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Abstract: In this paper, a radiating element consisting of a modified circular patch is proposed
for MIMO arrays for 5G millimeter-wave applications. The radiating elements in the proposed
2 x 2 MIMO antenna array are orthogonally configured relative to each other to mitigate mutual
coupling that would otherwise degrade the performance of the MIMO system. The MIMO array
was fabricated on Rogers RT/Duroid high-frequency substrate with a dielectric constant of 2.2, a
thickness of 0.8 mm, and a loss tangent of 0.0009. The individual antenna in the array has a measured
impedance bandwidth of 1.6 GHz from 27.25 to 28.85 GHz for S;; < —10 dB, and the MIMO array
has a gain of 7.2 dBi at 28 GHz with inter radiator isolation greater than 26 dB. The gain of the MIMO
array was increased by introducing frequency-selective surface (FSS) consisting of 7 x 7 array of
unit cells comprising rectangular C-shaped resonators, with one embedded inside the other with
a central crisscross slotted patch. With the FSS, the gain of the MIMO array increased to 8.6 dBi at
28 GHz. The radiation from the array is directional and perpendicular to the plain of the MIMO
array. Owing to the low coupling between the radiating elements in the MIMO array;, its Envelope
Correlation Coefficient (ECC) is less than 0.002, and its diversity gain (DG) is better than 9.99 dB in
the 5G operating band centered at 28 GHz between 26.5 GHz and 29.5 GHz.

Keywords: MIMO antenna; millimeter-wave (mm wave) region; wide bandwidth; mutual coupling
reduction; frequency-selective surface; fifth generation (5G)

1. Introduction

The development of wireless communication networks has indeed been a significant
modern uprising in the telecom industry. Wireless communication allows for the transmis-
sion of voice, data, and multimedia over the airwaves without the need for physical wired
connections [1]. Between 2015 and 2020, global mobile data traffic saw a significant surge.
According to various reports, the compound annual growth rate (CAGR) of mobile data
traffic during this period was around 45%. This exponential increase was primarily driven
by the growing number of smartphones, tablets, and other connected devices, as well as the
rise of mobile applications and video streaming services. To meet the growing demand for
wireless data, regulatory bodies and industry stakeholders continually work on allocating

Sensors 2023, 23, 7009. https://doi.org/10.3390/s23157009 1 https://www.mdpi.com/journal/sensors
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additional spectrum resources. Spectrum auctions and reallocations are conducted to
ensure that a sufficient spectrum is available for mobile communication operators to deploy
and expand their networks. To meet the data requirement challenges of wireless commu-
nications, 5G technology offers lower latency and improved spectral efficiency compared
to previous generations. It employs advanced techniques such as massive multiple-input
and multiple-output (MIMO), beamforming, and dynamic spectrum sharing to enhance
capacity and improve spectral efficiency [2].

The 5G networks utilize both sub-6 GHz and millimeter-wave spectrum to provide
enhanced performance and capabilities. Sub-6 GHz spectrum refers to the frequency
bands below 6 GHz, including bands such as 600 MHz, 700 MHz, 2.5 GHz, 3.5 GHz, and
5 GHz [3,4]. The sub-6 GHz spectrum offers better coverage and penetration through
buildings and obstacles compared to higher-frequency bands. It is well suited for providing
wide-area coverage and supporting applications that require broader coverage, such as
mobile broadband services. The millimeter-wave spectrum operates in higher-frequency
bands, typically between 24 GHz and 100 GHz [5-9]. These frequencies offer significantly
higher data transfer rates but have a limited range and are more susceptible to signal
attenuation from obstacles like buildings and foliage. The millimeter spectrum is par-
ticularly well suited for providing high-capacity and low-latency connections in dense
urban areas and specific hotspot locations. It enables the delivery of ultra-fast speeds and
supports bandwidth-demanding applications such as virtual reality, augmented reality, and
high-definition video streaming. However, millimeter-wave transmissions are affected by
atmospheric attenuation, such as fog, rain, and snow. To overcome the challenges posed by
atmospheric attenuation in millimeter-wave communications, high gain and high directive
antennas are often used. These antennas focus the transmitted signal in a specific direction,
increasing the signal strength and improving the overall link quality.

Multiple-input multiple-output (MIMO) antenna systems play a vital role in modern
and upcoming mobile communication technologies. MIMO technology enables the use
of multiple antennas at both the transmitter and receiver, working simultaneously to
improve link reliability, enhance channel capacity, and achieve higher throughput in terms
of gigabits per second (Gbps) [10-12]. The design of MIMO antenna arrays comes with
several challenges that need to be addressed to ensure optimal performance and reliability.
Some of the key challenges in designing MIMO antenna arrays include reduction in
mutual coupling, the spatial arrangement of radiating elements, operational bandwidth,
complexity and cost, physical size, and form factor. Mutual coupling occurs when the
presence of one antenna affects the performance of other nearby antennas in the array.
This coupling can lead to interference between antennas, reducing the overall system
performance. Managing mutual coupling is crucial in MIMO antenna design to maintain
antenna isolation and minimize the impact on signal quality. The spatial arrangement
and placement of antenna elements in the array can significantly affect the performance
of the MIMO system. Determining the optimal placement to achieve desired radiation
patterns, coverage, and mutual coupling reduction is a complex task that requires careful
analysis and optimization. MIMO antenna arrays need to operate across multiple frequency
bands or wide bandwidths to support various communication standards and requirements.
Ensuring consistent performance and impedance matching over a broad frequency range
is a challenge in MIMO antenna design. As the number of antennas in the array increases,
so does the complexity and cost of the MIMO system. Each antenna element requires
its own RF chain, which adds complexity to the system design and increases hardware
costs. Managing the complexity and cost while achieving the desired performance is a
challenge in MIMO antenna array design. The physical size and form factor of MIMO
antenna arrays are essential considerations, especially in mobile devices or small form
factor applications. Balancing the desired antenna performance with space limitations can
be a challenge, requiring innovative design techniques such as compact antenna structures
and integration with other components.
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The authors in [9] reported a four-element MIMO antenna array operating at 28 GHz
with a gain of 5.42 dBi. The MIMO has an overall size 30 x 30 x 1.575 mm?. In [13],
the authors reported a 5G MIMO array that has a maximum gain of 7.1 dBi at 27 GHz
and operates across 25.5-29.6 GHz. The MIMO antenna in [14] is shown to achieve a
maximum gain of 8.3 dBi with a low isolation of 17 dB. Reported in [8] is a planar 28 GHz
MIMO antenna inspired by a helix structure. The MIMO antenna has an impedance
bandwidth of 3.89 GHz between 26.25 and 30.14 GHz, with an end-fire radiation pattern
that has a maximum measured gain of 5.83 dBi. In [15], the authors reported a 28 GHz
MIMO antenna for 5G applications where the radiating elements consists of conjoined
triplet circular-shaped rings overlapped by conjoined two larger circular-shaped rings.
The MIMOI array has a measured gain of 5.5 dBi. Reported in [16] is a 4 x 4 MIMO
Dielectric Resonator Antenna (DRA) for 5G applications. DRA has an operating range
from 26.71 GHz to 28.91 GHz with an isolation of 29 dB at 28 GHz, and a maximum gain of
7 dBi. The MIMO antenna reported in [17] has a Defected Ground Structure (DGS). The
MIMO antenna is designed at 26.414 GHz and has a —6 dB bandwidth of 3.5346 GHz. The
maximum gain of the MIMO antenna is limited to 6.22 dBi. Described in [18] is a two-
element MIMO antenna for millimeter-wave applications at 28 GHz. The MIMO elements
are arranged parallel to each other and placed between the elements is a metamaterial slab,
which is shown to improve inter element isolation by 64 dB at 28 GHz. The maximum gain
of the MIMO antenna is 8.75 dB at 28 GHz.

This paper describes the results of an investigation of improving the gain and inter
radiation element isolation of a 2 x 2 MIMO antenna array for 5G millimeter-wave appli-
cations. To minimize the mutual coupling between the radiating elements in the MIMO
array, the radiating elements are spatially arranged to be orthogonal with respect to each
other. The proposed MIMO array has an impedance bandwidth of 1.6 GHz, a gain of
7.2 dBi, and an inter radiator isolation greater than 26 dB. It is shown here that the gain
of the MIMO array can be enhanced by placing a frequency-selective surface (FSS) over
the array. With the FSS, the gain achieved at 28 GHz is 8.6 dBi. The planar MIMO antenna
array is compact and of a simple construction that facilitates easy integration in 5G wireless
communication systems.

2. Antenna Design Procedure

The antenna configuration is based on a standard circular patch antenna that is edge-
fed. The circular antenna is modified through four steps, depicted in Figure 1. In the first
step, the circular patch antenna is designed. The initial radius (R) of the circular patch
antenna in cm can be calculated using the following expression [19].

R= d 1)

\/1 + 2 (n(3F) +1.7726)

where F = 8.791 x 10°/ f+/€r, h is the height of the substrate in cm, ¢, is the dielectric
constant of the substrate, and f is the resonant frequency of the patch in Hz. The initial
circular patch antenna was designed at 28 GHz based on Equation (1) using Roger’s
RT/Duroid 5880 substrate with a dielectric constant of 2.2, a thickness of 0.8 mm, and a
loss tangent of 0.0009. The overall antenna size is 18 x 19 x 0.8 mm3. Figure 2 shows
the physical parameters defining the antenna. Figure 3 shows the simulated reflection
coefficient response of the antenna corresponding to each step using CST Microwave Studio.
The presence of a ground plane rectangular slot improves the impedance bandwidth of the
patch antenna as it introduces additional resonant modes. Semicircular sections are cut out
of the circular patch to center the resonant frequency at 28 GHz. The antenna resonates
at the prescribed frequency of 28 GHz and has an impedance bandwidth of 1.6 GHz from
27.25 to 28.85 GHz for S1; < —10 dB. The physical parameter dimensions of the antenna
structure are listed in Table 1.
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Figure 1. Evolution of the proposed radiating patch antenna. (a) Step #1. (b) Step #2. (c) Step #3.

(d) Step #4.
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Figure 2. Front and back view of the proposed antenna.
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Figure 3. Reflection coefficient response of the modified circular patch antenna.
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Table 1. Design parameters of modified circular patch antenna.

Symbol Dimensions (mm)
Ls 18
Lg 18
L¢ 6
Wi 15
R 6
R1 2
Lc 13.9
Wce 24
Ws 19
Wy 19

3. Effect of Ground Plane Rectangular Slot

The effect of the ground plane rectangular slot on the antenna’s performance was
analyzed in detail. Figure 4 shows how the dimensions of the slot affect the performance of
the antenna. The parametric study shows that as the length of the slot is decreased, the
resonance frequency of the antenna decreases, and the impedance bandwidth deteriorates
significantly. A decrease in the slot width from 2.4 mm to 2 mm decreases the resonance
frequency by 400 MHz with virtually no effect on the impedance bandwidth of the antenna.
This property can be used to finetune the resonance frequency of the antenna. However, a
further decrease in the width causes the impedance bandwidth to deteriorate significantly.
The salient performance parameters of the antenna for various slot lengths and widths are
listed in Table 2. The widest impedance bandwidth of 2 GHz is obtained for a slot length
and width of 13.9 mm and 2.4 mm, respectively.

Reflection coefficient (dB)

25 26 27 28 29 30 31 32 33
Frequency (GHz)

(@)

Figure 4. Cont.
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Reflection coefficient (dB)

25 26

29 30 31 32 33

Frequency (GHz)

(b)

Figure 4. The effect on the reflection coefficient response of the antenna (a) by the slot length (Lc) and
(b) by the slot width. Units of the length and width are in millimeters.

Table 2. Dimensions of ground plane rectangular slot used in parametric study.

Slot Length (Lc) (mm)

Slot Width (Wc) (mm) Freq. Range (GHz) Impedance BW (GHz)

5 1 26.6-27.6 1

7 1.5 26.4-27.2 0.8
9.5 2 33.2-34 0.8
13.9 24 27-29 2

4. MIMO Antenna Array

The modified circular patch antenna was used in the design of a 2 x 2 MIMO antenna
array operating at 28 GHz. The individual antennas in the array were spatially arranged
orthogonally with respect to each other, as shown in Figure 5 to improve the isolation
between the individual antennas. This configuration also has the benefit of creating
circular polarization. The MIMO antenna array was fabricated on Roger’s RT/Duroid
5880 substrate with a dielectric constant of 2.2, a thickness of 0.8 mm, and a loss tangent of
0.0009. The overall dimension of the MIMO is 38 x 36 x 0.8 mm?. The simulation results
in Figure 6 show that at 28 GHz, the impedance matching at all four ports is better than
—14 dB and the isolation between the radiating elements is better than 26 dB.

A

ks
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4
i We
4

>

4l
«

Figure 5. Front and back view of the proposed 2 x 2 MIMO antenna array.
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Figure 6. S-parameters of the proposed MIMO antenna array. (a) Reflection coefficient and
(b) Transmission coefficient.

5. Frequency-Selective Surface Unit Cell

It is shown here that by locating the proposed frequency-selective surface (FSS),
the proposed MIMO antenna array can reduce mutual coupling between the radiating
elements, resulting in improved gain performance. This is because in an antenna array,
mutual coupling occurs when the electromagnetic fields from one antenna interact with
other antennas in the array. This interaction can lead to changes in the radiation pattern,
impedance, and efficiency of the antennas, degrading the overall performance of the
array. The FSS is used here as a bandpass structure, allowing signals to pass through
the frequency range of interest and isolating the interaction of the antennas outside their
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frequency band. When electromagnetic (EM) waves incident on the FSS structure, they
incite electric currents into the array elements. The level of coupling energy defines the
magnitude of the produced currents. The generated currents also work as EM sources, and
they create additional scattered fields. Incident EM fields combined with these scattered
fields make up the resultant field in the surrounding of FSS. The operational theory of
FSS-based structures has been explained by Munk in detail [20].

The steps taken to design the FSS unit cell are shown in Figure 7. The design starts
with a C-shaped resonator. In the next step, a smaller C-shaped resonator is inserted inside
the bigger C-shaped structure but facing the opposite direction. In the next step, a square
patch is embedded inside the structure. In the final step, the central patch is divided with
diagonal and vertical slots, as shown in Figure 7b. The dimensions of the FSS structure as
defined in Figure 7b are listed in Table 3. Figure 7b also shows the boundary condition and
port excitation used in CST Microwave Studio. The simulated reflection and transmission
coefficient responses corresponding to each step are shown in Figure 7c. Step 4 of the FSS
shows the impedance bandwidth for S; < —10 dB is 2.3 GHz from 26.9 GHz to 29.2 GHz.

Table 3. Design parameters of the proposed FSS unit cell.

Parameters Symbols Value (mm)
Substrate length and width Ls=Ws 3.7
Gap one gl 0.24
Gap two g2 0.25
Gap three g3 0.27
Length of FSS Lm 45
Width of FSS Wm 45

Ls| g gl

(b)

Figure 7. Cont.
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Figure 7. (a) Steps taken to create the proposed FSS unit cell. (b) Parameters defining the FSS unit
cell and simulation excitation ports, and (c) S-parameter responses of the proposed FSS unit cell.

6. FSS-Loaded Antenna

The FSS, consisting of a 7 x 7 array of unit cell matrix, was used to enhance the
performance of the antenna. This was achieved by locating the FSS structure over the
MIMO antenna. The FSS structure allowed EM radiation to pass through that was within
the operational frequency range of the MIMO antenna. The FSS structure was designed
to have a bandpass between 27 GHz and 29 GHz. Figure 8 illustrates the mounting of
the FSS with the proposed MIMO antenna. The gap between the FSS structure and the
MIMO antenna was made to be an integer multiple of Ag/2 for the reflected radiation
to interfere constructively with the forward radiated waves. The FSS was fabricated on
Roger’s RT/Duroid 5880 substrate with a dielectric constant of 2.2, a thickness of 0.8 mm,
and a loss tangent of 0.0009. The footprint of the FSS array is 45 x 45 mm?.

FEEEEEE
EEEEEEE
EEEEEEE
EEEEEEE
EEEEEEE
EEEEEEE
EEEEEEE

(a) (b)

Figure 8. (a) FSS array surface located under the MIMO antenna array, and (b) FSS reflector.
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Figure 9 shows how the gain performance of the MIMO antenna was affected for
various gaps between the FSS surface and the proposed MIMO antenna. At a gap of 7.2 mm
corresponding to Ag/2, the gain achieved at 28 GHz was 8.65 dBi; however, at a gap of
9.5 mm and 12 mm, the gain at 28 GHz was 8.1 dBi and 7.4 dBi, respectively. Therefore,
a gap of 7.2 mm was used in the design of the MIMO antenna. The reflection coefficient
at the four ports of the FSS-based MIMO antenna array is shown in Figure 10. It can be
observed that the MIMO antenna array resonates at 28 GHz and its operational bandwidth
for 511 < —10 dB is within the 5G mm wave spectrum between 26.5 GHz and 29.5 GHz.

— 12— 7.2 cm— 05

9
8 /
7 7
6
85
o
.‘—u 4
(U]
3
2
1
0
26 27 28 29
Frequency (GHz)

Figure 9. Gain of FSS-based MIMO antenna array at different gaps. Units are in millimeters.
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Figure 10. Reflection coefficient at the four ports of the FSS-based MIMO antenna array.

Figure 11 shows that the orthogonal arrangement of individual antennas in the pro-
posed FSS-based MIMO array improves isolation between the radiating elements, which is
better than 20 dB across a wide frequency range between 26 GHz and 30 GHz. This is be-
cause the correlation between the antennas is reduced. The correlation between antennas in
an MIMO system is a measure of the similarity of their received signals. A high correlation
between antennas can limit the system’s ability to exploit the spatial diversity offered by
MIMO, leading to a decrease in the achievable capacity gain. When the antennas are closely

10
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spaced or placed in a non-orthogonal configuration, they tend to experience higher mutual
coupling and correlations. This is due to the unwanted electromagnetic interaction between
adjacent antennas in the array. This coupling can result in signal interference, reduced
antenna efficiency, and increased sensitivity to changes in the propagation environment.

§1,2 S1,3 S1,4 S2,1 - $2,3 === 524
S3,1 $3,2 S3,4 S$4,1 ecceee S4,2 ccccce 54,3
0
-5
3 10
=
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S — e — - i N — ]
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-35 '_.o"
g Y 9 \
c v °
© -40 D
= v
45 \/
-50
26 27 28 29 30

Frequency (GHz)
Figure 11. Transmission coefficients of the FSS-based MIMO antenna array.

7. Measured Results

The fabricated prototype of an FSS-based MIMO antenna array is shown in Figure 12.
The proposed MIMO array was constructed on Roger’s RT/Duroid 5880 substrate with
a dielectric constant of 2.2, a thickness of 0.8 mm, and a loss tangent of 0.0009. The gap
between the ground plane of the MIMO array and the FSS was 7.2 mm for the high gain
performance at 28 GHz, as determined in Section 6. It was ensured that the power level
and the phase of the excitation signals at the four ports were identical. The measured and
simulated results are discussed in the subsequent sub-sections.

7.1. S-Parameters

The simulated and measured S-parameters of the FSS-based MIMO antenna are com-
pared in Figure 13. The simulated impedance bandwidth, shown in Figure 13a, at port 1 is
1.65 GHz from 27.2 to 28.85 GHz, and at port 4 is 1.15 GHz from 27.7 GHz to 28.85 GHz. The
measured impedance bandwidth at port 1 is 1.5 GHz from 27.1 to 28.6 GHz, and at port 4
is 0.95 GHz from 28 GHz to 28.95 GHz. The measured isolation between the four ports
in Figure 13b is better than 20 dB. The discrepancy between the measured and simulated
results of the impedance bandwidth and isolation between the radiating elements in the
proposed MIMO antenna is attributed to several factors. These factors include manufactur-
ing tolerances, unwanted antenna coupling, and inaccurate simulation models. Although
an orthogonal arrangement is used to minimize mutual coupling, it is difficult to achieve
complete isolation between radiating elements in practice. Some level of coupling might
still exist, leading to deviations from the simulated results. Also, in simulations, certain
assumptions and simplifications are made to facilitate computation. These assumptions
might not fully capture all real-world complexities, leading to discrepancies between the
simulated and measured results.

11
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(b)

Figure 12. Fabricated prototype of the FSS-based MIMO antenna array, (a) front view, (b) FSS layer,
and (c) back side view.
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Figure 13. The measured and simulated results of the FSS-based MIMO antenna array. (a) Reflection
coefficient response. (b) Transmission coefficient response.

7.2. 2D Radiation Patterns

The simulated and measured polar plots of FSS-based MIMO antenna at 28 GHz are
shown in Figure 14a. The radiation patterns are shown for both E-plane and H-plane.
The radiation from the MIMO antenna is directional and perpendicular to the plain of the
antenna. The simulated gain at an angle of 0 degrees in the E- and H-planes is 8.4 dBi;
however, the measured gain at this angle is 7.5 dBi. The measured radiation in the E- and
H-planes is virtually identical over the 3-dB beamwidth of the MIMO antenna centered at
0 degrees. This confirms that circular polarization is maintained over the antenna’s 3-dB
beamwidth. Figure 14b shows how the gain of the array was affected by the inclusion of
the FSS. Without FSS, the measured gain was 7.2 dBi, and with FSS, the gain increased to
8.6 dBi. The radiation efficiency of the MIMO antenna array at 28 GHz was measured to
be 85%, and across its operational band, the efficiency was 80%. The discrepancy in the
simulated and measured results as mentioned previously is attributed to manufacturing
tolerances, unwanted antenna coupling, and inaccurate simulation models.

0 e e e E-plane Sim

30 [ = 30 e e = H-plane Sim

******* H-plane Mea

E-plane Mea

Figure 14. Cont.
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Figure 14. Measured and simulated plots of (a) radiation patterns and (b) gain of the FSS-based

MIMO antenna array.

8. MIMO Performance Parameters
8.1. Envelope Correlation Coefficient

The Envelope Correlation Coefficient (ECC) is a metric used to quantify the correlation
between two antennas in an MIMO system. A high correlation between antennas can limit
the benefits of spatial diversity and reduce the potential capacity gain that MIMO offers.
On the other hand, a low correlation is desirable because it allows the MIMO system to
achieve higher data rates and improved link reliability. The value of ECC should be less
than 0.5 to minimize coupling effects. The value of ECC can be estimated using the relation

|JJ 47 (M) (0, ¢)) x ( M;(6,¢))dO?

in [17].
ECC =

= [T (Mi(0,9)) PAC T 47c] (M6, 9)) P

where M; (0, ¢) and M; (6, $) represent the radiation patterns when antennas i and j are
excited, and the term ) denotes the solid angle. The ECC of the proposed FSS-based MIMO
antenna array as a function of frequency in Figure 15 shows that it is less than 0.002 in the

5G operating band at 28 GHz between 26.5 GHz and 29.5 GHz.

e ECC1,2 e====ECC1,3 e===DG1,2 e=—=DG1,3
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Figure 15. ECC and DG of the proposed FSS-based MIMO antenna array.
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8.2. Diversity Gain

Diversity gain (DG) is the improvement in signal quality and system performance
achieved by utilizing multiple antennas at both the transmitter and receiver. The diver-
sity gain of MIMO antenna array can be calculated from the ECC using the following
relation [17]:

DG = 10 x 4/(1 — ECC) ®)

The diversity gain of the proposed MIMO array in Figure 15 shows that it is better
than 9.99 dB in the 5G operating band at 28 GHz between 26.5 GHz and 29.5 GHz.

The performance of the proposed MIMO antenna array is compared in Table 4 with
other MIMO arrays reported in the literature. Compared to other four-port devices, the
proposed MIMO array with FSS exhibits a higher gain and has the smallest ECC. The
dimensions of the proposed MIMO array with FSS are comparable to other MIMO arrays
cited in the table.

Table 4. Comparison with other reported MIMO antenna arrays.

Ref f (GHz) Ports Dimension in (mm)  Min. Isolation (dB)  Gain (dBi) ECC Techniques
[9] 28 2 30 x 15 x 0.25 35.8 5.42 <0.005 DGS
[13] 27 4 30 x 30 x 1.575 30 7.1 <0.005 DGS
[14] 28 4 30 x 35 x 0.76 17 8.3 <0.010 DGS
8] 28 2 15 x 25 x 0.203 30 5.8 <0.005 DGS
[15] 28 4 30 x 30 x 0.787 29 6.1 <0.160 DGS
[16] 28 4 20 x 40 x 1.6 29.34 7 <0.010 DRA
[17] 27 4 30 x 28 x 0.508 24 6.22 <0.050 DGS
[18] 28 2 18 x 36 x 0.8 64 8.75 <0.050  SRR/DGS
Pr‘ﬁ?ﬁgitl\g\s/lo 28 4 38 x 36 x 0.8 2631 7.2 <0.002 DGS
Prolz\‘:ist‘;d;gslMO 28 4 45 x 45 x 0.8 2331 8.6 <0.002  FSS/DGS

9. Conclusions

In this article, we have demonstrated that mutual coupling between neighboring
antennas in an MIMO array can be reduced by spatially arranging the individual antennas
orthogonally relative to each other. It is also shown that the impedance bandwidth of the
antenna can be widened by defecting the ground plane with a rectangular slot. Moreover, it
is shown that the gain of the MIMO array can be enhanced by locating a frequency-selective
surface (FSS) over the MIMO array. The FSS unit cell was designed to allow the frequency
band at 28 GHz. The gap between the MIMO array and FSS was adjusted to one-half guided
wavelength to ensure constructive interference between the forward and FSS reflected
electromagnetic waves. The frequency-selective surface consisted of a 7 x 7 matrix of FSS
unit cells. The measured results show that the gain of the MIMO array is increased by
including the FSS. The proposed FSS-based MIMO array has an impedance bandwidth
between 27.2 GHz and 29 GHz with a total efficiency of 86% at 28 GHz. Moreover, its ECC
is less than 0.002 and its diversity gain is better than 9.99 dB in the 5G operating band
centered at 28 GHz between 26.5 GHz and 29.5 GHz.
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Abstract: Advancement in smartwatch sensors and connectivity features demands low latency
communication with a wide bandwidth. ISM bands below 6 GHz are reaching a threshold. The
millimeter-wave (mmWave) spectrum is the solution for future smartwatch applications. Therefore,
a compact dual-band antenna operating at 25.5 and 38 GHz is presented here. The characteristics
mode theory (CMT) aids the antenna design process by exciting Mode 1 and 2 as well as Mode 1-3
at their respective bands. In addition, the antenna structure generates two traverse modes, TMj
and TM, at the lower and higher frequency bands. The antenna measured a bandwidth (BW) of
1.5 (25-26.5 GHz) and 2.5 GHz (37-39.5 GHz) with a maximum gain of 7.4 and 7.3 dBi, respectively.
The antenna performance within the watch case (stainless steel) showed a stable |S;; | with a gain
improvement of 9.9 and 10.9 dBi and a specific absorption rate (SAR) of 0.063 and 0.0206 W /kg,
respectively, at the lower and higher bands. The link budget analysis for various rotation angles of
the watch indicated that, for a link margin of 20 dB, the antenna can transmit/receive 1 Gbps of data.
However, significant fading was noticed at certain angles due to the shadowing effect caused by the
watch case itself. Nonetheless, the antenna has a workable bandwidth, a high gain, and a low SAR,
making it suitable for smartwatch and IoT applications.

Keywords: dual-band; IoT; link margin; millimeter wave antenna; SAR; smartwatch

1. Introduction

Smartwatches (SWs) have become an integral part of our lives, as they are used for
health and fitness parameter tracking, entertainment, phone calls, controlling other Internet
of Things (IoT) devices, Global Positioning System (GPS) navigation, and so on [1]. In 2023
alone, it is estimated that there are 210.8 million SW users globally, which is expected to
grow to 229.51 million users by 2027 [2]. With the rapid development in technology, SWs
are loaded with sophisticated sensors to record physiological data such as respiratory [3],
cardiac activity [4,5], and blood pressure [6]. The telemetry of these data from SW to the
remote diagnostic center via the internet requires seamless connectivity. A precisely tailored
antenna with a compact design, a low specific absorption rate (SAR), a good radiation
pattern, a high gain, and an ease of embedding in SWs can bridge this gap.

The 0.472A¢ x 0.472\g (with A at 2.44 GHz) antenna can house a ground plane with
four vertical metal rims [7]. This results in a low SAR of 1.24 and 1.44 W/kg for SW
applications at 2.44 and 3.5 GHz, respectively. In [7], a metal ring-shaped antenna of 23 mm
for bezel SW is proposed. The antenna efficiency and low electric-field distribution on
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the wrist were improved by placing a metal plate at the bottom. However, the actual
bandwidth (BW) was 66 and 101 MHz at 1.55 and 2.4 GHz, respectively. As described
in [8], multiple inverted L-shaped structures were etched on a 0.3A¢g x 0.35A¢ substrate
operating at 0.88-0.96, 2.4-2.48, 3.3-50, and 5.1-5.8 GHz, achieving SAR in the range of
0.84-1.21 W/kg. In the later designs, the SW screen effect was not considered. Generally,
the SW screen has a printed circuit board (PCB) with perfect electric conductor (PEC)
cladding that supports the SW screen. Thus, embedding the antenna below the screen
affects the radiation pattern. In [9], these effects were studied by considering flexible
printed circuit (FPC) communication strips. The FPC strips carried signals to/from the PCB
board to the SW screen. Two conductive tape-based structures were carved on a flexible
printed circuit (FPC) to provide shielding. The length of these tapes was tuned to achieve
resonances at 1.6, 2.4, 3.5, and 4.8 GHz with a structure dimension of 0.23A\y x 0.28A.

The above-discussed structures have a large antenna profile with narrow bandwidths.
The forthcoming SW is expected to support video calling and video streaming. Therefore,
the millimeter wave spectrum that offers a wide bandwidth with low latency is the solution
for personal area IoT applications [10]. In [11], a triple-band CPW monopole antenna was
proposed for IoT applications with bandwidths of 22-30, 37-39, and 56.5-61 GHz. They
achieved a SAR in the 0.9-0.62 W/kg range and a gain of 5.29, 7.49, and 9 dBi. Another
design in [12] proposed a triple-band antenna for IoT applications. The structure with a
dimension of 2.8\ x 2.35A¢ (with Ag at 28 GHz) combined two varied-length monopoles
with a conducting stub at the bottom. The achieved bandwidths were 445 MHz, 657 MHz,
and 5.14 GHz at 3.5, 5.8, and 28 GHz, and an antenna gain of 1.86, 2.55, and 4.41 dBi.

Very few designs exist that are suitable for SW IoT applications. Therefore, we de-
signed a compact dual-band 0.51A¢ x 0.51Aq (with Ag at 25.5 GHz) antenna with measured
antenna bandwidths of 1.5 (25-26.5 GHz) and 2.5 GHz (37-39.5 GHz) and gains of 7.4 and
7.9 dBi, respectively. The antenna evolved through characteristic mode analysis (CMA),
which was first proposed by Garbacz [13,14], providing a physical insight into an arbitrar-
ily shaped antenna. Recently, CMA has been used to aid the design and configuration of
MIMO, circular polarization, dual-polarization [15], and reconfigurable antennas [16,17].
The electromagnetic behavior of the antenna is mathematically modeled using weighted
eigenvalue (A,), which depicts the number of significant modes that contribute to the
resonance and provides information on the orthogonal electric field and surface current
distribution of these modes [18]. It also provides information about the modes impedance
characteristics, be they purely resistive, inductive, or capacitive. This information aids in
tuning the antenna close to the ideal radiating conditions. The solution to A, conceptual-
izes the radiator’s resonance, inductive, or capacitive mode [19], which can be altered by
modifying the antenna structure.

