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ABSTRACT This paper presents a novel metamaterial absorber structure for Tx-Rx antenna isolation
improvement in the in-band full-duplex massive MIMO systems. The design processes of the absorber unit
element, structure and placement, and their impacts on the beamforming radiation patterns are studied. The
illustrative result indicates an over 99.8% power absorption at 3.49 GHz. Working with our 8 x 8Tx/8 x 8Rx
full-duplex antenna array prototype, an average Tx-Rx antenna element mutual coupling level of -65.4 dB
can be achieved between the closest Tx-Rx element pairs, indicating an improvement of 17.5 dB isolation
by adding the absorber. The absorber structure’s effectiveness in suppressing beam-level self-interference is
studied. The experimental measurement results, utilizing sample Tx/Rx 1 x 8§ antenna sub-arrays, show an
average beam-level isolation enhancement of 18.6 dB in near-field coupling dominant scenarios. Integrated
with a simple angular perturbation beam isolation technique, an average Tx-Rx beam-level isolation of
90.8 dB and a maximum beam isolation of 104.4 dB can be reached in the Tx/Rx beam steering range —48°
to 48° with 20 MHz modulated signals. The experiment illustrates the metamaterial absorber structure has
a negligible influence on the far-field beam pattern in the beamforming process. Simulation and measured
results on beam radiation patterns and far-field and near-field isolation improvement in different scenarios
are investigated and shown to be in good agreement.

INDEX TERMS Metamaterial absorber, full-duplex, massive MIMO, mutual coupling, beam patterns,
beamforming, isolation.

I. INTRODUCTION

Driving the quest for systems to reach higher spectral effi-
ciency, full-duplex (FD) operation has gained an increasing
amount of attention in wireless communication research [1],
[2], [3]. FD communications, with their capability to simulta-
neously send and receive signals in the same frequency band,
can theoretically double spectral efficiency with a reduced
latency. However, a major challenge hindering widespread
FD deployment is the issue of high-power self-interference
(SD), which is the interference that an FD terminal causes
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to itself while transmitting to prevent that terminal from
receiving the desired signal. The SI can significantly degrade
the signal-to-interference-and-noise ratio (SINR) and the
system throughput.

To preserve FD performance, employing a combination
of Tx-Rx isolation and SI cancellation (SIC) techniques is
crucial [1], [4], [5], [6]. These techniques aim to reduce
residual SI to a level comparable to the thermal noise,
thus preventing substantial degradation of SINR. Isolation
techniques primarily focus on diminishing parasitic signal
propagation from the transmitter (Tx) to its receiver (Rx),
thereby effectively suppressing the intensity of mutual
coupling (MC) waves at the receiver. The residual SI is then
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further mitigated through SIC, which involves subtracting the
interference in the receiver’s path using a modified copy of
the transmitted signal. However, due to practical limitations,
such as nonlinearities in the Tx amplifiers and the constrained
dynamic range of the Rx analog-to-digital converter (ADC),
isolation techniques are necessary to serve as the first line
of defence against SI. It not only simplifies the baseband
precoding but also helps to prevent the saturation of the
ADC in scenarios with excessive SI. As illustrated in [5],
achieving a minimum of 40 dB isolation is necessary even
in low-end, relaxed FD scenarios. In more demanding, high-
end scenarios, an isolation ranging from 60 dB to 80 dB is
essential for maintaining the integrity of FD systems.

A. RELATED WORKS

In the isolation design, one common strategy is increasing
the separation distance between local Tx and Rx antennas,
resulting in a higher path loss [4], [7], [8], [9]. However,
the approach often encounters limitations in system compact-
ness, which hampers its practical use in space-constrained
environments. Another effective isolation improvement strat-
egy involves optimizing the cross-polarization between the
Tx and Rx antennas, which can effectively diminish the
intensity of coupling waves received by the Rx antenna.
Experiments have shown that more than 10 dB additional
isolation can be achieved [5], [8], [10], [11]. However, it is
important to note that the effectiveness of the beamforming
process depends on the polarization purity performance,
which may vary at different beam steering angles due to
the dynamic nature of beamforming in practical scenarios.
A variety of decoupling and frequency selective surface (FSS)
structures have been explored to reduce or eliminate wave
coupling [12]. For instance, in [13], a w-shaped decoupling
structure was implemented, demonstrating more than 24 dB
of co-polarization isolation improvement and an achievable
total isolation of 37 dB in the experiment with 1 x 2
MIMO arrays. Similarly, [14] introduced a diamond-shaped
decoupling network comprising two symmetrical L-shaped
inverted-F antennas to a two-port MIMO antenna, achieving
an MC mitigation level of 16 dB. In [15], a combination
of metallic wall barriers and metallic pins is strategically
used to create a short between the patch and the ground.
This design effectively reduces surface wave and free
space coupling in the sub-6 GHz region, leading to a
19 dB and 15 dB reduction in E- and H-plane couplings,
respectively. A novel decoupling structure employing a
parasitic element to emit orthogonally polarized fields is
introduced in [16], effectively nullifying the original coupling
field around the Rx antenna in a collinear FD dipole array,
bringing the total isolation to 50 dB. Similarly, in [17], the
isolation in FD dielectric resonator antennas (DRAs) system
is enhanced through the orthogonal arrangement of two
identical linearly polarized resonators. A lossless network
decoupling technique is employed in [18], utilizing antenna
scattering matrix representation and spherical vector wave
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expansion, specifically targeting narrowband FD systems.
Other isolation improvement approaches including out-of-
phase near-field cancellation coupling circuits [16], [19],
[20], defected ground structure (DGS) [21], [22], and
electromagnetic band-gap (EBG) structures [23], [24] have
demonstrated impressive effectiveness in MC mitigation and
an over 40 dB total isolation can be achieved combined
with techniques of antenna separation and cross-polarization
design. However, the practical application of these strate-
gies [5], [10], [11], [13], [14], [15], [16], [17], [18], [19],
[20], [21], [22], [23], [24] is generally confined to systems
with a limited number of antenna elements. This limitation
arises because incorporating additional structures can lead
to excessive complexity in large-scale antenna array designs
and can potentially impact the radiation patterns due to the
adjustment of the structure’s electromagnetic (EM) charac-
teristics and the introduction of extra reflections. While the
isolation enhancement techniques reviewed in [12] address
MC mitigation in massive Multiple-Input Multiple-Output
(mMIMO) systems, the research primarily concentrates on
half-duplex (HD) scenarios, where inter-element MC within
the array is the primary concern. Meanwhile, the impact
of adding structures on array beamforming performance
requires further investigation.

Without requiring any modifications to the original
antenna configuration, the absorber is one of the promising
technologies to improve the Tx-Rx isolation in the FD
systems. As shown in [9], using radio frequency (RF)
absorbers alongside directional antennas and strategic spac-
ing can achieve a maximum total Tx-Rx isolation level of
73.8 dB, indicating more than 10 dB isolation improvement
via blocking and absorbing the line-of-sight (LoS) coupling
waves. However, there is usually a tradeoff between the
thickness and the height of the conventional RF absorber
and the effectiveness of the absorption. First proposed
in [25], metamaterial absorbers have gained more and more
popularity due to their advantages of adjustable effective
permittivity and permeability, low profile, easy fabrication,
and low reflectivity. A typical metamaterial is seen to have
elements with sizes smaller than 0.249 x 0.2A9 and a
thickness less than 0.04)1¢, where Ao represents the free-
space wavelength [26], [27], [28], [29]. Consequently, the
metamaterial absorber is more adaptable and flexible due
to its small and adjustable size, allowing it to be inserted
in various antenna systems without altering the size of the
entire system. The metamaterial absorber structures typically
consist of periodic top metallic patch circuits and ground
metal planes separated by dielectric substrates. Therefore,
the fabrication can take advantage of the PCB manufacturing
process. Interaction between the homogenized structures
creates the electric and magnetic response. The separation
between the top conductor circuit and the ground plane
can achieve an electric Drude response from the ground
plane plus a Drude-Lorentz response from the top metallic
circuit [30]. The magnetic response transfers the incident
coupling waves to the surface current on the top-layer
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TABLE 1. Comparison of absorber structures in the literature.

Half-/Full- | Operating Absorber Mounted A‘psorber Element Absorber Isolation TOtE}]
Ref. Duplex Frequency Type position Size (Ao) (length Improvement Isolation
) X width x thickness) Level
9] FD 2.45 GHz Conventional ABS Vertical 10.1 dB 73.8 dB
[29] HD 2.4 GHz Metamaterial Vertical 0.17x0.16x0.013 16 dB 42 dB
[31] HD 3.4 GHz Metamaterial Horizontal 0.12x0.25 27 dB 52 dB
[32] HD 5.1 GHz Metamaterial Horizontal 0.08x0.06 10dB 29 dB
[33] HD 5.1 GHz Metamaterial Horizontal 0.20x0.20 10.5 dB 33 dB
[28] FD 1.27 GHz Metamaterial Vertical 0.19x0.19x0.03 8 dB 22 dB
vgﬁ( FD 3.5GHz Metamaterial Vertical 0.19%0.19%0.04 E:g 31133 ((;‘Zi)) 190(3"2‘31% ((2113‘;2)

metallic circuit. Adjusting the geometry of the metallic
circuits and the spacing of the two metallic structures changes
the resonant frequency position and strength of a Lorentz
resonance and modifies the magnetic response. When the
effective permittivity (€) and effective permeability (ix) of
the homogenized structure are adjusted to be equal to each
other, i.e., €/t = 1, the structure’s input impedance closely
matches the impedance of the air, and low reflection at
the intersections of the air and the absorber surface can be
realized. A significant amount of coupling wave can go into
the absorber structure and dissipate in the dielectric substrate.
Tllustrative results show a power absorption rate over 90%
[26], [27], [28] and an isolation improvement more than
10 dB [29], [31], [32], [33], [34]. In [28], a double-layer
metamaterial absorber is employed in a four-element FD
antenna array. Experimental findings indicate the absorber
contributes to an SI suppression around 8 dB, resulting in
a total isolation of 22 dB. The study in [35] demonstrates a
reduction of MC by 8 dB between sub-arrays in a large 3 x
8 array MIMO, achieved through the orthogonal placement
of a metamaterial absorber between neighbouring sub-arrays.
Table 1 summarizes and compares recent absorber research
and the achieved isolation improvement.

