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Abstract—This study introduces a tetra-plexing antenna con-
cept supporting dual-broadband and dual-polarization at 28 and
39 GHz, designed to address prevalent challenges in advanced
5G and 6G communications. Employing a novel tapered multi-
slot load (TMSL) and shorting vias, this antenna design not
only enhances bandwidth and cross-polarization discrimination
(XPD) but also supports the entire mmWave frequency range
from n257 to n261. Each radiator accesses a single element,
enabling four independent channel paths within one antenna
structure. The innovative use of the segmented loop isolator
significantly reduces mutual coupling, allowing for effective tetra-
plexing. Subsequently, a scalable 1x4 array configuration is
introduced, which extends beam steering capabilities up to +55°
at 28 GHz and up to +-38° at 39 GHz, facilitating wide application
adaptability. Performance evaluations reveal that simulations
show bandwidths of 39.42 % and 19.5 % for 28 GHz and 39
GHz, respectively, while measurements indicate 42.2 % and 28.9
% . XPD improvements are noted above 7 dB and 15 dB at peak
levels for 28 GHz and 39 GHz, respectively, with maximum XPD
values reaching 23 dB in the LB and 18 dB in the HB. Peak gains
are measured at 10.9 dBi and 11.52 dBi in simulations, and 11.27
dBi and 11.8 dBi in measurements for 28 GHz and 39 GHz. By
implementing passive branching of signals at the antenna level,
the design reduces the load on active circuitry, enhancing overall
system performance and positioning the technology as a viable
solution for diverse wireless communication applications.

Index Terms—Tetra-plexing, dual-broadband, dual-polarized,
millimeter-Wave, scalable, Antenna-in-Package (AiP).

I. INTRODUCTION

HE millimeter-wave (mmWave) band is recognized for its

extensive bandwidth and has emerged as a vital frequency
spectrum for advanced 5G and 6G wireless communication
systems, fostering substantial technological innovations [1],
[2], [3], [4], [5], [6]. The increasing requirements from sectors
such as IoT, AR, Al, and autonomous driving necessitate the
capacity for real-time data processing, which has heightened
interest in mmWave technology, especially due to its low
latency [7], [8] [9]. However, the growing data traffic escalates
hardware requirements and reduces the space available for
front-end modules. In mobile communication antenna design,
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it remains a challenge to maintain a low profile and small form
factor while preserving performance within the constraints of
the fabrication process [10], [11]. Techniques like antenna-
in-package (AiP) and antenna-in-display (AiD) have been
explored to address these challenges [12], [13], [14], [15].
AiP is particularly notable for effectively integrating antennas
with mmWave modules by compactly packaging them with
active circuitry, which enhances connectivity and system per-
formance by minimizing interconnection losses through multi-
layer structures and flip-chip bonding [16].

From the perspective of mmWave bands and integrated
wireless communication modules, antennas should meet sev-
eral critical requirements:

The first key aspect is dual-band operation and broad-
band capability. According to 3GPP standards, the primary
mmWave frequency bands include 24.25-29.5 GHz (n257,
n258, and n261) and 37-43.5 GHz (n259 and n260) [17].
Supporting dual-band operation is crucial, and achieving
broadband performance is necessary to effectively function
across various frequency bands using a single hardware setup.
Previous studies have explored dual-band and broadband ca-
pabilities using various configurations such as stacked patches,
extra parasitic strips, grid patches, hybrid dielectric resonator
antennas, and paired ring patches [18], [19], [20], [21], [22].
However, [18] does not support dual bands. [20] and [22]
encounter challenges in integrated packaging due to their high
profile and complex feed structure, while [21] has difficulties
in ensuring manufacturability. Additionally, there is a general
need for wider bandwidth.

Furthermore, integrating dual-polarization is vital in AiP
modules within wireless communication systems to counteract
multipath fading and enhance channel capacity [23], [24], [25].
Employing dual slant polarization instead of traditional verti-
cal polarization improves polarization diversity and structural
symmetry. This adjustment significantly reduces issues such as
coupling between adjacent antenna elements and disparities in
radiation patterns [2]. Moreover, each element must achieve
sufficient cross-polarization discrimination (XPD) [26], [27],
[28], [29], which should be realized through a straightforward
design to maintain compatibility with RFICs. However, ensur-
ing stable XPD performance remains fundamentally challeng-
ing in wideband and structurally dense AiP configurations,
where tight spatial constraints inherently limit polarization
purity. This difficulty becomes even more pronounced in dual-
broadband millimeter-wave applications, where maintaining
sufficient XPD and achieving wideband operation simultane-
ously presents significant design challenges. Therefore, it is
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essential to develop a design approach that addresses these
limitations while preserving the compactness necessary for
package-level integration.