The antenna performance was studied for SW applications by placing it inside a watch
case with the material properties of stainless steel. The top of the watch case was covered
with a reinforced glass of PTFE material. The proposed antenna with stainless steel at the
bottom resulted in the lowest SAR of 0.063 and 0.0206 W /kg at respective bands. The SW
and mobile phone link budget analysis was performed at 0.5 m for different watch angles.
This showed satisfactory results with data supports of up to 1 Gbps. Therefore, the major
contributions of this study are as follows:

1. the design and development of a compact dual-band antenna with the aid of characteris-
tic mode theory to comprehend the resonant modes and their resultant radiation pattern;

2. an analysis of the performance of the proposed antenna for smartwatch applications
by embedding it inside the watch case;

3.  astudy of the RF energy exposure to the human body caused by the proposed antenna
with a watch case;

4. an estimation of the data handling capacity of the proposed antenna for a smartwatch
at various angles in three-dimensional space.
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2. Characteristic Mode-Based Antenna Methodology

The characteristic mode analysis (CMA) is a rapid development tool applied to the
antenna development stages to comprehend its performance and radiation pattern. The
structure was modified to achieve the desired results. CMA estimates the effective modes
of an arbitrarily shaped antenna structure, where the first five modes are mostly found
to be significant. However, modifying the structure and changing the feed position can
generate undesired modes. In Stage 1 of the antenna design, an initial rectangular patch
antenna was designed based on the design equations in [20] for a resonating frequency of
25.5 GHz.

From the above calculations, the approximate patch width and length were 4.65 and
3.718 mm, respectively. However, to retain compactness and to study the modified structure
behavior, the patch width and length were chosen to be 5 and 3 mm in the first stage, as
shown in Figure 1la. For CMA, a 0.51Ag x 0.51A¢ lossless Roger 5880 substrate with a
thickness of 0.25 mm and relative permittivity (e,) of 2.2 was selected. The electromagnetic
simulation software CST v21 was used to analyze antenna development stages without port
excitation. The antenna was designed to generate dual-band resonances at 25.5 and 38 GHz.
Therefore, the CMA was performed separately for each of these frequencies. During CMA,
the total surface current on the antenna structure of the patch and ground plane was
estimated by considering the sum of the eigenvector (],) using Equation (1) [15,18].

Vil
= 1
=T M)
where V,, is the model-excitation coefficient. The V;, along with model significance (MS)
defines the significant modes at desired frequencies, where MS = ‘ﬁ ‘ In Figure 1b,

the modal significance graph indicates that Mode 1 and 2 are significant at 25.5 GHz,
Mode 1-3 are significant at 28 GHz with a wide bandwidth, and Mode 1-5 are significant
at 38.5 GHz with a narrow bandwidth. The convergence of these modes eigenvalue (An)
to zero indicates that the modes are resonant. However, the modes with an eigenvalue
(An) > or <0 are non-resonant inductive and capacitive modes. These modes store the
energy in the form of electric and magnetic fields in the near-field region. The eigenvalue
(An) indicates that Mode 1-3 and 1-4 at 28 and 38.5 GHz are resonances, as shown in
Figure 1c.

The characteristics angle (CA) is another feature of CMA, which represents the reso-
nant and non-resonant modes by analyzing the phase lag between the electric field and
surface current on the antenna structure. It is represented in terms of angle (). The
characteristics angle in Figure 1d depicts that Mode 1-3 from 27-28.5 GHz have zero eigen-
values, resulting in a;, = 180", which means these modes are resonant modes with good
impedance matching. Beyond this frequency, the Mode 1 and 2 surface current’s phase
lag from the electric field led to an inductive (non-resonant mode) mode. At 38.5 GHz, a
poor impedance matching with a narrow bandwidth can be seen due to the summation of
phase-lead and phase-lag of Mode 3 and 5 and Mode 2, respectively. The port excitation
corroborates in the same manner, which indicates that, at 30 GHz, a good impedance
matching [S111 of 37 dB with a bandwidth of 29.5-30.5 GHz is achieved, as shown in
Figure 1e. However, at 38 GHz, due to inductive and capacitive Mode 2, 3, and 5, a poor
impedance matching of 12 dB can be seen. Therefore, the CMA estimation for the first stage
closely agrees with the port excitation results.

The sum of all modes of eigenvector currents (J,,) represents the total current on
the antenna structure. In Figure 2, the eigenvector current (J,,) is concentrated over the
antenna surface edges. Based on the |, movement and direction, the respective modes
characterize the radiation behavior. The eigenvector current and radiation pattern of the
respective modes at 25.50 and 38 GHz are shown in Figure 2a,b, respectively. In Figure 2a,
Mode 1 and 2 have in-phase vector currents (currents on the parallel edges are in the same
direction) along the vertical /horizontal edges of the ground (black arrow) and radiator (red
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arrow). Mode 1 has an in-phase current along the vertical edges, causing a bidirectional
radiation pattern with a null in the azimuthal plane at ¢ = 0°.

Figure 1. CMA of Mode 1-5 and reflection coefficients of the Stage 1 MS antenna. (a) Stage 1 antenna
(dimensions in mm), (b) modal significance, (c) eigenvalues, (d) characteristic angle, and (e) reflection
coefficient with port excitation.

Similarly, Mode 2 has an in-phase current at horizontal edges, providing a bidirectional
radiation pattern with nulls in the azimuthal plane at ¢ = 90°. Mode 3-5 have an anti-
phase eigenvector current (current in the opposite direction of the parallel edges) along the
antenna edges. Thus, a quad/end-fire radiation pattern is formed, as seen in Figure 2a.

Similar effects can be observed in Figure 2b at 38 GHz but with the most current
in the radiator. Mode 1 and 2 have an in-phase current on one set of parallel edges and
an anti-phase current on the other, resulting in bidirectional quad radiation. However,
Mode 3-5 have an anti-phase current, resulting in end-fire radiation.

As discussed above, the first resonance occurred at 30 GHz with good impedance
matching and the second at 38 GHz with poor impedance matching. Further, in Stage 2,
to decrease the first resonance to the expected frequency of 25.5 GHz and improve the
impedance matching at 38 GHz, a semi-elliptical stub was added at the bottom of the
radiator, as displayed in Figure 3a. From the CMA of Stage 2, the results of the MS in
Figure 3b indicate that Mode 1-3 drifted from 30 to 28 GHz due to structure modification.
However, at 25.5 GHz, only Mode 1 and 2 were found to be significant. On the other hand,
Mode 1, 2, 3, and 5 drifted slightly higher, from 38.5 to 39 GHz. The eigenvalue of these
modes converged to zero, as shown in Figure 3¢, at respective frequencies, resulting in
resonant modes with bandwidths of 24.1-26, 27-28, and 37.5-39 GHz. The characteristic
angle shows a 180° phase lag between the surface current and the electric field at 25.5, 28,
and 39 GHz of the resonant modes. However, the Mode 5 surface current led the electric
field by 210° until 39 GHz, abruptly changing to a phase lag of 120° after 39 GHz. The
Mode 4 surface current had a phase lag of 150° from 36 to 40 GHz. Due to these phase
differences in Mode 4 and 5, the structure could not radiate complete energy at 39 GHz. As
a result, an impedance mismatch occurred. The port excitation substantiated the CMA. The
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results indicate the occurrence of resonances at 28 and 38 GHz with impedance matching
of 25 and 10.5 dB, as shown in Figure 3e.

(In-phase)
Vertical Edges Horlzontal Edges

P RN

e «- -

cgeee

Mode 4 Mode 5

Mode 1 Mode 2 Mode 3

(Anti-phase)

Mode 1 Moe 2 Mode 3 Mode 4 Mode 5
(b)

Figure 2. Eigenvector current J,; on the surface of Stage 1 and its respective radiation pattern at
(a) 25.50 GHz and (b) 38 GHz.

Figure 4 represents the eigenvector current at 25.5 and 38 GHz. From the above
eigenvalue and characteristic angle, only Mode 1 and 2 are resonant, but these are insuffi-
cient to generate the resonance at 25.5 GHz. This is evident from the eigenvector current
in Figure 4a, as most of the current is in the ground plane rather than the radiator. At
38 GHz, Mode 1-3 have an in-phase current generating resonance, as shown in Figure 4b.
However, an anti-phase current arose due to the non-resonant Mode 4 and 5, causing
impedance matching.

Stage 3 with a semi-elliptical stub at the top of the radiator was introduced, as dis-
played in Figure 5a, to lower the resonance from 28 to 25.5 GHz and to improve the
impedance matching at 38 GHz. This improved the significance of Mode 1-3 at 25.5 and
38 GHz, as shown in Figure 5b. The convergence of these modes to zero in the eigenvalue,
as shown in Figure 5c, represents resonant modes (Mode 3 at 25.5 GHz is partially resonant)
with bandwidths of 25-27 and 37-39 GHz. Mode 1-3 have an approximately 180° phase
lag between the surface current and the electric field, as represented by the characteristics
angle in Figure 5d. The modification to the structure significantly suppressed Mode 4 and 5
at 25.5 and 38 GHz. With the port excitation, dual-resonance can be seen in Figure 5e at
25.5 and 38 GHz with good impedance matching of 17.5 dB and 22.5 dB. It achieved a
25-25.9 GHz and 37.9-38.9 GHz bandwidth.
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Figure 3. CMA of Mode 2-5 and reflection coefficients of the Stage-1 MS antenna. (a) Stage-1 antenna
(dimensions in mm), (b) modal significance, (c) eigenvalues, (d) characteristic angle, and (e) reflection
coefficient with port excitation.
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Figure 4. Eigenvector current ], on the surface of Stage 2 and its respective radiation pattern at
(a) 25.50 GHz and (b) 38 GHz.
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Figure 5. CMA of Mode 2-5 and reflection coefficients of the Stage-3 MS antenna. (a) Stage-1 antenna
(dimensions in mm), (b) modal significance, (c) eigenvalues, (d) characteristic angle, and (e) reflection
coefficient with port excitation.

The eigenvector current of Mode 1 and 2 at 25.5 GHz has an in-phase current resulting
in bidirectional radiation, as shown in Figure 6a. At 38 GHz (Figure 6b), Mode 1 has an
in-phase current along the vertical edges and an anti-phase current along the horizontal
edges, resulting in bidirectional quad radiation. Similarly, in Mode 2, there are in-phase
currents along horizontal edges and anti-phase currents along vertical edges. Though
Mode 5 is largely capacitive, its surface current impacts the radiation patterns.

Mode 1 Mode 2 Mode 3 Mode 4 Mode 5

Mode 1 Mode 2 Mode 3 Mode 4 NMode 5
(b)

Figure 6. Eigenvector current J, on the surface of Stage 3 and its respective radiation pattern at
(a) 25.50 GHz and (b) 38 GHz.
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3. Current Distribution with Port Excitation

From the above CMA and port excitation, it is shown that the structure generates dual
resonance at 25.5 and 38 GHz. Figure 7 indicates the current oscillation at the respective
frequencies when the port is excited. At 25.5 GHz, the current oscillation is along the
+x-axis (i.e., vertical oscillation) because the patch length at the center is close to half-
wavelength at 25.5 GHz, which is 0.4A in this case. The current is at its maximum in the
feed and the center of the patch along the x-axis. This gives rise to the TMg mode at this
frequency. However, at 38 GHz, the current oscillation in Figure 7b can be seen along the
+y-axis because the patch width is close to half-wavelength at 38 GHz, which is 0.6\ in
this case. Two current maximums along the patch width give rise to the TMy, mode at
this frequency.

Figure 7. Current distribution with port excitation at (a) 25.5 GHz and (b) 38 GHz.

4. Parametric Analysis of Antenna Elliptical Structure

In this section, parametric analysis of two variables, BEL and TEL, is performed to
study the effect of resonance change due to the radiator length change and its impact on
the antenna impedance. Here, one variable is maintained at 0.5 mm, and the other varies
from 0.1 to 0.6 mm. In the first case, TEL is kept at 0.5 mm, and BEL is varied. With the
BEL at 0.1 mm, the overall length of the patch is reduced. Thus, the first resonance occurs
at 27 GHz with an impedance matching of 22 dB because the impedance is purely real
with 50 () at 27 GHz, as shown in Figure 8b. However, the reduced length impacts the
impedance at 38 GHz with a poor impedance matching of 11 dB, as shown in Figure 8a.
This is because the impedance at this frequency has a small inductance effect with a total
impedance Z of 42 +j37 (). Further, with the patch length increase and a BEL from 0.2 to
0.6 mm, the first resonance drifts to lower frequencies with little decrease in impedance
matching. This is because, as the patch length increases, the resonance decreases. At the
second resonance, there is no effect on frequency drift. However, impedance matching is
improved to a minimum of 30 dB.

In the second case, BEL is maintained at 0.5 mm, and TEL varies from 0.1 to 0.6 mm. A
similar response can be observed compared to that of BEL. However, for TEL = 0.1 mm, the
impedance matching at 25.5 and 38 GHz is good with 20 and 15 dB, as shown in Figure 9a.
At 25.5 and 38 GHz, the impedance is real and close to 50 (), as displayed in Figure 9b,c.
With a further increase in TEL from 0.2 to 0.6 mm, the first resonance is decreasing, and the
second resonance impedance is improving, similar to the earlier case.
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Figure 8. Variation in (a) reflection coefficient 15111 due to a change in the variable BEL, (b) Real and
(c) imaginary impedance values at respective BEL values.
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Figure 9. Effect of varying TEL on (a) the reflection coefficient |51, (b) the real part of the impedance,
and (c) the imaginary parts of impedance.

5. Results and Discussion
5.1. Reflection Coefficients and Radiation Patterns in Free Space

The proposed antenna was fabricated, as shown in Figure 10a. The antenna reflection
coefficient |51 | was measured using the Keysight vector network analyzer, which ranges
from 300 KHz to 44 GHz. The connectors used also supported RF signal feeding up to
50 GHz. The 1511 | measurement setup is shown in Figure 10b. The CMA results indicate
that Mode 1 and 2 are resonant, with Mode 3 partially contributing to the resonance at
25.5 GHz with a bandwidth of 24-27 GHz. At 38 GHz, Mode 1-3 are resonant with a
bandwidth of 26.2-39.3 GHz. The high-frequency simulation software (HFSS) version 21.0
results illustrate the occurrence of two resonances at 25.5 and 38 GHz with a bandwidth
of 750 MHz (25-25.75 GHz) and 1 GHz (37.92-38.92 GHz). The measured |S111| shows
resonance at 25.85 and 38 GHz with bandwidths of 1.5 GHz (25-26.5 GHz) and 2.5 GHz
(37-39.5 GHz), as displayed in Figure 11a. The deviation in the measured results may be
due to fabrication tolerance, cable, and connector losses. The procured connectors (the best
available in the market) also have a 1.2 mm gap between the center signal and ground lead.
When the antenna is fitted inside, a gap of 0.94 mm still exists that is filled with excessive
soldering lead, as shown in Figure 12. Above all, the proposed antenna is very small and
lacks industrial standard soldering tools, necessitating manual soldering that causes a
lead spread on the ground plane. All of this impacts the antenna’s performance, causing
deviations in the measurement results, as shown in Figure 11. However, the measured
results are considerable compared to the simulated results. The antenna has an almost
constant simulated and measured gain of 7.4 and 7.9 dBi at first resonance. Nonetheless,
at second resonance, the gain almost linearly increases with the maximum simulated and
measured gains of 7.4 and 7.3 dBi, as shown in Figure 11b.
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Figure 10. Photos of the antenna and the reflection coefficient measurements. (a) Photos of the

antenna and (b) the measurement setup of the |S11| parameter.
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Figure 12. 3D representation of the proposed antenna with the SMA connector.

As discussed in the current distribution section, the proposed antenna generates TMy
and TM, at 25.5 and 38 GHz, respectively. Due to these modes, the radiation is a single
beam in the broadside direction at 25.5 GHz, whereas two beams at 38 GHz are tilted at
36°. Therefore, the radiation pattern is measured on the XZ- and YZ-planes at 25.5 GHz
(Figure 13a,b), whereas, at 38 GHz, only the YZ-plane is considered (Figure 13c). The
simulated and measured half-power-beamwidths (HPBWs) at 25.5 GHz are 78° and 62°
on the XZ-plane. On the YZ-plane, they are 82° and 62°. At 38 GHz, the simulated and

measured HPBWs are 58° and 45°.
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Figure 13. Simulated and measured radiation patterns. (a) The XZ-plane at 25.5 GHz, (b) the YZ-plane
at 25.5 GHz, and (c) the YZ-plane at 38 GHz.

5.2. Antenna Performance with Watch Case

Since the proposed antenna is for SW applications, its performance was studied
by placing it inside a round dial watch case of 23 mm radius and a height of 9 mm, as
displayed in Figure 14. The watch body case was considered as stainless steel with a relative
permittivity of 1. The watch top was covered with reinforced glass of PTFE material with
a relative permittivity of 2.5. The antenna was placed at a height of 2.5 mm from the
bottom of the watch case. At 25.5 GHz, a slight decrease in impedance occurs due to the

formation of a negative image current on the metallic surface of the watch case [21,22].

However, at 38 GHz, the impedance is significantly increased. The reflection coefficient
[S11 | is shown in Figure 15. Nonetheless, other than an increase in the front-to-back ratio of
radiation due to the metallic casing, the antenna performance is not strongly affected. The

electric field distribution in and around the watch case is presented in Figures 16 and 17.

On the XY-plane at 25.5 GHz, the E-field is concentrated inside the watch case mostly
along the x-axis due to TMj, as illustrated in Figure 16a. Outside the case, a minor E-field
distribution can be seen at the front and back of the watch lug. Figure 16b,c show the
E-field along the XZ- and YZ-planes. It is shown that the E-field intensity is in the broadside
direction. The radiation pattern in Figure 16d shows a directional beam with an HPBW of
30° on the XZ- and YZ-planes with a maximum gain of 9.9 dBi. In the case of 38 GHz, the

E-field distribution is on the y-axis of the XY-plane due to TMy, as depicted in Figure 17a.

The E-field is mostly concentrated inside the case, and some intensity can be seen along and

opposite the watch crown side. Figure 17b,c show the E-field on the XZ- and YZ-planes.

The intensity of the field is maximum on the YZ-plane in two directions, approximately
£36°. The radiation pattern with two beams on the YZ-plane is shown in Figure 17d with
an HPBW of 46° and a maximum gain of 10.9 dBi.
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Glass
h=9 mml "\\ ff‘j Material
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|
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Figure 14. Model of the smartwatch with the antenna inside.
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Figure 15. Reflection coefficient |5¢; | antenna response when placed inside the watch case.
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Figure 16. Electric field distribution and radiation patterns at 25.5 GHz with the antenna inside the
watch case. (a) The XY-plane, (b) the XZ-plane, (c) the YZ-plane, and (d) the radiation pattern on
the YZ-plane.

5.3. SAR Analysis

This section presents the study of the RF energy absorption on human tissue generated
from the designed antenna, as the proposed design is for wearable smartwatch applica-
tions. As per new guidelines of the International Commission for Non-Ionizing Radiation
Protection (ICNIRP), the absorption rate is mainly at the skin layer with less than 1 cm for
frequencies >6 GHz [23,24]. However, a three-layer phantom model was developed with
skin, fat, and muscle to study the absorption rate, as displayed in Figure 18. The dielectric
properties of human tissue vary over the body and the different frequencies. Therefore, the
tissue parameters are considered from a verified dataset of the IT’IS foundation [25]. Table 1
presents the dielectric property, electrical conductivity, and density of tissues considered for
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our analysis at 25.5 and 38 GHz. Due to the limitation of computation resources, the watch
case is replaced by the watch back case only, which is of a 1 mm thickness and a 23 mm
radius. The antenna is placed 2.5 mm above this case. The analysis shows that the SAR is
0.063 and 0.0206 W /kg at 25.5 and 38 GHz, respectively, as displayed in Figure 19. There
are two reasons for the low SAR value: (i) The antenna has a full ground plane, and (ii) the
antenna is backed by a watch back case that behaves as a reflector for electromagnetic
energy. Consequently, the results are satisfactory, suggesting that the antenna is suitable
for wearable smartwatch applications.
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Figure 17. Electric field distribution and radiation patterns at 38 GHz with the antenna inside the
watch case. (a) The XY-plane, (b) the XZ-plane, (c) the YZ-plane, and (d) the radiation pattern on
the YZ-plane.
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Figure 18. Phantom model of human tissue to analyze the RF energy penetration.
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Table 1. Human tissue properties at different frequencies.

25.5 GHz 38 GHz
Densit Electrical Electrical
Tissue 3y Permittivity = Conductivity = Permittivity = Conductivity
(kg/m?3)
(s/m) (s/m)
Skin 1109 18 24 12.3 31
Fat 911 6.34 4.66 5.33 6.36
Muscle 1090 26.2 31.1 19.1 41.8

RF energy
penetration
restricted to
skin tissue

(a) (b)
Figure 19. SAR analysis results (a) at 25.5 GHz and (b) at 38 GHz.

5.4. Link Budget Analysis

The smartwatch on the human wrist experiences complex three-dimensional move-
ment during various day-to-day activities. Therefore, error-free transmission and reception
are essential for seamless, smooth communication between smartwatches and mobile/IoT
devices during these movements. A link budget was studied between the mobile and pro-
posed smartwatch antenna under a line-of-sight (LOS) environment at various rotational
degrees. A standard dipole antenna was considered as a reference antenna (transmitting
antenna) inside the mobile case with a gain (G;;) of 1 dBi. The receiving antenna is the
proposed antenna (antenna under test (AUT)). The receiver antenna gain (G,) is 9.9 and
10.9 dBi at 25.5 and 38 GHz (placed inside the watch case, as discussed in the previous sec-
tion). In our case, the reference antenna and AUT were separated by a 50 cm distance. The
AUT was stationary but rotated over the x-axis from 0° to +180°, as depicted in Figure 20.
The received signal at various rotational angles was computed using the shooting and
bouncing ray technique in HFSS Savant, considering the losses such as the path loss expo-
nent effect and the shadowing effect (LS) [26]. Therefore, Equation (2) [26,27] can calculate
the received power as

Pry = Py + Gtg + Gy — LS 2)

In the analysis, the power of the transmitting antenna (P;;) considered is 30 mW. The
required power (Rp,) to estimate the link budget for an ideal binary-phase-shift-keying
(BPSK) with an energy-to-noise ratio (E,/ Np) of 9.6 dB is given by Equation (3):

R (dB) = % (dB) + KT + B, (dB) 3)

where K is the Boltzmann constant with a value of 1.38 x 10-2%, T is the temperature in
Kelvin (in our case, 290 K), and B, represents the various bit rates supported for reliable
communication. The link margin is the difference between the actual received power P,
and required power Rp,, given by Equation (4) [27,28]:

LM (dB) = P,y (dB) — Rpy, (dB) (4)
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Assuming that a link margin of 20 dB is sufficient for error-free communication, the
proposed antenna with the highest data rate of 1 Gbps is supported with a link margin
of >20 from 0° to —180° angle orientation, as depicted in Figure 21a,b. At these angles,
both the reference and AUT antenna have good LOS conditions; in fact, direct LOS occurs
at —90°. From 0° to 180°, specifically from 45° to 135°, the AUT antenna experiences
a shadowing effect due to the metallic case of the watch. As a result, the link margin
significantly deteriorates, as shown in Figure 21a,b. Nonetheless, the performance of the
proposed antenna is satisfactory, with a data rate support of 1 Gbps.

AUT

X-axis
rotation

o AUT in linear scale
L g representation at
255 GHz

AUT in linear scale
representation at
38 GHz

Figure 20. Link budget estimation environment under line-of-sight conditions.
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Figure 21. Estimated link budget between the ideal dipole antenna and the proposed antenna at
50 cm distance for various rotational angles for the two bands. (a) 25.5 GHz and (b) 38 GHz.

5.5. Comparative Analysis

The proposed antenna performance was compared with the existing designs in Table 2.

The proposed antenna is relatively compact compared to most of the other antennas in
the table. The antenna also has a comparatively optimal gain. The proposed antenna with
the bottom watch case has the lowest SAR value. Most of the antennas in the table are
planar antennas; however, due to partial ground/defected ground structure (to improve
the bandwidth), the antenna structure replicates monopole behavior. As a result, these are
labeled as monopole antennas. In our case, the antenna has a full ground plane depicting a
perfect patch antenna. The proposed antenna’s link budget was also analyzed, and it was
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demonstrated that the antenna can deliver 1 Gbps of data at a 20 dB link margin, which
other designs have not performed.

Table 2. Comparative analysis of proposed antenna with existing designs.

Res LM
. 2 . . . .
Ref Ant Type Dim (mm®) (GHz) BW (GHz) Gain (dBi) SA (W/kg) Radiation Analysis
22-30/38- L
[11] Mono 0.37Ag X 27N\g  27/38/60 5.29/7.49/9 0.9/0.62/0.74 Bi-Dir No
39.5/56-61
[29] Mono 1.1Ag x 0.86A¢ 28.5/38 26-40.5 3.8 NA Bi-Dir No
[30] Mono 2410 X 2Ag 60 58.2-60.5 9.9 NA Multi-Beam No
[31] Mono 1.36A x 1.22A¢ 28/38 22-29/37-40 5 NA Omni No
[32] Mono 0.7579 x 1.24A¢ 37 36.7-37.4 NA NA Broadside No
[33] Mono 1127 x 1.12A¢ 28/40 24-32/38-41 4.5 NA Bi-Dir No
25-26.5/ .
Proposed Patch 0.51A¢ x 0.51Ay  25.5/38 37.39.5 74/79 0.063/0.0206  Broadside Yes

Note: Ref: reference; Ant: antenna; Dim: dimension; Res: resonance; LM: link margin; BW: bandwidth.

6. Future Scope

In line with the presented research work, other contributions can be made: (1) The
RF energy exposure by the proposed antenna with SWs can be studied in real time by
mimicking the phantom model. (2) In the current work, the effect of the SW screen was
neglected. In future work, the effect of the SW screen, which is supported by PCB and has
PEC properties, can be considered in the analysis. (3) Further, link margin analysis can be
performed by considering the human body between SWs and mobile phones, since at the
mmWave level, the human body creates obstruction, leading to NLOS communication.

7. Conclusions

This article presents a compact dual-band antenna operating at 25.5 and 38 GHz bands.

Due to its compact design, it is suitable for smartwatch and IoT applications. The antenna
structure has generated two modes at 25.5 GHz and three modes at 38 GHz, Mode 1 and 2
and Mode 1-3, which are analyzed using characteristic mode theory. Apart from these
modes, the antenna generated traverse TM1g and TMy, modes at the respective bands. The

antenna has a good measured bandwidth of 1.5 and 2.5 GHz with gains of 7.4 and 7.9 dBi.

Due to traverse modes, the antenna has radiation in the broadside with single and dual
beams at their respective bands. The antenna showed a sustainable |S;; | level when tested
with the watch case. This also improved the gain to 9.9 and 10.9 dBi. The results of SAR
analysis indicate minimal RF energy penetration to human tissue, which makes it suitable
for wearable applications. The link budget estimation demonstrated the highest data rate
transfer of 1 Gbps for a link margin of 20 dB.
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Abstract: Wide-angle mechanical beam steering for on-the-move satellite communications is pre-
sented in this paper based on a closed-form pillbox antenna system. It includes three main parts: a
fixed-feed part, which is a substrate-integrated waveguide (SIW) horn with an extended aperture
attached to a parabolic reflector; a novel quasi-optical system, which is a single coupling slot along-
side and without spacing from the parabolic reflector; and a radiating disc, which is a leaky-wave
metallic pattern. To make the antenna compact, pillbox-based feeding is implemented underneath
the metallic patterns. The antenna is designed based on a substrate-guided grounded concept using
leaky-wave metallic patterns operating at 20 GHz. Beam scanning is achieved using mechanical
rotation of the leaky-wave metallic patterns. The proposed antenna has an overall size of 340 x 335
x 2mm?, a gain of 23.2 dBi, wide beam scanning range of 120°, from —60° to +-60° in the azimuthal
plane, and a low side lobe level of —17.8 dB at a maximum scan angle of 60°. The proposed antenna
terminal is suitable for next-generation ubiquitous connectivity for households and small businesses

in remote areas, ships, unmanned aerial vehicles, and disaster management.

Keywords: flat panel antenna; low earth orbit satellites; on-the-move communications

1. Introduction

Recently, there has been a rise in the demand for satellite services primarily driven by
the necessity for worldwide broadcasting and the establishment of networks for sharing
data information [1-3]. These networks include digital radio, television, and broadband
internet services. To meet the requirements of those services, the integration of wireless
communications technology with low earth orbit (LEO) satellite communications systems
is introduced [3-6]. So, a low-cost and compact antenna is required to connect with LEO
satellites. This antenna can be mounted on ambulances, unmanned aerial vehicles (UAVs),
trains, vehicles, ships, robots for remote sensing, and homes to provide satellite commu-
nications on-the-move (SCOM) services (see Figure 1). While the traditional parabolic
antenna is a high-performance solution, its large size makes it unsuitable for most of those
applications. Therefore, there is a growing need for flat, compact, lightweight, and me-
chanically robust antennas that align with the specific requirements of these systems [7-11].
Additionally, the antennas’ gain and beam coverage range play a significant role in over-
coming path loss in high-frequency bands and enhancing resolution [12-19]. For SCOM
systems, it is essential to have an antenna that can balance high gain and a wide coverage
area. Additionally, the antenna must be capable of beam steering to establish real-time
satellite-to-ground connections for SCOM [20]. This is where the beam steering capability
of the antenna plays an essential role.

Sensors 2024, 24, 732. https:/ /doi.org/10.3390/s24030732 36 https://www.mdpi.com/journal/sensors
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Figure 1. The conceptual scenario of satellite communications on-the-move services.

Beam-scanning antenna arrays can use either mechanical or electrical scanning ap-
proaches [21,22]. Electrical beam scanning can be achieved through switched antenna
arrays or phased antenna arrays. Although these methods offer the advantages of low pro-
file and rapid scanning speed, they are expensive, complex to implement, and suffer from
high loss at higher frequencies, making them unsuitable for use in commercial terminal
devices [23-26]. On the other hand, mechanical beam scanning is low-cost and offers high
gain, but it is typically bulky and heavy and unsuitable for recent applications requiring
compact designs [21,27].

Several different designs have been presented for beamforming feeding networks.
These designs are based on passive technologies and do not rely on active components.
Examples of these designs include the Rotman lens [28,29], Luneburg lens [12,30,31], Butler
matrix [32,33], and pillbox reflector [34-36]. Pillbox reflector-based feeding designs can steer
the beam across a wide bandwidth, but they require multiple feeding ports and provide
limited beam coverage. The 3D-printed lens is unsuitable for applications requiring low-
profile and conformal features as it has a high profile and fragile structure. In comparison,
the Butler matrices achieve a low profile and wide scanning angle, making them a better
option than lens antennas. However, Butler matrices face challenges when it comes to
exciting a large number of antenna array elements [33,37,38].

In this paper, wide-angle beam steering is presented for the flat-panel antenna by a
closed-form pillbox platform. To simplify the mechanical set-up and integrate appropriately
with RF components for mechanical beam steering purposes, the antenna feed is fixed, while
beam steering is achieved by rotating a metallic disc in front of the fixed feed. With a fixed
feed, it avoids placing integrated horns in the focal plane of the parabolic reflector. A novel
quasi-optical system is introduced to smoothly transition quasi-TEM mode propagation to
the planar wavefront. First, to confine electromagnetic waves, an SIW-based horn with an
extended aperture is attached to the parabolic reflector to create a closed-form platform.
Second, a single coupling slot is created alongside and without spacing from the parabolic
reflector to ensure an effective coupling and extend the bandwidth.

The remainder of this paper is organized as follows. Section 2 presents the overall
design mechanism and discusses the individual part concept, while Section 3 provides
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and discusses the antenna performance in simulation and experimental environments and
comparison with state-of-the-art designs. Finally, the paper is summarized in Section 4.