Nonetheless, it is noticeable that only a few publications
specifically address the metamaterial absorber structure
in FD scenarios. In addition, most existing research on
metamaterial absorbers for isolation improvement focuses
on systems with a limited number of antenna elements.
For example, studies [9], [26], [27], [28], [29], [31], [32],
and [33] explore antenna systems comprising no more
than four elements. While [35] utilizes the metamaterial
absorber for a 3 x 8 array, further investigation is needed
to understand the absorber’s impact on beam patterns and
how beamforming affects the absorber’s effectiveness. Given
the substantial potential of large-scale antenna arrays to
enhance isolation through directional and controllable beams,
their application in FD designs is crucial. As demonstrated
in [36], antenna arrays effectively suppress SI by steering
beams toward the radiation nulls of interference sources.
Combined with antenna isolation techniques, an average
beam-level isolation of 65.6 dB can be reached. Despite the
efficacy of controlling far-field beam directions in reducing
SI, the persistent challenge posed by near-field coupling
components remains a crucial factor limiting the overall
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isolation performance. In this context, metamaterials can
emerge as a promising solution to address these near-field
coupling issues. Therefore, the integration of metamaterial
absorbers with large-scale FD antenna arrays has the potential
to significantly enhance the total isolation performance.
Despite the potential benefits, there is a noticeable gap
in experimental research demonstrating the effectiveness of
metamaterials in mitigating near-field SI and their subsequent
impacts on the far-field beamforming in FD mMIMO
systems.

Additionally, to leverage the isolation benefits of beam-
forming in large-scale arrays without incurring excessive
complexity, the hybrid precoding/combining (HPC) tech-
nique emerges as a pivotal approach in FD mMIMO systems.
Research presented in [37] has developed an HPC scheme
that minimizes SI by controlling the angles-of-departure and
angles-of-arrival of the Tx and Rx antenna arrays, leading to
an 81.5 dB and 44.5 dB SI suppression in the far-field and
near-field components, respectively. Then, an HPC approach
for the Multi-User (MU) mMIMO system is proposed
in [38]. This strategy enables simultaneous service to multiple
users, suppression of the SI channel, and maximization
of the sum-rate capacity, achieving a remarkable total SI
suppression level of 78.1 dB in FD mMIMO. Furthermore,
[39] introduces an HPC implementation that employs a
zero-space SIC method, leveraging correlated mmWave
channel characteristics, specifically for full-duplex amplify-
and-forward mmWave relay systems.

However, the evaluation of SI suppression performance
in current studies [37], [38], [39] often relies heavily
on theoretical models, including line-of-sight (LoS) near-
field and reflected non-line-of-sight (NLoS) SI channel
models, through simulation results. The dynamic nature
of antenna array radiation, which is influenced by factors
such as inter-element MC and variations in feeding signals,
suggests that these models might not fully capture the
practical complexities of the SI channel. Therefore, there is
a pressing need for experimental studies to assess the actual
level of SI suppression achievable in real-world conditions.
Furthermore, there is a notable lack of experimental research
exploring the correlations between the Tx/Rx beam directions
and the variations of isolation performance. Investigating this
relationship experimentally could yield critical insights into
the interactions among various SI components. These insights
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would be instrumental in the development and enhancement
of effective multi-stage isolation and cancellation strategies
in FD communication systems.

B. CONTRIBUTIONS

This research focuses on exploring and developing a metama-
terial absorber structure, designed to enhance Tx-Rx isolation
in large-scale arrays capable of FD mMIMO applications,
without necessitating any alterations to the existing antenna
designs. Utilizing realistic simulations and experimental
measurements, our goal is to present a comprehensive
methodology for designing the metamaterial absorber struc-
tures and to showcase its potential to significantly reduce
near-field SI with negligible impact on the far-field beam-
forming performance. Furthermore, a simple and strategic
Tx-Rx joint beamforming isolation improvement mechanism
is implemented to further mitigate the far-field SI in a
very low near-field SI scenario. It serves to highlight the
importance of the absorber structure in overcoming the
challenges of near-field coupling, as well as in enhancing
overall beam-level isolation performance. To our knowledge,
this work is the first work that investigates the metamaterial
absorber with beam-level isolation in FD mMIMO. The main
contributions of this work are summarized as follows:

o Metamaterial absorber for FD mMIMO: A dual-
layer metamaterial absorber is developed for our 8 x
8Tx/8 x 8Rx large-scale antenna arrays capable of the
FD mMIMO. The realistic simulation illustrates a power
absorption ratio of more than 99.8%. In experimental
measurements conducted with a 20 MHz modulated sig-
nal in the anechoic chamber, the absorber significantly
enhanced Tx-Rx isolation. On average,' an antenna
element isolation improvement of 17.5 dB is observed,
with the closest Tx-Rx element pairs achieving an
isolation of 65.4 dB. Moreover, the absorber has
contributed to an average improvement of 18.6 dB
in Tx-Rx beam-level isolation in near-field dominant
SI scenarios, with the largest isolation improvement
of 42.0 dB. An average beam isolation of 79.2 dB
with the best beam isolation of 104.4 dB is achieved,
underscoring the absorber’s ability to mitigate the near-
field SI.

o Experimental studies of absorber-assisted angular-
perturbation beamforming isolation: Experimental
investigations on the correlation between the near-field
and far-field dominant SI scenarios and the downlink
and uplink beam directions are conducted. The results
highlight the critical role of absorber structures in
overcoming the bottleneck presented by near-field
dominant SI in beam-level isolation design. To enhance
the total isolation performance in scenarios with very
low near-field SI, we implemented an angular-based

I'This study utilizes geometric means to characterize the average mutual
coupling or isolation level, as the mutual coupling value represents a ratio of
the received power to the transmitted power.
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approach for Tx-Rx beam isolation improvement. Incor-
porating a simple steering angle perturbation of 2° in a
3dB-beamwidth search range with the proposed
absorber structure, an average beam-level isolation of
90.8 dB is achieved within a downlink/uplink steering
range between —48° to 48°. Across 49 test cases, all the
beam-level isolation is better than 70.8 dB and more than
half the amount of the Tx/Rx beam pairs can achieve an
isolation level better than 90 dB.

« Metamaterial absorber impacts on the beamforming
performance: Experimental measurements were con-
ducted to assess the impacts of the introduction of the
metamaterial absorber on the far-field beam patterns.
These measurements align well with our simulation
findings. Within the steering range of —50° to 40°,
we observed marginal differences in beam patterns. The
average variations in beam directivity, 3dB-beamwidth,
10dB-beamwidth, and normalized sidelobe level were
found to be 0.2 dB, 0.8 degrees, 0.9 degrees, and 0.9 dB,
respectively. These results suggest that the addition of
an absorber, positioned A9 away from the Tx antenna
array, exerts a negligible impact on the far-field beam
pattern in the beamforming. This finding is essential for
ensuring the effectiveness of the absorber on near-field
coupling mitigation without compromising the integrity
of the far-field beam pattern in the beamforming process.

C. ORGANIZATION

The observations outlined previously inspired the develop-
ment of a metamaterial absorber to our 8 x 8Tx/8 x 8Rx FD
mMIMO testbed. This paper details the process from simula-
tions to experimental measurements, focusing on improving
the Tx-Rx antenna isolation with the absorber structure.
We investigate the effects of absorber positioning on absorp-
tion efficiency and examine how the absorber influences
beam patterns and isolation improvement across various
Tx/Rx beam angle combinations. The rest of the paper is
structured as follows. Section II delves into the system
models and SI channels employed in our study, providing the
theoretical foundation for our research. Section III outlines
the design process of the metamaterial absorber element.
It includes simulation results demonstrating the absorber’s
effectiveness relative to its location and mounting position.
Section IV introduces the fabricated absorber prototype inte-
grated into our FD mMIMO testbed. We present experimental
measurements conducted in an anechoic chamber, focusing
on isolation improvement in near-field dominant SI scenarios.
This section also explores the impact of the absorber
structure on the beamforming performance of a sample
1 x 8 sub-array. Section V presents our investigation into
combining absorber technology with angular-perturbation-
based methods to enhance total beam isolation. We discuss
the effectiveness of this approach in scenarios dominated
by near-field and far-field SI components, highlighting the
necessity of the absorber structure in guaranteeing the total
beam isolation performance. Section VI concludes the paper,
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FIGURE 1. Proposed FD mMIMO system model.

summarizing our findings and suggesting future work in this
area.