From the perspective of integrated package design with ac-
tive circuitry, signal multiplexability is a critical consideration.
Most current dual-band AiPs route signals from both bands
through a single port to the RFIC, inevitably necessitating
active elements for signal branching. This configuration leads
to signal loss and increases the overall load on the communi-
cation module [30], [31], [32]. Therefore, implementing pre-
branching of signals at the antenna level, a passive component,
can significantly enhance overall system performance. Studies
[33], [34], [35], [36] have shown examples of achieving dual-
band port separation using shared aperture and self-diplexing
schemes. In [34], Ku/Ka band radiators and Ka band radiators,
along with ports, are separated by inter-antenna spacing to
branching the signals for each band. In [33], [35], [36] a
single radiator is equipped with two ports for different bands
to separate the signal paths. However, these designs present
the following challenges. First, when separate radiators do
not share the same aperture, spatial utilization efficiency is
low, limiting performance optimization. Second, in designs
like self-diplexing, where the same radiator is used with ports
separated by frequency band, supporting dual polarization
becomes challenging, and the structural characteristics limit
both configuration and performance.

Tetra-plexing addresses these challenges by separating the
radiators for each frequency band and supporting them with
four independent ports. This configuration enables passive pre-
branching of signals, which reduces the reliance on active
elements and improves overall system performance. In light of
these advantages, this study introduces a tetra-plexing antenna
concept that supports dual-broadband and dual-polarization
at 28 and 39 GHz. By placing the radiators for both the
low band (LB) and high band (HB) within the same ele-
ment, spatial utilization efficiency is significantly improved,
while maintaining four independent signal paths for optimized
performance. These antenna cells are then arranged into a
1x4 array configuration. This work distinguishes itself from
existing research with the following innovative features:

1) Tetra-plexing significantly improves spatial utilization
efficiency by enabling more efficient and compact con-
figurations. This approach also facilitates independent
design and optimization for each frequency band, en-
suring that radiators from different bands do not signifi-
cantly interfere with each other. By allowing each band
to operate independently, the design achieves greater
flexibility in configuring the antenna system to meet
specific performance requirements. As a result, design
flexibility is enhanced, enabling more versatile and
adaptable solutions for both LB and HB.

2) The improved spatial utilization and increased design
flexibility enable the implementation of advanced com-
ponents such as the tapered multi-slot load (TMSL) and
shorting via. These components provide an electrical ref-
erence and generate multiple resonance modes, signifi-
cantly improving both broadband and XPD performance.
The inclusion of a Reactive Impedance Surface (RIS)
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Fig. 1. Geometry of the proposed antenna element. Yellow, orange, and gray
indicate conductors, and light green represents dielectric materials.

further ensures effective impedance matching, allowing
the antenna to support dual-band operation and cover
the full mmWave frequency range from n257 to n261.

3) The segment loop isolator significantly reduces mu-
tual coupling caused by the close proximity of the
radiators, ensuring electrical isolation and maintaining
performance integrity.

4) The structure also offers symmetry and flexibility in
array configuration. It is scalable, allowing for adap-
tation to various configurations beyond a 1x4 array,
thereby extending scanning range and improving overall
performance.

This work includes the benefits of a simple, compact design
with high design flexibility and manufacturability, ensuring
high AiP compatibility. Additionally, the wideband response
and passive branching through tetra-plexing reduce the load
on active circuitry, contributing to overall communication
system performance enhancement and promising applications
in various fields. This research represents the first attempt
to implement such a design in the 28/39 GHz bands, under-
scoring its innovation and potential impact on future wireless
communication systems.

In Section II, the proposed tetra-plexing antenna’s PCB
configuration and its individual components for each band
are introduced. Section III analyzes the operational principles
behind the proposed structure’s broadband response and XPD
performance. In Section IV, the process of minimizing mu-
tual coupling for successful tetra-plexing is analyzed through
derivation processes. Section V evaluates the comprehensive
performance of the proposed antenna elements, while Sec-
tion VI provides detailed descriptions of the antenna array
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Fig. 2. Top views for each layer with detailed values of structures. (a) Layer
1. (b) Layer 2. (c) Layers 3 to 6 (excluding RIS). (d) Layer 10. (Unit: mm)

configuration and measurement results, comparing these with
previous research to analyze performance. Finally, Section VII
summarizes the paper and consolidates the main findings.

II. ANTENNA ELEMENT CONFIGURATION
A. Overall Structure

In this section, the detailed and overall structure of the
proposed antenna element will be presented. The configuration
of the proposed antenna element is illustrated in Fig. 1. The
antenna consists of 10 metal layers (L1-L10). Layers L1-L6
include the radiators and antenna ground, while layers L7-L10
form the feeding network, including vertical transitions. The
low-band (LB) antenna is located on L1, featuring a square
loop patch and tapered multi-slot load (TMSL). A segment
loop isolator separates the LB and high-band (HB) antennas
in the center. The HB antenna, with a rectangular patch shape,
is located on L2. To perform impedance matching, Reactive
Impedance Surface (RIS) is placed parallel to the HB patch,
extending to L5. A metallic via fence runs from L5 to L6
to prevent coupling and field leakage between antenna cells
in the core layer. A loop on L5 covers and separates each
antenna cell. Layers L6-L9 contain a metal plate with an
anti-pad for the feeding section, and L10 features a Coplanar
Waveguide with Ground (GCPW) connected via feeder for
signal transmission, forming a vertical transition. Each radiator
is slant polarized at a £45°, with two ports per band for
dual polarization operation. As shown in Fig. 3, vias running
from LI to L10 drive the LB antenna. The HB antenna is
fed by vias extending to the layer just below the radiators,
with L-shaped probes applied. Additionally, shorting vias are
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Fig. 3. Antenna stack-up information for a 10-layer PCB process.
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Fig. 4. Sequential representation of proposed antenna to illustrate each
structure’s role. (a) Type-A. (b) Type-B with TMSL. (c) Proposed model with
both TMSL and RIS.

introduced opposite the feeding vias, connecting the radiators
to the antenna ground on L6, forming the electrical reference,
with further details provided later.