2. Flat Panel Antenna Design

The configuration of the flat panel antenna terminal is presented in Figure 2a, while
the detailed structure is shown in Figure 2b,c. The antenna is stacked up with three double-
sided Rogers RO-4003C substrates with a thickness () of 1.52 mm and a dielectric constant (e,)
of 3.55 (see Figure 2b,c). To achieve SIW feeding, the bottom substrate (D) is in the shape of
a rectangle and has two metallic layers on both sides (M; and M) to configure the parabolic
structure of the pillbox. The middle substrate (D,), on the other hand, has a ground plane
for metallic patterns (M,), as well as a coupling slot on the metallic structure (M3) on the
top of the substrate. The top substrate (D3) is shaped like a disc and contains metallic
strip patterns that work as an antenna array (M4). In principle, the antenna has two main
parts: (a) the radiating part (printed on the top layer (D3)), which consists of a rotating
disc containing metallic patterns, and (b) the feeding part (a pillbox feeding system), which
includes SIW feeding, a coupling slot (etched in the middle layer), and a parabolic reflector
(etched through metallic vias between the bottom and middle layers). The disc has a
radius of 150 mm, while the overall size of the antenna is 340 x 335 x 2 mm?>. The working
principle of the antenna is discussed in Section 2.1.

Rotating Disk

Parabolic Reflector

I - .
R Metal (M)

Radiating Metal Strips

=—

_ Dielectric-Substrate (D)

(b) (c)

Figure 2. (a) The geometry of the proposed antenna and (b) its detailed configuration showing multiple
layers and (c) side view of the layers, where M and D refer to metal and dielectric layers, respectively.
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2.1. Design Principles

The antenna is designed based on a substrate-guided grounded (SGG) concept. This
technique requires metallic patterns, feed, guiding substrate, and a ground plane (reflector),
as depicted in Figure 3. As can be seen from Figure 3a, the metallic patterns are printed
on the top side of the substrate, whereas the ground plane is located on the bottom side
of the substrate. The metallic patterns are excited via the waveguide port in the simulator
CST microwave studio (see Figure 3b). The waveguide port generates a plane wave, as
shown in Figure 3b, which is guided through the substrate and hits the metallic patterns
from the edge of the substrate. Once the metallic patterns are excited through the plane
wave, it starts radiating the waves into the air, as shown in Figure 3c. This type of radiation
is referred to as leaky waves. This structure provides highly directive radiation patterns
with low-side lobes, as shown in Figure 3c. Beam scanning is accomplished through the
utilization of the mechanical rotation of metallic patterns. Thus, the metallic patterns in
the proposed design are printed in a circular shape. The final design can scan the beam
from —60° to 4 60°, which is an extraordinary performance compared to the existing
literature [4,35,39,40]. The detailed results are presented in Section 3.

Beam direction Z

Metallic patterns on top

Ground plane on botto

Guiding substrate

Figure 3. Antenna utilizing substrate-guided grounded concept. (a) Configuration of the antenna
metallic patterns excited from waveguide port, (b) electric field distributions, and (c) simulated 3D
highly directive radiation patterns obtained at 20 GHz.

2.2. Final Design

In order to develop the antenna based on the SGG method, a circular disc with a radius
of 150 mm and a pillbox feeding (quasi-optical) system are developed. Figure 4 shows the
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details of each layer in the proposed design before assembling the antenna structure. The
proposed antenna consists of four conducting layers (M;:My) interleaved by three dielectric
substrates (D1:D3). Table 1 shows the parameter of the antenna where all the dimensions
are in (mm).

]
<

w7
YV

Wst —

Sst —

e eS——
e
N

T

_ Metal (M) _ Dielectric-Substrate (D) Vi X

Figure 4. The layers’ details of the proposed design, M and D, refer to the metal and dielectric layer,
respectively. There are three dielectric layers and four metallic layers.

Table 1. Dimensions of the proposed antenna; all values in mm.

Ly Wi Ry R, R3 Ry Ly Wiy Sv dy Sw Wit Sst

340 115 111.4 157.2 155 150 16 12 1.5 1 5 4 4

2.2.1. Radiating Disc

Linear periodic metallic patterns in a circular manner are printed on a disc to form a
top layer, as depicted in Figure 4 (My). The disc is separated from the other structure to
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produce beam steering by its rotation (D3 with My). The configuration of metallic patterns
can be chosen based on the required beam direction; it works as an antenna array. Thus,
the critical factors are the number of strips, distance between them, and width of each
strip. The space between the elements is chosen to avoid any grating lobes and achieve
high gain. By changing the shape and size of the metallic patterns, the beam can be varied.
To demonstrate this idea, metallic patterns are printed on the top side of the disc. After
careful optimization of the patterns, a period of 8 mm and a total length of 15 A along the
x-direction at 20 GHz are chosen. A width of 4 mm and a spacing of 4 mm, which provide
beam pointing at the phi = 0° and theta = 8° direction, are considered.

2.2.2. Feeding Structure

To make the antenna compact, pillbox-based feeding is implemented underneath the
disc, as shown in Figure 2. A detailed view of the feeding mechanism along with the used
substrates is described in Figure 5. The feeding structure consists of an SIW horn feeding,
parabolic reflector, and coupling slot, as shown in Figure 4. The geometric properties of
the parabolic reflectors offer the transformation of a cylindrical wave originating from
the paraboloid’s focus into a plane wave directed along the parabola axis. Therefore, the
feeding structure and the coupling slot are arranged and placed in different layers to avoid
aperture blocking. The feeding is positioned in the focal plane of the parabolic reflector
located on the lower substrate (D), which is integrated with the horn and SIW structure to
feed and guide the waver, respectively. Meanwhile, the coupling slot is placed on the upper
substrate (D,). Connectivity between the two layers is facilitated through this coupling slot.
The reflector surfaces are actualized using vertical metallic vias, establishing a connection
between the top metal layers M; and M3. Additionally, a coupling slot with a width
of 5 mm is etched onto the middle metal layer (M;). The SIW horn, which has dimensions
of L and Ly, is fed by the 2.92 mm millimeter-wave 50 () connector and generates a quasi-
cylindrical wave (see Figure 6a). The wave propagates via substrate 3 (Figure 5) towards
the parabolic reflector. The parabolic reflector is also SIW-based and converts the incoming
wave into a plane wave. The parabolic reflector is generally designed using [34,41]:

2F

"7 + cos¢ @

where r is the parabolic surface radius, F refers to the focal length, and ¢ indicates the
angle between r and F vectors (see Figure 5b). The parabolic slot is positioned close to
the parabolic surface for maximum power coupling. The coupling slot transforms that
plane wave to the top layer (substrate 1), which has metallic patterns; see Figure 6b. The
coupling slot, which has a width of sy, is placed just on the edge of the parabolic reflector.
S is a critical parameter to improve the impedance-matching bandwidth. The optimized
value of the sy, is 5 mm for the final design. The SIW horn and parabolic reflector are made
of metallic vias that have a radius of 0.5 mm. The focal length and curve aperture are
optimized to achieve a low side lobe level. The parabolic reflector has a curve aperture
of 301 mm and focal point distance (F) of 126 mm.

Figure 6 shows the electric field distributions of the antenna for the top layer (radiating
strips) and bottom layer (pillbox feeding) to help understand its working mechanism.
Pillbox feeding generates a plane wave in the x-direction, which excites the radiating strips
as a leaky-wave antenna. This excitation produces a broadside radiation pattern when
there is no rotation in patterns. However, when the metallic patterns are rotated by an angle
w = £20°, the beam can be steered in azimuth and elevation planes. This can be observed
from the electric field distributions in Figure 6c,d. Specifically, to achieve beam scanning,
the intersection of the plane wave and the radiating metallic strips is changed by rotating
the disc, as shown in Figure 6¢,d. The disc is rotated (w) clockwise and anti-clockwise to
produce symmetrical beam scanning.
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Axis of antenna structure rotation

Coupling slot

Radiati | stri
Copper, (0.035 mm) Plating adiating metal strips I

B/w Substrate | & Substrate 2

Feed Structure Substrate 1

Input Port

AN

Parabolic reflector
Copper Ground Plane (0.035 mm) Plating
Substrate 2 bottom layer

Feed Structure Substrate 2

................
. "

V/m
300

150

(b) (c) (d)

Figure 6. The electric field distributions obtained at 20 GHz. (a) The bottom layer and the top layer
(b) without any rotation w = 0°, (c) at the maximum scanning angle on the right side w = 20°, and
(d) at the maximum scanning angle at the left side w = —20°. Red arrows are pointing in the direction
of the propagation of waves.

3. Antenna Performance and Discussions

A prototype was fabricated to validate the proposed idea. Figure 7 shows the pho-
tograph of the top and bottom views of the fabricated layers before the assembly of the
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Top
View

Bottom
View

proposed antenna. The three layers are fabricated as layer-1, which is the feeding parabolic,
layer-2, which is the coupling layer, and layer-3, which is the radiating layer. It should
be noted that the design consists of multi-layer substrates. Small holes are made in the
corner of the substrates to assemble the whole structure via nylon screws. A 2.92 mm
millimeter-wave 50 () connector is soldered from the bottom side of the antenna. Layer-1
and layer-2 were assembled together using nylon screws, and then the rotating disc was
placed on the top side and rotated about its central axis to realize beam scanning, as shown
in Figure 8a,b. After assembling the antenna, a vector network analyzer was used to test its
reflection coefficients. The antenna’s tested reflection coefficients are shown in Figure 9 in a
blue-dotted—dashed line. The tested results are also compared with simulations, shown
in Figure 9 as a red solid line. It can be seen from the measured results that the 10 dB
return loss (—10 dB reflection coefficients) bandwidth is from 19.2 GHz to 20.4 GHz. The
measured bandwidth is about 1.2 GHz, which is slightly smaller than the simulated one.
The discrepancies between the measured and simulated reflection coefficients are mainly
caused by fabrication, soldering, and measurement errors. It should be noted that the
antenna has multiple layers and is assembled in the laboratory; this type of discrepancy is
expected due to the manual assembly of the layers in addition to the human factor error
of the soldering, where the soldering point can work as an additional stub at a higher
frequency, which induces mismatch between the antenna and the connector. This can be
minimized by having more accurate assembly of the layers, reducing the air gap between
layers, and minimizing measurement errors.

Layer-2 Layer-3

Figure 7. Photographs of the top and bottom views of the fabricated layers before the assembly. Layer-1
is the parabolic feed structure, layer-2 is the coupling layer, and layer-3 is the radiating strips layer.
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Figure 8. Photographs of the fabricated prototype. (a) Top view, (b) bottom views, and (c) measurement
setup with a disc rotation of 20°.

0 T T T

S, (dB)

_50 1 1 1

19 19.5 20 20.5 21
Frequency (GHz)

Figure 9. The simulated and measured reflection coefficient of the proposed antenna versus frequency.

The mechanical rotation is manually realized by rotation steps of w = 5° from —20° to 20°.
The measurement setup for w = 20° is shown in Figure 8c. The antenna is tested for
radiation patterns and realized gain values. To understand the beam steering of the
proposed antenna, the normalized measured radiation patterns are shown in Figure 10.
It is evident that the beam direction is steered with a little gain variation (~3 dBi) over
the whole rotating angle. The radiation patterns of nine different rotation angles have
been plotted in Figure 10 from —20° to 20° with a step of 5°. The intermediate coverage
area between the beams can be covered by selecting small intermediate rotation angles.
It is noted that the antenna offers 120° as a scanning angle, while Figure 11 depicts the
2D plots of the measured radiation patterns at 20 GHz for the nine rotation angles for
the whole domain 0 < 0 < 180°; —180° < ¢ < 180°. The plots demonstrate the ability
of the antenna to achieve beam steering with high gain and low side lobes. On the other
hand, one of the essential merits of evaluating the scanning area of the antenna is the
total scanning angle calculated from the total scan pattern (TSP) [42—44]. The TSP is the
maximum achievable gain at each certain angular angle (6, ¢) in the whole spherical
coordinate, where the TSP is computed for all potential antenna rotation angles (w; : wy,)
and then the maximum gain (G) is selected at each point in the spatial distribution as [44]:
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TSP(, ¢) = max[cwl(e, 0), G (6, ¢), ovevn .. , G, (6, <p)}, 0 <6 < 180° —180° < ¢ < 180° )

w=-5° w=0°

w=-15° w=-10°

w=-20°
R — w:50

-5

N O N
o o o o u»u o

Normalized Gain (dBi)

Angle [deg]

Figure 10. The measured radiation patterns of the antenna with the rotation angles from —20° to 20°.
All the radiation patterns are normalized to the maximum gain at w = 0°.
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w=-5°

w=-15° w=-1

0°

0 [deg]
0 [deg]
0 [deg]
0 [deg]

0 [deg]

-90 0 90 180 -180  -90 0 90 180 -180  -90 0 90 180
P [deg] P [deg] P [deg] P [deg]

'
®
S

Figure 11. Two-dimensional plot of measured radiation patterns in dBi at rotation angles
from —20° to 20° (with 5° spatial angle) and the total scan pattern of those rotation angles. All
the plotted values present the gain at a whole spherical angle for each rotated angle, and then TSP is
calculated based on (2).

As shown in Figure 11, the measured TSP(6, ¢) demonstrates the ability of the an-
tenna to achieve beam steering of 120° with a tiny variation in the beam in the elevation
plane (£4°) and without any null, which assembles only from nine rotations of the disc
within £20°. The simulated and measured gain values of the steering beam at the dif-
ferent rotating angles are shown in Table 2. The maximum measured gain is 23.2 dBi
at w = 0° rotation, which is 3.3 dB less than the simulated one. This difference in gain
values is expected because of higher losses of the substrate at a high frequency. It is also
attributed to the fabrication, soldering, air gaps, and measurement errors. Nevertheless,
this is acceptable for large antennas, especially those operating at high-frequency bands.
The variations in the measured gain from —40° to +40° scanning range is only 2 dBi, which
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is better than the other reported designs [21,36], while a 3.3 dBi variation is observed in
the whole scanning range from —60° to +60°.

Table 2. The simulated and measured peak gain at 20 GHz for different rotation angles.

Angle of Rotation w —20° —10° 0° 10° 20°
Simulated Gain (dBi) 24 25.5 26.5 25.5 24
Measured Gain (dBi) 20.21 22.1 232 225 20.18

In order to determine the quality of the antenna and its performance, it is compared
to other reference antennas in terms of antenna height, frequency band, beam coverage,
measured gain, and SLLs at the broadside and maximum scan angle. These characteristics
are given in Table 3. By rotating a horn within the focal plane of the pillbox feeding
system, the reference antenna that was described in [39] possesses a high gain and low SLL
when viewed from the broadside. However, it displays a high SLL when viewed from a
maximum scan angle of £40 degrees. Additionally, the antenna height is 4.391y which is
much higher than the proposed design. Furthermore, it features a mechanically steered
main beam that extends beyond 140 degrees. The other reference antenna that is presented
in [21] has a low SLL at the broadside and a maximum scan angle of 40 degrees; however,
the measured gain is low (i.e., 19.6 dBi), and the beam coverage that is achieved is only
+40 degrees. Although the antennas in [35,36,40] offer a small profile, they suffer from
either a limited coverage angle or high side lobe level. The antennas in [39,45] have a wider
bandwidth compared to the others due to using high profiles (4.39 Ag and 9 A(). However,
they offer limited angle scanning and high SLL. The antenna proposed in this study, on the
other hand, possesses a relatively high gain, which is, i.e., 23.2 dBi. Additionally, it has a
low SLL of —17.8 dB at a maximum scan angle of 60 degrees. Furthermore, the antenna
height is only 0.3 A, and it has a beam coverage of 60 degrees on the azimuth plane.

Table 3. Performance comparison of the proposed and previous quasi-optical antenna system.

Ref. Antenna Height A BW (GHz) Beam Coverage (Degree) = Measured Gain (dBi) SLL (dB)
@ BS @MSA
[35] 0.08 23.9-24.9 +36 17.7 —15 —8.8
[40] 0.08 23.5-25.7 +30 23.8 —12 —16
[39] 4.39 27.5-31.0 +40 28.9 —32 —11
[36] 0.08 23.5-24.6 +40 25 —15 -10
[21] 0.32 10.2-13.9 +40 19.6 —30 —15.6
[45] 9 28.5-31.0 +24 31.3 —20 -10
[46] 0.1 23.8-24.3 +39 21.6 —23 -10
[47] 0.1 23.8-24.4 +40 24.2 —24 —11
[48] 0.1 23.5-24.5 +35 22 -20 -15
[49] 0.25 74-78 +40 24 —25 —-10
This Work 0.3 19.0-20.4 +60 23.2 —20 —17.8

SLL: side lobe level, BW: bandwidth, BS broadside angle, MSA: maximum scanning angle.

4. Conclusions

In this work, wide-angle beam steering has been shown for the purpose of on-the-
move satellite communication through the utilization of an innovative closed-form pillbox
antenna system. The complete wide-angle beam steering antenna system includes three
main parts: fixed-feed SIW-based horn, novel quasi-optical system, and leaky-wave radiat-
ing part. A transition made by a single coupling slot alongside and without spacing from
the parabolic reflector has been proposed for the quasi-optical system to have effective
coupling and extend the bandwidth. Through the utilization of the mechanical rotation of
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the metallic patterns, beam scanning is accomplished. The experimental results show that
the antenna can provide a beam-scanning capability of 120° in the azimuth plane. The an-
tenna terminal demonstrates directive radiation pasterns with a maximum measured gain
of 23.2 dBi with an antenna height of 0.3Ag and low SLL of —17.8 dB at a maximum scan
angle of 60°. The antenna operates in the frequency range from 19.2 GHz to 20.4 GHz with
a reflection coefficient less than —10 dB. This concept has the potential to be extended to
achieve circular polarization, which might be accomplished by incorporating a superstrate
layer of a thin polarizer.
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Abstract: A meta-surface-based arbitrary bandwidth filter realization method for terahertz (THz)
future communications is presented. The approach involves integrating a meta-surface-based band-
stop filter into an ultra-wideband (UWB) bandpass filter and adjusting the operating frequency range
of the meta-surface bandstop filter to realize the design of arbitrary bandwidth filters. It effectively
addresses the complexity of designing traditional arbitrary bandwidth filters and the challenges in
achieving impedance matching. To underscore its practicality, the paper employs silicon substrate in-
tegrated gap waveguide (SSIGW) and this method to craft a THz filter. To begin, design equations for
electromagnetic band gap (EBG) structures were developed in accordance with the requirements of
through-silicon via (TSV) and applied to the design of the SSIGW. Subsequently, this article employs
equivalent transmission line models and equivalent circuits to conduct theoretical analyses for both
the UWB passband and the meta-surface stopband portions. The proposed THz filter boasts a center
frequency of 0.151 THz, a relative bandwidth of 6.9%, insertion loss below 0.68 dB, and stopbands
exceeding 20 GHz in both upper and lower ranges. The in-band group delay is 0.119 + 0.048 ns.
Compared to reported THz filters, the SSIGW filter boasts advantages such as low loss and minimal
delay, making it even more suitable for future wireless communication.

Keywords: terahertz; silicon substrate integrated gap waveguide (SSIGW); through-silicon via (TSV);
meta-surface; filter

1. Introduction

The “International Mobile Telecommunications (IMT) Framework and General Ob-
jectives Proposal for 2030 and Future Development” program document’s completion in
2023 ushers in a new phase of future wireless communications development. Terahertz
(THz) technology, one of the primary future wireless communication technologies, will be
extensively used in both the civil and military sectors. As an indispensable component in
communication systems, filters play a crucial role in the efficient and low-loss design of the
THz band. However, THz filters, recognized as pivotal components, currently grapple with
challenges such as significant losses, integration complexities, and difficulties in achieving
arbitrary bandwidth designs. The current implementation of THz filters relies mainly
on meta-material design [1,2], making it challenging to integrate them into silicon-based
front-end circuits. Some waveguide-based filters’ [3,4] design faces issues such as surface
waves and high interconnection losses.

In 2015, substrate integrated gap waveguide (SIGW) was proposed to solve the prob-
lems of loss and packaging in the design of high-frequency devices [5]. SIGW has the
capability to mitigate surface waves and space radiation in transmission lines, providing
a favorable environment for millimeter-wave (MMW) circuits and their packaging [6-8].
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However, when SIGW is applied in the THz range, the waveguide structures become
extremely small, making them challenging to manufacture. Additionally, issues such as
high losses and difficulties in integration arise. Fortunately, through-silicon via (TSV), a key
semiconductor technology of 3D integrated circuits, has high-precision trench etching and
metal filling on the order of microns and very low losses, which has aroused significant
research interest [9]. Moreover, TSV can be connected to other planar devices through a
redistribution layer [10]. Therefore, those attractive features have made TSV technology
a good alternative for miniaturization and integration of passive devices. Indeed, some
passive devices based on TSV have been proposed [3,11]. Recently, due to the large-scale
expansion of semiconductor technology and emerging markets such as automotive radar
and 5G, TSV technology has been gradually extended to MMW and THz fields [12-14]. In
2022, a silicon substrate integrated gap waveguide (SSIGW) utilizing TSV was proposed to
address the aforementioned issues, and it has been successfully applied in the design of a
6G filtering metalens antenna [15]. Therefore, SSIGW, characterized by low losses, compact
dimensions, suppression of surface waves, and ease of integration, emerges as a superior
alternative for THz circuit design.

Additionally, regarding filter design, it is common for designs to target specific fre-
quency bands and ranges, with fixed structures, making it challenging to achieve arbitrary
bandwidths. Currently, only a few studies have addressed this issue [16,17], all adopting
the approach of increasing resonance points, as illustrated in Figure 1, which depicts the ba-
sic principle. One study proposed a filter prototype synthesis method for designing filters
with arbitrary bandwidths [16]. Another study presented a method based on the theory of
small reflections to design microstrip filters with arbitrary passbands [17]. It introduced
a novel stub-loaded microstrip filter and derived an approximate reflection coefficient
function for the input of the filter. However, these methods face difficulties in computation
and complexities in design. Due to its simplicity in design and controllable parameters,
electromagnetic meta-surfaces have been widely used in device design [18,19]. Based on
the meta-surface resonance theory, this paper proposes a method of utilizing meta-surfaces
in the design of ultra-wideband (UWB) filters, offering a solution for achieving filters with
arbitrary bandwidths. And the proposed method offers advantages such as simplicity in
implementation and high flexibility.

O——‘ resonator 1 ’——O

source load

—‘ resonator 2 ’—

—‘ resonator N ’—

Figure 1. Diagram of the traditional implementation principle of arbitrary bandwidth filters.

This work proposes a method for the design of meta-surface filters with arbitrary
passband, and for verification, a filter based on SSIGW is presented. In Section 2, the method
for the design of meta-surface filters with arbitrary passband is given. Furthermore, an
SSIGW meta-surface filter based on the design method has been proposed. In Section 3, a
comprehensive analysis of the proposed filter has been undertaken, covering the theoretical
design of SSIGW, the design of the UWB filter, and the meta-surface-based wideband
bandstop filter design. Comparative evaluations with relevant THz filters have highlighted
its superior performance. In Section 4, some conclusions are given.

2. Meta-Surface-Based Arbitrary Bandwidth SSIGW Filter Design Method

This section presents a method for designing an arbitrary bandwidth SSIGW filter
based on meta-surfaces. The principle of the proposed method is illustrated in Figure 2. It
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entails incorporating a meta-surface-based bandstop filter into a UWB bandpass filter, with
the controllable filter bandwidth achieved through the adjustment of the meta-surface’s
dimensions. The decision to employ meta-surface design for the bandstop structure is
motivated by the challenges and complexity associated with achieving designs for diverse
frequency bands using traditional bandstop filter structures. Furthermore, achieving perfect
impedance matching with UWB filter structures has proven difficult using conventional
band-stop filter configurations. Meta-surfaces offer advantages such as structural simplicity
and flexibility, enabling the flexible design of filters with varying bandwidths and stopband
widths to meet specific requirements. Figure 3 illustrates the theoretical performance of the
proposed method. In Figure 3a, the performance of the bandpass filter is shown, and in
Figure 3b, the performance of the bandstop filter is depicted. By superimposing these two,
the desired filter can be obtained, as shown in Figure 3c.

O—{UWB bandpass fllter| —I— |Meta-surface bandstop ﬁlter}—o

source load

Figure 2. The proposed diagram for the implementation principle of arbitrary bandwidth filters.

——|S,,| of bandpass filter |:|Sﬂ| of bandstop filter [Sy:] of bandpass filter
|S,,| of bandstop filter
5|/ \ 5 :
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Figure 3. Theoretical performance of arbitrary bandwidth filter: (a) bandpass filter; (b) bandstop
filter; and (c) required filter.

To validate the efficacy of the proposed approach, an SSIGW THz filter was designed
employing split-ring resonator (SRR) meta-surfaces, as depicted in the overall structure
illustrated in the Figure 4. It comprises two components: a UWB bandpass filter and a meta-
surface wideband bandstop filter. Additionally, the meta-surface wideband bandstop filter
is composed of meta-surface bandstop filter 1 and meta-surface bandstop filter 2. To provide
a clearer exposition of the design concept, the subsequent sections will individually analyze
the design of SSIGW, UWB filters, and meta-surface-based wideband bandstop filters.

bandstop filter 1\, . 4 o o
bandstop filter 2

UWB bandpass filter

Figure 4. The physical structure of the proposed filter.

3. Physical Realization of Arbitrary Bandwidth SSIGW Filter Based on Meta-Surface

According to the literature [20], the sixth-generation mobile communication technol-
ogy (6G) band includes the G band (0.14-0.22 THz). Therefore, this paper presents the
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detailed design of the filter in this frequency band, aiming to offer new insights into the
filter design for 6G communication and promote the development of 6G communication.
The concrete implementation of the proposed arbitrary bandwidth SSIGW filter based
on meta-surface encompasses three key components: the theoretical design of SSIGW,
the design of the ultra-wideband filter, and the design of the meta-surface-based band-
stop filter with a wide stopband. The following subsections will delve into each of these
aspects individually.

3.1. Design of SSIGW

Beginning with TSV technology, this subsection researches the design of SSIGW for
the THz band. The dielectric constants of the materials employed in all structures within
this artical are Si with ¢, = 11.9, and SiO, with ¢, = 4.

As per the information presented in [15], SSIGW is composed of a TSV-based electro-
magnetic band gap (EBG) array structure and a stripline. In this subsection, the TSV-based
EBG structure is first given and analyzed so that an SSIGW can work for the THz band.
TSV is formed in a silicon substrate with limited and nonzero resistivity and has a metal—-
insulator-semiconductor (MIS) structure [21], as shown in Figure 5, i.e., metal (copper),
insulator (5iO,), and semiconductor substrate (5i) between signal and ground [22]. The
thickness of the insulator layer (T) is determined by the following formulae:

_ 2meoH
T > r(l —e Cox<f>> 1)
and
T >02um 2)

in which T is the thickness of the insulator SiO, layer outside the copper/silicon pillar; r is
the radius of the copper column; H is the height of the copper column; and Cox(f) is the
maximum capacitance of the sidewall, which can be obtained by simulation.

Figure 5. Schematic diagrams of a TSV cell.

Figure 6a shows the side view of TSV-based EBGs with indicated parameters, such
as dimensions dy, R, p, r, T, and g. Due to the computational difficulty of embedding
the TSV-based EBG in two media, for simplicity, we assume that the TSV-based EBG is
embedded in a medium with an equivalent relative permittivity, as shown in Figure 6b.
Figure 6b shows the side view of TSV-based EBGs’ equivalent structure with indicated
parameters, such as capacitance C; and C, inductance L, and dimensions dy = Iy + 2T,
dy = hy + h3 + 2T. The effective relative dielectric constants ¢, fr1and ¢ are obtained
from (3) and (4) using the weighted average method.

2Teo + (02 — T hyes /> wT2hye,/ p?
€eff1 = ot (p 4 Jlus/p + ;loP ®)

2Tey + (hy + h3)e
Eofpr = = (dj i )

Applying the theory in [23,24] to Figure 6b, the following formulae can be obtained.

Cy = €0gefppTR? /dy ®)
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Cy = 4degeerr1 TR/ log(sec(mt(p — 2R)/2p)) (6)
L= —podi(4+1In(p —2r)) /27 (7)
fo=1/2m\/LCIC2/ (C1 + C) ®)
FBW = /L(C1 + C2)/CiCa /1 )

where the vacuum dielectric constant is gy = 8.854 x 10~!2 F/m, vacuum permeability is
po = 47 x 1077 H/m, effective impedance is 77, FBW is the fractional bandwidth around
the center frequency fy, p is the permutation period between the TSV-based EBGs, r is the
radius of the column, R is the radius of the disc, d; is the height of the column, d; is the
thickness of the dielectric plate above the disc, C; is the capacitance of the disc with the
top PEC, C; is the gap capacitance between the two discs, and L is the inductance of the
copper column.

PEC—; ! Layer3 PEC
—
(h3) fo op
Insul ! Layer2 7
— 2
[€)) 2R (1) g 2R
- —— 5
4 disc
L G
Layerl 2r
2 P r
/L‘x = (1) i U &t
z D L
X - <—PEC Ny o =
cylindrical PEC

(a) (b)
Figure 6. Side view of TSV-based EBGs: (a) physical structure and (b) equivalent physical structure.

Firstly, it is assumed that the height of the copper column is dy = 65 pum, the thickness
of the medium plate above the copper column is d, = 60 pm, the center frequency is
fo =0.19 THz, and the fractional bandwidth is FBW = 65%. Additionally, according to
formulae (5)—(9), we obtain R = 47.8 um and r = 6.6 um. Lastly, for convenience of the
design, set R =50 pum and 7 = 7 pm.

According to [14], it can be known that Cox(f) tends to 0 at the frequency infinity.
This work considers the THz band, which suggests Cox(f) = 0.03 pF, and thus according to
formula (1), T > 3.5 um is obtained. Therefore, set T =5 um.

The designed TSV-based EBG structure unit is shown in Figure 7. The upper surface of
the dielectric substrate (Layer 1) is coated with a layer of SiO,. A metal disc with a diameter
of 2R is printed on the upper surface of the insulator. And the lower surface of Layer 1 is
also coated with a layer of SiO,. A copper column with a diameter of 2r is inserted into the
substrate, and a layer of SiO; with a thickness of T is wrapped outside the copper pillar.
The upper surface of the middle dielectric substrate (Layer 2, Si) is covered with a layer of
SiO;. The upper surface of the upper dielectric substrate (Layer 3, Si) is also coated with a
layer of SiO», and on the upper surface, there is a copper-clad metal layer. The dimensions
of the TSV-based EBG are listed in Table 1.

Table 1. Dimensions of TSV-based EBG (units: um).

T P r R h hy h3
5 120 7 50 55 25 25
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Disc (2R)

Column (2r)
Figure 7. TSV-based EBG cell structure.

The electromagnetic simulation of the TSV-based EBG unit was conducted using CST
Microwave Studio v2020 software. The dispersion is illustrated in Figure 8, revealing a
central frequency of approximately 0.2 THz and a bandwidth of about 62%, aligning well
with the design specifications.

3x10%
E
=
£ Band Ga
= 2x10* L)
£
17
s
=]
]
g
£ 1x10%
on
2 —=— Mode 1
£ —e— Mode 2
; Mode 3
0 T J T T |
0.0 0.1 0.2 0.3 04 0.5
Frequency [THz]

Figure 8. Dispersion of TSV-based EBG.

The SSIGW is composed of stripline and TSV-based EBG array, as illustrated in Figure 9.
Further optimization using the High-Frequency Structure simulator (HFSS) determines
a stripline width of 20 pm. The metal stripline is etched onto the upper surface of layer
SiO; on the middle dielectric substrate (Layer 2, Si). The TSV-based EBG structure ensures
that signal energy is confined to the stripline, minimizing energy diffusion leakage on both

midan AL tlhA Atwialiaa

Stripline
EBG cell

Figure 9. Physical structure of SSIGW.