D. NOTATION AND COORDINATES

In the presentation, the antenna array is placed in the
xy— plane and the main radiation direction is perpendicular
to the array plane (along the z-axis). This orientation corre-
sponds to 8 = 0° and ¢ = 90°. Consequently, the 6 angle
plane aligns with the yz-plane. The following notations are
used throughout this paper. Boldface lower-case and upper-
case letters denote column vectors and matrices, respectively.
0T, O and ||.| represent the transpose, Hermitian transpose,
and the 2-norm of a vector or matrix, respectively. I denotes
the k x k identity matrix. We use x; ~ CA(0, o'2) when x;
is a complex Gaussian random variable with zero-mean and

variance o2,

Il. SYSTEM MODEL

In our study, as depicted in Fig. 1, we focus on a
single-cell FD mMIMO system designed for simultaneous
downlink (DL) and uplink (UL) transmission. The base
station (BS) comprises Tx and Rx antenna arrays with Mp
and My antenna elements, respectively. The BS concurrently,
operating in FD mode, serves Kp DL and Ky UL users.
Meanwhile, the users, typically constrained by limited power
and restricted signal processing capabilities, operate in HD
mode.

To harness the benefits of beamforming isolation in
large-scale arrays without incurring the drawbacks of exten-
sive hardware complexity, a two-stage hybrid beamforming
(HBF) design is adopted. It can be split into RF Tx/Rx
beamforming, which focuses on the Tx/Rx beam direction
management through phase shifters, and digital Baseband
(BB) precoder/combiner, which processes the signal in the
digital domain to maximize signal quality and efficiency.
A low number of RF chains are used to connect the two
stages, which can significantly reduce hardware complexity
and cost compared with the fully digital approach. In the
FD mMIMO system, the DL signal undergoes processing
through a BB precoder By € CM2*£D and an RF beamformer
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Fp € CMp*Np_ The number of RF chains, Np, satisfies
Kp < Np <« Mp. Similarly, the UL signal received at the
BS passes through an RF beamformer Fyy € CNv*Mu and a
BB combiner By € CKv*Mv utilizing Ky < Ny <« My RF
chains. The DL channel matrix, Hp € CK0*Mp_ comprises
channel vectors hp ; € CMp for each DL user. Similarly,
the UL channel matrix, Hy € CMu*Ku jncludes channel
vectors hy ;€ CMu for UL users. The SI channel matrix
Hs; € CMu*Mp arises due to FD transmission, coupling
between Tx and Rx antennas at the BS.

For DL transmission, the BS transmits signal vector sp =
FpBpdp € CMp where dp € CXP is the DL data signal
vector, adhering to {dpd} = Ig,. The received DL signal
vector can be expressed as

rp = HpFpBpdp + Hyyrdy + np (1)
—— — —— ~—~—
Desired Signal 1UI Noise

where the matrix Hjy; € CKpxKu i5 the inter-user inter-
ference (IUI) channel. The Hyyydy € CKP represents the
IUI, indicating the interference between downlink and uplink
users who are sharing the same time/frequency slots.
Similarly, the UL received signal at BS can be written as

ry = ByFyHydy +ByFyHgFpBpdp + ny ,
—

Desired Signal SI Modified Noise

@)

where dy € CKXU is the UL data signal vector, such that
{dU dIL{, } = Ik, . np and ny are complex circularly symmetric
Gaussian noise vectors for the DL and UL, respectively.

The beam steering directions for DL (UL) are defined
by Azimuth and Elevation angles, denoted as 6p(fy) and
Yp(Yu), respectively. For this study, we simplify our model
to serve a single UL user and a single DL user, i.e., Kp =
Ky = 1, with two uniform linear arrays (ULAs). The
downlink and uplink beamformer, Fp and Fy;, are constructed
with phase shifters and uniform magnitudes, which focus on
beam steering in Azimuth directions 6p and 6y with constant
constant elevation angles ¥p = 1y = 90°. Then, the Tx and
Rx RF beam steering vectors can be expressed as follows,

Fp(6p)

1. ¢=/2Bdosinp)

, e~ IBMp—ydo Sin(OD)]T,

3)
Fu(Ou)
_ ! [1, ¢/2Bdosin®0) ~, jp(My—Ddosin(By)]
vMy ’ ’ ’ s
“)

where the B = 2m /)¢ is the propagation phase constant
and dj is the separation distance between two neighbouring
antenna elements.

In FD mMIMO systems, UL transmissions primarily
encounter two types of interference: multi-user interference
(MUI) from multiple UL users and significant SI due to the
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concurrent operations of the Tx and Rx at the BS. Illustrative
results in [38], [40], and [41] have demonstrated that a
synergistic design of By and Fy for the UL can effectively
mitigate the MUI in the UL. Consequently, as elaborated
in equation (2), the excessive in-band SI emerges as the
predominant bottleneck affecting UL performance in FD
communications. To attain UL detection performance in FD
systems comparable to HD systems, minimizing SI, ideally
to levels below thermal noise, is necessary. The SI channel
encompasses both near-field and far-field components and
can be expressed as

Hgs = Hios—Nr  +Hios—FF + HNLos—FF . (5)
——
Near-field Coupling Far-field Coupling

Given the proximity of the Tx and Rx antennas, the
predominant near-field SI components typically follow a LoS
path and are denoted by Hy os_np € CMU*MD_ To minimize
the Hy,s—NF, antenna isolation design is implemented as
the first line aiming to prevent coupling waves generated
in potential interference directions from being captured
by the local Rx. In our sample 8 x 8Tx/8 x 8Rx FD
mMIMO prototype, Tx-Rx antenna isolation is initially
achieved through cross-polarization and physical separation
between the Tx and Rx antennas [36]. To further improve the
isolation performance, in this study, a metamaterial absorber
is proposed and strategically placed within a distance of
Ao from the transmitter. The absorber is specifically focused
on absorbing and dissipating potential coupling waves,
to reduce the strength of the near-field LoS component,
Hj ,s—nF, and consequently, suppressing the Hg;y.

In contrast, the far-field coupling includes both LoS and
NLoS components, represented by Hy os_pr € CMU*MD and
Hnios—rr € CMUXMb respectively. The Hnpos—pr typically
results from environmental reflections of radiation waves.
In environments characterized by low reflection properties,
the influence of Hnpos—Fr is considerably diminished. Such
environments include simulations conducted under perfect
electric (perfect-E) boundary conditions, experiments within
anechoic chambers outfitted with efficient RF absorbers, and
outdoor settings like rural areas or open fields. In these
settings, the reduced presence of reflective surfaces and
obstacles significantly lessens the impact of NLoS compo-
nents in far-field coupling.

Additionally, due to the separation between our sample
8 x 8Tx and 8 x 8Rx, which is approximately 2.5A¢ edge-
to-edge, the far-field beam interaction also contributes to
the total SI. Therefore, by confining and controlling the
wave propagation, beamforming plays a pivotal role in
mitigating the LoS far-field component, Hy ,s_pp, in the
FD communications. Specifically, the direct interaction
between Tx and Rx beams, represented by the Tx and Rx
gains in specific directions, can be strategically managed
through far-field beam steering techniques. As demonstrated
in [36], steering the Rx beam towards the radiation nulls
or low gain directions of the Tx beam is instrumental
in reducing Tx-Rx MC. The approach entails introducing

64576

Far-field
Coupling

(a) (b)

FIGURE 2. Far-field/Near-field coupling when Tx/Rx beams steering
(a) towards each other (b) away from each other.

beam angle perturbations to align the Rx beam angles with
the Tx radiation nulls. Such strategic alignment focuses
on mitigating the beamforming-modified far-field LoS SI,
FyHpos—rrFp. Consequently, this leads to a decrease in
the magnitude of FyHg Fp, thereby enhancing the overall
performance of the FD system.

Two representative scenarios of the Tx/Rx beam directions
against the MC scenarios are illustrated in Fig. 2. In the
first scenario, where the Tx and Rx beams are directed
across each other, i.e., fp > 0° and 6y < 0°, a relatively
stronger far-field interaction between the two beams can
be observed. Conversely, in the second scenario, the beams
are steered away from each other, ie., 6p < 0° and
Oy > 0°, and avoid a strong interaction between the Tx and
Rx main lobes. Here, the far-field interaction between the
Tx/Rx main lobes is comparatively weaker, which leads to
a near-field dominant SI scenario. The detailed discussions
of the isolation improvement strategies in different beam
interaction scenarios will be presented in Section V.

IIl. METAMATERIAL ABSORBER DESIGN

A. METAMATERIAL ABSORBER ELEMENT STRUCTURE

The proposed dual-layer metamaterial absorber unit cell is
depicted in Fig. 3. Two identical Split Resonator Dual-
Ring (SRDR) patch circuits are printed symmetrically on
the bottom side of the lower FR-4 dielectric substrate and
on the top side of the higher FR-4 dielectric substrate. The
employed FR-4 dielectric material has a dielectric constant
€, = 4.6. The SRDR structure is strategically designed to
be integrated with our previously proposed 8 x 8Tx/8 x
8Rx array prototype for FD mMIMO operation. The copper
ground plane in the middle of the sandwiched construction
is shared by the two SRDR circuits. With concentric split
resonators, the SRDR structure affords greater flexibility
in manipulating the effective permittivity and the effective
permeability. This is achieved by introducing adjustable gaps
between the central and outer split rings and extending
the length of metallic strips. The surface capacitance
controlled by the gaps between and inside the metallic
circuits and the dielectric material between the top circuits
and ground plane contributes to the modification of the
metamaterial’s ability to store and respond to electric fields.
Consequently, the effective permittivity of the metamaterial
can be finely tuned. For instance, reducing the gap between
conductors leads to increased capacitance, thereby enhancing
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TABLE 2. Dimensions of the proposed metamaterial absorber element.