The main parameters of each structure are shown in Fig. 2.
The antenna cell has overall dimensions of 5.3 x 5.3 X
1.494 mm3, including the metal thickness. It is designed and
fabricated using PCB manufacturing processes. The core is
located at the center, and each copper layer is connected
through prepreg (PPG) to form a total of 9 substrate layers.
The core and PPG have thicknesses of 800 yum and 60 pm,
with core copper and PPG copper having thicknesses of 35
pm and 18 pm, respectively. The antenna was fabricated using
the DS7409HG-KN substrate manufactured by DOOSAN. The
relative dielectric permittivity (e,) of the core and PPG is 3.4
and 3.26, with loss tangents of 0.004 and 0.0053. The vertical
transition for feeding each antenna consists of a signal via at
the center, surrounded by several ground vias. In layers L6
to L10, an anti-pad is applied between the pad barrel and the
plate to form a coaxial signal path. For these metallic vias,
the core substrate uses through-hole vias with a diameter of
150 pm and capture pads with a diameter of 300 pym on the
top and bottom. For the PPG, cone-shaped microvias are used,
with a diameter of 100 ym and capture pads with a diameter
of 240 pm.

B. Performance Enhancement in Dual-Band Operation

The proposed structure is designed for dual-broadband
operation as follows. A square loop patch supports the low
band (LB), while a separate square patch antenna supports
the high band (HB). However, the single resonance mode in
the LB does not provide sufficient bandwidth. To address this,
a tapered multi-slot load (TMSL) is newly introduced. This
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Fig. 5. Simulated reflection coefficients for Type-A, Type-B, and the proposed
structure. The results are identical for each polarization. (a) LB (S11 = X’-
pol., S22 = Y’-pol.). (b) HB (S33 = X’-pol., S44 = Y’-pol.).

structure induces a new resonance and has a tapered shape
on both sides exponentially, with a constant gap, as depicted
in Fig. 1, symmetrically placed near the LB loop patch. For
comparison, Fig. 4(a) shows the top view of the initial model
without the TMSL, and Fig. 4(b) shows the top view of the
model with the TMSL. Finally, to achieve additional band-
width and impedance matching, the proposed structure with
a reactive impedance surface (RIS) is depicted in Fig. 4(c).
Fig. 5 shows the simulated reflection coefficient results for
the three cases mentioned above. Fig. 5(a) and Fig. 5(b)
depict the reflection coefficients S11 and S33 for the LB and
HB, respectively, with each S11 and S33 related to the X'-
polarization (¢ = -45°). Since the antenna is symmetrically
structured, the Y’-polarization (¢ = 45°) components, S22 and
S44, exhibit identical responses at each frequency. For the LB,
the initial model shows a single resonance at the center due to
the loop patch antenna, with a reflection coefficient below -10
dB (S11 < -10 dB). When the TMSL is introduced, as shown
in Fig. 4(b), two resonances occur in the LB, and the blue
solid line shows a bandwidth response that is twice as wide
as the red solid line. Additionally, the black solid line clearly
demonstrates the effectiveness of the proposed structure. Due
to the RIS located on each metal layer of the antenna section,
the resonance centers near 25 GHz and 29 GHz are more
pronounced, resulting in significantly improved reflection co-
efficient responses across the entire band. In the case of the
HB reflection coefficient S33 depicted in Fig. 5(b), the initial
model shows resonance due to the square patch located at
L2, represented by the red dashed line. The addition of the
TMSL has a minimal effect, as shown by the blue dashed line.
Similarly, for the HB, the RIS performs effective impedance
matching, resulting in improved bandwidth performance, as
shown by the black dashed line. These results demonstrate that
the newly introduced TMSL effectively achieves a wideband
response. Additionally, the minimal impact on the separate
bands proves the improved design flexibility. The RIS provides
additional matching parameters for both bands, facilitating
optimal bandwidth performance.

III. THE PRINCIPLE OF MULTI-MODE RESPONSE
A. Electrical Reference due to Shorting Via

In the proposed structure, the resonance modes of each band
are independent yet designed to exhibit identical radiation

\hrtyal
| ‘ N GND...
* O "’.. .
N | * . 4

. Oon "+ Shori".

Short | Virtual
. a
73 i Ground = High

e

:

1/4A

EY’-pIaneT

©

Fig. 6. E-field distribution of (a) a typical loop-shaped antenna and (b)
the proposed antenna with the shorting via, including the electrical state. (c)
Cross-sectional view showing the electrical state and impedance.

Short

patterns. This section analyzes how the structure achieves
successful dual-broadband operation and enhanced cross-
polarization discrimination (XPD), leading to high antenna
performance.

First and foremost, to ensure efficient coverage, optimal
gain, and enhanced antenna capability, the proposed design
is made equivalent to a cavity model with open-short-open
electrical states and excites the 7'My mode and quasi-T M3
mode. Consequently, this ensures a broadside radiation pattern
across the entire operating band. Furthermore, by position-
ing each mode in adjacent frequency bands and eliminating
unnecessary modes, the design achieves not only broadband
operation but also maintains the gain bandwidth to meet
performance requirements. These aspects are detailed in the
subsequent section.