CST Microwave Studio software is used to analyze the dispersion diagram of the SSIGW,
as shown in Figure 10a. It is seen that the electromagnetic bandgap is 0.139-0.259 THz. The S
parameters, |S11| and |Sy;|, of the SSIGW are shown in Figure 10b. The —10 dB bandwidth of
the SSIGW starts from 0.126 THz.
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Figure 10. Simulation results of the SSIGW: (a) dispersion and (b) |S11| and [Sp1|.

3.2. Design and Analysis of Ultra-Wideband Bandpass Filter

The subsection improves a UWB bandpass filter based on SSIGW in [15], and its
structure is shown in Figure 11a. A non-equal-impedance branch-and-loop resonator is
proposed to solve the problem of excessive in-band return loss in conventional equal-
impedance branch-and-loop resonators. In Figure 11b, the schematic depicts the UWB
filter utilizing a circular ring resonator loaded with a pair of quarter wavelength open
circuit stubs connected to the right and top center of the ring. The input and output
ports are positioned at two orthogonal locations, specifically at the bottom and left center
of the ring, and are directly linked to the ring. The equivalent transmission line model
is illustrated in Figure 11c. The circumference of the ring is one wavelength, and the
characteristic impedance is Z1, while the electrical length of the open circuit stub is 6, and
the characteristic impedance is Z,.

&=

<2 Z; ,0; Z;,0;
A7
Z;,0; Z; ,0, Z;,0;
(b) (c)

Figure 11. UWB bandpass filter: (a) 3D view; (b) 2D view of the resonator; and (c) equivalent
transmission line model (Z; =50 ), Z, =100 ), 1 = 180°, 6, = 90°, 63 = 270°).

Under weak coupling [25,26], the plane of symmetry AB shown in Figure 11b can be
considered as an ideal magnetic or electrical wall, respectively. The equivalent even/odd
mode transmission line model of the ring resonator used to determine the resonant fre-
quency of the filter is shown in Figure 12a and Figure 12b, respectively.

Z,,0;

Yodd] Zl 102

vaenl ZI ’02

Yn'vunZ ZI :02/2 odd2 ZI )02/2
(@) (b)

Figure 12. Even and odd mode analysis: (a) even mode transmission line model; (b) odd mode
transmission line model.
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According to the ring resonator theory, it can be concluded that the ring resonator
resonates when its input admittance is zero [25]. Therefore, the resonance conditions are
shown as follows:

Yeven = Yeven1 + Yevena = 0 (10)

Yodd = Yoda1 + Yoaa2 = 0 (11)

In this subsection, the odd—-even mode method is used to calculate the resonance
frequency of a circular ring resonator loaded with an open circuit stub. The even mode
equivalent transmission line model when a magnetic wall is applied to the symmetric plane
AB of the ring resonator is shown in Figure 12a. The analysis is simplified by neglecting all
effects of transmission line discontinuities within the ring resonator depicted in Figure 11b.
The normalized even mode input admittances Ypen1 and Yepen2 of the upper and lower
arms are, respectively, expressed by the following formula:

y _.—m®— Knm?+3m+ Kn
evenl = | o Km + 1

(12)

Yeven2 = ]m (13)

where m = tan(6,/2), n = tan 6, = 2m/ (1 —m?), K = Z1/ Zs.
Thus, the even mode resonance condition (10) can be obtained by the
following, equation:

Am® + 3Knm? — 4m — Kn
Y, = — =0 14
even = T T R o Knm + 1 (14)

Odd mode analysis is akin to even mode. In Figure 12b, the equivalent transmission
line model represents a half-ring resonator with an electrical wall applied along AB. The
normalized odd mode input admittances Y, ;41 and Y, of the upper and lower arms can
be deduced as follows:

v B Knm® —3m?% — Kmn +1
oddl = T T K2 +3m

Yodar = 1/jm (16)

Therefore, the odd mode resonance condition (11) can be obtained by the
following equation:

(15)

Knm® — 4m? — 3Knm + 4
Yodd =] 3 > =
m> + 2Knm* — 3m
If the loop is assumed to be lossless, the frequency at which the transmission zero is
located can be obtained as shown in [26], by solving the following;:

0 (17)

Yeven = Yodd (18)
By substituting (14) and (17) into (18), the following polynomial equation can

be obtained.
m® + 2Knm® + (K2n2 - 1)m4 + (K2n2 - 1)m2 —2Knm+1=0 (19)

The resonant frequency can be calculated by the following formula:

= 27c
YN

where c is the speed of light in free space, and A, is the waveguide wavelength. This
excerpt uses K = 1/2, A, = 0.61 mm, eeff, = 10.583.

(20)
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Table 2 shows the comparison between the calculated and simulated resonance fre-
quencies. It can be seen that the calculated values agree with the simulations. The causes of
errors include loss of loops, discontinuity, and so on. In addition, the calculation has only
two transmission zeros, while the simulation has four. The additional transmission zeros
are generated by SSIGW itself, as can be seen from Figure 10b.

Table 2. Comparison of calculated and simulated resonant frequencies (units: THz).

Resonant Frequency Calculated Simulated
TZ1 0.128 0.130
TZ2 - 0.133
TZ3 0.224 0.234
TZ4 - 0.241
TP1 0.151 0.144
TP2 0.191 0.191
TP3 0.220 0.224

Simulated |S11| and |Sy;| are shown in Figure 13a. As can be seen from Figure 13a,
its passband is 0.142-0.226 THz, and its fractional bandwidth (FBW) is 45.34% around the
center frequency of 0.184 THz. The insertion loss is lower than 0.71 dB, and the out-of-band
suppression is higher than 20 dB. Simulated group delay is shown in Figure 13b. As
can be seen from Figure 13b, its in-band group delay is 0.037 + 0.023 ns, very flat over

the bandwidth.
0] 0.10
&= 101 _0.08
c z
= 20 8
Q 4
é 30 %’0.06
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5 -404 £0.04 1
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» =504 <
01 ——|S, 0.02
‘_°_ IS5l
-70 T T T T T T 00 T T T T
0.14 0.16 0.18 0.20 0.22 0.24 0.14 0.16 0.18 0.20 0.22
Frequency [THz| Frequency [THz|
(a) (b)

Figure 13. Simulation results of UWB bandpass filter: (a) S parameters and (b) in-band group delay.

3.3. Design and Analysis of Meta-Surface Wideband Bandstop Filter

This subsection introduces a novel meta-surface bandstop filter, depicted in Figure 14a.
The stopband functionality is achieved by adding SRRs on both sides of the transmission
line. Adjusting the dimensions of the SRRs allows for the realization of stopbands in
different frequency ranges.

The planar view and corresponding equivalent circuit are depicted in Figure 14b
and Figure 14c, respectively. Figure 14d illustrates the circuit unit. To elucidate the
operational principles, a detailed analysis of the equivalent circuit unit follows. Empirical
formulas (21)—(24) are derived from both [27,28] and the SSIGW physical model presented
in this paper. The calculation of the dimensions of meta-surface bandstop filter 1 yields
Lsgr =0.0272 nH, Cggr = 0.033 pF. Following optimization using the Advanced Design
System (ADS), the parameters are confirmed to be Lggr = 0.0272 nH, Cggg = 0.035 pF, and
the S-parameter is displayed in Figure 15a. From Figure 15b, it can be observed that the
resonant points from theoretical calculations and simulations coincide at 0.162 THz.

prpto (1 +32(8h3 + T)*(1+ /1 + 7wy / (8h3 + T) /w}y)

Lsrr = 10000077 1)

58



Sensors 2024, 24, 1291

_ Eeff2eoM
Csrr = ~5000 (22)
M 21n(2(1+\/§)/(1—\/i)) 23
K= [1— 1 (24)
(1+ 2wy /Sam )’

in which €,¢, = 10.583 represents the relative permittivity, y1, = 1is the relative magnetic
permeability, wys = 8 um is the metal line width of the SRR, and Sy;; = 8 pm is the gap
distance between SRR openings.

(b)
i
1
Lsmu:Csmz Lsrrz  Csrrs Lsrrs  Csrrs Ly
1
__________ l :
Cell |
| OUT
|
Lirrs Csrrs Lsrrs  Csrrr Lgrrr Cisrrs Lsprs
(c)
Csrr
INT ouT
Lsgr
(d)

Figure 14. Meta-surface bandstop filter: (a) 3D view; (b) 2D view of the filter resonator; (c) the
equivalent circuit; and (d) the circuit unit.
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Figure 15. S parameters of filter: (a) equivalent circuit; (b) meta-surface bandstop filter 1.

As can be seen from Figure 16a, inside the stopband (@0.165 THz), energy is absorbed
by meta-surface losses, especially on the first unit. As can be seen from Figure 16b,c, outside
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the stopband (@0.14 THz and @0.18 THz), energy concentrates on the transmission line
and is propagated to the output end. This further validates the accuracy of the theoretical
analysis mentioned above.

In order to broaden the bandwidth, this paper designed meta-surface bandstop filter
2 with adjacent stopband ranges. The S-parameters, as shown in Figure 17a, reveal a
stopband range of 0.168-0.18 THz. Overlaying the two configurations resulted in a meta-
surface filter with a wide stopband, as depicted in Figure 17b, now exhibiting a stopband
range of 0.16-0.181 THz. This configuration effectively satisfies the criteria for broad
stopband performance.
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Figure 16. Electric field profile of meta-surface bandstop filter 1: (a) outside the stopband
(@0.14 THz); (b) in-band (@0.165 THz); and (c) outside the stopband (@0.18 THz).
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Figure 17. S parameters of filters: (a) meta-surface bandstop filter 2; and (b) wide stopband meta-
surface bandstop filter.

3.4. Results and Comparisons

The parameters and their corresponding values for the filter proposed in this paper,
after the final optimization, are presented in Table 3. The specific physical description of
these parameters is illustrated in Figure 18. The simulation results of the proposed THz
filter are shown in Figure 19. From Figure 19a, it can be observed that the center frequency
is 0.151 THz, the FBW is 6.9%, the insertion loss is less than 0.68 dB, and both the upper
and lower stopband widths exceed 20 GHz. Simulated group delay is shown in Figure 19b.
As can be seen from Figure 19b, the in-band group delay is 0.119 + 0.048 ns, again very flat.
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Table 3. Dimensions of meta-surface THz bandpass filter (units: pm).

Parameters Values Parameters Values Parameters Values
Ly 1738 Lo 352 Ls 125
Rl 98 w1 20 wo 7
L M1 90 S M1 8 wWnp 8
L M2 83 S M2 3 WM 8
Gm11 9 Gz 5 G 200

Gz sy

Wit I II |
GA\I £

G

Gy Suz

SCL L] Cooc-

wy ]L‘

Figure 18. Parameters of meta-surface THz bandpass filter.
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Figure 19. Simulation results of meta-surface THz bandpass filter: (a) S parameters and (b) in-band
group delay.

Due to the influence of processing errors on the performance of filters, and considering
that the processing accuracy of TSV can reach the nanometer level, this subsection simulates
the filter with an error of £0.1 pm. The simulation results are shown in Figure 20, where
Figure 20a represents the |S11| with a 0.1 pm error, and Figure 20b represents the |Sy1 |
with a £0.1 pm error. It can be observed that the actual processing errors of the filter
designed in this study have almost no impact, demonstrating high stability. Furthermore,
the operating temperature can also contribute to changes in the performance of the filter.
In this study, TSV technology is employed, and the impact of the operating temperature on
the filter is determined by the TSV operating temperature. According to [29,30], it can be
concluded that the stable operating temperature range for the filter proposed in this paper
is from —40 °C to 120 °C.

To further demonstrate the universality of the theoretical framework proposed in this
article, this section presents the filtering results in another frequency band, as shown in
Figure 21. From Figure 21a, it can be observed that the center frequency is 2.215 THz, the
FBW is 6.1%, the insertion loss is less than 1.29 dB, and both the upper and lower stopband
widths exceed 50 GHz. Simulated group delay is shown in Figure 21b. As can be seen from
Figure 21b, the in-band group delay is 0.007 + 0.004 ns, again very flat.
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Figure 20. Error simulation results of meta-surface THz bandpass filter: (a) |S11| and (b) |S21].
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Figure 21. Simulation results of another meta-surface THz bandpass filter: (a) S parameters and
(b) in-band group delay.

A comparison of the above designed filters with the reported six related filters is
performed in Table 4. Note that the SSIGW filter showcases ultra-low latency and ex-
ceptional filtering characteristics. In comparison to the existing literature [3,4], the work
demonstrates smaller insertion losses and is more easily integrable than filters designed
using SIW, as SSIGW supports TEM mode. Unlike previous studies, the work excels in
achieving lower insertion losses than filters designed using other techniques. Additionally,
the proposed filter exhibits a 21-fold reduction in group delay compared to [4], making it
more suitable for low-latency communication in the THz range.

Table 4. Comparison with related THz filters.

. Center Frequenc FBW Insertion Loss Group Dela
Filters Type Method THA (%] [dB] sl
[1] Meta-material Sim. 7 22.85 -- 3.67
2] Meta-material Sim. 0.125 65 -- --
[3] SIW Meas. 0.331 15.4 1.5 --
[4] SIW Sim. 0.160 12.5 1.5 25+15
[13] Hairpin Sim. 0.500 16 1.5 --
[31] CNC milling Meas. 0.292 14.64 3 --
[32] Meta-material Sim. 1 18 3 --
[33] Meta-material Meas. 0.6 -- >3 --
[34] Meta-material Sim. 2.37 59 3 --
This work 1 SSIGW Sim. 0.151 6.9 0.68 0.119 + 0.048
This work 2 SSIGW Sim. 2.215 6.1 1.29 0.007 £ 0.004

4. Conclusions

THz filters currently face challenges such as significant losses, integration difficulties,
and complexities in designing filters with arbitrary bandwidths. This paper proposes a
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meta-surface-based approach for designing arbitrary bandwidth SSIGW filters, effectively
addressing the aforementioned challenges. The method achieves bandwidth control by
incorporating a meta-surface-based bandstop filter into a UWB filter and controlling the
operating frequency range of the meta-surface bandstop filter. Additionally, the utilization
of SSIGW enables functionalities such as low loss and easy integration. To validate the
effectiveness and superiority of the proposed method, a THz filter is designed in this
study. In the UWB filtering section, non-equal-impedance branch-and-loop resonator is
employed, and the analysis is conducted using transmission line theory, with the theoretical
and simulated results aligning closely. The bandstop filtering section utilizes SRR meta-
surfaces, analyzed through an equivalent circuit analysis, with the theoretical and simulated
results aligning closely. Adjusting the operating frequency range of the SRR meta-surface
allows for different bandwidths, while increasing the number of SRRs enables a wider
stopband. The presented filter exhibits an insertion loss below 0.68 dB, with a stopband
width exceeding 20 GHz and a group delay of 0.119 + 0.048 ns. Compared to existing
THz filters, it exhibits advantages such as lower loss, lower group delay, and controllable
arbitrary bandwidth. Therefore, it is expected to become a candidate for THz wireless
communication systems.
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Abstract: This paper introduces compact Printed Ridge Gap Waveguide (PRGW) phase shifters
tailored for millimeter-wave applications, with a focus on achieving wide operating bandwidth, and
improved matching and phase balance compared to single-layer technology. This study proposes
a unique approach to achieve the required phase shift in PRGW technology, which has not been
previously explored. This study also introduces a novel analytical approach to calculate the cutoff
frequency and propagation constant of the PRGW structure, a method not previously addressed.
Furthermore, the utilization of multi-layer PRGW technology enables the realization of multi-layer
beamforming networks without crossing, thereby supporting wideband operation in a compact
size. The proposed design procedure enables the realization of various phase shift values ranging
from 0° to 135° over a broad frequency bandwidth centered at 30 GHz. A 45-degree phase shifter is
fabricated and tested, demonstrating a 10 GHz bandwidth (approximately 33% fractional bandwidth)
from 25 GHz to 35 GHz. Throughout the operating bandwidth, the phase balance remains within
45 + 5°, with a deep matching level of —20 dB. The proposed phase shifter exhibits desirable
characteristics, such as compactness, low loss, and low dispersion, making it a suitable choice for
millimeter-wave applications, including beyond 5G (B5G) and 6G wireless communications.

Keywords: cutoff frequency; effective permittivity; phase shifter; printed ridge gap waveguide
(PRGW); propagation constant

1. Introduction

The rapid growth of millimeter-wave applications, driven by the increasing demand
for high-speed wireless communication systems, such as fifth-generation (5G) networks,
has sparked significant interest in the development of compact and efficient phase shifters.
Phase shifters play a critical role in beamforming, antenna steering, and signal processing,
enabling enhanced data rates, improved coverage, and increased network capacity. While
5G continues to revolutionize the way in which we interact with the world, the evolution
to 6G is already in the early applied research phase, emphasizing the need for advanced
millimeter-wave technologies [1-3]. In this context, a substantial body of research has
been dedicated to exploring novel techniques and technologies for achieving desirable
phase shifter characteristics, particularly for applications such as beamforming networks,
including Butler matrices. Compactness is crucial for realizing the full potential of phase
shifters in these networks, as it enables the integration of multiple components in a limited
space, facilitating the advancement of 6G technical possibilities and trends [4-6].

The current research landscape exposes a significant gap in advancing phase shifter
technology using Printed Ridge Gap Waveguides (PRGWs) for millimeter-wave frequen-
cies. While there has been some progress, it is worth noting that only one study [7] has
managed to utilize Schiffman phase shifters effectively to construct a linear Butler matrix
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and implement a 1D beam scanning antenna array. However, this approach faced limi-
tations due to its narrow operational bandwidth, restricted to 20%, and large size. The
Schiffman technique, although effective, encounters challenges at mmWave frequencies
because it relies on coupled line theory, requiring small gaps between lines that are difficult
to fabricate accurately at higher frequencies, thus limiting its practicality. On the other hand,
alternative techniques, such as time delay, used in PMC packaged or Inverted Microstrip
Line Gap Waveguides, share similarities with PRGW but demand additional dielectric
layers, leading to increased costs and complexity. Despite efforts to improve performance
with matching stubs, these implementations still exhibit significant phase imbalances over
a limited bandwidth, typically around 16% [8]. Recognizing the limitations of single-layer
network structures in terms of compactness and bandwidth, there has been a shift to-
wards multi-layer configurations in beamforming networks. Multi-layer setups offer the
advantage of compacting beamforming networks while minimizing phase imbalance [9].
Moreover, various alternative mechanisms based on Metallic Ridge Gap Waveguides, such
as ferrite-based, dielectric-filled, and glide symmetrical holes [10-12], have been explored.
However, these structures often suffer from issues like large size, limited bandwidth, and
poor phase imbalance. Additionally, implementing a multi-layer configuration requires a
high-tolerance fabrication process, which is currently not cost-effective.

These collective challenges underscore the urgent need for further research and inno-
vation in millimeter-wave phase shifter design. Specifically, there is a critical demand for
the development of compact, wideband phase shifters with minimal phase imbalances, par-
ticularly for application in multi-layer beamforming networks. Addressing these challenges
will be paramount for advancing the capabilities of future wireless communication systems,
including the anticipated evolution to 6G technology. Building upon previous work, this
paper presents a comprehensive investigation of compact ultra-wideband printed ridge
gap waveguide phase shifters for millimeter-wave applications. The main focus of this
study is to overcome the limitations of single-layer technology by adopting a multi-layer
coupling technique between two resonant patches. This approach offers a wider operat-
ing bandwidth and improved matching level and phase balance compared to previous
designs. Additionally, this study introduces a novel analytical method for calculating the
cutoff frequency and propagation constant of the PRGW structure, providing a new way
to characterize PRGW structures that has not been addressed before. A systematic design
procedure is employed to achieve a range of phase shift values from 0° to 135° over a broad
frequency bandwidth centered at 30 GHz. To validate the effectiveness of the proposed
design approach, a 45° phase shifter is fabricated and experimentally evaluated. The
measurement results demonstrate an impressive bandwidth of 10 GHz, covering frequen-
cies from 25 GHz to 35 GHz, with a phase balance within +5° throughout the operating
bandwidth and a deep matching level of —25 dB. These findings highlight the superior
characteristics of the proposed phase shifter, including its compactness, low loss, and
low dispersion, positioning it as a promising candidate for millimeter-wave applications,
particularly in B5G/6G wireless communications.

This paper is structured as follows: Section 2 presents a theoretical analysis of the
PRGW structure, introducing a novel analytical approach to calculate the cutoff fre-
quency and propagation constant, which is crucial for characterizing the PRGW structure.
Section 3 focuses on the proposed PRGW phase shifter, detailing the theoretical analysis and
design methodology, including the multi-layer PRGW phase shifter analysis, the proposed
design, and the design methodology, along with simulation results. Section 4 presents the
measurements and validation of the fabricated phase shifter, including comparisons with
state-of-the-art designs to highlight its advantages. Finally, Section 5 concludes the paper
by summarizing the findings and suggesting potential directions for future research.
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2. Theoretical Analysis of PRGW Structure

In the field of electromagnetic engineering, while perfect electric conductors (PECs) are
commonly found in nature, perfect magnetic conductors (PMCs) are engineered to exhibit
properties resembling ideal magnetic surfaces within specific frequency bands [13-15].
These engineered PMC surfaces, also known as artificial magnetic conductors (AMCs) or
band-gap surfaces, serve as essential components in various electromagnetic applications,
facilitating precise control over wave propagation and manipulation of electromagnetic
fields. One notable technology that exploits the capabilities of AMC surfaces is the Ridge
Gap Waveguide (RGW) [16-20]. RGW configurations typically consist of two parallel plates,
one featuring carefully designed periodic textures intended to control the propagation
of electromagnetic waves. By purposefully arranging these periodic textured cells, RGW
systems effectively confine electromagnetic energy within the waveguide structure, thereby
preventing wave leakage and maintaining a quasi-TEM (transverse electromagnetic) mode
within the air gap. This arrangement utilizes the unique properties of AMC surfaces,
enabling RGW to establish a parallel-plate band-gap and facilitate precise control over
electromagnetic waves in millimeter-wave and terahertz frequency regimes.

RGW technology encompasses various configurations, one of which is the Printed
Ridge Gap Waveguide (PRGW). The development of PRGW represents a significant ad-
vancement in electromagnetic engineering, leveraging the principles of artificial mag-
netic conductors (AMCs) discussed previously. PRGW technology has received con-
siderable attention in recent years, primarily due to its demonstrated low losses in the
millimeter/terahertz-wave spectrum [21-24]. Unlike traditional waveguides, the PRGW
structure shown in Figure 1 is constructed on printed circuit boards (PCBs), with the wave
propagating over an air gap where dielectric losses are minimal. This remarkable design
aspect significantly mitigates transmission loss, ensuring efficient signal propagation with
minimal distortion and preserving signal integrity, crucial for high-frequency applications.
Leveraging the quasi-TEM mode, which exhibits lower dispersion, minimizes degradation
of signal quality, particularly important for maintaining signal transmission without distor-
tion [21,22]. Its utilization in fields such as passive devices and antenna systems exemplifies
the significance of microwave engineering in modern telecommunications [20,25-27].

Upper Cover

(b)

Figure 1. Geometrical configuration of the proposed PRGW structure, showing (a) the unit cell
and (b) the PRGW, with dimensions 4 = 1.6 mm, & = 0.762 mm, ¢,;;, = 1.5 mm, d = 0.5 mm and
w = 1.37 mm.

The construction of the Printed Ridge Gap Waveguide (PRGW) involves a periodic
arrangement of unit cells on a printed circuit board (PCB). Each unit cell, as shown in
Figure 1a, consists of an artificial magnetic conductor (AMC) surface covered by a ground
plane on the top. This configuration creates a band-gap where wave propagation is
inhibited within a specific frequency range. However, by introducing a ridge between these
periodic electromagnetic band-gap (EBG) cells, wave propagation is supported within the
band-gap, enabling efficient signal transmission. The cutoff frequency is typically defined
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for the PRGW line rather than for the individual unit cells because the insertion of the ridge
reduces the band-gap compared to the bandwidth of the band-gap of the periodic unit cells.
Inserting the ridge disrupts the infinite periodicity assumed when calculating the band-gap
bandwidth. Traditionally, the cutoff frequency and operating bandwidth of the PRGW
are determined using eigenmode solvers in simulation tools. By appropriately defining
the boundary conditions, the dispersion diagram can be extracted, and the bandwidth
can be obtained along with the cutoff frequency value [28]. This conventional approach
requires extensive use of simulation tools to calculate the initial dimensions needed to
achieve the desired cutoff frequency and bandwidth. This process is often time-consuming
and relies on a trial-and-error method, which lacks physical intuition and efficiency. In
contrast, this work proposes an analytical procedure to calculate the cutoff frequency of
PRGW. This method is based on the equivalent circuit model of the mushroom cell and
its design procedure [29]. By employing this analytical approach, we aim to provide a
more efficient and insightful method for determining the cutoff frequency and bandwidth,
reducing dependency on simulation tools and expediting the design process.

Building on the previous discussion of the PRGW structure and its performance, the
focus now shifts to the equivalent circuit model of the Electromagnetic Band-Gap (EBG)
structure, particularly the mushroom-shaped unit cell depicted in Figure 1. Our analytical
approach, which is essential for accurately predicting the behavior of PRGW systems, relies
on this circuit model. The primary objective here is to determine the cutoff frequency of the
PRGW analytically and to validate these results through comparison with simulated data.
Traditionally, this determination is accomplished by plotting the dispersion diagram using
CST and extracting the cutoff frequency via the eigenmode solver, as outlined earlier. To
understand this process, consider that when an electromagnetic wave impinges on an array of
mushroom-shaped unit cells, it induces electric fields across the gaps between the cells. These
fields can be effectively modeled as an equivalent capacitance, denoted as C. Additionally,
the incident fields generate currents that flow between adjacent unit cells, creating current
paths through the walls or vias. This behavior can be represented by an equivalent inductance,
L. Consequently, the equivalent circuit model of each unit cell comprises a parallel combination
of capacitance C and inductance L, as shown in Figure 2 [29,30].

Cc Cc C c c c
_ _ _ | | |
T DT oA ol o
(a) (b)

Figure 2. Geometrical configuration of the AMC surface and its equivalent circuit model. (a) Unit
cell representing the structural elements, and (b) an equivalent circuit model showing the electri-
cal counterparts.

The surface impedance of such a structure can be calculated using the following equation:

jwL
Zs = ———— 1
P 1-wlLC &
where the resonance frequency is:
1
W = (2)

The previously mentioned inductance and capacitance account for both the geom-
etry of the individual unit cells and their overall geometric configuration. Using these
parameters, the capacitance of each unit cell can be calculated as follows [29]:
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where €, and €, are the permittivities of the air and the substrate material, respectively,

while ¢, is the diameter of the circular patch unit cell.
From this capacitance, the inductance can be found using the following relation:

1

- Cw?
where w, is the angular resonance frequency, calculated as w, = 27f,, with f, being the
center operating frequency, specified as 30 GHz in our work. With the values for the
circuit elements determined, the surface impedance Z; can be calculated using Equation (1).
The reflection phase of the proposed structure can be determined using the following
equation [30]:

)

©)

o(w?LC —1) +ja)L)>

_
/511 = \sm<ln (170(1 — W70+ oL

where 7, is the characteristic impedance of air. From the reflection phase, the operating band
of the proposed unit cell can be predicted, with the fractional bandwidth lying between
+90° and —90°. Thus, the cutoff frequency is the lower frequency fj, corresponding to a
phase of 90°. This analytical procedure is verified using CST-Microwave Studio, as shown
in Figure 3a, where the unit cell is simulated as a periodic structure on two main axes. The
reflection phase from this simulation is compared with the analytical results, as shown in
Figure 3b, demonstrating good agreement between both methods.

Pprt 200
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Figure 3. Phase reflection analysis simulation setup. (a) Simulated unit cell illustrating phase behavior,
and (b) a comparison between analytical and simulated phase values.

The full characterization of the PRGW structure requires an examination of its wave
propagation phase constant. Wave propagation within the PRGW is enabled by inserting a
ridge between the unit cells, extending beyond the EBG structure, as depicted in Figure 1b.
This structure allows the wave to propagate in the gap over the ridge, where the propa-
gation constant 5 serves as the primary parameter governing the phase behavior of the
structure. The propagation constant inside the PRGW can be calculated as follows:

p=/e -kt ©
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271,55 _2r

where k = and k. = N are the wavenumber and the cutoff wavenumber of the

structure, while €, and Ac are the effective permittivity and the cutoff wavelength of
the PRGW, respectively. This analytical approach allows for determining propagation
constants without reliance on CST software or other simulation tools. Understanding
these propagation constants is crucial for comprehending the behavior of electromagnetic
waves within the PRGW structure. Such insights are invaluable in the design of microwave
devices, particularly components like the phase shifter that will be discussed later, where
precise control over phase behavior is critical for optimal performance.

It is worth mentioning that the effective permittivity is used instead of the dielectric
constant of the PRGW substrate to account for the complex field distribution and interac-
tions within the waveguide structure. The accurate calculation of the effective permittivity
€eff is crucial for determining the wavenumber k and, subsequently, the propagation con-
stant B. In previous studies, the effective permittivity has been determined for Inverted
Microstrip Gap Waveguide (IMGW) structures [31]. These studies provide an empirical
equation for €,¢; based on the specific geometry and material properties of IMGW. How-
ever, this empirical equation cannot be directly applied to PRGW due to distinct structural
differences between the two waveguides. These differences include the presence of a ridge
in PRGW, while IMGW features a microstrip line on a dielectric substrate.

To bridge the gap between the theoretical and practical calculations of effective per-
mittivity, an adjustment to the empirical equation used for the Inverted Microstrip Gap
Waveguide (IMGW) was required. This adjustment process involved deriving a correction
factor through a comprehensive non-linear curve fitting procedure. Given that PRGW
experiences a reduced dielectric influence compared to IMGW, the effective permittivity
(€crf) in PRGW is naturally lower. This crucial insight guided the modification of the
empirical equation, ensuring it accurately reflects the effective permittivity for PRGW. The
refinement process entailed extensive simulations and analytical comparisons, iteratively
adjusting the empirical formula to achieve a close match with the observed data for PRGW.
Through this methodical approach, a precise calculation method for €, in PRGW was
developed, which contributes significantly to the literature by providing a tailored solution
for this specific waveguide structure. This improved methodology enhances the accuracy
of phase constant calculations, essential for the design of microwave components such as
phase shifters. The modified equation for the PRGW effective permittivity differs from that
of IMGW, exhibiting an exponential decay behavior, and is expressed as follows:

= 1.137¢ 007068 erzil (1 —0.0004 (2W)2>

EPRGW, ¢ F

h

e —1 i M \—03105
(1 +0.2794( 5 ) +44735(15) %)

— 0.0009 (1 n 1.3382(‘;1")1.2748)]

Following the refinement of the analytical approach and the derivation of €.fs in
PRGW), researchers can now accurately determine the propagation constant for the Printed
Ridge Gap Waveguide (PRGW). Employing the analytical equation developed earlier,
a comprehensive analysis is conducted for the PRGW structure, where the analytical
predictions are compared to simulated propagation constants, as illustrated in Figure 4.
This comparison reveals a high degree of agreement between the analytical and simulated
results, affirming the accuracy of the analytical approach in predicting the propagation
behavior of the PRGW structure.
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Figure 4. Comparison of analytical and simulated results for PRGW propagation constants, demon-
strating the precision of the developed analytical model.