Label Description Value (mm)
w outer layer circuit width 16.9
L outer layer circuit length 16.9
Wp FR4 dielectric substrate width 17
Lp FR4 dielectric substrate length 17
h FR-4 substrate thickness 1.7
w1 inner layer circuit width 14.1
Ly inner layer circuit length 14.1
Ws copper conductor circuit width 1.1
g circuit gap width 0.7

the structure’s ability to interact with and store electrical
energy. This enhanced interaction, due to increased electrical
energy storage capacity, facilitates an apparent adjustment
in the metamaterial’s effective permittivity. In addition, the
inductance, determined by the length and geometry of
the conducting strips in the meta-cell and generated by
the current flowing through these adjacent cells, controls the
metamaterial magnetic response. An increase in inductance,
achieved through longer and twisted conducting paths that
enhance magnetic field linkage, results in a higher effective
permeability.

The metamaterial absorber cells shown in Fig.3 are
designed to connect edge-to-edge, forming a two-dimensional
array that extends along both the x— and y—axes. The overall
size of the absorber structure is determined by the count
of SRDR absorber elements along the x—axis (N,) and
the y—axis (Ny). Ansys high-frequency structure simulator
(HFSS) is used in the design process to adjust and optimize
the surface impedance of the absorber units using Floquet
port and primary/secondary periodic boundary conditions.
The suggested SRDR unit element dimensions are shown in
Table 2. The absorber structure power absorption ratio (p)
can be found via the S-parameter simulation, where p =
1 — |S11/%. The simulated power reflectivity and absorption
ratio are shown in Fig. 4. The simulation results indicate
that more than 99.8% of power is absorbed at 3.49 GHz.
This high absorption power ratio ensures effective mitigation
of near-field coupling waves, with a considerable amount
of incident coupling wave travelling from the Tx to the
Rx antennas being absorbed and dissipated in the absorber
structure. Moreover, the absorber surface power reflection of
less than 0.2% also contributes to reduced interference to the
transmitting signals, preserving the integrity of the original
beam patterns. Details of the absorber impact on the array
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FIGURE 4. Power absorption and reflection of the proposed metamaterial
absorber structure (simulation results).

Jsurf

[A/m]

I120,2

81.9

55.8
38.0
1259

176
ssiciz N,

3.49 GHz 3.5GHz

FIGURE 5. Surface current distribution of the metamaterial absorber at
3.49GHz, 3.5GHz, and 3.51GHz (simulation results).

beamforming will be further investigated via simulations and
measurements.

The distribution of surface current on metamaterial
absorbers also serves as an important indicator of the interac-
tion strength between coupling waves and the metamaterial
structure. The surface current distribution at three sample
operating frequencies 3.49 GHz, 3.5 GHz, 3.51 GHz are
illustrated in Fig. 5. Across the target frequency bandwidth,
a consistent distribution of high-strength surface currents
can be observed. This consistent induction of strong surface
currents indicates that a substantial portion of the incident
electromagnetic waves effectively interacts with and couples
to the periodic SRDR structures. The notable excitation
of surface current within these frequencies indicates that
the metamaterial is in strong resonance with the incoming
electromagnetic waves, facilitating an effective absorption of
the coupling waves.

B. ABSORBER LOCATION EFFECTS ON ISOLATION
IMPROVEMENT

The size of the absorber structure determines the path of
the undesired leakage waves interacting with the absorber
structures. A larger absorber structure typically exhibits
stronger interactions with leakage waves, due to the increased
number of pathways available for absorption. Therefore,
a higher isolation enhancement can be achieved. For effective
absorption and isolation, the absorber’s dimensions should be
comparable to the wavelength of the electromagnetic waves it
is designed to interact with. Typically, effective absorbers are
at least half a wavelength to several wavelengths in size in the
dimension of interest. For an affordable iterative simulation
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FIGURE 6. (a) 10 x 10 Metamaterial absorber, (b) perspective view, and
(c) top view of the MC simulation setup with Tx/Rx antenna elements and
absorber.

time? and the effectiveness of the isolation enhancement,
a metamaterial absorber with 10 x 10 (17 cm x 17 cm)
proposed meta-cell structures, shown in Fig. 6 (a), is used
in the HFSS simulation. The absorber has a width of 17 cm,
which is approximately equivalent to two wavelengths,
ensuring sufficient interaction with the leakage near-field
coupling waves. As depicted in Fig. 6 (b) and (c), the absorber
is vertically positioned between the Tx and Rx antennas,
which are spaced 20 cm apart, edge-to-edge. The absorber
extends 6.5 cm beyond the edge of the antennas in both +x
and —x directions and is 10.2 cm above the surface of the
patch antenna. The 6.8 cm absorber structure lower than the
antenna surface can help mitigate the back leakage waves
from the Tx element toward the Rx element. Only the Tx
antenna (on the left) is excited at 3.5 GHz. The separation
distance between the absorber and the Tx antenna (d) varies
from 1 cm to 18 cm to find the best location of the absorber.

The simulation results are shown in Fig. 7. The findings
show that the absorption effectiveness can be impacted by
the absorber location. When 2 cm< d <18 cm, a Tx-Rx
element MC level lower (better) than -55 dB can be achieved.
When comparing the Tx-Rx element MC with the scenario
without the absorber structure, an 8 dB lower MC level
can be attained when the absorber is at a distance of 4 cm
(d =~ Xp/2) and 6.3 dB isolation improvement is attained
when the absorber is at 8 cm distance (d &~ Ag). The effec-
tiveness of the absorber diminishes when its distance from the
transmitter exceeds the absorber’s optimal operation range,
which is determined by its resonant wavelength. Beyond
these distances, a notable decline in isolation enhancement
performance can be observed due to weaker resonant effects

2The realistic simulations used our proposed intricate dual-layer EBG-
slotted antenna element demands high computational resources. The
separation distance between the Tx-Rx antennas is kept at 20 cm which is
consistent with our 8 x 8Tx/8 x 8Rx antenna array prototype.
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FIGURE 7. MC between Tx and Rx antennas versus d (simulation results).

TABLE 3. Tx/Rx MC without and with absorber at different d (simulation
results).

Tx/Rx Absorber Avg. Elem. | Avg. MC | Max Elem. | Max MC
arrays to Tx Tx-Rx Diff. Tx-Rx Diff.
distance (d) MC(dB) (dB) MC(dB) (dB)
no ABS -50.9 -38.1
4x4 4 cm -60.1 9.2 -48.4 10.3
8 cm -58.1 7.2 -46.6 8.5
no ABS -46.8 -38.0
8x2 4 cm -55.5 8.7 -45.9 79
8 cm -54.9 8.1 -44.3 6.3

at the absorber surface and reduced interactions between the
near-field coupling paths and the absorber structure.

To further investigate the absorber structure enhancement
on the Tx-Rx element isolation level, two 16-element antenna
arrays (4 x 4 or 8 x 2) with the proposed Tx and Rx antenna
elements separated by 20 cm edge-to-edge are simulated. The
absorber structure is extended along the £x— axis, to keep
6.5 cm longer than the antenna array on each side. The results
are summarized in Table 3.

Placing an absorber at 4 cm and 8 cm can lower (improve)
the Tx-Rx element MC by 9.2 dB and 7.2 dB on average,
respectively, when two 4 x 4 arrays are used, and by 8.7 dB
and 8.1 dB on average, respectively, when two 8 x 2 arrays
are used. The average difference between the Tx-Rx element
MC is less than 2 dB when placing the absorber at 4 cm and
8 cm from the Tx array. When comparing the worst MC pairs,
adding the absorber 4 cm or 8 cm from the Tx array leads to
an improvement difference of 1.8 dB and 1.6 dB, respectively,
when two 4 x 4 arrays or 8 x 2 arrays are used.

In the FD mMIMO design, the absorber’s impact on array
beamforming performance is also essential to be considered.
To optimize beamforming and beam-level isolation without
compromising beam steerability, the absorber must not
obstruct the beam’s path within its effective steering range.
Consequently, we chose d = 8 cm for the absorber in
our design to prevent beam propagation blockage in the
beamforming.

C. ABSORBER MOUNTING EFFECTS ON ISOLATION
IMPROVEMENT

Given the computational resource limitation, particularly in
terms of Random Access Memory (RAM), and processing
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time of the simulation of the whole 8 x 8Tx/8 x 8Rx arrays,
we use two sample orthogonally-polarized 1 x 8 arrays with
the proposed Tx and Rx antenna element structures, operating
at 3.5 GHz and separated by 20 cm edge-to-edge. The
simulation setups with the antenna element indices are shown
in Fig. 8 (a) and (b) for vertically and horizontally mounted
absorbers, respectively. Our investigation focuses on studying
the Tx-Rx element/beam MC and beamforming performance
under two different absorber mounting scenarios.