The proposed structure uses a loop-shaped LB antenna
to prevent interference with the radiation pattern in other
frequency bands. However, this design requires certain im-
provements. Fig. 6(a) illustrates a typical loop-shaped antenna
and its E-field distribution. The antenna is partially asym-
metrical, with the field path formed along the loop due to
its open-center structure, making it sensitive to asymmetry.
This makes it difficult to establish an electrical reference at
the center, resulting in an unbalanced and asymmetrical field
distribution. These factors lead to distorted radiation patterns,
shifted resonant frequencies, and significant negative impacts
on XPD.

To address these issues, shorting vias are introduced to
establish a clear electrical reference. Fig. 6(b) depicts the
setup, with the feed via (X’-pol) highlighted in orange and the
shorting via in gray. The reference begins from the antenna
ground on the sixth layer. The gray point is separated from
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Fig. 7. Simulation comparison of S-parameters for the proposed structure with
and without shorting vias. (a) Reflection coefficient (S11). (b) Polarization
isolation (S21). (c) XPD for the LB. (d) XPD for the HB with and without
HB shorting vias.

this ground by a quarter-wavelength, resulting in an open
state. Similarly, the center points of the loop’s sides that are
a quarter-wavelength away from the gray point are in a short
state, and the feed point, being a quarter-wavelength away
from the short point, is in an open state. This arrangement
creates a clear reference and an electrically symmetrical
structure, with virtual grounds forming at the centers of the
shorted sides, as indicated by the electrical state and E-field
distribution in Fig. 6(b). Consequently, the E-field distribution
is also symmetrical.

Fig. 6(c) provides a cross-sectional view showing the vir-
tual ground, electrical state, and impedance. It is here that
the shorting vias are described as approximately a quarter-
wavelength long. The center of the side with the shorting
via is electrically connected to the shorted ground and, being
separated by the height of the shorting via, has a very high
impedance Zp,, resembling an open state. Consequently, the
centers of the sides parallel to the polarization direction are
electrically separated by a quarter-wavelength from this high
Z1, and are in a short state Zg. The side opposite the shorting
via is also in an open state. The cross-section reveals the
E-field distribution within the structure. Starting from the
shorting via, the grounded side consistently shows field zero,
while the upper part displays field maxima, indicating it is in
an open state. The center of the cross-section forms a clear
virtual ground with field zero centered on the Y’-plane. The
feed via side shows field maxima, indicating an open state
with a phase opposite to the other side.

Fig. 8 further corroborates these findings. Starting from the
field maxima, a perfectly symmetrical half-wavelength mode
resonance with a uniform field distribution and field zero at
the center is observed.

The virtual ground formed by the shorting via provides
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Fig. 8. E-field distribution for LB resonances. (a) 24.5 GHz (T'M¢) and (b)
30.5 GHz (quasi-T'M3s0).

high isolation between polarizations and significantly improves
XPD. This is because the other feed via for dual-polarization
operation is positioned at the field zero point for orthog-
onal polarization components [37], [38], [39]. Additionally,
unintended resonances can be eliminated through the vir-
tual ground [40]. Moreover, this scheme allows for dual-
polarization by applying the identical scheme to the orthogonal
polarization without interference. The shorting vias are also
applied to the HB port.

Fig. 7 illustrates the improved reflection coefficients, X'-
Y’ port isolation, and XPD performance. In Fig. 7(a), the
reflection coefficient performance is shown with two dominant
mode resonances below -10 dB. An unstable mode around
22 GHz, initially out-of-band, has been brought into the in-
band range, and an unintended mode at higher frequencies is
successfully eliminated. Fig. 7(b) indicates that the isolation
has improved from 10.3 dB to over 23 dB in the maximum
improvement region. The XPD has also significantly improved,
with a minimum enhancement of 7 dB for LB and an improve-
ment ranging from 7 dB to over 16 dB for HB. These results
validate the performance of the proposed structure.

The impedance matching of the feed via is performed
as follows: the feed via is connected to the bottom layer,
providing inductance, while the anti-pad between the via
pad and the metal plate has its own capacitance. Impedance
matching is achieved by adjusting the diameter R, of the anti-
pad [16].

B. T'Myy Mode and Quasi-T Msq Mode

Fig. 8 shows the E-field distribution of the main resonance
modes of the LB. At 24.5 GHz, Fig. 8(a) displays a symmetric
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field distributed along the loop boundary, exciting the T M
mode with two maximum fields along the cavity. This field
path forms a half-wavelength resonance around the loop.

Typically, placing higher-order modes in adjacent bands re-
quires much longer electrical lengths compared to fundamental
modes. Achieving this with a single resonator configuration
is difficult, and combining two modes presents additional
challenges. The TMSL provides additional effective electrical
paths and greater design flexibility, making it an optimal
solution.

Fig. 8(b) shows the quasi-T'M3; mode excited using the
TMSL. This mode also has a field zero at the center due to
the virtual ground, with six symmetrical E-field maxima. The
field maxima in the TMSL are coupled out-of-phase from the
adjacent loop edges and form field paths along the TMSL’s
edges and slots, resulting in the excitation of the quasi-7 M3,
mode.