3. Proposed PRGW Phase Shifter: Theoretical Analysis and Design Methodology

In this section, the application of Printed Ridge Gap Waveguide (PRGW) technology
is explored for the development of a novel phase shifter. The design of the proposed phase
shifter is founded on a directional multi-layer coupler architecture, utilizing the unique
characteristics of PRGW. A comprehensive analysis of the coupling mechanism and the
differential phase shift within the PRGW structure is undertaken. Following this analysis,
the detailed geometry of the proposed design is presented, aimed at overcoming imple-
mentation challenges, such as achieving optimal matching and ensuring a flat phase shift
response. In conclusion, we provide a concise summary of the design process employed for
developing the phase shifter, highlighting key insights and considerations and presenting
the simulated results to validate the effectiveness of the proposed design methodology.

3.1. Theoretical Analysis of Multi-Layer PRGW Phase Shifter

In the theoretical analysis of the proposed phase shifter, the fundamental design is
described as a two-port device, derived from the modification of a multi-layer patch coupler
shown in Figure 5 [32-34]. In this design, two ports are terminated with open circuits,
while the remaining two serve as input and output ports. Critical performance indicators,
such as the insertion loss and the return loss, are commonly used to evaluate microwave
components. However, for a phase shifter, additional considerations are crucial. Among
these are the differential phase shift’s accuracy and the phase response’s flatness. These
specifications are essential to ensure that the phase shifter meets the rigorous standards of
modern communication systems, particularly in scenarios requiring precise phase control.
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Figure 5. Ideal case for a multi-layer coupler with perfect magnetic conductor and open bound-
ary conditions.

To quantify the phase shift introduced by the proposed network, S-parameter network
analysis is employed, assuming a coupling coefficient denoted as Cp. This phase shift is
calculated relative to a PRGW reference line, which facilitates the assessment of phase
changes caused by the proposed design. The phase shift obtained from the network is
determined as follows: [32]:

_T -1 sin (Bl)
¢c = 2 tan ( )) (8)

2 \/1—Cp?cos (Bl

In the previous equation, the used propagation constant j is obtained from the pro-
posed Equation (6) and [ is the physical length of the coupling structure, which is the
secondary diameter of the elliptical shape, as shown in Figure 5. The phase shift obtained
from the reference PRGW line is calculated as follows:

Om = — ,Blm )
Therefore, the differential phase shift can be calculated as follows:

sin I

\/1— C3cos pl

Following the theoretical analysis, the achieved phase shift for various values of the
normalized coupling length B and the coupling coefficient C, are depicted in Figure 6. To
achieve a wide range of phase shifts from 0° to 135°, the physical length of the reference
line I;;; is optimized to minimize the deviation in the differential phase shift. The estimated
phase range extends from 0° to 135° for C values ranging from 0.45 down to 0.05. However,
it is essential to evaluate the phase shifter’s operation by examining the return loss and
insertion loss. As indicated by the equations in Table 1, the coupling value significantly
affects the return loss Sq7 and insertion loss Sy1. This poses a limitation to our design in

Agpe = g —2tan~! ( ) + Bl (10)
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achieving high levels of phase shift. Specifically, for large phase shift values, the coupling
value increases, leading to degradation in the return loss and, consequently, the insertion
loss. Therefore, for large phase shift values, design modifications and tuning elements for
matching are necessary, as will be discussed in the following section.
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Figure 6. Phase shift and insertion loss variation due to changes in coupling parameters. (a) Phase
shift, and (b) insertion loss.

Table 1. S-parameters equations depending on the even-odd analysis of multi-layer coupler [32].

Quantity Expression

1—Cp(1+sin? (B1))

2
S {,/17Cp2cos (Bl) + jsin? (ﬁl)]
2jC,/1— C,2sin (Bl)

W@ cos (B1) +  sin? (ﬁl)] 2

Sy

3.2. Proposed Multi-Layer PRGW Phase Shifter Design

The proposed configuration of the multi-layer PRGW phase shifter is illustrated in
Figure 7a. This design primarily relies on a coupling section consisting of two elliptical
patches positioned on the top and bottom layers. These patches are interconnected with
the input and output PRGW lines. Proximity coupling between the patches is facilitated by
cutting an elliptical slot in the ground planes of a thin RT6002 substrate with a thickness of
H,. Plated vias are placed around the coupling aperture to confine the electromagnetic field
within the slot. The geometric parameters critical to the performance of the coupler include
the width W), and length L, of the elliptical patches, as well as the width W; and length L
of the elliptical coupling slot. Additionally, a cut in the slot is included with dimensions
w, and [; to provide another degree of freedom for fine control of the phase shift without
affecting the matching level. These additional parameters are crucial for optimizing the
phase shift independently of the matching level, ensuring robust performance of the phase
shifter. All of these parameters are meticulously designed to ensure optimal coupling
efficiency and minimal signal loss, thereby enhancing the overall performance of the
phase shifter.

To address the theoretical analysis discussed previously, the design of the elliptical
patches and slots ensures the desired coupling and differential phase shift. However, as
indicated in the theoretical analysis, higher values of phase shift can degrade the return
loss and insertion loss. To mitigate this, a matching transformer is incorporated into the
proposed phase shifter, as shown in Figure 7b. This matching transformer consists of two
lines with different widths to match the elliptical shape impedance to the 50 (2 line. In
addition to the matching transformers, another modification to the multi-layer phase shifter
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is proposed to improve the matching level and add a degree of freedom to achieve the
required phase shifter values while maintaining a deep matching level. A rectangular patch
with dimensions I, and w, is added, and the elliptical slot is modified with a rectangular
cut with dimensions /; and w,, as shown in Figure 7b. These modifications help achieve
phase shifters up to 135°, maintaining a deep matching level over the entire bandwidth, as
will be demonstrated in the following section.

Top Feed
» Layer

Coupling Slot
Layer

Mirror

Bottom Feed
Layer

OO0 000

OG000
G
o

OO
QO

00
00O

(b)

Figure 7. The geometry of the proposed PRGW phase shifter design. (a) 3D view, and (b) cross-
sectional view.

3.3. Design Methodology and Simulation Results

The phase shifter is developed using a multi-layer coupler design, with two ports
terminated as open circuits and the other two serving as input and output connections. The
coupling mechanism from the bottom layer to the top layer follows the approach used in
the multi-layer coupler proposed in [35]. The even and odd mode analysis conducted in
that study is utilized to determine the initial dimensions for the phase shifter. The design
methodology begins by selecting the required coupling value C, from the previously
generated curves. These curves guide the design process for determining the values of
W), and W; [35]. These values are subsequently optimized for each type of phase shifter,
and the final tuned values are provided in Table 2. Moreover, the length of the elliptical
patch L, is chosen to be equal to a quarter of the effective wavelength A,;r = A/, /€57
at the center frequency of operation. Here, in our case, it is found to be around 1.5 mm,
as depicted in Table 2. Once the necessary dimensions are established, the phase shift is
compared to the reference line, as illustrated in Figure 8. This reference line is designed in
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a curved manner to ensure a flat phase response. The dimensions of the coupling slot and
elliptical patch are fine-tuned along with other coupler parameters to achieve the desired
performance. To achieve a good matching level and low insertion loss, particularly for low
coupling values, a matching transformer is integrated into the coupling slot, as shown in
Figure 7. Additionally, the length of the line I}, is optimized to achieve the various phase
shifts with a flat response. Simulation results are presented in Figure 9, where it is evident
that the matching level for the proposed design is below 20 dB for all phase shift cases.
Furthermore, the flatness of the phase shift curves is maintained within £5° of the designed
value (0° to 135°), demonstrating the effectiveness of the proposed design methodology.
These simulation results underscore the capability of the proposed phase shifter to deliver
accurate phase shifts with excellent matching and low insertion loss, fulfilling the stringent
requirements of modern communication systems.

Table 2. Phase shifter dimensions for different values of phase shift.

Parameter 0° Phase 90° Phase 135° Phase

W, (mm) 457 3.67 3.75
ine L, (mm) 1.48 1.55 1.5

Ws (mm) 5.53 6.9 7
ine Ls; (mm) 1.8 1.53 1.1
Liine (mm) 49 2.9 2

00| OO000C0O
00| 00000
00| 00000
O0|| 00000
OO % 5 OO0
OO0 |00
OOO000|:|00
00000 (00O
O0C000° |00

(a) (b)

Figure 8. The geometry of the proposed PRGW reference line for phase comparison. (a) 3D view, and
(b) cross-sectional view.
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Figure 9. Phase shifter simulation results for different phase values. (a) S-parameter, and (b) differen-
tial phase.
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4. Measurements and Validation

The proposed PRGW phase shifter undergoes experimental validation through fab-
rication and measurement, as depicted in Figure 10a. We specifically select a 45° phase
shifter for validation, with detailed dimensions provided in Table 3. Fabrication involves
assembling the PRGW phase shifter components using high-temperature and high-pressure
epoxy. To ensure precise performance evaluation, we utilize a TRL calibration kit to miti-
gate any effects arising from connectors and microstrip line transitions. The S-parameters
are measured using the ANRITSU MS46322A VNA, and a comparative analysis between
the measured and simulated results is presented in Figure 10b. Notably, there is strong
agreement between the measured and simulated S-parameters, achieving a relative band-
width of 38% at 30 GHz. However, some discrepancies are observed in the measured
results at the first of the band, primarily attributable to fabrication tolerances and the
adhesive used during assembly. Furthermore, we evaluate the phase shift obtained from
the phase shifter, comparing it with the reference line and simulated results, as depicted
in Figure 10c. The proposed phase shifter demonstrates a phase balance of approximately
45 £ 5° across the entire operational bandwidth. The proposed phase shifter not only
demonstrates impressive phase balance but also exhibits desirable matching characteristics.
The measured insertion loss remains below —0.5 dB, ensuring minimal signal attenuation.
Additionally, the matching level achieved is below —16 dB, indicating efficient power
transfer and minimal signal reflection within the operating bandwidth.

(a)

I Y U A A I 0 -30
a B s — 7 a 35
< -10F |—s, Simulation — S, Simulation |~ -0.5 = T
A - ")
E 15- - Sll Measurement .... S21 Measurement| E 6_40 N .
2 < =&
] 2 =
E § wn N S —_——-— -
5 5 2 50 I -1
: ;i

— Measurement
) 25 26 27 28 29 30 31 32 33 34 35
Frequency (GHz) Frequency (GHz)
(b) (o)

Figure 10. Phase shifter measurements verification with the simulation results. (a) Measurement
setup, (b) S-parameter, and (c) differential phase.
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Table 3. 45° phase shifter dimensions.

Parameter Value (mm) Parameter Value (mm)
hq 0.762 Line 3.6
hy 0.127 Wy 0.7
W, 1.05 Ws 1.377
Wy 45 Lp 1.3
W, 0.762 L, 1.3
Ws 5.5 Ls 1.85
We 0.48 Lc 1.17

As we discuss the measurement and validation of our proposed multi-layer PRGW
phase shifter, it is important to compare our work with the existing literature. While there
is considerable research on phase shifters, particularly in millimeter-wave applications, the
utilization of PRGW remains relatively limited. This highlights the unique contribution
of our work, which seeks to address this under-explored area of research. By comparing
our results with state-of-the-art methodologies documented in prior studies, we aim to
underscore the advancements and distinctiveness of our PRGW-based phase shifter. The
comparison Table 4 offers a thorough examination of the performance characteristics
across various configurations of Ridge Gap Waveguide (RGW) phase shifters, providing
insights into the existing literature in this field. Previous studies have primarily focused
on Inverted Microstrip Gap Waveguide (IMGW) and Metallic Ridge Gap Waveguide
(GGW) technologies, utilizing techniques such as Schiffman phase shifters [7] and time
delay methods [8,9]. Schiffman phase shifters have been effectively utilized to construct
linear Butler matrices and implement 1D beam scanning antenna arrays. However, these
implementations face challenges due to their narrow operational bandwidth (20%) and
large size [7]. These challenges are attributed to the reliance on coupled line theory, which
necessitates small gaps between the coupled lines to achieve a wide range of phase shifts.
Fabrication limitations make it difficult to achieve these small gaps while maintaining a
reasonable matching level, particularly at millimeter-wave frequencies. Similarly, time
delay techniques, including those used in PMC packaged or Inverted Microstrip Line Gap
Waveguides, have been explored as alternatives to PRGW. However, these methods require
additional dielectric layers, resulting in increased costs and complexity, while exhibiting
significant phase imbalances over limited bandwidths (around 16%) [8,9]. In contrast,
metallic RGW and metallic GGW technologies, while offering promising performance
characteristics, face challenges such as high fabrication costs and bulky structures limiting
their practical applicability [11,12,36,37]. Conversely, our investigation introduces a new
perspective by exploring the application of PRGW in phase shifter designs. This change
in focus is notable given the relatively limited exploration of PRGW-based approaches,
despite their potential advantages. Unlike phase shifter designs utilizing IMGW and
GGW technologies, which often encounter challenges, such as limited bandwidth and
less-than-optimal phase balance, our PRGW-based approach offers distinct advantages.
While some existing designs achieve better than +£5° degrees phase balance, typically
around +4°, they often come with narrower bandwidth and larger size compared to our
proposed design. Our approach using PRGW technology achieves a wider bandwidth and
compact size while maintaining competitive phase balance performance. This trade-off is
due to the optimized configuration of PRGW, which balances between phase performance,
bandwidth, and size constraints. Specifically, our phase shifter designs leverage PRGW’s
inherent benefits, including enhanced matching levels and phase stability. This focus on
PRGW-based designs enables us to overcome many of the limitations associated with
IMGW and GGW technologies, ultimately resulting in improved performance metrics.
Furthermore, the proposed work emphasizes the significance of multi-layer configurations
as a promising approach for compact beamforming networks. Notably, the prior literature
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has largely overlooked this aspect. Only a single previous study has investigated multi-
layer phase shifters based on IMGW technology, with limited bandwidth and performance
metrics [9]. In contrast, our innovative design methodology enables the realization of a
broad range of phase shifts from 0° to 135°, while ensuring a deep matching level across
the entire spectrum. This capability represents a significant advancement over existing
methodologies, which often struggle to achieve comparable levels of performance.

Table 4. Performance comparison between different RGW phase shifter configurations.

Ref. RL [dB] IL [dB] fo (GHz) BW % Ph. Balance Size (A2) Tech.
[7] 14 1 30.71 20 45 +3.5° - PRGW
[9] - - 30 16.7 45+ 3° 1x2 IMGW
[8] - 0.6 29 13.8 45 £3° 0.6 x 0.3 IMGW
[12] 10 0.7 26 26.3 85+ 5° 25x3.6 RGW
[11] 15 - 27 29.63 90 -+ 4° 2.9 x 4.6 RGW
[36] 25 - 94 6.4 90 £ 4° 2.6 x 3.2 GGW
[37] 12 0.75 69.5 15.8 - - GGW
This Work 16 0.5 30 33.33 45 £5° 1x1 PRGW

5. Conclusions

In this paper, we have introduced compact Printed Ridge Gap Waveguide (PRGW)
phase shifters designed for millimeter-wave applications, focusing on achieving wide
operating bandwidth, improved matching, and enhanced phase balance compared to single-
layer technology. A unique methodology has been presented for achieving the required
phase shift in PRGW technology, which has not been previously explored. Additionally, a
novel analytical approach to calculate the cutoff frequency and propagation constant of
the PRGW structure has been introduced, providing a new method to characterize PRGW
structures. By employing multi-layer PRGW technology, we have enabled the realization
of multi-layer beamforming networks without crossing, supporting wideband operation
in a compact form factor. Our design procedure has successfully achieved phase shift
values ranging from 0° to 135° over a broad frequency bandwidth centered at 30 GHz.
A 45-degree phase shifter has been fabricated and measured, demonstrating a 10 GHz
bandwidth (approximately 33% fractional bandwidth) from 25 GHz to 35 GHz, with a
phase balance maintained within 45 & 5° and a deep matching level of —20 dB. These
results underscore the superior performance of the proposed phase shifter in terms of
bandwidth, phase balance, and matching levels, making it a promising candidate for
advanced millimeter-wave applications, including beyond 5G (B5G) and 6G wireless
communications. The proposed design, capable of implementing a wide range of phase
shifts, is particularly advantageous for developing scalable beamforming networks such as
4 x 4 and 8 x 8 Butler matrices, accommodating the varying phase shift values required
for larger networks.
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Abstract: This paper presents a compact on-chip multiple-input multiple-output (MIMO)
antenna designed for future communication systems, featuring frequency-agile elements.
The antenna achieves enhanced decoupling and reduced cross-section through the integra-
tion of a metasurface, which also introduces frequency agility. Designed for the millimeter-
wave band using low-loss BenzoCycloButene (BCB) polymer, the antenna is manufactured
with microelectronic processes, and the dimensions are 7.54 x 7.54 x 0.055 mm?. Simu-
lations and measurements demonstrate excellent frequency agility around 60 GHz, with
gains of 6.5 to 9 dBi. As a proof of concept, open and short circuits were used for switching,
with future designs aiming to incorporate diodes for a full dynamic reconfiguration. This
work highlights the potential for compact, high-performance, and frequency-reconfigurable
on-chip antennas in next-generation millimeter-wave systems.

Keywords: on-chip antennas; MIMO; artificial magnetic conductor; BenzoCycloButene;
metasurface; microelectronic processes

1. Introduction

The rapid advancement of digital technology has driven a dramatic increase in data
generation [1], requiring ever-higher data rates to enable efficient communication. Current
wireless systems operating in frequency bands from MHz to tens of GHz have limited
transmission capacity and may not meet future requirements. To address this challenge,
emerging communication systems targeted higher frequency bands, such as 5G (around
30 GHz) and WiGig (Wi-Fi around 60 GHz), which offer greater transmission capacity [2-5].
The FCC has opened up the terahertz spectrum for potential 6G applications, promising
significant data rates due to the wide channel bandwidths available at these frequencies [6].

However, the shift to higher frequencies brings challenges, particularly shorter wave-
lengths, which necessitate the miniaturization and integration of RF systems to minimize
interconnection losses and mitigate the high atmospheric attenuation at these frequen-
cies [7]. Today, the literature features numerous studies on highly integrated RF systems
and circuits on chips, particularly in the mmWave and THz ranges, such as complete
transceiver systems [8]. In this context, integrated antennas are indispensable for achieving
compact and efficient wireless communication systems. Their design must simultaneously
address multiple performance requirements, including wide bandwidth, reconfigurability,
and advanced functionalities like diversity (e.g., MIMO systems) while being seamlessly
integrated into transceiver chips [9-11].

In this article, we propose the design of an integrated antenna system for 60 GHz
Wi-Fi. The system features MIMO antennas with frequency reconfiguration capabilities
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to effectively cover a wide frequency band. To meet these demanding requirements,
metasurface-based antennas present a promising solution. Metasurfaces, derived from
metamaterials, are engineered by arranging small scatterers or openings in a precise pattern
on a 2D surface. Over the past decade, they have evolved from theoretical constructs to
commercially viable technologies [12,13]. These structures have revolutionized antenna
design by overcoming the limitations of traditional antennas, enabling enhanced directivity,
reconfigurability, and low losses. They can therefore be leveraged to develop even more
efficient integrated antenna systems [14].

In this work, we present an on-chip four-port MIMO antenna that integrates the
benefits of metasurface-based isolation, compactness, and frequency agility, integrated
onto BenzoCycloButene (BCB) as a substrate [15]. Available in resin for microelectronic
fabrication processes, this polymer offers advantageous characteristics, including low
losses (tg & = 0.0008) and low dielectric constants (er = 2.65) at frequencies in the tens of
GHz, as well as at 1 THz (tg 6 = 0.008 and ¢, = 2.45) [16]. These properties contribute to
improving antenna efficiency and facilitate the extension of the design to the submillimeter-
wave range, as already achieved for unimodal coplanar waveguides up to 760 GHz [17].
Herein, our design targets Wi-Fi (802.11ay) applications at 60 GHz [18]. By combining
metasurface technology with BCB integration, our approach delivers an optimal balance
between size, performance, and reconfigurability, positioning it as a strong candidate for
the next generation of wireless communication systems.

2. Antenna Design and Simulations

The idea is to design a compact MIMO antenna consisting of 4 x 4 elements which
can be directly integrated onto an electronic chip for future communication systems. A fre-
quency band around 60 GHz has been selected as the operating band for the development of
this antenna, intended for future communication systems requiring, for example, two sepa-
rate bands for uplinking and downlinking. The antenna is designed using microelectronic
fabrication processes, with BenzoCycloButene (BCB) resin to cure the dielectric substrate
and gold layer deposition for each metal level. BCB is chosen to minimize dielectric losses
even at 60 GHz (er = 2.65 and tg 6 = 0.0008). BCB requires only 250 °C for a complete
crosslinking compared to polyimide of a little higher permittivity with almost 350 °C. With
a thickness ranging from few microns to few tens of microns, such a dielectric allows for
monolithic IC designs of small dimensions matched to the sub-mm wavelength range
compared to PCBs. For this purpose, the proposed MIMO antenna structure is based on a
conventional linearly polarized patch antenna positioned above a metasurface, as shown
in Figure 1. The metasurface serves two key functions. First, it enhances compactness by
acting as an artificial magnetic conductor (AMC). This allows for a significant reduction in
the total thickness of the substrate between the antenna and the ground plane to only 55 um
with the metasurface compared to the A0/4 = 770 um without a metasurface for the chosen
polymer at 60 GHz with ¢, = 2.65. The metasurface achieves this by forcing the phase of the
reflected E field to 0° at the patch level, as shown in Figure 2¢,d. Secondly, the metasurface
is within the frequency agility by the integration of active components in it. This frequency
agility, in addition to broadening the operational bandwidth and enabling frequency reuse,
enhances decoupling when the elements of the same MIMO antenna are detuned.

These two properties significantly improve the performance of the MIMO antenna.
The key performance metrics of a MIMO system, including diversity parameters, are
primarily determined by the gain and the level of coupling between the ports [19].
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Figure 1. Schematic view of the proposed MIMO antenna structure based on a conventional patch
antenna positioned above a metasurface.
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Atificial Magnetic Conductor
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S
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o

— §C
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Frequency (GHz) Frequency (GHz)
Figure 2. Schematic view of the metasurface unit cell (a) in OC configuration and (b) in SC con-
figuration, with dielectric layers drawn with a separation between them and a simulation of the
AMC behavior of the metasurface with (c) the magnitude of the reflected E field and (d) phase of the
reflected E field at the patch level.

To ensure polarization insensitivity, each elementary cell of the metasurface is designed
circularly. These cells are arranged in a square grid to maintain symmetry with the patch
antenna, as depicted in Figure 1, and to the side-to-side symmetry of the MIMO antenna
array described later. The elementary cells consist of metallic disks that are short-circuited
at the center to the ground plane through a via. As shown in Figure 2, a metallic ring is
incorporated around each disk to modulate the electromagnetic response. The frequency
resonance agility is achieved by tuning the spacing or the coupling between the disk and
the surrounding ring. This can be electronically controlled by adding diodes between the
disk and the ring to alter the capacitive coupling without changing the physical dimensions.
Each diode will exhibit capacitive coupling behavior, acting as an open circuit (OC) or
a short circuit (SC) depending on the applied DC bias. Although the current prototype
does not include diodes due to the challenges of integration and of biasing at this stage of
development, their effects have been replicated.

In future prototypes including diodes, separated diodes can be picked and placed
before the ground metal level for antenna, or diodes are fabricated in the carrier substrate.
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Prior to the ground plane for antennas, first levels ensure bias interconnection. Opening
through the ground plane can allow some via to reach the metasurface. A design must be
adapted to include such a way to connect the disk to the ring.

Instead of diodes, a 40 um wide metal strip is used (two strips on each side aligned
with the patch antennas), allowing the resonant frequency of the antenna to be effectively
varied by simulating the OC (Figure 2a) or SC behavior (Figure 2b) of the diodes.

Simulations of metasurface unit cells and of the full array, followed by optimizations
with the patch antennas, led to the final design, which had a disk diameter, Dy, of 500 pm;
a ring width, Wy, of 62.7 um; and a separation, g, of 189.6 um between the disk and the
ring. The diameter via Dy is 120 um. The metasurface’s periodicity is p with 1.256 mm. A
manufacturing constraint is not to exceed 30 um in thickness for each BCB layer.

The patch antennas had dimensions of L, = 1.8 mm x W, = 1.5 mm. These were
fed by 50 () microstrip lines 150 pum wide (Wy), with impedance matching notches of
Lmn = 048 mm X Wy = 0.044 mm. A perspective view of two antennas is shown in
Figure 3a. The metasurface was placed hy, = 30 um above the ground plane, with a
h, = 25 um BCB layer separating it from the patch antennas. The patch was surrounded by
nine unit cells of the metasurface. In Figure 3a, the MIMO antenna on the left left is in the
OC configuration, while the antenna on the right is in the SC configuration. Simulation of
S-parameters between the two ports and radiation patterns are shown in Figure 3b,c.
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Figure 3. (a) Schematic view of the 2 x 2 MIMO antenna, showing the OC and SC configurations.
(b) S-parameter comparison with and without the metasurface (MS) in the OC configuration. (c) S-
parameter comparison with and without the MS in the SC configuration. (d) Simulated radiation
patterns at 57.75 GHz for the OC configuration, with and without the MS. (e) Simulated radiation
patterns at 60.5 GHz for the SC configuration, with and without the MS.
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We observed in Figure 3b that the antenna in the open-circuit configuration achieves
a bandwidth of 1000 MHz, between 57.25 GHz and 58.25 GHz, with a gain of 7.2 dBi to
8.6 dBi and an efficiency of 90%. The antenna in a short-circuited configuration offers a
bandwidth of 700 MHz, ranging from 60.2 GHz to 60.9 GHz. This configuration provides
a gain that varies between 8.5 dBi and 9 dBi with an efficiency of 90%. The isolation
seen with S21 is better than —35 dB. To highlight the effects of the metasurface, Figure 3
presents S-parameters and the realized gain of a 2 x 2 MIMO antenna with 55 pm of BCB
without the metasurface (MS) and with the MS in its two configurations. The results clearly
show that the coupling is significantly reduced by approximately —10 dB when the MS is
introduced. Furthermore, the realized gain is enhanced by around 4 dB. These observations
confirm the beneficial impact of the metasurface in mitigating coupling and improving
the radiation performance of the antenna system without requiring additional spacing
between antennas to reduce coupling or increased thickness to enhance the gain. Such
enhancements demonstrate the potential of the metasurface as a valuable design element
for optimizing antenna characteristics, particularly in scenarios where high isolation and
improved gain are critical.

3. Diversity Parameters

When dealing with MIMO antennas, it is essential to evaluate their diversity parame-
ters, particularly the envelope correlation coefficient (ECC) and diversity gain (DG) [20].
ECC measures the correlation between MIMO antenna ports and is a critical parameter in
determining the level of isolation and independence between antenna elements. It can be
calculated from the radiation patterns or S-parameters [20]. A low ECC value indicates
reduced coupling and improved performance, as it ensures the signals received or trans-
mitted by the MIMO elements are largely uncorrelated, and the ECC should be less than
0.5 [20]. Diversity gain, on the other hand, quantifies the improvement in signal reliability
provided by multiple antennas under fading conditions, directly impacting the MIMO
system’s effectiveness in multipath environments. The DG should be equal to 10 dB [20].
The ECC and DG of the 2 x 2 MIMO antenna depicted in Figure 3a are shown in Figure 4a,b,
respectively. The ECC is close to 0 and DG is close to 10 dB. The values of the ECC and
DG are in the acceptable range and hence, the proposed design is suitable for different

MIMO applications.

(a) 0.014 (b) 10.00000
0.012 1 9.99975
B 9.99950
— 9.99925

o, 0-008 1 o
O = 9.99900

* 0.006 2
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0.0+ 9.99850
0.002 9.99825
0.000 9.99800,
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Figure 4. Diversity parameters in OC and SC configurations (a) for ECC and (b) for DG.

4. Fabrication and Experimental Validation

Using these OC and SC metasurface configurations, three different 4 x 4 MIMO
structures were designed as shown in Figure 5 and fabricated to serve as proofs of concept
for reconfigurability.
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Configuration 1 Configuration 2 Configuration 3

Figure 5. Schematic view of the 4 x 4 MIMO antenna, illustrating three OC and SC configurations. In
Configuration 1, all four antennas are open circuit (OC); in Configuration 2, they are all short circuit
(SC); and in Configuration 3, antennas 1 and 3 are OC, while antennas 2 and 4 are SC. Small black
lines indicate short circuits.

The fabrication of the sample is achieved with a microelectronic manufacturing process.
The manufacturing steps, with four UV lithographic levels, are illustrated in Figure 6. First,
starting from a 500 pm thick two-inch silicon wafer, which serves as a carrier substrate, the
ground plane is formed with a 1 um thick Au layer, deposited by electron beam evaporation,
with a 10 nm thick Ti adhesion layer. Next, interconnecting vias between the ground plane
and the metal layer defining the metasurface are obtained by electrolytic growth through
a 40 um thick UV-sensitive resist layer (AZ40XT). After the growth of vias a little higher
than 30 pm, the resist is replaced by BCB (Cyclotene3000-63 from DuPont, Wilmington,
DE, USA) with a thickness of 30 pm and cured at 75%. A reactive-ion etching of BCB is
performed through a photoresist mask to remove the residual BCB on top of the vias. This
is the same mask used for the vias. A second 1 pm gold layer is deposited on the first BCB
layer, on which a second electrolytic growth is performed for interconnecting vias up to the
last third metal layer on top of the stack. Once the second level of vias is completed and
the photoresist removed, the gold layer on top of the first BCB layer is etched by ion beam
etching (Ar) to form the disks and rings of the metasurface. A second layer 25 pm thick
of BCB is deposited and cured with the same parameters as the first BCB layer. It follows
the etching of BCB on top of the vias, and a final 1 um thick gold layer is deposited and
etched to form the patch antennas, the microstrip lines, and the coplanar access pads for
measurement with GSG probes.

Figure 7 shows the picture of the sample around the four combinations of MIMO
antennas. For GSG probe measurement motivations with two independent GSG probes
face-to-face or with a 90° orientation between them, 90° microstrip bends of the fed lines
are used for some of the antennas. Each fed line includes the coplanar-to-microstrip
transition. Some lines and reflects are included in the middle of the sample for calibration
or de-embedding purposes.

To experimentally validate the fabricated structure, S-parameter and radiation pattern
measurements are conducted using the setup illustrated in Figure 8. Around a probe station,
this setup includes a two-port Keysight E8361C vector network analyzer (manufactured by
Keysight Technologies, located in Santa Rosa, CA, USA), two GSG probes (100 pm pitch)
for measuring reflection and coupling coefficients from 10 MHz to 67.5 GHz (uncalibrated
up to 70 GHz), and a rectangular horn antenna (20 dB gain, WR-15 to coaxial 1.85 mm
adapter) on a motorized arm for radiation pattern measurements. TRL calibration patterns
are also manufactured in the middle of the sample (Figure 7).
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Figure 8. Fabricated sample and measurement setups of the scattering parameters and radiation
patterns.

Measuring at 60 GHz presents challenges such as probe alignment sensitivity, cali-
bration accuracy, and increased signal losses. The precise positioning of the GSG probes
is crucial to ensure consistent contact, as even small misalignments can impact results.
Additionally, the high atmospheric attenuation at 60 GHz requires careful control of the
measurement distance to minimize losses while ensuring far-field conditions. Proper cali-
bration and de-embedding are essential to obtain accurate measurements of the antenna’s
performance. A SOLT calibration is performed at the GSG probe level, ensuring good
measurement for reflection and coupling coefficients. For radiation measurement, only
relative transmission coefficients are obtained from planar antennas. The horn is connected
to port 2 of the VNA, while the calibrated port 1 feeds the antenna with the same GSG
probe. It should be noted that the metallic sample holder of the probe station acts as an
infinitively wide ground plane. Antennas are on their two-inch-wide ground plane, which
limits effective angular range.