1) ABSORBER MOUNTING AND TX-RX ELEMENT MC

a: HORIZONTALLY-MOUNTED ABSORBER

By comparing Fig. 9 (a) and Fig. 9 (b), the average Tx-Rx
element MC is lowered (improved) from —47.3 dB to
—57.4 dB, where an average 10.1 dB lower (better) MC level
is achieved by adding the absorber. Fig. 9 (b) demonstrates
that the horizontal absorber’s effectiveness increases as the
Tx and Rx elements move further apart. This enhancement,
particularly evident in the lower-left quadrant of the plot,
is attributed to stronger surface wave coupling interactions
with the horizontally mounted absorber at greater distances
(order of a half-wavelength or more). The rise in path loss
attributed to the increased distance between elements also
contributes to the reduction in MC between the Tx and
Rx. The highest (worst) Tx-Rx element pair MC level is
reduced from —38.9 dB to —42.7 dB, equivalent to a 3.8 dB
improvement, which can be a potential limitation in the beam
MC and isolation effectiveness when the antenna arrays are
employed.

b: VERTICALLY-MOUNTED ABSORBER

Comparison between Fig. 9 (a) and Fig. 9 (c) reveals a
notable Tx-Rx isolation improvement. An average reduction
of 9.2 dB in the Tx-Rx element MC level can be achieved,
and an average MC level of —56.5 dB can be achieved.
Across all the 64 Tx-Rx element pairs, the MC level
is consistently lower than —51.9 dB. Furthermore, the
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worst-case (highest) MC level is reduced (improved) by
13.0 dB compared to the scenario without an absorber
structure. This improvement is 9.2 dB greater than the case
with a horizontally mounted absorber. As the Tx elements
and Rx elements move closer to each other, a higher
near-field MC intensity is suffering. Therefore, it can also
be observed that as the Tx and Rx element pairs move
close to the absorber structure (e.g., Tx element 8§ and Rx
element 9), a more considerable isolation improvement can
be achieved. An average isolation improvement of 14.8 dB
and 19.4 dB can be achieved between Tx-elem-8 and any
Rx antenna elements and Rx-elem-9 and any Tx antenna
elements, respectively. Furthermore, the effective attenuation
of near-field LoS coupling components between the Tx
and Rx significantly reduces the correlation between their
distance and the MC level.

2) EFFECTS OF THE ABSORBER MOUNTING ON THE BEAM
MC

The MC between the Tx and Rx arrays at various Tx and Rx
beam steering angles 6p and Oy can be calculated through
a weighted sum of each individual Tx-Rx antenna element
pair’s complex MC values and can be expressed as

16 8

Sv(p, 0u) = D_ D wi o)W Ov)Sji (6)

j=9 i=1

where Sj; is the complex S-parameter that represents the
coupling between the Tx antenna element i and the Rx
antenna element j in the arrays. w;(fp) and w;j(0y) are the
complex steering weights for the Tx element i and Rx element
j at the Tx beamforming angle 6p and Rx beamforming angle
Oy in the Azimuth plane. The estimated MC values between
Tx 1 x 8 and Rx 1 x 8 arrays for the three cases at 3.5 GHz
are shown in Fig. 10. Both the Tx and Rx beams are steering
from —50° to 50° with a 2° step size. Therefore, a total
of 51 x 51 = 2601 beamforming MC combinations are
investigated.

a: HORIZONTALLY-MOUNTED ABSORBER

Without the absorber structure, the average beamforming MC
level across the 2601 beam combinations is —64.2 dB as
shown in Fig. 10 (a). Incorporating the horizontally-mounted
absorber reduces the average beam MC to —68.1 dB,
representing an improvement of 3.9 dB on average. This
modest enhancement can be attributed to the reduced
contribution of surface wave coupling to the total SI intensity
when the elements are configured into directional beams.

It can be observed that when beams are steering away
from each other (left-bottom quarter of the plot, i.e., Op €
[—=50°, —2°] and Oy € [2°,50°]), the absorber structure
is more effective, with an average improvement of around
6 dB. When the Tx beam steers towards the Rx array, the
absorber structure becomes less effective, and an average of
3.1 dB (right-top quarter of the plot, i.e., Op € [2°, 50°] and
Oy € [—50°, —2°]).

64579



IEEE Access

Y. Gong et al.: Metamaterial Absorber Structure for Tx-Rx Antenna Isolation Improvement

9 9

10 10
| o1
& 5
g12 g12
g g
w13 w13
> >
© 14

-
o b
-
(ST

-
o
-
o

1 2 3 4 5 6 7 8 1 2

Tx Element

3 4 5 6 7 8 1
Tx Element

(a) (b)

2 3 4 5 6 7 8 (dB)
Tx Element

(c)

FIGURE 9. Tx-Rx antenna element MC magnitude maps in two 1 x 8 arrays at 3.5 GHz (a) without absorber; (b) with
horizontally-mounted absorber; (c) with vertically-mounted absorber (simulation results).
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FIGURE 10. Tx-Rx beam MC magnitude maps with 1 x 8 antenna arrays at 3.5Hz (a) without absorber; (b) with horizontally-mounted

absorber; (c) with vertically-mounted absorber (simulation resuilts).

b: VERTICALLY-MOUNTED ABSORBER

As shown in Fig. 10 (c), with the vertically-mounted absorber
structure, an average beam MC of —71.1 dB can be achieved,
which is 6.9 dB lower (better) than the no-absorber case.
A more dense amount of high-isolation Tx/Rx beam angle
pairs, which results in a higher fraction of high-isolation
(6p, Oy) pairs in the steering range, can be observed in
Fig. 10 (¢). All 2601 beamforming combinations have an MC
lower than —55 dB. The result indicates that the vertically
mounted absorber reduces (improves) the highest beam MC
by 11.5 dB. A larger isolation improvement can be observed
when steering Tx and Rx beams away from each other (i.e.,
Op € [—50°, —2°] and Oy € [2°, 50°]), with an average MC
of 10.8 dB lower.

When comparing Fig. 10 (b) and (c), vertically mounting
the absorber leads to an average of 3 dB higher isolation
improvement compared with the horizontal case. Addition-
ally, the highest (worst) beam-level MC is constrained by
the most severe Tx-Rx antenna element MC level. Notably,
the worst beam MC is reduced by 6.6 dB, dropping from
—48.4 dB to —55.0 dB when vertically mounting the absorber
compared to the horizontal position.

The beam steering directions have a significant impact
on the performance of the absorber. For both vertically and
horizontally mounted absorbers, when the Tx and Rx beams
are steered away from each other (i.e., p € [—50°, —2°] and

64580

Oy € [2°,50°]), we observe a considerably higher isolation
improvement. This is because, in such configurations, the
far-field beam interaction diminishes, making the near-field
coupling components more dominant and the absorber
structure is specifically designed to address these near-field
coupling waves. To get better beamforming isolation across
all the (0p, Oy) pairs, vertically mounting is used in our
following simulations and measurements.

D. ABSORBER IMPACT ON BEAM PATTERN: SIMULATION
RESULTS
The Tx 1 x 8 array with the configuration depicted in Fig. 8 (a)
is simulated to assess the impact of a vertically-mounted
absorber structure on beamforming performance. The simu-
lated beam patterns with and without the vertically-mounted
absorber structure at 3.5 GHz are illustrated in Fig. 11. The
Tx 1 x 8 array is steering within the range p € [—50°, 50°].
Without the absorber structure, an average directivity of
13.3 dB is achieved in the steering range. The 3dB- and
10dB-beamwidths are consistently narrower than 18 degrees
and 32 degrees, respectively. The normalized sidelobe level
is consistently lower than the main lobe peak level by 9.5 dB.
With the incorporation of the absorber, the resulting beam
from the Tx 1 x § array exhibits slight variations. An average
directivity difference of 0.3 dB, an average 3dB-beamwidth
difference of 0.6 degrees, and an average beam peak direction
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FIGURE 11. 1 x 8-array Tx beam pattern with and without the absorber at
steering angle —50°, —40°, —30°, —10°, 0°, 10°, 30°, 40°, and 50°
(simulation results).

variation of 0.9 degrees can be observed over the steering
range from —50° to 50°.

The main lobes of the Tx 1 x 8 array with and without
absorbers overlap with each other, and the difference between
directivity and beamwidth is smaller than 0.4 dB, and
1 degree, respectively, in the range —50° to 40°. The slight
beam pattern variation suggests that the introduction of the
absorber, which is vertically mounted 8 cm from the Tx
array, has a negligible effect on the array’s beamforming
performance and far-field beam patterns. The observation
also indicates that the interaction between the absorber
structure and the Tx radiation wave primarily occurs with
the near-field coupling components. When 6p > 50°, the
difference between the mainlobe peak and the sidelobe level
decreases by 1.2 dB. As shown in Fig. 8 (a), at these larger
steering angles, the absorber starts to impede the beam’s
propagation path, leading to a beam pattern degradation.
The absorber intercepts the desired wave radiating in this
direction that would otherwise contribute to the main lobe,
diminishing antenna gain. This inadvertent interaction leads
to an increase in the normalized side lobes and the main lobe
beamwidth, diminishing the array directivity. Consequently,
this can distort the intended radiation patterns of the antenna
array.