Fig. 9(a) shows the reflection coefficients based on the
number of slots in the TMSL. As the number of slots increases,
the resonance frequency of the quasi-7' M3y mode shifts to
a lower frequency. This indicates that the slots create an
effective electrical path and contribute to the mode operation.
Additionally, it suggests that adjusting the number of slots
allows for the synthesis of different modes.

To achieve the optimal effective electrical length, an expo-
nential tapered shape was chosen. This shape allows for the
adjustment of the slopes on both sides, which can be viewed
as the order of the exponential function, to set the optimal
weight for each slot and achieve the desired characteristics.
This design is based on the field property that slots closer
to the center contribute more to the mode, while outer slots
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Fig. 11. Simulation results of HB reflection coefficients (S33) with variations
in each parameter: (a) HB square patch size (Lj) and (b) L-probe stub length
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have less influence. The exponential function has a steeper
gradient near the reference axis and a decreasing gradient
as it moves away, allowing the structure to provide optimal
conditions through these gradient changes. Additionally, based
on the derived weights, the depth of both sides can be adjusted
to ensure parameter changes occur with appropriate resolution.
This depth can be viewed as the coefficient of the exponential
function, making optimization easier.

The structure was designed to follow the exponential func-
tion curve, and Fig. 9(b) shows the reflection coefficient plot-
ted against the total slot length, L., for each TMSL. As the
gradient becomes steeper, L;,; decreases, and as the gradient
becomes shallower, L;,; increases. This change in effective
electrical length results in a shift in the quasi-T' Msg mode’s
resonance frequency. Laborious and extensive parameter stud-
ies were conducted to achieve optimal weight distribution.
Simulation results confirmed that as L;,; decreases, the mode
shifts to higher frequencies.

C. High Band Response

An indirect feeding method using an L-shaped probe is
adopted for the HB antenna feed. Coupling to the square patch
occurs through a stub located at the top of the via, and the
coupling coefficient can be adjusted by modifying the stub
length. Additionally, a shorting via is placed opposite each L-
shaped probe. Fig. 10 shows the E-field distribution of the HB
antenna. These modes appear to result from the interactions
between the patch and monopole [16]. Fig. 11 illustrates the
reflection coefficients for different square patch sizes and stub
lengths.
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(d) without isolator, (e) unsegmented loop, and (f) proposed structure.

D. Reactive Impedance Surface (RIS)

To achieve additional design flexibility and impedance
matching, a Reactive Impedance Surface (RIS) was intro-
duced. Identical structures were installed from layers 2 to 5,
enhancing performance and ensuring high manufacturability
by maintaining the required copper ratio for the PCB man-
ufacturing process [2]. The RIS consists of square periodic
structures of the same size, arranged parallel to the radiating
element. These structures have inter-period and inter-layer
capacitances, represented as effective capacitance C,.. Addi-
tionally, the capacitance between the radiating element and
RIS (C}) and between RIS and the ground (C,) are considered.
Since these capacitances are dominant, other smaller values
can be ignored. As the field propagates along the z-axis, it
can be modeled using a transmission line model. Matching
can be achieved by adjusting the size and spacing of the
periodic structure cells. Fig. 12 shows the reflection coefficient
variations with changes in cell size, while the spacing between
each RIS cell remains constant.

IV. MUTUAL COUPLING REDUCTION FOR
TETRA-PLEXING

In structurally dense antenna systems, such as millimeter-
wave AiP implementations, radiating elements are closely
packed within a compact aperture, making mutual coupling
a significant concern. This issue is further amplified in dual-
band configurations, where radiators for different frequencies

coexist. In such cases, inter-band coupling can lead to sig-
nal leakage between ports, degrading antenna efficiency and
overall system performance—especially in millimeter-wave
applications where high efficiency is essential.

To address this issue, the proposed design incorporates
a segment loop isolator that mitigates inter-band coupling
through a balancing effect. This section verifies its effective-
ness by comparing three design configurations for the LB
and HB cases, respectively, and presenting field analysis to
clarify the underlying suppression mechanism. The observed
improvements in isolation between the LB and HB ports are
then evaluated in relation to antenna efficiency, providing
further insight into the practical implications of enhanced
inter-band isolation.

First, Fig. 13(a) presents the case without a segment loop
isolator and the associated surface current distribution for the
LB configuration. In this case, the close physical proximity
of the radiators leads to direct mutual coupling. As a result,
the surface current flowing along the LB loop induces a strong
inverted-phase surface current in the central rectangular patch,
significantly degrading inter-band isolation.

Next, Fig. 13(b) introduces an unsegmented loop on layer
1 as an intermediate model for mechanism analysis. This loop
is tilted 45° relative to the other radiator. Mutual coupling
induces a current in the central loop with an opposite phase to
that of the LB radiator. However, a strong surface current is
still observed in the HB patch, indicating that the inter-band
coupling problem remains unresolved in this configuration.
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Fig. 14. (a), (b) Simulated port isolation between LB and HB for the

configurations shown in Fig. 13(a), (c¢) and Fig. 13(d), (f), respectively. (c),
(d) Corresponding antenna efficiencies with and without the segment loop
isolator for LB and HB.