5. Measurements Results

The measured and simulated S-parameters for these three structures are shown in
Figure 9a—c, corresponding to configurations 1, 2, and 3, respectively. The antenna with
an open-circuit metasurface configuration achieves a bandwidth of 1110 MHz, ranging
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from 56.45 GHz to 57.56 GHz. In contrast, the antenna with a short-circuited metasurface
configuration offers a bandwidth of 1020 MHz, ranging from 59.96 GHz to 60.98 GHz. The
antennas in configuration 3 achieve dual bandwidth: the first ranges from 57.2 GHz to
58.36 GHz, and the second is between 60.11 GHz and 60.99 GHz. As shown in Figure 9, the
coupling observed with 541, 542, or 543 is lower than —35 dB for all configurations.
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Figure 9. Measured and simulated reflection coefficients and coupling parameters for (a) configura-
tion 1, (b) configuration 2, and (c) configuration 3.

The measured radiation patterns of the two configurations (OC and SC) in the E plane
and H plane are shown in Figure 10. The measurements are in good agreement with the
simulations. When comparing the simulations with the measurements, slight shifts can be
observed. This discrepancy is due to the non-planarity of the BCB surface, caused by the
presence of disks, rings, and vias at the metasurface interface, as well as some uncertainties
in the exact values of permittivity and dielectric losses. It is also important to emphasize
that the fabrication processes employed are not standardized, matured, or industrialized,
as is the case for PCB technology. Instead, these processes have been meticulously adapted
through iterative and labor-intensive procedures to achieve the current results, which
are already promising. However, with further optimization and industrialization of the
fabrication processes, we anticipate achieving significantly improved performance beyond
the current outcomes.
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Figure 10. Radiation patterns. (a) E plane at 57.25 GHz in the OC metasurface configuration and
(b) E plane at 60.5 GHz in the SC metasurface configuration; (¢) H plane at 57.25 GHz in the OC
metasurface configuration and (d) H plane at 60.5 GHz in the SC metasurface configuration.

6. Discussion

Several studies have demonstrated the potential of metasurface-based antennas to
operate around 60 GHz, especially for WiGig and other high-data-rate applications. To this
end, we have identified and listed several antennas operating around the 60 GHz frequency
in order to compare their performance with that achieved by the proposed antenna, as
summarized in Table 1. S. Ullah et al. [14] developed a 4 x 4 MIMO antenna on a 0.1 mm
thick PCB substrate (Rogers, er ~ 2.9). The metasurface design, built with unit cells of
1.3 mm x 1.8 mm x 0.1 mm, allows for a wide frequency range of 57 to 63 GHz. This design
achieved a gain of 8.2 dBi with good isolation levels reaching —54 dB. However, the size of
the structure remains relatively large with 13 mm x 14 mm x 0.1 mm. Alassawi et al. [21]
proposed both 2 x 2 and 4 x 4 MIMO-UWB antennas based on elliptic ring structures for
5G applications. Fabricated on Rogers 4003 (er ~ 3.55, thickness = 0.203 mm), the designs
demonstrated good mutual coupling reduction through orthogonally arranged radiators.
For the 2 x 2 configuration, the coupling achieved is —44 dB, while the 4 x 4 configuration
reached —28 dB with the use of metallic isolators. Gains of 9.6 dBi (2 x 2) and 9.2 dBi (4 x 4)
were achieved, demonstrating high efficiency for 5G communication systems. However, the
dimensions of the 4 x 4 design remain significant (30 mm x 30 mm x 0.203 mm). Sharma
et al. [22] introduced a compact 4 x 4 MIMO antenna operating at 60 GHz with dimensions
of 16 x 16 x 0.254 mm?3. This structure achieved a gain of 10.56 dBi while maintaining isola-
tion better than —50 dB, making it highly competitive for mmWave applications. However,
the design does not yet include reconfigurability, which limits its flexibility for adaptive
systems. Moreover, the dimensions are sufficiently large to consider their integration into
an RFIC chip. Furthermore, the technology used, namely PCB printing, implies that the
antenna will be used outside the chip, leading to a greater number of interconnections,
which will further result in additional losses and performance degradation.
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Table 1. Comparative study of the designed MIMO antenna with existing structures in the literature

for 60 GHz applications.
Study Technology Dimensions (mm?) Freq. (GHz) Gain (dBi) Isolation (dB)  Reconfigurability
PCB (Rogers, 13 x 14 x 0.1 B
[14] er & 2.9) 2.6\ x 2.8\ x 0.02)) 57.0-63.0 8.2 54 No
PCB (Rogers 4003, 30 x 30 x 0.203 S 9.6 (2 x2), —44 (2 x 2),
[21] er ~ 3.55) (6.0A % 6.0A x 0.047) 58.0-63.0 9.2 (4 x 4) _28 (4 x 4) No
Rogers RT/Duroid
[22] 5880, er = 2.2, e opete 3'35515%) 58.925-60.66 1056 <50 No
h =0.254 mm ’ ' ’
. Yes (proof of
On-chip, BCB 7.54 x 7.54 x 0.055
Our work substrate (1.51A x 1517 x 0.01A) 57.0-63.0 6.5-9 <-35 conce'zpt, OC/SC
configurations)

The on-chip four-port MIMO antenna proposed here, including the advantages of
a metasurface and of a BCB substrate, allows for achieving a more compact form factor
and competitive performance. The overall size of our antenna is 7.54 x 7.54 x 0.055 mm?,
which is significantly smaller than the aforementioned designs. Isolation between MIMO
ports is maintained to be better than —35 dB, and gains ranging from 6.5 to 9 dBi are
achieved depending on the operating frequency and on the metasurface configuration.
Unlike previous works, our antenna is designed for frequency agility, with proof of concept
presented here. Moreover, it should be noted that the integration of metasurfaces within
this architecture further enhances the overall system performance by leveraging their
unique properties for electromagnetic wave control. The roles of the metasurfaces used
are well understood, but the main innovation does not lie in their application. Instead, we
emphasize the complete integration of these technologies operating in the millimeter-wave
band into an on-chip structure. This level of integration, achieved using cleanroom fab-
rication technologies commonly used in microelectronics, sets our work apart from most
existing solutions in the literature, which primarily rely on PCB technologies. This ap-
proach reduces interconnections and thus losses, which constitutes a notable advancement.
The future integration of diodes will enable dynamic reconfigurability, addressing a key
limitation in existing designs.

This comparison demonstrates that our on-chip solution offers significant advantages
in terms of miniaturization and reconfigurability while achieving competitive isolation and
gain for mmWave applications.

7. Conclusions

In this work, we presented a 4 x 4 MIMO antenna integrated on a BenzoCycloButene
(BCB) substrate and enhanced with a metasurface for high-performance operation at
60 GHz. With a compact volume of only 3.13 mm?, the antenna delivers an impressive gain
of 8 dBi, with an average efficiency of 90%, and the frequency tuning range extends from
56.5 GHz to 61 GHz by simply reconfiguring the metasurface. The innovative manufac-
turing process enables seamless integration over active circuitry and provides the option
to incorporate diodes for dynamic frequency matching. This design approach not only
enables significant miniaturization but also opens the door to scaling down the technology
for submillimeter wave applications, making it highly suitable for next-generation wireless
systems, such as communication at 120 GHz and beyond.
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Highlights:

We utilize printed circuit board technology to develop a substantially miniaturized
substrate-integrated coaxial cavity (SICC) resonator, achieving a significant size reduc-
tion as the circuit occupies a mere 2.1% of the area of its substrate-integrated waveguide
cavity counterpart when operating at the same frequency. For the first time, these miniatur-
ized SICC resonators have been successfully incorporated into the design of a dual-band
filter and a diplexer, demonstrating a considerable performance improvement.

Abstract: This paper presents the design of a dual-band filter and a diplexer using an
extremely miniaturized substrate-integrated coaxial cavity (SICC) structure. The presented
dual-band filter can function as a front-end circuit block connected to 5G antennae, enabling
dual-passband operation for 5G applications. The diplexer is designed for use in 5G
communication systems, positioned after the 5G antennae to facilitate the switching of
transmitting (Tx) and receiving (Rx) signals between the Tx and Rx terminals. The main
contribution of this work is the development of a highly miniaturized substrate-integrated
coaxial cavity (SICC) to design a dual-band filter (DBF) and a diplexer. The circuit area of
the proposed dual-frequency SICC is a mere 2.1% of its conventional substrate-integrated
waveguide (SIW) cavity counterpart when operating at the same frequency. A dual-band
filter and a diplexer are realized using two and three highly miniaturized SICC resonators,
respectively. The dual-band filter is designed to have a transmission zero on each passband
side to enhance signal selectively. At most in-band frequencies, the isolation between
the diplexer’s channel bands exceeds 20 dB. A sample dual-band filter and diplexer have
been fabricated for experimental validation, demonstrating excellent agreement between
the measured and simulated data. To the best of the authors” knowledge, the designed
dual-band filter and diplexer achieve the highest circuit area efficiency within the categories
of dual-band SIW cavity filters and diplexers.

Keywords: dual-band filter (DBF); diplexer; substrate-integrated waveguide (SIW);
substrate-integrated coaxial cavity (SICC); circuit miniaturization

1. Introduction

Dual-band filters and diplexers that utilize substrate-integrated waveguide (SIW)
technology have attracted the attention of many researchers. The employed SIW structure
was first introduced by Zaki et al. [1]. Subsequently, Fuji et al. [2] and Deslandes and
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Wu [3] reported similar structures under different nomenclatures. The SIW possesses
several advantages, including a higher quality factor and enhanced noise immunity, which
are not present in other planar structures such as microstrip lines, coplanar waveguides,
and slotlines. However, the size of SIW filters is considered excessively large for modern
communication systems, particularly when operating at half-wavelength frequencies. Nu-
merous studies have reported various methodologies aimed at reducing the circuit size of
SIWs [4-20]. Notably, references [4-6] utilize half-mode and folded SIW structures, respec-
tively, reducing the circuit area by a factor of two. Introducing the quarter-mode SIW cavity
in [7-11] and the eighth-mode SIW cavity in [10-12] necessitates only a quarter/one-eighth
of the size of a conventional SIW cavity. In [13-15], the size miniaturization of the SIW BPF
is accomplished by incorporating complementary split-ring resonators (CSRRs), facilitating
the dominant propagation mode to operate at a frequency much lower than the cut-off
frequency, thereby effectively decreasing the filter size. However, the filters are susceptible
to radiation losses due to the open edges of the SIW and the slots of the CSRR, limiting their
applicability to low microwave frequency ranges. In [16], inserting a dielectric rod within
the SIW cavity excites the TMp;,,0 mode, resulting in a 33% reduction in size. A more sub-
stantial size reduction of 60% is reported in [17] by implementing a concave—convex cavity
filter. Recently, an exceptional miniaturization design was introduced in [18], achieving a
93% reduction in circuit size by loading the quarter-mode SIW cavity with a complicated
capacitive structure. Furthermore, the evanescent-mode SIW cavities, also referred to as
coaxial resonators or embedded coaxial SIWs, in [19-21] demonstrate even greater size
reductions, with circuit area reductions exceeding 96% for a single SIW cavity resonator.

In recent years, bandpass filters (BPFs) with dual-band functions have received immense
demand since wireless communication systems exhibit a trend toward a multichannel operation.
Numerous substrate-integrated waveguide (SIW) BPFs [22-27] have been developed to meet
the dual-passband requirements. Among these, a compact dual-band BPF was designed in [22],
utilizing multiple SIW cavities arranged in a vertically stacked configuration. However, the
slot incurs excessive losses when utilized to subdue common-mode signals at high frequencies.
The SIW cavity BPF of dual-mode response presented in [23] utilizes two metallic rods of
differing sizes, each capable of independently tuning its associated resonance frequency, thereby
facilitating the formation of two independently controlled passbands. In [24], a single circular
SIW cavity operating under multiple transverse magnetic (IM) modes is utilized for dual-band
filter design. The independent control of the dual-band frequencies is ingeniously achieved by
perturbing the TM modes using additional via-holes in conjunction with the slots embedded
in the cavity wall. In [25], the dual-band response is realized by incorporating complementary
split-ring resonators (CSRRs) embedded in the SIW cavity walls, leveraging degenerate-mode
resonance. Each CSRR acts as an additional resonance node extending from the cavity, creating
transmission zeros (1Zs) on either side of passband edges. Furthermore, as noted in [26], an E-
slot embedded in the SIW cavity renders the latter a dual-band function, with the resonances of
the E-slot’s even- and odd-mode resonances dominating the passbands’” frequencies. Moreover,
the half-mode rectangular SIW cavity was initially utilized in dual-band filter applications, as
discussed in reference [27], allowing for a significant separation between the two passbands.
Overall, the aforementioned SIW cavities in [22-27] are relatively large and, as such, are not
well-suited for commercial microwave systems that necessitate circuit miniaturization.

The dual-band SIW cavity BPFs are also applicable in the design of diplexers, which
facilitate the routing of signals at two distinct frequencies to separate ports. Recent studies
have reported several innovative diplexers utilizing SIW cavity designs [28-33]. For
instance, the hexagonal SIW cavity diplexer described in [28] employs cavities that operate
under perturbed degenerate-mode resonance for the transmitting (Tx) and receiving (Rx)
filters. However, a notable limitation of this design is the relatively large size of the
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cavities utilized. In [29], a diplexer is constructed using two cavities that operate under
perturbed dual-mode resonances. Each cavity generates a transmission zero (TZ) positioned
within the passband of the opposing cavity filter to enhance isolation. Although this
design incorporates only two SIW cavities, it necessitates a substantial SIW T-junction
to connect the common port to both the Tx and Rx cavities. The work presented in [30]
introduces a sophisticated diplexer design that features frequency-tuning capabilities and
accommodates various port configurations, including single-ended and balanced forms.
Frequency tuning is achieved by incorporating piezoelectric disks into the cavity, which
load the cavity with distinct capacitances. A compact SIW diplexer composed of combined
single- and dual-mode cavities is documented in [31]. This configuration enables the two
duplexing bands to have a flexible bandwidth ratio; however, it requires a considerable
circuit area due to the necessity of multiple SIW cavities. In [32], integrating a microstrip
filter within three air-filled circular SIW cavities successfully facilitates the separation
of two duplexing bands. The microstrip filter routes the low-frequency signal in this
configuration, while the air-filled SIW cavities channel the high-frequency millimeter-wave
signal. Reference [33] uses a field perturbation on the SIW’s multi-mode to create the filter’s
multiple passband functions. The aforementioned SIW multi-band BFSs and diplexers
exhibit a relatively large circuit area, which may limit their suitability for commercial
applications.

In our previous study, we investigated a miniaturized substrate-integrated coaxial cavity
(SICC) structure, which has been effectively utilized in the designs of size-reduced single-
band [20,34], dual-band [35], tri-band [36], and quad-band [37] BPFs, as well as a diplexer [35].
While SICC technology has achieved and demonstrated the highest circuit area efficiency for
substrate-integrated waveguide (SIW)-related cavities, ongoing advancements in the reduction
of SIW cavity size are still being pursued. Reference [38] illustrates a further size reduction
technique for the SICC structure by enhancing the SICC’s loading capacitance through a split
coplanar waveguide ring (SCR). However, the current advancements pertain solely to single-
band filters (BPFs). Consequently, there is a need for further research and study into dual-band
BPFs and diplexers that utilize this ultra-miniaturized SICC technology. Hence, this paper
presents the design of a dual-band BPF and diplexer employing the extremely size-reduced
SICC structure. Sample circuits have been fabricated for experimental validation, revealing
good agreement between the measured and simulated data.

2. Implementation of Miniaturized Substrate-Integrated Coaxial Cavity

The proposed extremely miniaturized substrate-integrated coaxial cavity (SICC) and its
corresponding equivalent circuit model are illustrated in Figure 1. This SICC consists of
two tightly stacked RT/Duroid 5880 substrates (¢, = 2.2 and tand = 0.0009) with thicknesses
hy = 0.254 mm for the top substrate and h, = 1.57 mm for the bottom substrate. Additionally,
the configuration includes three metal sheets, each with a thickness of 35 pum. A 0.08 mm thick
prepreg (PP) layer, with ¢, = 4 and tand = 0.013, is positioned between the middle metal layer
and the top substrate to facilitate substrate binding. The equivalent circuit model depicted
in Figure 1d consists of a short-circuited coaxial line, with a length of h,, which is loaded
with capacitances Cp,, Cscr, and an inductance Lyj,. The capacitance Cp, approximated by
Cp ~ 0.25meD?(1/hy + 1/hy), represents the combined capacitance between the circular patch
of diameter D (in the M2 layer) and the top and bottom walls. The term Cscr stands for the
capacitance between the center strip of the embedded split coplanar waveguide ring (SCR) and
the bottom ground plane. At the same time, L, denotes the inductance associated with the
three blind via-holes that connect the embedded SCR to the circular patch. It is noteworthy that,
as referenced in [39], Cgcr can be evaluated as follows:
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where K(-) is the complete elliptic integral of the first kind, while the parameters S and
W denote the strip and slot width of the embedded SCR, respectively. Moreover, ¢ is the
permittivity in vacuum, and ¢, is the substrate’s dielectric constant. Additionally, Iscr refers
to the mean arc length of the SCR, measured in millimeters (mm). Based on the equivalent
circuit model, the total susceptance B(w) between the circular patch and the ground, as
illustrated in Figure 1d, is expressed as follows:

B(w) = w (1;?(:5@ + cp> — Yy cot Bhy @)
where the phase constant is denoted by , with cy representing the speed of light in vacuum
and Y| indicating the characteristic admittance of the short-circuited coaxial transmission
line formed by the blind via-ring fence of diameter D, and the four thru-via side walls of
the square cavity. For convenience, the frequency-dependent expression in the parentheses
of Equation (2) is referred to as the effective loading capacitance C. This expression is
applicable when the operating frequency is much lower than the series resonance frequency
of the Lyj;-Cgcr branch.
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Figure 1. Layouts of the extremely miniaturized substrate-integrated coaxial cavity: (a) 3D view,
(b) bottom (M1) layer embedded with the split CPW ring (with the subtended angle ), (c) middle
(M2) layer, and (d) the equivalent circuit model.

In a conventional square SIW cavity, the fundamental TEjg; exhibits a resonance
frequency denoted as fj. In addition to this fundamental mode, the proposed SICC
resonates as a capacitively loaded coaxial-line mode oriented along the normal direction of
the substrate, characterized by a resonance frequency of f,. Since the lower substrate has a
small electric thickness Bh; around the desired operating frequencies, the approximation
cot(Bhy)~1/ Bhy can be made, causing the condition B(w) = 0 in Equation (2) to yield the
resonance frequency f; as [20].

- 1 Y()CO 1/2 3
= o {Ceff\/ahZ] ®
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In contrast to our previous works in [34-37], which incorporated only a single capaci-
tance within the cavity, the proposed SICC presented in this paper significantly enhances
the overall capacitance. This enhancement is attributed to integrating an additional capaci-
tance, which is facilitated by the SCR embedded in the M3 layer, as illustrated in Figure 1a.
The supplementary capacitance can now be integrated with the capacitance Cp, through
three connection via-holes to form the enhanced effective loading capacitance Ceg. This
configuration not only enhances the loading capacitance of the SICC but also leads to a
further downshift in the resonance frequency. In this paper, the side dimension of the
square SICC and the conventional square SIW cavity counterpart is fixed at 24 mm. The
resonance frequency of the conventional square SIW cavity is fo = 5.96 GHz. The frequency
ratios f; /fo and Cegf, with their values calculated as functions of the SCR’s subtended angle
(0) in the SICC, are omitted here and can be found in [38]. It should be noted that the SICC
area is proportional to (f, /f)>. The outcome of f,/fy < 1 indicates that the circuit size has
been reduced, and all values of f, /f( obtained in this paper are less than 0.15.

Figure 2 illustrates the normalized resonance frequency of the SICC depicted in
Figure 1 as a function of the subtended angle () of the embedded SCR. The figure presents
the simulated frequency ratio (f,/fo) against the SCR’s subtended angle (0) for various
diameters of the via-ring fence (D), with the outer diameter of the SCR fixed at 20.8 mm.
The data indicate that an increase in the subtended angle (8) corresponds to a decrease
in the resonance frequency (f;). This phenomenon can be attributed to the fact that a
larger value of 0 increases the capacitance Cgcr for the specified dimensions of the SCR.
However, the drawback of the resonance frequency downshift is a decrease in the Q,, value,
as seen in Figure 3. This is because the larger the value of 6, the larger the conduction
and radiation losses due to the longer aperture in the cavity’s bottom wall. Furthermore,
because the blind via-ring fence in the cavity’s lower substrate region emulates the coaxial
line’s center conductor, a smaller via-ring-fence diameter (D) yields a smaller characteristic
admittance (Y)), resulting in a lower f;, as is evident from Figure 2 and Equation (3).

0.24

Ifr/fo

[ Dy (mm)
0.2 a4 -B-8 -0-12
[ | I I ] | ]
180 210 240 270 300 330

O (degree)

Figure 2. Normalized resonance frequency (f;/f() versus the SCR’s subtended angle (0) for several
via-ring-fence diameters (D5).

As previously mentioned, an increase in the subtended angle leads to a decrease in the
unloaded Q, value. Figure 3a illustrates the relationship between the unloaded quality factor
Qy and the SCR’s subtended angle. Additionally, Figure 3b presents the variation of Q, as a
function of the SCR’s bilateral slot gap dimension (g), revealing that a reduced gap dimension
leads to a smaller Q, value. This phenomenon can be attributed to the greater conduction
currents at the edges of the smaller gap, which result in increased conduction losses. Notably,
Q, is relatively insensitive to changes in the diameter (D,) of the via-ring fence.
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Figure 3. Simulated Q, values as a function of (a) SCR’s subtended angle (f) and (b) the SCR’s slot
gap dimension (g) for several values of Dy.

3. Miniaturized Dual-Band SICC BPF

A sample miniaturized dual-band SIW cavity BPF is presented in this session. Figure 4
shows the structure of the proposed extremely miniaturized dual-band SICC BPF. The
proposed dual-band BPF is composed of two SICCs (Figure 1) in a vertically stacked
form, as shown in Figure 4a. Each cavity comprises two tightly bonded RT/Duroid 5880
substrates of 1.57 (top substrate) and 0.254 mm (bottom substrate) thicknesses. Notably, one
cavity is inverted and positioned atop the other, resulting in a total of four substrate layers
(five metal layers) for the filter. The feeding structure consists of a sub-miniature version A
(SMA) connector on the cavity’s top wall. The SMA probe extends through the cavity and
connects to the bottom wall, establishing a short-circuit feed. Figure 5 gives the layouts of
the three metal layers (see Figure 4b) and their circuit dimensions (in mm). The middle (M2)
layer exhibits two semicircular patches, each of which is connected to the M1 layer of the
cavity through one (for the right-side patch) or two extra blind via-holes (for the left-side
patch). The former is associated with the low-frequency resonance, and the latter with
the high-frequency resonance. In other words, one square cavity houses two resonators.
For convenience, we can call each of the two resonators in the same cavity a half-mode
coaxial resonator. The low-frequency resonance predominantly exists in the right half of
the cavity, whereas the high-frequency one exists in the left half of the cavity. When the
dimensions of the semicircular patch are fixed, the resonance frequency of each half-mode
coaxial resonator is predominantly influenced by the dimensions of the associated SCR
and the extra blind shorting via-holes positioned at appropriate locations. In Figure 1, the
circular patch and the bottom cavity wall are connected using the blind via-ring fence of
diameter Dy. This blind via-ring fence, in conjunction with the surrounding cavity, forms
a short-circuited coaxial line. Under the condition that the lower substrate has a small
electric thickness, the equivalent lumped element looking into the short-circuited coaxial
line from the circular patch is an inductance. In the half-mode coaxial resonator, the extra
blind shorting via-holes connect the semicircular patch to the bottom cavity wall, and they
play the same role as the blind via-ring fence in Figure 1.

The equations presented in Section 2 may no longer accurately evaluate the resonance
frequencies for the proposed structure of two resonators within one cavity. However, the
trend of the resonance frequencies is similar to that of the complete SICC case. Nevertheless,
an empirical approach combined with an L-C circuit model, as utilized in [35,36], is used
to determine the resonance frequency of each half-mode coaxial resonator. This method
involves fixing the loaded capacitances (i.e., fixing the size of the semicircular patch and
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the SCR) while varying the number and positions of the extra shorting vias that connect the
semicircular patch to the bottom wall of the cavity, effectively controlling the inductance
value for each L-C resonance. Intuitively, the right-side half-mode coaxial resonator with
only one extra blind via-hole can be regarded as having a larger effective inductance in the
L-C circuit model than the left-side one with two extra blind via-holes, causing the former
to have a lower resonance frequency.

SICC 1

(a) (b)

Figure 4. The proposed extremely miniaturized dual-band SICC BPF structure: (a) 3D view and
(b) zoom-in of SICC unit.
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Figure 5. The layouts and circuit dimensions of the BPF in Figure 4b: (a) M1, (b) M2, and (c) M3 layers.

The coupling between the upper and lower SICCs relies on the two fan-shaped slots
embedded in the common wall (the M3 layer in Figures 4a and 5c) of the two SICCs. The
left-side slot depicted in Figure 5c is smaller than the right-side one, which is larger; this
configuration allows the left-side slot to suitably function for the high-end passband, while
the right-side slot operates better at the low-end passband. The nature of this coupling is
classified as an electrical coupling, resulting in the patches on either side of the coupling slot
exhibiting opposite electric potentials. The calculated coupling coefficients for the low-end
(first) and the high-end (second) passbands as functions of the subtended angle (J) of the
coupling slots are presented in Figure 6 for various radius values (r) of fan-shaped slots.
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Figure 6. Coupling coefficient versus the slot’s subtended angle for various slot radii.

Figure 7 presents the distributions of the electric field (E-field) and the vector magnetic

field (H-field) for the first and second passbands. The E-field is calculated on the upper

surface of the metal patch, while the H-field is simulated beneath the surface of the metal

patch, to which the extra blind shorting via-holes are connected. In the first passband, as

illustrated in Figure 7a, the right semicircular patch exhibits a resonance predominating

at low frequencies. Furthermore, the H-field is also significantly stronger in the right-side

region. In contrast, the second passband reveals a greater E-field strength on the left

semicircular patch, accompanied by a more enhanced H-field also in the left cavity. The

H-field distribution surrounding the two shorting via-holes of the left patch shows that the

H-field encompasses both via-holes. This observation implies that the inductances created

by the blind shorting via-holes are arranged in a parallel configuration, resulting in a total

inductance less than that of a single blind shorting via-hole. Consequently, this smaller

inductance leads to a higher resonance frequency.

Figure 7.
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The distributions of electric field and vector magnetic field at the (a) first and
(b) second passbands.

As observed from Figure 7a, when the right-side half-mode coaxial resonator resonates

at the first passband, the left-side half-mode coaxial resonator is not entirely silent. Similarly,

from Figure 7b, when the left-side half-mode coaxial resonator resonates at the second

passband, there are still fields in the right-side half-mode coaxial resonator. This is because

the left- and right-side half-mode coaxial resonators are not entirely isolated. Adjustment

of the structural dimensions of the left-side (right-side) half-mode coaxial resonator for

tuning the lower (higher) resonance frequency would affect the higher (lower) resonance

frequency. Hence, we cannot claim that the two resonance frequencies can be independently

controlled. Fortunately, the field strengths in the left- and right-side half-mode coaxial

resonators are pretty distinct, and structural dimensions can easily be adjusted to obtain

the two desired resonance frequencies.
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The frequency responses, both measured and simulated, are presented in Figure 8,
with the inset illustrating the zoomed-in passband responses. The coupling mechanism is
primarily dominated by the electric field (E-field) within the passband regions, transitioning
to dominance by the magnetic field (H-field) in the stopband region. A transmission zero
(TZ) is generated during the coupling transition from E-field to H-field dominance and
vice versa, forming two TZs on either side of each passband. The coupling slot’s axial
dimensions (and subtended angle ) are, respectively, 5.4 (6 = 180°) and 6.2 mm (J = 105°),
corresponding to coupling coefficients of 0.042 and 0.038 for the first and second passbands,
respectively. The calculated unloaded Q, values are 166 and 239 for the cavity operating at
the first and second resonance frequencies, respectively. These values are lower than the Q,,
value of 680 associated with the conventional SIW cavity counterpart, which depletes every
structure within the SIW cavity. The prepreg film used in the printed circuit board (PCB)
technology for binding purposes significantly impacts the performance of the proposed
circuit due to its lossy nature and its placement over the middle patch layer, where the
electric field strength is maximized. When depleting the loss associated with the prepreg
film, the Q, value increases to 282 for the first band and 375 for the second band. The
measured and simulated performance parameters observed in Figure 8 are summarized
in Table 1, which includes mid-band frequencies, 3DB fractional bandwidths (FBWs),
minimum in-band insertion losses (ILs), transmission zeros (TZs), and calculated Q,. The
external quality factor, Q,, is 12.36 for the first band and 25.51 for the second band. Figure 9
shows the photos of the circuit fabricated for measurement. Table 2 compares our design
with several previously referenced SIW-related dual-band filters. It should be noted that
the upper stopband bandwidths listed in Table 2 are under the criterion of 1Sy, | < -15dB.
Furthermore, the BPF in [24] has the largest electric dimension in the table and is chosen as
the reference for size comparison.
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Figure 8. Measured and simulated frequency responses for the BPF of Figure 4.

Table 1. The measured and simulated performance parameters concluded from Figure 8.

Simulations Measurements
f1,f2 (GHz) 0.87/1.27 0.865/1.275
IL; /1L, (dB) 0.74/1.61 1.94/2.51
3DB FBW, /FBW; (%) 11.49/4.03 8.09/3.92
f’ltgfz’lbf’;d_z‘g/ d(;HZ) 1.06 1.76
TZs (GHz) 0.63/1.05/1.22/1.54 0.65/1.01/1.23/1.48
Qu1/Qu2 166/239
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Figure 9. Photos of the experimental circuit, its top and coupling slots views.

Table 2. The comparison between our design and several referenced dual-band SIW cavity BPFs.

No. of f1/f> FBW/FBW, IL;/TIL, USB BW Size Size Ratio

Layers (GHz) (%) (dB) Ag X A9 (%)
[10] 2 3.5/5.24 2.73/5.28 1.52/1.65 N/A 1.23 x 1.23 95.3
[23] 3 251/5.3 6.8/5.8 1.41/1.88 ~0.29 f1 0.84 x 0.42 22.2
[24] 1 7.71/9.64 5.45/8.1 1.9/1.65 N/A 1.26 x 1.26 100
[25] 1 7.89/8.89 3.4/3.9 1.5/1.9 ~0.07 f1 1.12 x 1.05 74.1
[26] (Figure 4) 1 3.6/6.4 3.3/24 1.3/1.8 >0.72 f1 0.43 x 0.88 23.8
[27] (Figure 6) 1 5.0/7.5 5.46/4.75 1.65/2.25 ~0.23 f1 1.65 x 0.93 96.7
[35] (Figure 2) 4 1.81/2.43 6.06/2.9 1.04/2.3 0.24 f1 0.21 x 0.21 2.78
This work 4 0.865/1.275 8.09/3.92 1.94/2.51 2.52 f1 0.103 x 0.103 0.67

USB BW: upper stopband BW with 1Sy; | <-15dB; Ay = co/(fi1/€r), co is the speed of light.