IV. EXPERIMENTS WITH THE METAMATERIAL
ABSORBER

A. AN 8 x 8TX/8 x 8RX ANTENNA ARRAY PROTOTYPE
WITH METAMATERIAL ABSORBER

The 8 x 8Tx/8 x 8Rx antenna array prototype with the
metamaterial absorber for FD mMIMO is shown in Fig. 12.
The 8 x 8 Tx/Rx antenna arrays are positioned 20 cm apart.
The entire Tx/Rx antenna-array prototype spans a total length
of 84 cm and a width of 32 cm. The 10 x 27-element absorber
prototype (Fig.13) is vertically mounted between Tx and
Rx antenna arrays. Additionally, the metamaterial absorber
prototype has relative dimensions similar to the absorber
utilized in the simulation. Specifically, the absorber structure
extends approximately one wavelength longer, or 8.95 cm,
relative to the center of the edge element in the antenna array,
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FIGURE 12. 8 x 8Tx/8 x 8Rx FD mMIMO array prototype with the
metamaterial absorber (top: front-view with element and sub-array
indices, bottom: perspective view).

oritis 6.95 cm longer than the array prototype at both the top
and bottom sides. To effectively block and absorb the LoS
leakage waves without hindering wave propagation within
the array’s effective steering range, the absorber includes a
section that is 10.2 cm above the array surface. Furthermore,
a part of the absorber extends 6.8 cm below the antenna
surface, facilitating not only an easier installation but also
ensuring efficient absorption and interaction with potential
back leakage waves. Additionally, the absorber is positioned
8 cm away from the Tx array, ensuring optimal functionality
in mitigating interference. Further details of the prototypes
are briefly described in the following sections.

1) METAMATERIAL ABSORBER PROTOTYPE

An absorber prototype consisting of 10 x 27 SRDR
metamaterial elements is fabricated, as shown in Fig. 13.
The absorber has a total dimension of 45.9 cm x 17 cm X
0.35 cm (length x width x height). The prototype is 13.9 cm
longer than the antenna array. FR-4 material with a dielectric
constant (€,) 4.6 is used in the PCB manufacture.

2) CROSS-POLARIZED 8 x 8TX/8 x 8RX ANTENNA ARRAYS

To investigate the Tx-Rx antenna element and sub-array
beamforming isolation performance with and without the
absorber structure, the FD mMIMO prototype consists of an
RF feeding network and a pair of cross-polarized 8 x 8Tx and
8 x 8Rx antenna arrays [36]. The antenna element is designed
to operate over a 250 MHz bandwidth, covering the frequency
range from 3.35 GHz to 3.6 GHz. A key feature of the antenna
elements is the integration of dual-layer Electromagnetic
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FIGURE 13. The 10 x 27-element metamaterial absorber prototype.

Band Gap (EBG) structures. Incorporating EBG elements
beneath the radiating patch significantly minimizes its size by
65% via inducing slow-wave propagation effects. Moreover,
the upper periodic EBG layer functions as a band-pass filter,
which suppresses the surface coupling wave and improves
the inter-element isolation. As illustrated in [42], within
the frequency range of 3.35 GHz to 3.6 GHz, the antenna
element return loss is consistently better than 10 dB and
the inter-element mutual coupling is better than -14.3 dB.
To avoid the grating lobes in the beamforming, the separation
distance between neighbouring antenna elements is set to
2.78 cm (0.32 Ao at 3.5 GHz) edge-to-edge or 4.00 cm
(0.47 Xp) center-to-center. The direction of the circular
polarization (CP) is controlled by the relative location
between the feeding point and the slot direction on the
central radiating patch. The polarization of the Tx elements is
adjusted to be right-handed CP (RHCP). Then, the Rx patch
antenna is created by mirroring the Tx element structure,
resulting in a left-hand CP (LHCP).

3) MEASUREMENT SETUP

The placement of the array prototype in the anechoic
chamber is shown in Fig. 14. The chamber is equipped
with the C-RAM SFC-48 absorber to minimize reflections
and external interference and has a dimension of 6.1 m x
24 m x 2.4 m (length x width x height). For both results
presented in Sections IV and V, the Spectrum Analyzer is
used to take measurements of the receiving signal at the
Rx antenna element/sub-array when a modulated NR-FR1-
TM3.1 test signal with a 20 MHz bandwidth® (between
3.49 GHz and 3.51 GHz) and an output power of 10 dBm
generated from a Vector Signal Generator (VSG) is sent
from the Tx antenna element/sub-array. In the Tx-Rx element
mutual coupling measurements, only a single Tx antenna
element is used for transmitting the signal and only a single
Rx antenna element is used as receiver in each measurement.
We manually switched the cable between different Tx-Rx
element pairs.

3This study concentrates on narrow-band scenarios, with a 20 MHz
bandwidth, to circumvent issues related to frequency-dependent beam
patterns and avoid the complexity in calculating frequency-specific weight
factors.
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FIGURE 14. Measurement setup in the anechoic chamber.

In the sub-array beam-level experiments, two sample sub-
arrays, Tx/Rx 1 x 8, located at the center (fourth row of the
Tx/Rx arrays) are used for the beamforming and isolation
measurements as labelled in Fig. 12. On the Tx side, the
signal undergoes initial splitting via a 1-to-8 power splitter
before entering the beamforming network. Subsequently,
the eight paths will be modulated by 8 digitally controlled
6-bit phase shifters. These phase shifters, controlled by a
pre-calculated steering weight vector, facilitate the manipu-
lation of the phase across 360 degrees with a fine step size
of 5.625 degrees, ensuring precise beam direction control.
Before the signal is fed to the antenna, the final stage RF
amplifiers are employed to maximize transmitted power and
compensate for the insertion loss of the system.

On the Rx side, each sub-array is directly connected to
Low-Noise Amplifiers (LNAs) and then 8 digitally controlled
6-bit phase shifters. The high Tx-Rx isolation which con-
tributes to a low received coupling signal necessitates the
use of LNAs to enhance measurement sensitivity by boosting
the signal-to-noise ratio (SNR). The signals from these eight
paths are then combined through an 8-to-1 power combiner
and fed into the Spectrum Analyzer.

Short coaxial cables and compact JSC connectors are used
for interconnecting the components, all of which are arranged
behind the antenna arrays for efficiency and convenience. The
entire feeding network is controlled through two customized
Serial Peripheral Interface (SPI) modules, one for the Tx
beamformer and the other one for the Rx beamformer, which
are integrated into Raspberry Pi 4. The beamforming vectors
Fp(0p) and Fy(Oy) for the Tx and Rx antenna sub-arrays
are generated by a computer running a MATLAB-based
beamforming program, which utilizes Equations (3) and (4).
The computer interfaces with the SPI modules for control
purposes and the Spectrum Analyzer for analysis purposes
via USB cables. During each beam-pair measurement, the
control signals are first updated on the SPI modules based
on the Fp(0p) and Fy(0y). Subsequently, the readings from
the Spectrum Analyzer, indicating the mutual coupling levels
between the Tx and Rx antennas, are recorded.

B. MEASURED MUTUAL COUPLING BETWEEN TX AND RX
ANTENNA ELEMENTS

The measurement results of Tx-Rx antenna elements,
both with and without the proposed metamaterial absorber
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FIGURE 15. Tx-Rx antenna element MC magnitude maps in (dB)
(a) without the absorber; (b) with the absorber (measured results).

structure, are illustrated in Fig. 15. The study focuses on Tx
antenna elements 7 and 8, as well as Rx elements 9 and 10,
which are the closest Tx/Rx antenna element pairs and most
affected by the near-field MC, to assess the efficacy of the
proposed absorber in isolation improvement, as labelled in
Fig. 12. Only one of the Tx antenna elements is excited in
each measurement.

As shown in Fig. 15 (a), without the absorber, the Tx-Rx
antenna element MC level is -47.9 dB on average with an MC
range from -49.7 dB to -45.8 dB. As the distance between Tx
and Rx elements decreases, higher MC values are observed.
For example, the MC between Tx-8 and Rx-9 is 3.9 dB higher
than the farther element pair Tx-7 and Rx-10.

As illustrated in Fig. 15 (b), adding the absorber structure
introduces an average reduction (improvement) of 17.5 dB in
Tx-Rx antenna element MC, resulting in an average element
MC of -65.4 dB. The Tx-Rx antenna element isolation
improvement of the four Tx-Rx element pairs with and
without the absorber is highlighted by the red values in
Fig. 15 (b). The isolation enhancement is consistent across
all four test cases, greater than 12.6 dB, with the highest
improvement reaching 23.1 dB. The highest (worst) Tx-Rx
element MC pair is -61.2 dB, with a reduction of 15.4 dB
thanks to the absorber. Due to the effective suppression
of near-field coupling waves by the absorber structure, the
correlation between antenna element separation distance and
MC levels is notably weakened.

The measured results show a similar absorber effectiveness
change as the simulation results at similar relative locations.
A significant isolation improvement can be seen as the Tx
and Rx antenna element pairs become closer to the absorber
structure. For instance, an MC improvement of -21.2 dB
is obtained on average between Tx element 8 and the Rx
element 9 and 10.