To resolve this issue, the segment loop isolator is introduced,
as shown in Fig. 13(c). The continuous loop is divided into
four segments with open edges. In this configuration, the
in-phase current from the LB radiator enters the segment
loop through the slot, while the loop current remains out of
phase with the LB resonance. These two currents interact and
cancel each other due to their phase opposition, effectively
suppressing the current coupled into the HB patch. This
balancing effect enables significant improvement in inter-band
isolation.

To evaluate whether the same mechanism is observed in
the HB case, Fig. 13(d)—(f) present the corresponding surface
current distributions. Fig. 13(d) shows the baseline configura-
tion without a loop structure when the HB radiator is active.
As observed, strong mutual coupling occurs due to the close
proximity between radiators, inducing a surface current in the
LB radiator and degrading inter-band isolation.

In Fig. 13(e), which shows the unsegmented loop configu-
ration, mutual coupling induces a current in the central loop
with an opposite phase to that of the HB resonance. However,
surface current still remains in the LB radiator.

In Fig. 13(f), the segmented loop isolator is applied in the
HB case. The in-phase current from the HB radiator enters
the segment loop, while the loop current remains out of phase
with the HB resonance. Due to this phase opposition, the
two currents cancel each other out, and surface current is
effectively suppressed in the LB radiator. This confirms that
the same balancing effect observed in the LB case also applies
in the HB case, enabling effective bidirectional isolation.

Fig. 14(a) and Fig. 14(b) compare the isolation between the
LB and HB ports for the cases analyzed in Fig. 13(a), (c) and
Fig. 13(d), (f), respectively. These results demonstrate that the
introduction of the segment loop isolator effectively suppresses

mutual coupling. Notably, the isolation level remains above
15 dB across the entire operating bandwidth, confirming the
effectiveness of the proposed structure in maintaining clear
separation between frequency bands.

Fig. 14(c) and Fig. 14(d) further present the corresponding
antenna efficiencies for the LB and HB cases, with and without
the segment loop isolator. The results indicate that mitigating
inter-band coupling leads to a measurable improvement in
radiation efficiency, with in-band values increasing by 0.1 to
over 0.2. When the isolator is applied, the antenna achieves
consistently high efficiency in the range of 0.9 to 0.95 across
both bands.

These improvements confirm the practical advantages of
the proposed approach, enabling four fully independent signal
paths through enhanced isolation and efficient dual-band,
dual-polarized operation—thereby validating the feasibility of
stable tetra-plexing functionality in compact millimeter-wave
AiP environments.

V. ANTENNA CELL PERFORMANCES

The final S-parameter characteristics of the proposed an-
tenna cell are shown in Fig. 15(a) and (b). For the LB band,
the reflection coefficient is below -10 dB from 22 GHz to
32 GHz, and for the HB band, it is from 36 GHz to 44.8
GHz. The isolation between X’-Y’ pol. and between the bands
is also presented, with inter-band port isolation exceeding 15
dB across the entire operational bandwidth. Fig. 15(c) to (f)
display the radiation patterns for each band, including the Co-
pol. and X-pol. at 25 GHz, 30 GHz, 39 GHz, and 43 GHz.
The peak gains for each frequency band are 5.89 dBi, 5.34
dBi, 5.21 dBi, and 4.9 dBi, respectively. As explained in the
previous section, a broadside pattern is observed across the
entire frequency range. The cross-polarization performance,
as summarized in Fig. 7, is significantly improved and note-
worthy. Furthermore, antenna efficiency has been evaluated
to provide a more comprehensive assessment of the proposed
design. The results in Fig. 15(g) and (h) show consistently
high efficiency levels of approximately 0.9-0.95 across the
operational bandwidths for both the LB and HB bands.

VI. ANTENNA ARRAY AND MEASUREMENT RESULTS
A. Fabrication and Measurement

The proposed antenna is configured in a 1x4 linear array
for coverage through beam steering, aligned along the y-
axis. The spacing between each cell is 0.44 )y at the center
frequency of the LB, with a total length of 21.1 mm. Addi-
tionally, connectors are attached to the GCPW of the bottom
layer for antenna feeding. While additional substrate area is
needed for the connectors, this has minimal impact on antenna
performance. Fig. 16(a) and (b) show the array antenna
constructed to evaluate the proposed structure’s performance.
The S-parameters and radiation patterns are measured inside
an anechoic chamber, as shown in Fig. 16(c).

Fig. 17 presents the simulated and measured S-parameter
results of the array antenna. Due to the antenna’s symmetrical
structure, both polarizations exhibit the same characteristics,
so the results are shown based on X’'-pol. For reflection
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Fig. 15. Simulated comprehensive S-parameter results for the proposed

antenna element: (a) S-parameters at LB, (b) S-parameters at HB and total
normalized radiation patterns at (c) 25 GHz, (d) 30 GHz, (e) 39 GHz and (f)
43 GHz; and corresponding radiation efficiencies for (g) LB and (h) HB.

coefficients below -10 dB, the simulation results show a
bandwidth of 22 GHz — 32.8 GHz for the LB and 37 GHz — 45
GHz for the HB. The measured results show 21.5 GHz — 33
GHz for the LB and 35 GHz — 46.8 GHz for the HB. Fig. 17(c)
and (d) display the isolation results between ports, specifically
between the first cell and its adjacent cell. The port numbers
follow the previously indicated order. The achieved isolation
demonstrates sufficient performance within the bandwidth,
with inter-band isolation within each antenna cell showing at
least 15 dB. These results indicate that the proposed structure
successfully achieves inter-band port isolation and wideband
performance.