4. Miniaturized SICC Diplexer

The 3D view of the proposed miniaturized SICC diplexer is presented in Figure 10,
while the circuit layouts and dimensions for each of the metal layers are detailed in Figure 11.
The diplexer consists of three SICCs, with the common-port (CP) cavity designed to function
in a dual-band operation. The SICCs are fabricated using two RT/Duroid 5880 substrates,
with thicknesses of 1.57 mm for the upper substrate and 0.254 mm for the lower substrate.
Standard PCB technology is utilized for the diplexer’s fabrication, employing the same
prepreg film referenced in Sections 2 and 3 for binding purposes. The CP cavity incorporates
two semicircular patches for dual-band functionality (see Figure 11b). The semicircular
patch for the low-band resonance is connected to the cavity’s bottom wall through a single
extra blind shorting via-hole, and the one for the high-band resonance is equipped with
two extra blind shorting via-holes. Per the methodology outlined in Section 2, each half
of the CP cavity has a semicircular SCR of varying size embedded in the M1 layer and
three via-holes connecting to the patch to facilitate further frequency downshift. Bisecting
a single SICC into two equal-sized half-SICCs results in two duplexing-port (DP) cavities.
This bisecting is performed by deploying an array;, as illustrated in Figure 11d,e, along the
symmetric axis of the cavity, thereby physically separating the two DP cavities. Notably,
the half-SICC-formed DP cavity cuts the circuit area in half. The high- and low-frequency
signals of the CP cavity are coupled to either of the two DP cavities through a semicircular
coupling slot for the high-band signal, or two quarter-circular slots for the low-band signal
(see Figure 11c). The port-2 cavity in Figure 10c, featuring a larger SCR and a single extra
blind shorting via-hole, is designed to respond to low-band resonance. In contrast, the port-
3 cavity is equipped with a straight SCR and two extra blind shorting via-holes, thereby
serving the high-band function.
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Figure 10. The extremely miniaturized SICC diplexer structure: (a) 3D view, (b) zoom-in of the
common port SICC, and (c) zoom-in of the diplexer port cavities.
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Figure 11. Layouts and circuit dimensions of the metal layers in Figure 10: (a) M1, (b) M2, (c) M3,

(d) M4, and (e) M5 layers.

Figure 12 shows the measured and simulated frequency responses for the diplexer
shown in Figure 11. The measured and simulated performance parameters are summarized
in Table 3, which includes mid-band frequencies, FBWs, and in-band minimum ILs. Not
listed in Table 3, most measured isolations between the two duplexing ports exceed 20 dB.
In Figure 13, we give the photos of the circuit fabricated for measurement. Table 4 compares
our design with several previously referenced SIW-related diplexers. This table summarizes
the number of substrates used in the circuits, mid-band frequencies, minimum ILs, isolation
levels between the duplexing bands, and the circuit area, which is defined as the area of
the smallest rectangle capable of accommodating the cavities. Here, the diplexer in [29]
is chosen as the reference for size comparison. In conclusion, our diplexer demonstrates
a significant circuit area efficiency and considerable duplexing-band isolation. However,
the ILs are slightly higher than those observed in other designs. These higher ILs might be
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owing to the significant losses associated with the prepreg film and the conduction losses

resulting from the intensified electric field at the SCRs’ slot edges.
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Figure 12. Measured and simulated frequency responses for the SICC diplexer of Figure 11: (a) Sy1,
Sy1, and S31; (b) duplexing ports isolation (in terms of 1Sz, I).
Table 3. The measured and simulated performance parameters concluded from Figure 12.
Simulations Measurements
f1/f2 (GHz) 0.875/1.35 0.854/1.355
3dB FBW; /FBW; (%) 12.57/3.27 10.54/3.69
In-band isolations (dB) 19.2-23.4 19.5-23.01
IL; /1L, (dB) 0.62/2.05 1.63/2.89
Qu1/Quz 126/275
a 4
3 3
) 2
1 1
o SR o
0 1:2:3 4
(a) (b)
Figure 13. Photos of the experimental circuit in Figure 11: (a) duplexing ports and (b) coupling slots layer.
Table 4. The comparison of our diplexer design with the previously referenced SIW diplexers.
f1/fy IL{/IL, IBI Size Size Ratio
No. of Substrates (GHz) (dB) (dB) (g % Ag) (%)
[28] 1 9.49/9.91 1.42/1.38 N/A Large >>100
[29] (Figure 9) 1 9.94/10.95 1.8/2.5 >50 4.1 x 157 100
[30] (Figure 10) 3 2.07/2.71 1.1/1.6 >36 0.39 x 0.38 2.3
[31] 1 12/14 1.34/1.41 >27 1.99 x 1.39 43.0
[32] 3 2.35/29.87 0.94/1.32 >22 0.46 x 0.34 243
[35] (Figure 13) 4 1.63/1.96 2.5/2.53 >34 0.19 x 0.19 0.56
This work 4 0.854/1.355 1.63/2.89 >19.5 0.127 x 0.127 0.25

IBI: in-band isolation; Ay = co/(f11/%r)-
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5. Conclusions

This paper presents the design, implementation, and verification of a highly miniaturized
dual-band substrate-integrated coaxial cavity (SICC) bandpass filter (BPF) and diplexer. The
results demonstrate an excellent agreement between the measured and simulated data, affirming
the well-structured circuit’s effective performance. The proposed dual-band SICC BPF and
diplexer occupy circuit areas of only 0.103 A; x 0.103 Ay and 0.127 A4 x 0.127 A, respectively.
To the best of the authors” knowledge, the proposed dual-band SICC BPF and diplexer designs
have presented the best circuit area efficiency achieved within the dual-band SIW cavity filters
and diplexers categories.
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Abstract: With the rapid evolution of 5G wireless communications, millimeter-wave
(mmWave) technology has become a crucial enabler for high-speed, low-latency, and
large-scale connectivity. As the critical interface for signal transmission, mmWave an-
tennas directly affect system performance, reliability, and application scope. This paper
reviews the current state of mmWave antenna technologies in 5G systems, focusing on
antenna types, design considerations, and integration strategies. We discuss how the
multiple-input multiple-output (MIMO) architectures and advanced beamforming tech-
niques enhance system capacity and link robustness. State-of-the-art integration methods,
such as antenna-in-package (AiP) and chip-level integration, are examined for their impor-
tance in achieving compact and high-performance mmWave systems. Material selection
and fabrication technologies—including low-loss substrates like polytetrafluoroethylene
(PTFE), hydrocarbon-based materials, liquid crystal polymer (LCP), and microwave di-
electric ceramics, as well as emerging processes such as low-temperature co-fired ceramics
(LTCC), 3D printing, and micro-electro-mechanical systems (MEMS)—are also analyzed.
Key challenges include propagation path limitations, power consumption and thermal man-
agement in highly integrated systems, cost—performance trade-offs for mass production,
and interoperability standardization across vendors. Finally, we outline future research
directions, including intelligent beam management, reconfigurable antennas, Al-driven
designs, and hybrid mmWave—sub-6 GHz systems, highlighting the vital role of mmWave
antennas in shaping next-generation wireless networks.

Keywords: 5G communications; millimeter-wave (mmWave) antennas; MIMO; beamforming;
antenna integration technology; low-loss materials and fabrication

1. Introduction

The rapid development of wireless communication technologies, coupled with the
increasing prevalence of smart devices, the emergence of novel multimedia applications,
and the widespread deployment of Internet of Things (IoT) systems, has led to an unprece-
dented surge in data traffic [1,2]. This trend necessitates the development of communication
technologies that offer low latency and high reliability to support next-generation appli-
cations. For example, 5G wireless networks have been designed to address many of the
limitations inherent in 4G systems, particularly from an architectural perspective. Moreover,
5G aims to support innovative services that exceed the technical capabilities and capacity
requirements of existing networks, thereby revolutionizing key performance metrics such
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as data rates, latency, massive connectivity, network reliability, and energy efficiency [3].
These enhancements include ultra-low latency (as low as 1 ms) with ultra-high reliability,
peak data rates reaching up to 10 Gbps—and potentially as high as 20 Gbps in certain
scenarios—as well as a guaranteed minimum data rate of 100 Mbps. Furthermore, 5G is
designed to achieve approximately 100 times greater energy efficiency and three times
higher spectral efficiency compared to 4G networks [4].

As 5G technology has evolved, the enormous volume of data traffic and the escalating
demand for higher communication capacity and signal integrity have led to the near-total
occupation of frequency bands ranging from several hundred MHz to several GHz [5]. To
meet these growing demands for increased data rates, two primary approaches are typically
considered: transitioning to higher frequency bands to expand bandwidth, or enhancing
spectral efficiency through the use of advanced modulation schemes or multiplexing tech-
niques such as MIMO technology. Millimeter-wave (mmWave), with wavelengths between
1 mm and 10 mm, corresponds to a spectrum spanning 30 GHz to 300 GHz. Although the
physical definition of mmWave strictly refers to the 30 GHz-300 GHz band (wavelength
1-10 mm), the 20 GHz band is often included in the mmWave category in practical applica-
tions. The communications industry, such as 3GPP, uniformly categorizes the frequency
bands above 24 GHz as 5G mmWave (FR2 band), for example, 24.25-27.5 GHz (n258) and
26.5-29.5 GHz (n257). mmWave has emerged as a critical candidate for 5G wireless systems
due to their broad bandwidth and high transmission rates [6,7]. These attributes make
mmWave well-suited to fulfill future capacity needs. Currently, mmWave technology
is being utilized in various applications, including radar systems (such as automotive
radars), military communications, satellite communications, and point-to-point (P2P) com-
munications. Moreover, the adoption of mmWave in 5G networks not only promises to
address the increasing bandwidth requirements but also paves the way for innovative
services and applications that require ultra-high reliability and low-latency connectivity.
This makes mmWave indispensable for realizing the full potential of 5G technology across
different sectors.

Antennas, as essential components for transmitting and receiving electromagnetic
signals, play a critical role in wireless communication and sensing systems [8]. In the
context of mmWave communications, antennas are particularly vital due to the unique
propagation characteristics and challenges associated with this high-frequency spectrum.
For instance, mmWave signals are highly susceptible to blockage and attenuation from
various environmental factors. Rain attenuation is one such challenge—since raindrops are
typically on the order of a few millimeters, they can significantly obstruct mmWave signals,
whose wavelengths are similarly sized [9]. Other common sources of signal degradation
include foliage loss, human body blockage, and material penetration losses. Given these
inherent limitations—such as high path loss, limited diffraction capability, and sensitivity to
physical obstructions—advanced antenna designs and robust beamforming /beam tracking
techniques are required to ensure reliable mmWave communication links [10]. Antenna
arrays have emerged as a preferred solution in mmWave systems, enabling the generation
of highly directional and steerable beams, thereby improving gain, directivity, and overall
link efficiency [11]. Figure 1 presents the obstacles, pros, and design of mmWave antennas
and their applications. Figure 1 presents the obstacles, advantages, design, integration,
materials, fabrication, typical types, and applications of mmWave antennas.
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Figure 1. Overview of obstacles, advantages, design, integration, materials, fabrication, typical types,
and applications of mmWave antennas.

Against this backdrop, this review article systematically explores the development
and challenges of mmWave antennas within the context of 5G wireless communications.
We examine key aspects including the types of mmWave antennas, MIMO-based array
architectures, performance-influencing factors, integration technologies, as well as materials
and fabrication techniques. The structure of this review is organized as follows:

Section 2 provides the methodology for writing this review.

Section 3 introduces the commonly used types of mmWave antennas and their perfor-
mance characteristics.

Section 4 discusses design considerations for mmWave antennas, with a focus on
MIMO architectures and key influencing factors.

Section 5 reviews state-of-the-art antenna integration technologies.

Section 6 presents an analysis of materials and fabrication techniques used in mmWave
antenna manufacturing.

Finally, we summarize the current technical challenges and outline future research
directions in this rapidly evolving field.

2. Methodology

In this review, we take a systematic approach for a comprehensive and unbiased selec-
tion of the relevant work on recent advancements in mmWave antennas for 5G applications.
We mainly used Web of Science (WoS) supplemented by IEEE Xplore for conducting a
literature search. To ensure the inclusion of the most relevant, highly cited, and up-to-date
research, we prioritized peer-reviewed journal articles, review papers, and conference
papers published between 2013 and 2025. This time frame was chosen to capture both
foundational developments and the latest breakthroughs in the field.
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2.1. Databases Searched

The selection of databases is critical for a comprehensive review. This study uti-
lized WoS and IEEE Xplore due to their extensive coverage of peer-reviewed research
in electrical engineering, wireless communication, and antenna technologies. WoS pro-
vides access to influential multidisciplinary journals, while IEEE Xplore offers a wealth
of resources—including journal articles, conference papers, and standards—specifically
relevant to mmWave antennas, MIMO systems, and 5G/6G technologies.

2.2. Search Keywords and Boolean Operators

The following keywords were used: mmWave antenna; mmWave MIMO; mmWave
decoupling technology; mmWave antenna integration, mmWave materials; mmWave
antenna fabrication. Boolean operators were also applied to search the following:

e mmWave antenna OR mmWave MIMO OR mmWave decoupling technology OR
mmWave antenna integration OR mmWave materials OR mmWave antenna fabrication.
e mmWave antenna AND mmWave MIMO.

2.3. Inclusion and Exclusion Criteria

We gave priority to the papers that study millimeter wave frequency band and 5G
requirements. For reference review articles, we selected the classic papers with high
citations. Articles that focused on the design, fabrication, materials, and future trends of
mmWave antennas, MIMO, and beamforming techniques were taken into account.

Inclusion Criteria:

Articles that addressed performance evaluation, challenges, or future trends.
Studies published between 2013 and 2025.
Articles focused on design, analysis, fabrication, and materials.

Classic review papers with high citations (without time window).
Exclusion Criteria:

Non-English articles.

Duplicate studies or articles lacking full-text access.
Research on devices other than antennas.
Dissertation or Thesis.

Articles with similar content but published earlier.

Articles with only abstract.

2.4. Literature Screening Process

After screening, a total of 86 articles were included in the references of this review.
Figure 2 presents a summary of the literature screening process, illustrating the number of
records identified, screened, and ultimately included in the final analysis.
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Figure 2. Systematic selection of articles.

3. Typical Types of Millimeter-Wave Antennas

Over the years, several antenna types have emerged as dominant solutions for
mmWave applications, each with its own set of advantages, limitations, and suitable
use cases. These antennas have been developed and refined in response to the unique
challenges posed by mmWave propagation characteristics, such as high free-space path
loss, limited penetration through obstacles, and sensitivity to environmental blockage.

3.1. Microstrip Patch Antennas

The microstrip patch antenna was first introduced in the 1970s and is characterized
by its use of microstrip lines or coaxial probes to excite the radiating element. Owing to
its simple structure, ease of fabrication, and relatively low manufacturing cost, it has been
widely adopted in a variety of wireless communication systems [12,13]. With the rapid
advancement of mmWave technologies, the compact size and high integration potential of
microstrip patch antennas have made them particularly suitable for mmWave applications.
Typical implementations include antennas for 5G mobile devices, automotive radar systems
for collision avoidance, and Wi-Fi 6E communication modules.

Despite these advantages, microstrip patch antennas also exhibit several inherent
limitations that constrain their performance in high-frequency regimes. These include
a narrow operational bandwidth, which limits their effectiveness in mmWave scenarios
requiring wideband operation; relatively low gain and limited power-handling capability,
which restrict their applicability in high-performance systems; and significant mutual
coupling in multi-element arrays, often necessitating additional decoupling structures or
isolation techniques. Collectively, these challenges represent critical technical barriers that
must be addressed to enable further performance enhancement and broader deployment
of microstrip patch antennas in next-generation mmWave systems.
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To overcome some of these limitations, various structural modifications have been
proposed. For example, etching slots into the radiating patch has been shown to improve
performance by enabling multimode resonance. The work in [14] describes a symmetric E-
shaped patch antenna operating around the Ka-band, formed by introducing a longitudinal
slot and two transverse slots on a rectangular patch. The fabricated prototype achieves
an impedance bandwidth of 45.4%, with a peak gain of 8.5 dB across the entire operating
band and a measured 3 dB gain bandwidth exceeding 30%. Figure 3 presents a compact
elliptical slot four-element planar MIMO antenna designed with polarization diversity
for mmWave operation in 5G systems, supporting a wide operating bandwidth of 9 GHz
(22.2-31.4 GHz) at a —10 dB threshold, demonstrating a maximum gain of 6 dBi and an
impressive radiation efficiency of 94%. The antenna’s behavior can be readily adjusted by
altering the length of the metallic strips integrated into the elliptical slot [15].

2W, 2W,
k U 4
2L

2k, | =i °

(a) (b)

100%
7.0
90% —
6.5 80%
=604 > 70% -
g g
= 2
& 60% -|
REER g
50% -|
5.0 4
40%
454 Radiation Efficiency
! % ;
80% e Total Efficiency
— e — o — _—
20 22 24 26 28 30 32 34 20 22 24 26 28 30 32 34
Frequency (GHz) Frequency (GHz)

(©) (d)

Figure 3. Compact elliptical slot mmWave MIMO antenna: (a) front view of antenna section, (b) back
view of feeding section, (c) antenna gain, and (d) antenna efficiencies [15].

A square-slot microstrip patch antenna is presented in Figure 4 for mmWave commu-
nication at a resonant frequency of 37 GHz [16]. The design incorporates an H-shaped slot
on the top side and an inverted T-shaped slot on the bottom of the radiating patch. This
optimized structure enhances both the impedance bandwidth and gain. Simulation results
show a return loss of —43.05 dB, a gain of 8.245 dB, and an impedance bandwidth of 16.22%
at the resonant frequency, as illustrated in Figure 3b.
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Figure 4. (a) Structure of the proposed antenna and (b) the gain of the antenna [16].

In addition to slot-based designs, several studies have explored structural and feed-
ing optimizations to enhance performance. For instance, multilayer configurations with
electromagnetic coupling feeds and grid arrays have been proposed to improve gain
and bandwidth range [17]; coplanar parasitic elements have been employed to enhance
the front-to-back ratio and power-handling capability [18]; and out-of-phase patch ar-
rangements have been utilized to reduce mutual coupling and improve radiation pattern
symmetry [19].

A performance comparison of typical mmWave microstrip patch antennas is shown
in Table 1. As can be seen from Table 1, most microstrip patch antennas operate at the
low-frequency band of mmWave and have the advantage of small size. In addition, the
Rogers RT5880 series and Taconic TLY series are popular for the substrate type, showing
their good characteristics. Although multi-layer antennas extend the operating frequency
band of the antenna, the assembly complexity and interlayer effects are also not negligible.
It is expected that the subsequent research on the microstrip patch antenna will make
progress on the high-frequency band of mmWave and structure optimization in the future.

Table 1. Performance comparison of mmWave microstrip patch antennas.

. . Operating Gain . . Impedance
Ref. Antenna Type Substrate Type Antenna Dimension Bands (GHy) (dBi) Efficiency Bandwidth
[14] Symmetrical Taconic TLY 0.46 mm x 0.70 mm 375 8.5 >85% 45.4%

E-shaped
[15] Elliptical Slot Rogers RT5880LZ 16 mm x 16 mm 28 6 94% N/A
[16] Square Slot Rogers RT5880 12 mm x 12 mm 37 8.18 N/A 16.22%
Multiband .

[17] Multilayered Taconic TLY-5 8.9 mm x 10 mm 40-80 8.65 N/A N/A
[19]  LinearAntenna Roger 5880 17.45 mm x 99.2 mm 24-31 19.88 86% 5.37 GHz

Array

3.2. Waveguide Antenna

The waveguide antenna is a classical antenna structure that has been widely used in
high-performance applications where microstrip patch antennas are less suitable. Com-
pared with microstrip patch antennas, waveguide antennas offer higher power-handling
capacity and radiation efficiency, better gain performance, and wider operational band-
width. With the advancement of mmWave technologies, it has regained significant attention
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due to its high directivity, excellent radiation efficiency, and low loss characteristics. A typi-
cal waveguide antenna consists of three main components: the waveguide body (usually
rectangular, circular, or multi-mode), the radiating aperture (e.g., horn-shaped, slot-type,
or open-ended), and the feeding structure, which often involves a transition from coaxial
or microstrip lines to the waveguide input. The key advantages of waveguide antennas lie
in their ability to deliver high gain and strong directional radiation patterns, low insertion
loss, and robust mechanical stability, making them well-suited for operation in harsh envi-
ronments and broadband scenarios. Representative applications include mmWave base
station antennas in 5G systems, terahertz (THz) imaging systems employed in medical
diagnostics and security screening, and spaceborne communication front-ends operating
in the Ka-band and beyond. However, waveguide antennas also face several limitations,
including relatively large physical dimensions that hinder miniaturization, high manufac-
turing complexity leading to increased costs, and integration challenges when interfacing
directly with radio frequency (RF) chips, thereby limiting their applicability in compact
and highly integrated wireless devices.

To address these challenges, recent studies have proposed various innovative solu-
tions. In order to optimize the antenna structure to reduce the manufacturing complexity
and cost, Moschner et al. adopted a novel double-dipole waveguide feed structure based
on low-cost additive manufacturing technology, enabling dual-polarized radiation and
supporting polarization diversity or MIMO functionality. This approach overcame the
limitations of traditional mmWave antennas in terms of cost, fabrication complexity, and
performance [20]. In addition, a directional horn antenna was proposed, which adopted the
substrate-integrated waveguide (SIW) technology that is superior to microstrip and conven-
tional waveguides in the mmWave region, dual-element arrays, and extended structures to
improve the antenna structure and achieve good directional characteristics [21].

Building on leaky-wave concepts, similarly, work in [22] utilized SIW technology for a
novel reconfigurable H-plane horn leaky-wave MIMO antenna. This design incorporated di-
electric loading and metamaterial structure arrays to boost gain, achieving 7.4 dBi at 24.99 GHz
and 8.1 dBi at 26.1 GHz for its 4 x 4 MIMO configuration. A shared-aperture 2D leaky-wave
antenna array with polarization and radiation beam reconfigurability was presented in [23].
This design eliminated open-circuit band-stopping through a novel cell featuring two asym-
metric slots, attaining a peak gain of 23.6 dBi and 56.6% bandwidth (19-34 GHz).

For high-gain and low-loss array applications, the study [24] presented the design
of a high-gain 16 x 16-slot antenna array. Ridge gap waveguide technology was used to
reduce the feeding network loss and achieve a low-loss array antenna. The feed layer of
the proposed antenna was coupled to a standard rectangular waveguide (WR-28) using a
proper transition. The measured results showed an impedance bandwidth of more than
17% over the frequency range of 27.5-32.6 GHz, a maximum gain of 28.9 dBi, and SLL
lower than — 20 dB. Zhang et al. adopted the design of all-metal planar array antenna to
avoid the serious dielectric loss of mmWave and the combination of ridge gap waveguide
(RGW) and E-plane groove gap waveguide (E-GGW) radiation elements to improve the
bandwidth [25]. A maximum gain of 27.7 dBi was obtained, with an impedance matching
bandwidth of 46.8% during the 18.8 to 30.3 GHz period.

Table 2 shows the research results of several mmWave waveguide antennas, high-
lighting key performance metrics and design configurations reported in recent years.
Among various waveguide technologies, SIW-based antennas have gained increasing
popularity and are moving toward mainstream adoption due to high performance and
cost-effectiveness. However, the size of SIW-based antennas becomes more challenging at
higher mmWave frequencies, where miniaturization is critical. Manufacturing complexity
also increases due to tighter tolerances and precision requirements in fabrication. The
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optimization of waveguide antenna performance therefore demands innovative structural
designs. Continued progress will require joint efforts from researchers to address these
technical challenges.

Table 2. Performance comparison of waveguide antennas.

Operating Peak Gain Return Loss  Impedance .
Ref. Antenna Type Bands (GHz) (dBi) (dB) Bandwidth Design
[21] SIW horn 24-28 8.06 —30.89 N/A Semicircular structure
[2)  SWHplanehom 5, ¢ nd 2632 7.3 and 8.1 -335 N/A Dielectric loading and
leaky wave metamaterial structures

23] Shared-aperture 2D 19-34 236 N/A 56.6% A unit cell Wlth two

leaky-wave array asymmetrical slots

g o Ridge gap waveguide and

[24] Slot array 27.5-32.6 28.9 N/A 17% a tapered feeding network
[25]  Full-metal planar array 18.8-30.3 277 N/A 46.8% Double-step double-ridged

slot element

3.3. Antenna Array

While antenna arrays have been mentioned in previous sections, this section provides
a more detailed and systematic overview of their architecture, functionality, and role in
mmWave communications. An antenna array consists of multiple radiating elements
arranged in a predefined configuration, where the phase and amplitude of each element
are controlled to achieve beamforming. This capability enables enhanced signal strength,
improved spatial directionality, and dynamic adaptation to channel conditions, making
antenna arrays a cornerstone technology for mmWave communications [26,27]. With the
rise of large-scale MIMO systems, antenna arrays have become essential for realizing high-
data-rate and low-latency wireless links in next-generation networks. The fundamental
components of an antenna array include individual radiating elements—such as patch,
waveguide, or Vivaldi antennas [28]—a feeding network (e.g., Butler matrices or T/R
modules), a phase-shifting mechanism for beam steering, and a packaging structure that
ensures mechanical protection and system integration. Key advantages of antenna arrays
include their ability to provide high gain and directional radiation patterns, support intel-
ligent beam management, improve spectral efficiency through spatial multiplexing, and
meet the stringent requirements of enhanced mobile broadband (eMBB) and ultra-reliable
low-latency communication (URLLC) scenarios. Notable applications include mmWave
user equipment (UE), such as the external mmWave antenna module in the Motorola Moto
Z3 smartphone; active antenna units (AAUs) in mmWave base stations from vendors like
Nokia AirScale and ZTE; and airborne communication systems for high-speed unmanned
aerial vehicles (UAVs), where stable mmWave links are critical. Despite their performance
benefits, antenna arrays face several technical and practical challenges, including increased
system complexity and power consumption, mutual coupling between closely spaced
elements that degrades isolation, complicated calibration and synchronization mechanisms,
and high manufacturing and deployment costs, which hinder their widespread adoption
in cost-sensitive and compact devices. The following describes several promising solutions
proposed in recent years.

In 2020, Dai et al. proposed a novel reconfigurable intelligent surface (RIS) comprising
256 2-bit elements (Figure 5), which integrated both phase-shifting and radiation function-
alities on a single electromagnetic surface. Operating at 28.5 GHz, the design achieved
an antenna gain of 19.1 dB while significantly reducing power consumption compared to
conventional phased array antennas [29].
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Figure 5. Structure of the proposed 2-bit RIS element: (a) exploded view; (b) detailed view of the
slot-loaded plane [29].

A low-cost antenna array utilizing 3D-printed dielectric polarizers was proposed,
in which the entire structure was implemented on a single substrate [30]. This design
significantly reduced manufacturing complexity and cost. Furthermore, the adoption of a
microstrip line (MSL) feeding mechanism facilitated seamless integration with transceiver
circuits, offering a distinct advantage over other waveguide-fed antennas. Table 3 shows
the performance comparison of the above antenna arrays.

Table 3. Performance comparison of antenna arrays.

Ref. Antenna Type Element Number Operatl(lggfl;;;equency Peak Gain (dBi) Substrate
[28] Vivaldi 1x4 24.19-29.15, 30.28-40.5 13.2 RT/Duroid 5880
[29] RIS 256 28.5 19.1 N/A
Rogers 5880 with
[30] Planar 4 x4 24 20 an MSL feed
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In terms of array antenna beamforming synchronization and calibration in time and
frequency domains, several algorithmic improvements have been introduced. For instance,
a synchronization framework for hybrid mmWave MIMO systems was proposed [31], and
the Swift-Link algorithm was also described [32], both aiming to enhance system stability
and performance under practical operating conditions. Solutions of beam management
based on artificial intelligence (AI) and machine learning (ML) frameworks have also
garnered significant attention, particularly in applications such as beam prediction and
beam tracking [33]. An AI/ML model can intelligently predict optimal beam directions by
analyzing historical channel state information, user behavior patterns, or environmental
sensing data, which is very promising in dealing with complex beam situations of large
antenna arrays. However, the computational and resource costs of model training remain a
notable concern.

3.4. Antenna-in-Package (AiP)

AiP technology integrates antenna elements directly with RF front-end circuits within
a single package, offering a compact and system-level solution for mmWave communica-
tion systems. This approach addresses the increasing demand for miniaturization, high
integration, and cost-effective manufacturing in next-generation wireless devices. An AiP
antenna typically consists of radiating elements—often based on patch, slot, or dipole
configurations—substrate materials such as organic laminates, LTCC, or fan-out wafer-
level packaging (FOWLP), and embedded RF components including phase shifters, power
amplifiers, and beamforming ICs. One of the key advantages of AiP antennas is their ability
to minimize interconnect losses between the antenna and transceiver, thereby improving
overall system efficiency. Additionally, they support multi-band and multi-polarization
operations while enabling 3D packaging and heterogeneous integration. These features
make AiP antennas particularly suitable for mobile and wearable applications where space
is limited but performance requirements are high. Representative commercial implementa-
tions include Qualcomm’s QTM052 mmWave antenna module for 5G smartphones, Intel’s
AiP solutions in early 5G laptop modems, and Samsung’s phased-array-based AiP mod-
ules used in automotive radar and short-range communication systems. Despite these
benefits, AiP technology faces several challenges, including thermal management due to
the close proximity of active components, limitations in radiation efficiency caused by
substrate losses, and difficulties in achieving wide bandwidth and high gain simultane-
ously. Moreover, standardization and cost-efficient mass production remain critical issues
that must be addressed to enable broader deployment across consumer electronics and
industrial applications.

Embedded wafer-level ball grid array (eWLB) packaging offers a cost-effective solution
for the mass production of AiP [34]. High-density interconnect (HDI) technology provides
an alternative for low-cost, large-scale mmWave AiP fabrication. It supports the integration
of multiple industry-standard dielectrics with layer thicknesses from 10 to 100 um, enabling
design flexibility and heterogeneous integration. An example is the integrated passive
device (IPD) antenna based on a multilayer HDI printed circuit board (PCB) structure
presented in [35]. Table 4 presents three processes applied to AiP manufacturing.

Table 4. A comparison table of the three processes.

Type Dielectric Constant Loss Tangent Interconnect Density Cost
LTCC 5-8 0.003 Low High
eWLB 3.2 0.004-0.035 High Low
HDI 3-5 0.003-0.01 Medium Low
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In summary, each type of millimeter-wave antenna possesses distinct advantages and
inherent limitations, making the selection of an appropriate antenna design critical for spe-
cific application scenarios. Future research should focus on technological innovation and
improved cost-effectiveness to enable the broader adoption of mmWave communication
technologies in consumer electronics and industrial applications. Moreover, interdisci-
plinary collaboration will be essential to overcoming existing technical bottlenecks and
exploring novel solutions.

4. Millimeter-Wave Antenna Design: The Application of MIMO
Technology and Factors Related to Antenna Gain and Efficiency

In wireless communication systems operating in the mmWave band, traditional single-
antenna systems struggle to meet the demands for high data rates and reliable connectivity
due to significant path loss. As a result, MIMO technology has been widely adopted in
mmWave antenna design to enhance system capacity and link performance through tech-
niques such as spatial multiplexing, beamforming, and spatial diversity. At the same time,
to achieve high-performance antenna arrays within limited space, it is essential to care-
fully consider key factors that affect antenna gain and efficiency, including beamforming
strategies, mutual coupling effects, array configuration, and surface material properties.

4.1. Application of MIMO Technology in Millimeter-Wave Antenna Systems

Millimeter-wave bands have attracted increasing attention due to their abundant
bandwidth resources. However, the inherent increase in free-space path loss at these high
frequencies presents new challenges for antenna design. According to Friis transmission
equation [36],

A 2
Pr - GrGt (élﬂfd) Pt (1)

where the powers are in linear scale, d is the TX-RX separation distance, A is the wavelength
and G; and Gy are the transmit and receive antenna gains, P; is the transmitted power. The
received power P, decreases with the square of the wavelength A, meaning that mmWave
signals suffer significantly more attenuation than lower-frequency signals in the absence of
directional gain compensation. To address these challenges, MIMO technology has become a
key enabler in mmWave antenna design. By leveraging spatial multiplexing, beamforming,
and diversity gains, MIMO overcomes the limitations of single-antenna systems.