The EBG patches surrounding the tested sample Tx
and Rx elements create a high surface impedance, which
works as a band-stop filter. This impedance effectively
mitigates and blocks the propagation of coupling waves in the
direction parallel to the absorber structure, along the x —axis.
Consequently, the near-field coupling along the y—axis,
perpendicular to the absorber, becomes the predominant
factor contributing to SI, leading to a more considerable
isolation improvement.
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As the distance between the Tx element and the absorber
increases, a decrease in isolation improvement can be
observed. This reduction is attributed to the diminishing
influence and contribution of near-field MC on the total
SI. Furthermore, when the distance exceeds the absorber’s
optimal range, defined by its resonant wavelength, the
interaction between the incident wave and the absorber
surface becomes weaker, further diminishing its effectiveness
in isolation improvement.

C. MEASURED BEAM MC WITH/WITHOUT THE
ABSORBER

Antenna arrays play an essential role in enhancing spatial
isolation in FD communications. Through beamforming tech-
niques, these arrays concentrate radiation power, enabling
effective management of the interactions between Tx and Rx
beams. The proposed metamaterial absorber structure focuses
on mitigating the near-field coupling wave components.
Therefore, to evaluate the effectiveness of the metamaterial
absorber structure in beam-level isolation, we first focus on
the near-field dominant beam MC scenarios, where the Tx
and Rx beams are steering away from each other to minimize
the interaction between the far-field beams as shown in
Fig. 2 (b). A study of both near-field and far-field beam-level
isolation will be presented in Section V.

To evaluate the absorber improvement in the beam-level
isolation, we consider the Tx-Rx beam pairs 6p € [—50° :
2° : =2°and Oy € [2° : 2° 50°]. Therefore total
of 25 x 25.625 pairs of Tx/Rx beam pairs are measured.
The measurement results without and with the proposed
metamaterial absorber structure are presented in Fig. 16.

The addition of a strategically placed absorber structure
significantly reduces the MC between the Tx and Rx beams.
Without the metamaterial absorber, an average beam MC
of —60.6 dB, ranging from —53.4 dB to —72.1 dB can
observed. When the absorber structure is vertically inserted
between the Tx and Rx arrays, an average beam MC of
—79.2 dB can be achieved, which indicates an average beam
isolation improvement of 18.6 dB. Notably, all 625 beam
pairs measured achieve isolation better than 70.3 dB with
the absorber, representing a 16.9 dB improvement in the
worst (highest) beam MC. The most substantial isolation
improvement occurs at (6p,60y) = (—48°,38°) and an
isolation improvement of 42.0 dB can be achieved.
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FIGURE 17. 3D beam patterns of the Tx/Rx 1 x 8 sub-arrays: (a) Tx side
view, (b) Tx top view, (c) Rx side view, (d) Rx top view (measured results).

TABLE 4. Tx 1 x 8 sub-array Beam Measured Results (without absorber)
(BW: Beamwidth; SLL: Sidelobe Level).

Steering angle Achieved Directivity 3dB 10dB SLL
(0p) (deg) Angle(deg) (dB) BW(deg) BW (deg) (dB)
-60 -58.1 11.6 23.4 46.1 -7.8
-50 -48.8 12.9 18.6 31.9 -7.6
-40 -41 13 17.2 29.6 -9.3
-30 -30.2 13 15.9 26.9 -10.1
-20 -21.3 133 16 26.7 -13
-10 -9.2 13.9 14.7 24.9 -13.2

0 0.9 14 14.2 24 -13.6

10 9.7 14 13.8 23.5 -14.1

20 20.3 13.4 15.4 26.2 -12.4
30 30.6 13.2 16.4 27.6 -14.5
40 42.3 13.1 17.8 30.9 -11.6

50 49 13.2 19.2 34 -10.6

60 59.3 11.5 22.8 41.7 -5.6

The highest (best) isolation of 104.4 dB can be achieved,
which indicates a significant 32.3 dB increase compared to
cases without the absorber shown in Fig. 16 (a). Out of the
625 tested beam pairs, 609 pairs (approximately 97%) exhibit
an isolation improvement exceeding 10 dB, 490 pairs (around
78%) show more than 15 dB improvement, and 234 pairs
(about 37%) achieve an increase in isolation beyond 20 dB.
These results underscore the efficacy of the absorber structure
in enhancing beam isolation across a wide range of near-field
coupling dominant test cases.

D. ABSORBER IMPACTS ON THE BEAMFORMING
PERFORMANCE
1) TX/RX 1 x 8 SUB-ARRAY BEAMFORMING WITHOUT THE
ABSORBER
The measured normalized 3D radiation pattern of the Tx
1 x 8 and Rx 1 x 8 sub-arrays with uniform feeding power
and zero phase shift at 3.5 GHz in the anechoic chamber are
shown in Fig. 17. Both sub-arrays have a very similar plate-
shaped beam, with two sidelobes on the two sides of the main
lobe. The directivity of the Tx 1 x 8 sub-array is 14.0 dB, and
the directivity of the Rx 1 x 8 sub-array is 14.9 dB. The Tx
and Rx sub-arrays have 3dB-beamwidths of 14.2° and 13.4°
in the Azimuth direction, respectively. The normalized side
lobe level is —13.6 dB for the Tx sub-array and —13.0 dB for
the Rx sub-array.

The Tx 1 x 8 sub-array is used for the experimen-
tal beam steering investigation. The beam characteristics
(measured results) within the steering range —60° to 60° at
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3.5 GHz are summarized in Table 4 for the case without
absorber. An effective beam peak steering range from
—58.1° to 59.3° is achieved. Within the steering range
from —50° to 50°, an average directivity of 13.4 dB,
an average 3dB-beamwidth of 16.3 degrees, and an average
10dB-beamwidth of 27.8 degrees can be achieved. Within
this range, the 3dB- and 10dB-beamwidths are narrower
than 19.2 and 34 degrees, respectively. The simulation and
experimental results are in good agreement, with average
directivity and 3dB-beamwidth difference of 0.1 dB and
0.8 degrees, respectively. The sidelobe level is lower than
the main lobe by —9.3 dB in the steering range of —40°
to 50°. The sidelobe increases quickly when the steering
angle is larger than 50°. As the steering angle increases, the
effective spacing between elements, in terms of wavelength,
also increases due to the projected element spacing along the
beam direction. This can result in element spacing effectively
exceeding half a wavelength, leading to the formation of
grating lobes, which leads to a faster sidelobe increase.

2) ABSORBER EFFECTS ON THE SUB-ARRAY FAR-FIELD
PATTERN

The observed beam patterns indicate that the array possesses
an effective steering range extending from —50° to +50°.
Steering the sub-array beyond this angular range results
in a notable expansion of the main lobe’s 3dB- and
10dB-beamwidths. Such expansions lead to a rapid degra-
dation in beam resolution. To examine the impact of
the absorber on the beam radiation patterns, the Tx
1 x 8 sub-array is steered from —50° to +50° with a 10°
step size. The vertically-mounted absorber is 8 cm from the
Tx array. The beam-pattern azimuth-cut comparison at eight
sample steering angles is shown in Fig. 18. It can be observed
that the main lobes with and without the absorber overlap
each other within the steering range p € [—50°, 40°]. The
measurement results are in line with the simulation findings.
Within this range, the average difference in the directivity, the
3dB-beamwidth, the 10dB-beamwidth, and the normalized
sidelobe level are 0.2 dB, 0.8 degrees, 0.9 degrees, and 0.9 dB,
respectively. In other words, adding the absorber (located
8 cm away from the Tx array) has a negligible influence on
the Tx 1 x 8 sub-arrays far-field beam pattern during the
beamforming process. This observation also illustrates that
the absorber, designed to improve near-field isolation, has
limited impacts on the far-field waves.

When the steering angle 6p > 50°, the beam sidelobe level
increases quickly. As illustrated in Fig. 18 (h), although the
shape of the main lobe remains similar, the beam sidelobe
level grows by 2 dB when 6p > 50°, due to the absorber
blocking the path of the steering beam’s propagation. When
the blockage happens, the absorber inadvertently dissipates
waves that are radiating in the target directions, which would
otherwise contribute to the main lobe, thus reducing the
antenna’s directivity. This unintended interaction results in
an elevation of the side lobes and an expansion of the main
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FIGURE 18. Tx 1 x 8 sub-array beams (with and without absorber) at different steering angles at (a) 6p = —50°,(b) 6p = —40°, (c) 6p = —20°,
(d) 6p = —10°, (e) 6p = 0°, (f) 6p = 10°, (g) 6p = 40°, (h) 6p = 50° (measured results).

lobe’s beamwidth, causing the energy to scatter in undesired
directions and reducing the array’s directivity.

V. METAMATERIAL ABSORBER WITH BEAMFORMING
ISOLATION OPTIMIZATION

In Section IV.C, our study focused on the efficacy of the
metamaterial absorber in improving isolation, particularly
in conditions where Tx-Rx far-field beam interactions are
minimized. This section aims to demonstrate the performance
of a combined two-stage isolation design, where using
a metamaterial absorber to suppress near-field coupling,
complemented by beam angle perturbations to address far-
field components. The experimental findings highlight two
insights:

1) The necessity of a metamaterial absorber for managing
near-field MC components in guaranteeing the overall
beamforming isolation design within the steering range.
Otherwise, the isolation performance can be predominantly
constrained by the near-field SI, especially when the beams
are oriented away from each other and the Tx-Rx beam
interaction is minimal.

