequently, near-field mutual coupling can be controlled, and the system SIC can then
be improved. Although the proposed system requires an additional antenna array and
beamformer, which may effectively double the system cost, it can still reduce the overall
expenses associated with complex system design and the enhancement of system SIC,
which could be significantly more expensive than the additional components. Another
advantage of our proposed system is the ability to maintain the desired SIC of 40 dB while
the antenna array steers its beams. Compared to other existing MIMO systems, our system
maintains a strong figure of merit performance, taking into account both the isolation and
percentage bandwidth.
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