The radiation patterns for each frequency band are shown

Fig. 16. Fabricated 1x4 array antenna. (a) Top view. (b) Bottom view and
(c) measurement setup in anechoic chamber.

in Fig. 18. Each band consists of two main resonances, and
the patterns are plotted accordingly. Fig. 18(a) and (b) show
the normalized radiation patterns for 25 GHz and 30 GHz,
while Fig. 18(b) and (d) display the patterns for 39 GHz and
43 GHz. The maximum gain for the LB is 10.7 dBi and 10.8
dBi in the simulations, and 10.74 dBi and 10.79 dBi in the
measurements. For the HB, the simulations show maximum
gains of 11.46 dBi and 10.62 dBi, while the measurements
show gains of 11.45 dBi and 11.3 dBi. The XPD for the LB
are 18.65 dB and 23 dB in the simulations, and 20.15 dB and
25 dB in the measurements. For the HB, the XPD values are
18 dB and 13.8 dB in the simulations, and 21 dB and 16.5
dB in the measurements. Fig. 19 summarizes the maximum
gain across the entire frequency band, showing that the gain
bandwidth is satisfied across all bands except for the lowest
part of each band.

The measured bandwidth and gain are slightly higher than
the simulated results, which may be attributed to structural
differences between the fabricated sample and the simulation
model. Specifically, the additional space needed for connector
attachment resulted in a larger ground and aperture area, as
seen in Fig. 16(a) and (b). In addition, minor fabrication
tolerances may have led to slight deviations from the intended
geometry, potentially improving the impedance matching.

B. Beam Steering

Fig. 20 shows the beam steering performance of the sim-
ulated and measured radiation patterns. The frequencies for
each pattern are the same as previously discussed, and the

Authorized licensed use limited to: Seoul National University. Downloaded on May 28,2025 at 04:56:19 UTC from IEEE Xplore. Restrictions apply.
© 2025 IEEE. All rights reserved, including rights for text and data mining and training of artificial intelligence and similar technologies. Personal use is permitted,

but republication/redistribution requires IEEE permission. See https://www.ieee.org/publications/rights/index.html for more information.



This article has been accepted for publication in IEEE Transactions on Antennas and Propagation. This is the author's version which has not been fully edited and
content may change prior to final publication. Citation information: DOI 10.1109/TAP.2025.3570006

IEEE TRANSACTIONS ON ANTENNAS AND PROPAGATION, VOL. X, NO. X, XXX XXX

Reflection coefficient (dB)
Reflection Coefficient (dB)

i
—s— 511 (Sim) —v— $1313 (Sim) - A -$99 (Meas) |/ —8—S33(Sim)  —v—$1515(Sim) - A -S1111 (Meas)
—e— 555 (Sim) - m - S11 (Meas) - v -$1313 (Meas)) | —o—s77(Sim) - B -533(Meas) -V -S1515 (Meas)
—A— 599 (Sim.) - ® - S55 (Meas.) W —A— 51111 (Sim.) - © =577 (Meas.)

-40 -40

22 24 26 28 30 32 35 37 39 41 43 45
Frequency (GHz) Frequency (GHz)
(@) ()
0 O (=5 sm) —0—ss3(sm) = © =523 eas) — B = 573 (eae)

—8— 521 (Sim) —#— 561 (Sim) = @ =31 (Meas) ~ b — 571 (Meas.)

=@ 531 (Sim.) ~P— 571 (Sim) = A =541 (Meas.) 581 (Meas.) =@ 523 (Sim.) ~P— 573 (Sim) = A =543 (Meas.)
e 541 (Sim.) S$81(Sim.) = W =551 (Meas,) e 543 (Sim.) $83(Sim.) = Y = $53 (Meas)
9 5(5im) = B - 512 (e — © =563 ean)

—_ —_ -10

o o

= =

c c

2 8 -

= =

& &

o o

K @

Frequency (GHz)
(© (d
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Fig. 18. Normalized radiation patterns for each frequency band, both
simulated and measured: (a) 25 GHz. (b) 30 GHz. (c) 39 GHz. (d) 43 GHz.

angles of the peak points are indicated. At 25 GHz, results
are shown for 0°, 15°, 30°, and 55°, with a 3 dB scan angle
of £55°. At 30 GHz, results are shown for 0°, 15°, 30°, and
50°, with a maximum beam steering angle of £50°. For the
HB, 39 GHz results are shown for 0°, 15°, 30°, and 38°, with
a maximum beam steering angle of +38°. At 43 GHz, results
are shown for 0°, 15°, 25°, and 30°, with a maximum beam
steering angle of +30°. Overall, there are slight discrepancies,
such as minor frequency shifts between the simulation and
measurement results, but they are generally in good agreement.
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Fig. 20. Measured and simulated beam-steering radiation patterns for each
frequency band: (a) 25 GHz, (b) 30 GHz, (c) 39 GHz and (d) 43 GHz.