2) Incorporating an absorber structure streamlines the
beam-level optimization process. By employing the absorber
structure, we can achieve a significant average isolation
level of 90 dB, with a simple beam angle perturbation
technique.

In Fig. 19, we present the experimental results of Tx-Rx
beam isolation, encompassing four distinct scenarios:

o Scenario 1: without the absorber and beam steering
angle at exact (6p, 0y ). This scenario serves as a baseline
with no extra isolation improvement.

o Scenario 2: without the absorber, but employing beam
angle perturbation for isolation optimization technique,
thereby steering the beams to adjusted angles 6p, Oy)
and targeting on far-field isolation improvement.
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e Scenario 3: with the metamaterial absorber while
steering the beams at exact (6p, 6y) angles, leading to
an enhancement in near-field isolation.

e Scenario 4: the combination of the metamaterial
absorber with adjusted beam steering angles at (0. By),
aiming to optimize both near-field and far-field
isolation.

A. ANGULAR-PERTURBATION FAR-FIELD ISOLATION
IMPROVEMENT

Beamforming plays a crucial role in enhancing spatial
isolation by 1) generating directional beams that confine
radiation power towards the intended user, minimizing power
leakage into potential interference paths; 2) focusing the
Rx beams to the directions where interference radiation
is nullified, reducing the receiver’s detection sensitivity to
interference signals.

Therefore, isolation improvement in FD mMIMO systems
can be effectively achieved through beam angle perturbation
techniques [36]. Rather than aligning the Tx and Rx beams
precisely at the target angles 6p and 6y, which maximize
beam directivity, we allow for a minor variation in the
beam steering angles. This approach involves searching for
new steering angles (6p, Hy) that prioritize achieving the
highest possible isolation, albeit with a minor compromise
in directivity. For an FD mMIMO system equipped with DL
and UL RF beamformers Fp and Fy, we can formulate the
optimization problem for Tx-Rx isolation as follows

Fy (6 Hs Fp(Gp)|*

min
]
s.t. Cyp @ |éD — 9D| < é€pL,
Cy: |y — Oyl < eur, @)
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FIGURE 19. Beam MC between the sample Tx-1 x 8 and Rx-1 x 8 sub-arrays (a) without the absorber and steering at (6p, 6y), (b) without the absorber
and steering at (6p, 6y), (c) with the absorber and steering at (0p, 6y), (d) with the absorber and steering at (6p, 6y) (measured results).

where C; and C, refer to the beam angle perturbation
constraints in desired DL and UL beam directions, respec-
tively. In our experiments, a maximum DL and UL beam
angle variation within a 3dB-beamwidth range is allowed,
with a center at the desired DL and UL beam angles 6p
and Oy . The constraints indicate a maximum 3 dB directivity
degradation. The proposed 1 x 8 sub-arrays have an average
3dB-beamwidth around 16°. Therefore, €p; = €y = 8°.
When an exhaustive search scheme is used in finding the
(6p, Oy), the computational complexity and the number
of measurement iterations increase with the resolution of
the searching angle steps (A@). Therefore, to mitigate the
complexity involved in angle searching, our experiments
adopt a large search step of 2°, i.e., 6p € {6p — 8 : 2°:
6p + 8°} and Oy € {0y — 8° : 2° : Oy + 8°).

1) EXPERIMENTAL MEASUREMENTS

In comparing beam-level MC as shown in Fig. 19 (a) and
Fig. 19 (b), it can be observed that implementing beam
angle perturbations for Tx/Rx can effectively lower (improve)
the beam MC by 10.5 dB, reducing the average MC level
from —66.5 dB to —77.0 dB. The effectiveness of this
isolation enhancement, however, is notably influenced by the
directional orientation of the Tx and Rx beams. For instance,
when Tx and Rx beams are oriented towards each other (i.e.,
fp > 0° and Oy < 0°), an average isolation improvement of
13.9 dB, with a maximum of 25.6 dB, can be observed. The
strong interaction between the Tx and Rx beams results in the
high effectiveness of the approach when there is a change in
the mainlobe direction.

On the other hand, as demonstrated in the lower left
quadrant of Fig. 19 (b), the performance of the beamforming
isolation is limited when 6p < 0° and 8y > 0°. An average
MC of —66.0 dB and the highest (worst) MC of —58.8 dB
can be observed. This scenario only allows for a marginal
isolation improvement of 4.2 dB through far-field beam
angle perturbation. Such constraints are primarily attributed
to reduced Tx/Rx beam interaction and the dominance of
near-field coupling waves, due to the Tx and Rx beams’
main lobes directing away from each other. Consequently,
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effectively mitigating near-field SI components is essential
for enhancing overall beam-level isolation in the FD systems.

B. METAMATERIAL ABSORBER NEAR-FIELD ISOLATION
IMPROVEMENT

When comparing the beam-level isolation shown in
Fig. 19 (a) and (c), the introduction of the metamaterial
absorber structure results in a notable isolation improvement
of 9.6 dB, reducing the average MC from —66.5 dB to
—76.1 dB. Additionally, the orientation of the Tx and Rx
beams which control the far-field beam interaction still
impacts the effectiveness of this improvement. When the Tx
and Rx beams are steered away from each other (i.e., 6p < 0°
and 8y > 0°), a more considerable isolation enhancement
can be observed with an average isolation improvement of
17.5 dB and the maximum enhancement reaching up to
28.9 dB in the tested cases. An average beam MC of —79.4 dB
can be achieved.

Furthermore, as the Tx beams are steered towards the
Rx sub-array, i.e., when (6p, Oy) pair moves towards the
right half of Fig. 19 (c), the level of isolation improvement
decreases. In beam pairs that 6p > 0° and Oy < 0°,
an average MC of —71.3 dB is observed, which is 8.1 dB
higher (worse) than the case when 6p < 0° and 6y > 0°.
This reduction in isolation performance is mainly attributed
to the stronger interaction between the far-field components
of the Tx and Rx beams, where far-field coupling becomes
increasingly dominant in the total SI.

C. COMBINED NEAR-FIELD AND FAR-FIELD ISOLATION

IMPROVEMENT

From the experimental results in Fig. 19 (b) and Fig. 19 (c),

following observations can be made

o The Angular-Based Beamforming Isolation Technique,

primarily aimed at mitigating far-field coupling, demon-
strates its effectiveness in scenarios characterized by
strong interactions between the Tx and Rx beams. How-
ever, its performance tends to be limited in situations
where the interaction between Tx and Rx beams is
weak. In such cases, the near-field coupling component
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becomes the dominant factor, thus constraining the
overall isolation performance.

o The Metamaterial Absorber Technique can effectively
mitigate the near-field coupling. At the same time,
it is important to note that in scenarios where far-field
coupling is dominant, additional isolation techniques are
important to enhance the overall isolation performance.

As aresult, combining these two techniques could potentially
yield high isolation performance and eliminate the limitations
of both methods in FD communications. The corresponding
experimental results are depicted in Fig. 19 (d). Across
49 tested cases, an average Tx-Rx beam-level MC of
—90.8 dB can be achieved, indicating an average improve-
ment of 24.2 dB compared to scenarios without the absorber
and beam-angle optimization. The highest recorded isolation
level is 104.4 dB. All 49 beam pairs achieve a beam isolation
level better than 70.8 dB.

Moreover, among the 49 Tx-Rx beam pairs, except for
5 cases, all others show an MC better (lower) than —80 dB.
Notably, more than half of the tested cases (26 out of
49) achieve a beam MC lower than —90 dB. When there
is no absorber and the beam angle-perturbation isolation
technique, only two Tx/Rx beam pairs reach the MC level
lower (better) than —80 dB, and 39 angle pairs (or 80% of
the measured beam pairs) exhibit an MC worse (higher) than
—70 dB, as shown in Fig. 19 (a)).

Additionally, the beam-level isolation diminishes as the 6p
becomes larger, i.e., the Tx beam steering more towards the
Rx sub-array. Further far-field isolation can be achieved by
either decreasing angular-perturbation step A6 or implement-
ing arbitrary beamforming nulling techniques in these beam
pairs.

VI. CONCLUSION

This paper presents our design and study of a metamaterial
absorber structure for FD mMIMO Tx-Rx antenna isolation
improvement. The design processes of the absorber unit
element, absorber placement, and influence on the beam-
forming radiation patterns are investigated. Working with
our 8 x 8Tx/8 x 8Rx FD mMIMO antenna array prototype,
an average Tx-Rx antenna element mutual coupling level of
—65.4 dB is achieved between the closest Tx-Rx element
pairs, which shows an improvement of 17.5 dB isolation by
adding the absorber. [llustrative results using Tx/Rx 1 x 8 sub-
arrays indicate an average 18.6 dB isolation improvement
in near-field dominant SI scenarios. Experimental investiga-
tions on the correlation between the near-field and far-field
dominant SI scenarios and the downlink and uplink beam
directions are conducted. The critical role of the absorber
structure in managing near-field self-interference, thereby
ensuring the efficacy of the overall beamforming isolation
performance, is demonstrated. Combined with a simple
angular perturbation beam isolation technique, an average
Tx-Rx beam-level isolation of 90.8 dB with a maximum
beam isolation level of 104.4 dB can be achieved within a
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Tx/Rx steering range —48° to 48° with 20 MHz modulated
signals.
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