C. Comparison

Table I lists previously studied 5G/6G mmWave antennas
and other array antennas. Study [18] allows for flexible array
configuration but only supports a single band and single
polarization, providing only one channel. Studies [19], [20],
[21], [22] support dual-band and dual-polarization but cannot
separate the bands, offering only two channels. Specifically,
comparing study [20] with the proposed structure, [20] has
limitations in array antenna configuration because it is not
scalable.

To achieve wide bandwidth, previous studies combined
multiple radiators or used parasitic strips. Compared to these,
the proposed antenna is notable for its innovative design
that supports the entire allocated mmWave band while de-
livering outstanding bandwidth performance and achieving
significantly higher overall performance. Studies [33], [34],
[35] used circulators or shared aperture schemes to secure four
channels but faced challenges due to structural constraints. In
comparison, the proposed structure achieves tetra-plexability
with a more flexible and compact design, is scalable, and
achieves wide bandwidth and 3 dB scan angles, among other
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TABLE 1
COMPARISON
Ref Frequency lzimer%/%‘/ion*H Configuration Polarization  Bandwidth (%) Peak Gain 3 dB Scan C}Iil lrlllr?n:?lezl\(/;ﬂl—
(GHz) AG XAg" XAG ) (Scalability) (dBi) Angle (degree) tiplexability)
[18] 26 3.84%3.84x0.22 88 Single LP 19.2 16.4 1450 1
) ) ) (Supported) g ) ) (N.A)
1x4 2
[19] 28/39 1.58%x0.36x0.093 (Supported) Dual LP 15.38/15.38 11.1/11.25 +60°/£45° (N.A)
2x2 -51°~43° 2
[20] 28/44 1.28%x1.28x0.16 (N.A) Dual LP 30.5/9.0 14.8/14.1 289 ~,30° (N.A)
21] 28/39 0.34x036x0.10 ¢ onele Dual LP 14.11/12.56 6.8/6.4 £50°/440° 2
X UI0X0I0 T (supported) ua AU -0/0. (N.A)
2x2 2
[22] 28/39 0.86x0.86x0.16 (Supported) Dual LP 19.5/7.8 7.0/10.0 N.A (N.A)
[35] 7.5/8.1 2.5%2.5%0.073 x4 Dual CP 5/6.2 14.5/15 N.A 2
e DX 20X, (N.A) ua : : : (Supported)
2x4 . 2
[33] 3.5/26 3.17x2.75x0.003 (N.A) Single LP 11.7/11.9 5/12.9 +25° (Supported)
[34] 14/28 1.47%x0.47x0.1 X315 Dual LP 7.512 10.1/12.1 +43°/445° 4
) ) ) ’ N.A) ) : ) (Supported)
+55°7£50°
. 1x4 42.2/28.9 11.27/11.8 (25/30 GHz) 4
This work 28/39 1.76x0.44 x0.12 (Supported) Dual LP (Meas.) (Meas.) +38°-4+30° (Supported)

(39/43 GHz)

* Refers to the wavelength of the center frequency in the lower band.

improved radiation performance.

This comparative study demonstrates that the proposed
antenna excels in various aspects, particularly in bandwidth,
where it outperforms comparable designs. Tetra-plexing en-
sures superior performance, offering a more flexible and
scalable design, which is easy to integrate into devices and
highly suitable for 5G/6G AiP applications.

VII. CONCLUSION

In this paper, we propose a tetra-plexing dual-band dual-
polarized antenna with four separate channel paths for the
mmWave band, along with an array antenna using this design.
This innovative approach uses a loop-shaped antenna with a
shorting via for LB resonance, providing a clear electrical
reference and successfully securing the fundamental 7'M
mode and high XPD performance. The introduction of a novel
TMSL to excite the quasi-T Msg mode, combined with a RIS,
has enabled us to achieve wideband performance across the
full mmWave spectrum. Additionally, the HB patch with an L-
shaped probe shares a single element to effectively separate the
LB-HB channel paths. A segment loop isolator significantly
reduces mutual coupling between the radiating elements, en-
suring sufficient isolation. Importantly, each component’s pres-
ence or absence minimally affects the other bands, allowing for
independent design and ensuring design flexibility. This design
also achieves passive pre-branching, reducing the reliance on
active components and improving the overall performance of
the wireless communication module.

Configured as a 1x4 array, the proposed antenna demon-
strates high beam steering performance, which has been
verified through measurements. Additionally, the design is
scalable, allowing for further expansion into larger arrays,
making it adaptable for a wider range of applications.

Simulation results indicated bandwidths of 39.42 % and
19.5 % for each band, with measurements showing 42.2 %
and 28.9 %. XPD improvements exceeded 7 dB and 15 dB at
peak levels. We also achieved isolation above 15 dB and peak
gains of 10.9 dBi and 11.52 dBi in simulations, with measured
gains of 11.27 dBi and 11.8 dBi. Beam steering performance
recorded peak angles of +55°, +50°, +38°, and £30° for
each band.

Beyond these performance metrics, the proposed antenna’s
scalability and compactness demonstrate high feasibility for
antenna-in-package (AiP) applications. This design holds sig-
nificant potential for expansion into other mmWave wireless
communication applications, highlighting its impact on future
technologies.
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