Spatial multiplexing enables the simultaneous transmission of multiple independent
data streams, thereby increasing data rates. Spatial diversity improves link reliability by
exploiting signal replicas over different propagation paths, reducing the bit error rate
without increasing bandwidth or transmit power. Beamforming precisely controls the
phase and amplitude of each antenna element to focus signal energy in specific directions,
compensating for the high path loss characteristic of mmWave signals and reducing in-
terference [37]. By using multiple transmitting and receiving antennas to simultaneously
transmit multiple data streams, MIMO significantly enhances data rates and channel capac-
ity. This technology not only increases system throughput but also improves link quality
and reliability [38]. With technological advancements, MIMO has evolved into massive
MIMO, significantly enhancing spatial multiplexing gains and improving link robustness.
MIMO systems can be broadly categorized into four types, as demonstrated in Figure 6,
each tailored to specific application scenarios and performance objectives.
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Figure 6. The division of MIMO systems.

4.1.1. Single-User MIMO (SU-MIMO)

SU-MIMO improves spectral efficiency by deploying multiple antennas at both the
transmitter and receiver ends of a single user device. It utilizes spatial multiplexing to
split data streams into multiple independent streams transmitted simultaneously through
different antennas. Spatial diversity is also employed to enhance link reliability without
increasing bandwidth or transmit power. At the receiver, multiple antennas are used to
separate and reconstruct the original data streams.

4.1.2. Multi-User MIMO (MU-MIMO)

In MU-MIMO systems, a multi-antenna base station serves multiple single-antenna
users concurrently. This configuration shifts hardware complexity to the base station side,
allowing cost-effective single-antenna terminals while still achieving multiplexing gain.
Additionally, MU-MIMO benefits from multi-user diversity, making it more robust than
point-to-point SU-MIMO systems in environments with poor scattering conditions [39].

4.1.3. Massive MIMO (mMIMO)

Massive MIMO employs large-scale antenna arrays at the base station to serve multiple
users simultaneously, offering significant improvements in spectral efficiency, energy
efficiency, and throughput [40-42]. A typical mMIMO system may involve hundreds
of antennas serving dozens of users, with each user able to reduce its transmit power
proportionally based on the number of base station antennas [39]. mMIMO has become a
cornerstone of 5G and is evolving towards extremely large MIMO (XL-MIMO) and cell-free
mMIMO architectures in preparation for 6G deployments.

The basic idea of XL-MIMO is to deploy an extremely large number of antennas in a
compact space. Compared with mMIMO, XL-MIMO has the following characteristics: more
flexible hardware designs, a much larger number of antennas, the much smaller antenna
spacing, new EM characteristics, near-field based signal processing, which can provide
stronger beamforming gain, richer degrees of freedom (DoF), and spectral efficiency (SE) [43].

Since users at cell boundaries may suffer from strong inter-cell interference, the cell-
free MIMO system removes the concept of cell boundaries. By deploying a large number
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of geographically distributed access points (APs) connected to a central processing unit
(CPU), cell-free MIMO can effectively address the inter-cell interference that exists in the
intrinsic implementation of a “cell-centric” network [44].

The two technological approaches obtain convenience, but bring greater power con-
sumption, computational complexity, and channel security problems, which necessitate
algorithmic and hardware enhancements to meet the above challenges.

4.1.4. Holographic MIMO (HMIMO)

Emerging from advances in metamaterials and RIS, HMIMO represents a paradigm shift
by transforming wireless environments into programmable entities. mMIMO uses discrete
deployed antennas to form a discrete array aperture, while HMIMO unit elements are placed
more and more densely to form an almost spatially continuous aperture, making them capable
of forming very sharp beams with weak sidelobes. Interestingly, the mutual coupling effect,
which is considered harmful in traditional communication systems, can be used appropriately
in HMIMO surfaces to achieve super-directionality [45,46]. Utilizing holographic modulation
and continuous aperture surfaces, HMIMO aims to achieve unprecedented spectral efficiency
and spatial resolution while maintaining low hardware complexity [47]. It holds great promise
for future THz communications, dense IoT networks, and smart radio environments, although
it remains in early research stages with many technical challenges yet to be resolved such as
complex channel estimation, resource allocation, and beamforming; therefore, there are no
unified technical standards and mature industrial ecology, and there is still a long way to go
before large-scale commercial deployment.

4.2. Key Factors Affecting Antenna Gain and Efficiency in Millimeter-Wave Systems

The performance of mmWave antennas is influenced by a range of critical factors,
including beamforming strategies, mutual coupling effects, array configuration, and sur-
face material properties. These elements directly impact key antenna metrics such as
radiation efficiency, directional stability, and overall communication quality. Given the
high-frequency nature of mmWave systems and the stringent performance requirements,
the influence of these factors becomes even more pronounced. To address these challenges,
various optimization approaches and decoupling techniques have been developed and
widely adopted. These methods aim to enhance antenna gain, improve beam steering
accuracy, and effectively suppress electromagnetic interference between array elements,
thereby ensuring reliable and efficient operation in mmWave communication systems.

4.2.1. Beamforming Strategies

Beamforming is considered as a key enabling technique for mmWave band
communications [48], which is usually achieved by directing the transmitted signal
towards the receiver while suppressing it in a direction other than that of the intended
receiver in order to provide significant array gain, providing a higher signal-to-noise
ratio (SNR) and additional radio link margin, thus mitigating the propagation path
loss, which can be accomplished using digital, analog, or a combination of digital
and analog beamforming techniques [37].

Digital beamforming (DBF) relies on pre-processing the transmitted signal in the digital
domain and then post-processing the received signal at the receiver [49]. However, digital
beamforming adds an extra cost at high frequencies because each antenna requires its own
analog RF front-end chain, which results in larger transceivers and higher power consumption.

Analog beamforming is a simple but effective method to bend and control electromag-
netic waves without the need for digital signal processing. The technique uses a series of
analog devices, including phase shifters and amplifiers, to change the phase and amplitude
of the signal in real time to ensure that the signal is transmitted or received in a certain
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direction or at a specified destination [50], and can produce high beamforming gains from
a large number of antennas, but is not as flexible as digital beamforming, and it is this
trade-off between flexibility / performance and simplicity that is driving the need for hybrid
beamforming architectures, especially when large numbers of antennas are required, such
as in the mmWave band [51].

Hybrid beamforming allows the transmitted signal to be processed first through a
phase shifter in the digital domain, without the need for an RF chain. As a result, the
dimensionality of the signal can be greatly reduced. The post-processed signals undergo
conventional analog beamforming to build mmWave MIMO systems with much lower
complexity. At the heart of hybrid beamforming is the division of precoding between the
analog and digital domains, which allows for an effective trade-off between low-complexity
but limited performance analog beamforming and high-complexity, high-performance all-
digital precoding [52,53].

4.2.2. Mutual Coupling Effects

In compact MIMO antenna designs, mutual coupling is a significant challenge. To
meet miniaturization requirements, the spacing between antenna elements is often reduced,
leading to increased electromagnetic coupling, which affects impedance matching and
radiation efficiency [54,55]. This effect is even more pronounced in the mmWave band due
to shorter wavelengths. To mitigate this issue, various decoupling techniques have been
proposed, such as defective ground structures (DGSs) [56], parasitic element decoupling
techniques (PDTs) [57], slit structures [58], dielectric resonator antennas (DRAs), vias [59],
complementary split-ring resonators (CSRRs) [60], and electromagnetic bandgap (EBG)
structures [61]. These techniques aim to provide high isolation while reducing antenna size,
thereby improving overall antenna performance. The performance of different decoupling
techniques is shown in Table 5.

Table 5. Isolation improvements of different decoupling techniques.

Operating . . Relative . .
Ref. Technology Bands Mutual (;oupllng Reduction/ Substrate Design Antenna Dlgnenswn
Isolation Improvement . (mm?)
(GHz) Complexity
Isolation improved to more
[56] DGS 3-3.6,3.6-3.9 than 10 dB FR-4 Low 19.5 mm X 7.4 mm
Mutual coupling reduced to -
[57] PDT 2.45 around —40 dB Rogers RO4350 High N/A
[58] Slit structures 3.6 High isolation with more than FR-4 Low 25 mm X 25 mm
—25 dB mutual coupling
E-plane and H-plane coupling
DRAs with vias reduced 19.8 and 22.7 dB,
5] added vertically »-27 leading to a high isolation Rogers 6010 Low N/A
level of over 30 dB
[60] CSRRs 36-50 Isolation improved to 22 dB Rogers RO4350B Low 28 mm X 28 mm
P &
—60 dB, —72 dB of peak
[61]  EBG structures 28 mutual coupling reduction . RO4350B High N/A

and —25 dB of
isolation improvement

4.2.3. Array Configuration

The configuration of an antenna array significantly impacts the performance of
mmWave antennas. Different array configurations (such as rectangular, cross-shaped,
circular, and hexagonal arrangements) affect directionality, gain, and main lobe width. For
example, circular arrays, due to their larger area and uniform element spacing, offer higher
array gain and directivity. In terms of beam alignment, circular arrays have wider main
lobes, resulting in less performance loss when the beam is not perfectly aligned. In contrast,
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narrow beams in rectangular and cross-shaped arrays are more susceptible to antenna
vibration or external environmental factors, increasing the likelihood of communication
disruptions [10]. Therefore, carefully selecting and designing array configurations is crucial
for optimizing the performance of mmWave antennas.

4.2.4. Surface Material Properties

The choice of surface coating materials also has a significant impact on the performance
of mmWave antennas. Different surface coating materials (such as Au/Pd/Ni(P) (ENIG),
Au/Pd/Ni(P) (ENEPIG), ultra-thin Ni(P)-type ENEPIG, immersion tin (ImSn), Au/Pd(P)/Au
(IGEPIG), and immersion gold (IG)) affect the scattering parameters (S-parameters), radiation
patterns, gain, and temperature distribution of the antenna. Studies [62] have shown that
surface coatings containing thick Ni(P) layers can lead to center frequency shifts and gain
degradation, whereas ultra-thin Ni(P)-type ENEPIG and IGEPIG coatings exhibit better
antenna performance (Figure 7). Additionally, with the development of metamaterials and
RIS, new possibilities for surface coating techniques based on these advanced materials are
emerging, providing innovative solutions for mmWave antenna design.

(a) . (b)
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Figure 7. Two-dimensional radiation patterns of the comb-line antenna with different surface finishes
at f =77 GHz: (a) HFSS simulation (yz-plane); (b) anechoic chamber measurements (yz-plane);
(c) HFSS simulation (xz-plane); (d) anechoic chamber measurements (xz-plane) [62].

In summary, MIMO technology serves as a cornerstone in mmWave antenna design,
effectively addressing challenges such as high path loss and strong interference inherent
in the mmWave band. It significantly enhances data transmission rates and channel
capacity, laying a solid foundation for more efficient and reliable wireless communication
systems. In parallel, factors including beamforming strategies, mutual coupling, array
configuration, and surface material properties collectively determine the radiation efficiency,
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directivity, and overall performance of mmWave antennas. The synergistic integration
of MIMO technology with these key antenna design considerations is not only essential
for maximizing the potential of mmWave communications but also lays a solid technical
foundation for the evolution towards 6G and future THz communication systems.

5. Integration Technologies for Millimeter-Wave Antennas

With the increasing demand for high data rates, low latency, and dense connectivity in
5G and future 6G communications, mmWave antenna systems are evolving towards highly
integrated architectures [63,64]. This trend not only helps reduce device size and power
consumption but also enhances overall system performance and deployability. Currently,
the integration technologies of mmWave antennas can be categorized into three main
levels: chip-level integration, package-level integration, and module-level integration.
The relationship among the three levels is shown in Figure 8. These approaches offer
complementary advantages across different application scenarios and together facilitate
the commercialization of mmWave communication systems.
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Figure 8. Three levels of integration technologies for mmWave antennas.

5.1. Chip-Level Integration

Chip-level integration refers to the co-design and co-fabrication of antenna elements
with RF front-end circuits—such as low-noise amplifiers (LNAs), power amplifiers (PAs),
and phase shifters—on the same substrate, or even within a single system-on-chip (SoC)
architecture. This approach minimizes interconnect losses and parasitic effects that typically
occur between discrete components, making it particularly suitable for compact system
designs at high frequencies.

The key advantages include significantly reduced signal path length, which lowers
transmission loss and improves efficiency, as well as enabling fine-grained beamform-
ing control for enhanced directivity and stability. However, chip-level integration also
presents several challenges, such as the high dielectric loss of silicon substrates at mmWave
frequencies, thermal management issues, and potential mutual interference between the
antenna and active circuits. As a result, researchers have been exploring alternative high-
performance semiconductor materials—such as GaAs, SiGe, and GaN—to optimize the
radiation efficiency and overall performance of on-chip antennas [65].

5.2. Package-Level Integration

Package-level integration, commonly implemented as AiP, represents a compromise
between chip-level and module-level integration. In this approach, the antenna is embed-
ded within the chip packaging structure, allowing it to coexist with the RF transceiver chip
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inside the same package. AiP strikes a balance between performance and cost-effectiveness,
making it the dominant solution for mmWave applications in mobile devices.

By leveraging advanced packaging technologies—such as FOWLDP, flip-chip bonding, and
wafer-level packaging (WLP)—AiP enables the integration of multi-antenna arrays and RF
front-ends within limited space. Its benefits include good electromagnetic compatibility, ease of
mass production, and compatibility with standard CMOS processes. Additionally, AiP supports
the design of multi-band and multi-polarization antennas, meeting the diverse requirements of
5G smartphones, AR/VR headsets, automotive radars, and other mobile platforms.

Despite its advantages, AiP faces certain limitations, such as dielectric losses from
packaging materials and restricted antenna size that may compromise directivity. Therefore,
ongoing research focuses on developing new packaging materials with low dielectric
constants, 3D stacked structures, and heterogeneous integration techniques to further
enhance AiP antenna performance [66].

5.3. Module-Level Integration

Module-level integration involves integrating the mmWave antenna array, RF front-
end modules (RFFEs), beamforming chips, filters, and power management units into a
single functional module. This approach retains a degree of flexibility and maintainability
while achieving high system integration, making it widely used in base stations, access
points, industrial robots, drones, and other semi-fixed or fixed deployment scenarios.

The advantages of module-level integration include rapid deployment through stan-
dardized interfaces, simplified system complexity, and improved reliability through opti-
mized thermal and mechanical design. High-performance substrates such as LTCC, HDI
PCB, and flexible PCB are often employed, along with metal shielding and cavity filters to
achieve excellent electrical performance and interference suppression.

Moreover, module-level integration supports advanced architectures such as large-scale
MIMO and hybrid beamforming, providing a viable technical platform for emerging tech-
nologies like RIS and distributed antenna systems (DASs) in 6G communications [67,68].

In conclusion, the integration technologies for mmWave antennas are evolving to-
wards a multi-layered, synergistic development path. Chip-level integration emphasizes
performance optimization and miniaturization, package-level integration prioritizes pro-
cess compatibility and mass production feasibility, and module-level integration focuses
on system scalability and engineering practicality. Table 6 summarizes the key differences
among the three levels of integration technologies. Together, these integration strategies
form a critical technical chain—from core components to full system deployment—for real-
izing mmWave communication systems. With advancements in advanced manufacturing
processes, novel materials, and Al-assisted design tools, mmWave antenna integration
technologies will continue to evolve, laying a solid foundation for the upcoming era of 6G
and THz communications.

Table 6. Three levels of integration technologies.

nigraton Openiteg sauncy Thidewss Tl pecomectoss g
Chip-level <200 0.05-1 pum~mm Low CMOS, SiGe
Package-level <120 0.1-15 ~mm Medium eWLB, FOWLP, HDI
Module-level <60 0.5-3 mm-~cm High LTCC, PCB HDI

6. Fabrication and Material Selection for Millimeter-Wave Antennas

Millimeter-wave antennas operate in the high-frequency range of 30 GHz to 300 GHz,
where signal wavelengths are short and manufacturing precision, material performance,
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and process compatibility are critically important. The choice of fabrication method and
materials directly affects key performance metrics such as radiation efficiency, insertion
loss, and directivity, and also determines the feasibility and stability of the antenna in
practical communication systems. Currently, common fabrication techniques include PCB
printing, LTCC, 3D printing, and MEMS processing, each with its own characteristics and
suitable for different application scenarios. At the same time, the use of low-loss dielectric
materials and novel functional materials has introduced new possibilities for mmWave
antenna design.

6.1. Fabrication Technologies
6.1.1. PCB Printing Technology

PCB printing is one of the most widely used methods for antenna fabrication, especially
suitable for microstrip patch antenna designs. This technology is mature, cost-effective,
and conducive to mass production, making it ideal for mid-to-low frequency applications.
However, at mmWave frequencies, traditional FR4 substrates exhibit significant dielectric
and conductor losses, leading to increased signal attenuation and limiting their use in
high-performance mmWave systems. Therefore, replacing conventional materials with low-
loss high-frequency substrates—such as PTFE, hydrocarbon-based materials, or LCP—is
essential for improving the performance of PCB-based antennas.

6.1.2. LTCC Technology

LTCC is a multilayer ceramic integration technique that offers excellent dielectric
properties, thermal stability, and mechanical strength, making it well-suited for mmWave
applications [69,70]. With LTCC, complex feed networks and antenna structures can
be realized in three-dimensional space, effectively reducing interconnect losses and
parasitic effects. Additionally, LTCC supports high-density integration, enabling the
co-design of RF FEMs and antennas. It is widely used in mmWave radar, 5G base stations,
and satellite communications.

6.1.3. Three-Dimensional Printing Technology

With the development of additive manufacturing technologies, 3D printing has shown
unique advantages in the fabrication of mmWave antennas. This technique enables the
rapid prototyping of highly complex geometries, such as irregular shapes, curved sur-
faces, lens antennas, and metamaterial structures, surpassing the limitations of traditional
fabrication methods [71,72]. Three-dimensional printing also offers flexible design itera-
tion capabilities and relatively low development costs, making it particularly suitable for
prototype verification and small-batch customized production. Currently, both metal 3D
printing and polymer-based 3D printing combined with metal coating have been applied
in mmWave antenna fabrication, with potential for further improvements in resolution and
electrical performance.

6.1.4. MEMS Technology

MEMS technology is used to fabricate miniature reconfigurable antennas capable of
dynamically adjusting frequency, polarization, or beam direction [73]. These antennas are
particularly suitable for smart beamforming and adaptive communication systems. MEMS
switches and varactors can be embedded into the antenna structure to achieve functions
such as beam steering and frequency switching. Although still in the developmental stage
for mmWave applications, MEMS technology shows great potential in miniaturization, low
power consumption, and multifunctional integration.

The key features and typical applications of these technologies are summarized in
Table 7. In summary, manufacturing technologies for mmWave antennas are evolving
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from isolated, single-process approaches toward a holistic paradigm of “material-process—

function” co-design. Future advancements will depend not only on improved fabrication

precision, but increasingly on the integration of multi-scale manufacturing capabilities and

intelligent functionalities. This convergence lays a robust foundation for next-generation

6G and THz communication systems.

Table 7. Summary of fabrication technologies for mmWave antennas.

Fabrication Technology

Features

Applications

Mature and cost-effective
Suitable for mass production

Mid-to-low-end mmWave devices

PCB Printing . . ) 5G terminals
Typical size accuracy: <0.1 mm Consumer electronics
Frequency range: up to 100 GHz
Multilayer integration
S'uppor‘ts 3D structures RE FEMs
Dielectric constant: 3~10 Wave radar
LTCC Thermal expansion coefficient: <10 ppm/°C 5rr(13rr11) .
. ase stations
Bending strength: >100 MPa Satellite communications
Elastic modulus: >80 GPa
Frequency range: up to 300 GHz
Enables complex geometries
Relatively low development cost Prototype verification
3D Printing Supports rapid prototyping Customized small-batch production
Surface roughness: <50 um Novel antenna structures
Frequency range: up to 300 GHz
Miniaturized and reconfigurable
Enables dynamic control of frequency Smart beamforming systems
MEMS Actuation voltage: 5-50 V Reconfigurable antennas

Response time: pus~ms Wearable devices
Frequency range: up to 100 GHz

6.2. Material Selection
6.2.1. Low-Loss Dielectric Materials

Millimeter-wave antennas are highly sensitive to the dielectric constant (¢;) and

loss tangent (tand) of the substrate materials. Commonly used low-loss high-frequency

dielectric materials include the following:

PTFE: A widely used high-frequency material due to its extremely low dielectric
constant (¢; ~ 2.0-2.2) and loss tangent (tand ~ 0.0004-0.001), making it ideal for
microwave and mmWave applications. It is often reinforced with glass fibers or other
fillers to improve mechanical rigidity. Its chemical inertness and thermal stability
further ensure reliable performance under harsh conditions. It offers stable dielectric
properties and good thermal management, making it widely used in mmWave antenna
applications [74,75].

Hydrocarbon-based materials: Cost-effective and process-friendly alternatives that
combine hydrocarbon resins with ceramic fillers to achieve moderate dielectric con-
stants (¢; ~ 3.04.0) and low loss tangent (tand ~ 0.002-0.004). They offer good
dimensional and thermal stability, and importantly, they can be manufactured using
standard FR-4 processes, which significantly reduces production costs. Their electrical
performance is comparable to that of PTFE-based materials.

LCP: A thermoplastic material characterized by low dielectric loss (tand ~ 0.002-0.004),
excellent moisture resistance, and good thermal stability over a wide temperature
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range. Its flexibility and dimensional stability make it particularly suitable for flexible
and wearable mmWave antenna designs [76,77].

Microwave dielectric ceramics: Known for their superior electrical and mechanical
properties, especially in high-frequency and high-power applications. These ceramics
have a wide range of dielectric constants (&, ~ 5-40) and extremely low loss tangents
(tand ~ 0.0001-0.001), along with high mechanical strength and thermal stability. This
makes them ideal for components requiring precise frequency control and long-term
reliability, such as filters, resonators, and antennas. Additionally, microwave dielectric
ceramics are compatible with LTCC technology, enabling compact integration and
widespread use in mmWave radar systems, 5G base stations, and satellite communica-
tion modules [78-81].

In fact, dielectric loss is highly frequency dependent. Figure 9 illustrates the variation

of the loss tangent for PTFE, hydrocarbon-based materials, LCP, and microwave dielectric
ceramics as a function of frequency. Therefore, the operating frequency must be carefully
considered when selecting low-loss dielectric materials. The evolution of low-loss dielectric
materials is shifting from isolated property optimization toward a system-level paradigm
that emphasizes multifunctionality, process compatibility, and environmental robustness.

Loss tangent (tand)

Loss Tangent vs. Frequency for Dielectric Materials

—PTEE == Hydrocarbon == HCP === Ceramic
0.009 - — —

0.008 —

0.007

0.006

0.005 -

0.004

0.003 |

0.002 |

0.001 |

1K 10K 100 K 1M 10M 100 M 1G 10 G 100 G 300 G

Frequency (Hz)

Figure 9. Schematic plot of loss tangent as a function of frequency for low-loss dielectric materials.

6.2.2. Novel Functional Materials

In recent years, several emerging materials have brought breakthroughs to mmWave

antenna design:

Graphene: With ultra-high electron mobility and tunable electromagnetic response [82],
graphene can be used in reconfigurable antennas, absorbers, and frequency selective
surfaces (FSSs), enhancing antenna flexibility and performance.

Metamaterials: Engineered sub-wavelength structures enable exotic electromagnetic
properties such as negative refraction, perfect absorption, and anomalous reflection,
helping realize compact, highly directive, and broadband mmWave antennas [83,84].
Smart and Phase-Change Materials: Examples are VO, (vanadium dioxide) and GST
(GeySbyTes), which can switch between metallic and insulating states under exter-
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nal stimuli (e.g., current, light, temperature), enabling dynamically tunable antenna
functions [85,86].

The selection of these materials should consider multiple factors, including cost,
processability, environmental adaptability, and compatibility with system integration re-
quirements. To achieve optimal performance in mmWave antenna design, careful material
selection is essential. The representative examples of the above-mentioned materials and
their key advantages are summarized in Table 8. Beyond conventional dielectrics, the emer-
gence of novel functional materials is opening transformative pathways for next-generation
mmWave antennas. While challenges remain in large-scale fabrication, long-term reliability,
and integration complexity, these advanced materials represent a paradigm shift from
passive to active, intelligent, and adaptive antenna systems. Their development not only
expands the design space for mmWave antennas but also aligns closely with the vision of
cognitive radio, smart environments, and 6G wireless networks, where responsiveness and
multifunctionality are paramount.

Table 8. Summary of material selection for mmWave antennas.

Materials Examples Advantages
RO 3003 (Rogers) Stable dielectric properties
PTFE RT/Duroid 5880 (Rogers) Good thermal management
RF-35 (Taconic) Compatibility with PCB processes
E RO 4350B (Rogers) Stable dielectric properties
Hydrﬁjtrfr‘i’;fased RO 4350C (Rogers) Low cost and thermal stability
Low-Loss I-Tera®MT40 (Isola) Compeatibility with PCB processes
Dielectric Materials Vectra® (Celanese) Very low dielectric loss
LCP Zenite® (DuPont) Moisture resistance

Xydar® (SABIC)

Excellent flexibility for wearable devices

. . . Al,O3 Ultra-low loss tangent
Microwave Dielectric . . .
Ceramics Mg»SiOy High mechanical strength
Mg AlySisOqg Multilayer integration (LTCC design)
CVD-grown graphene Ultra-high electron rpoblhty
Graphene . Tunable electromagnetic response
Graphene-based composites S . .
upports reconfigurable designs
) Split-ring resonators Exotic EM properties (negative refractlon,
Novel Fur}ctlonal Metamaterials Fishnet structures perfect absorption, etc.)
Materials Artificial magnetic conductors Enhances directivity and bandwidth
Smart and Vanadium dioxide (VO5) Dynamic tunability via external stimuli

Phase-Change Materials

Germanium antimony
telluride (GST, Ge;Sb, Tes)

Supports programmable RF components
and adaptive antenna functions

In summary, the choice of fabrication technology and material selection plays a critical

role in determining the performance of mmWave antennas. Regarding various fabrication
techniques—such as PCB printing, LTCC, 3D printing, and MEMS—each offers distinct
advantages, making it suitable for different application scenarios, including low-cost
consumer devices, high-performance communication systems, prototyping of complex
structures, and reconfigurable antenna designs, respectively. At the same time, the appro-
priate selection of low-loss dielectric and novel functional materials not only significantly
improves the radiation efficiency and directivity of antennas but also drives the evolution of
mmWave antennas towards greater intelligence, efficiency, and flexibility. Looking ahead,
with continuous advancements in advanced manufacturing technologies and materials
science, mmWave antennas will play an increasingly important role in cutting-edge fields
such as 6G, THz communications, intelligent sensing, and the IoT.

130



Sensors 2025, 25, 5424

7. Future Challenges and Development Prospects of
Millimeter-Wave Antennas

Despite significant progress in mmWave antenna technology over the past decade,
with promising applications in 5G communications, vehicular networking (V2X), industrial
automation, augmented reality (AR/VR), and satellite communications, several key chal-
lenges remain before these systems can be widely deployed and commercialized. At the
same time, with the rapid development of artificial intelligence, novel materials, and intelli-
gent surfaces, mmWave antennas are expected to witness broad prospects for innovation
and performance enhancement.

7.1. Propagation Path Limitations: Signal Blockage and Coverage Constraints

Millimeter-wave signals operate at high frequencies with short wavelengths, offering
abundant bandwidth but suffering from poor penetration and diffraction capabilities.
Even small obstacles—such as human bodies, walls, or foliage—can cause severe signal
attenuation or even complete link failure, limiting the coverage and reliability of mmWave
communication systems. Figure 10 shows a schematic diagram of propagation losses for
mmWave and sub-6 GHz as a function of distance.

Propagation losses in mmWave vs. sub-6 GHz bands.

e mmWave (28 GHz)

Sub-6 GHz (3.5 GHz)
200

150

100

Propagation losses (dB)

0 10 50 100 200 500

Distance (m)
Figure 10. Schematic diagram of propagation losses for mmWave and sub-6 GHz.

To address this issue, current research focuses on the following directions:

e  Introduction of RIS: By programmatically controlling the amplitude and phase of elec-
tromagnetic waves, RIS can dynamically optimize signal propagation paths, enabling
non-line-of-sight (NLoS) transmission and significantly extending coverage.

e  Deployment of Relay Nodes and Distributed Antenna Systems (DAS): Strategically
placing relay devices in complex environments can establish multi-hop communication
links, compensating for coverage gaps caused by line-of-sight limitations.

e Integration with Low-Frequency Bands: Employing a hybrid communication architec-
ture that combines sub-6 GHz bands for robust connectivity with mmWave bands for
high data throughput can achieve a balance between performance and coverage.
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7.2. Power Consumption and Thermal Management: Heat Dissipation in Highly
Integrated Systems

As mmWave antennas evolve towards higher levels of integration—especially in chip-
level and package-level integration—RF front-ends, beamforming circuits, and antenna
arrays are tightly integrated on the same substrate or within the same package. This results
in increased power density and localized hotspots, which threaten device longevity and
system stability.

To tackle these thermal challenges, innovative research is being conducted at
multiple levels:

e  Development of New Thermal Conductive and Dissipative Materials: Materials such
as graphene, diamond, and high-conductivity ceramics are being explored to enhance
heat transfer efficiency.

e  Optimization of Thermal Management Structures: Techniques including microchannel
cooling, thermoelectric cooling, and airflow-guiding structures aim to improve overall
system thermal performance.

e  Low-Power Circuit and Energy-Efficient Algorithm Design: Optimizing RF front-end
architectures, reducing beamforming power consumption, and introducing adaptive
power management strategies help minimize energy usage.

7.3. Cost and Mass Production Challenges: Balancing Performance and Economics

Millimeter-wave antennas often require high-performance, low-loss materials—such
as PTFE, hydrocarbon-based materials, LCP, and microwave dielectric ceramics—as well as
precision manufacturing processes like LTCC, MEMS, and high-resolution PCB fabrication.
These factors not only increase production costs but also complicate large-scale manufac-
turing. Moreover, varying performance requirements across different application scenarios
and the lack of unified design standards hinder widespread commercial deployment.

Key solutions include the following;:

e  Exploration of Low-Cost Alternative Materials: Modified polymers and flexible
printed substrates offer cost-effective alternatives while maintaining acceptable
performance levels.

e  Promotion of Standardized Manufacturing Processes: Establishing universal packag-
ing specifications and interface protocols for mmWave antenna modules can facilitate
industry-wide collaboration.

e Development of Smart Manufacturing and Automated Testing Technologies: Im-
proving production efficiency, reducing manual involvement, and ensuring product
consistency and yield.

7.4. Standardization and Compatibility Issues: Interoperability Across Vendors

Currently, there is no globally unified technical standard for mmWave communi-
cations, especially regarding antenna interfaces, beam management protocols, channel
models, and RIS control mechanisms. The lack of interoperability among equipment from
different vendors hinders global deployment and ecosystem development.

To promote the maturity and adoption of mmWave communications, it is essential to
implement the following;:

e  [Establish Unified International Standards: Led by organizations such as 3GPP, IEEE,
and ITU, coordinated efforts are needed to advance standardization across all aspects
of mmWave communication systems.

e  Enhance Cross-Vendor Collaboration and Interoperability Testing: Joint laboratories
and open platforms can validate system compatibility and promote convergence.
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e  Build Open-Source Toolchains and Simulation Platforms: Supporting modeling, al-
gorithm verification, and system evaluation will lower development barriers and
accelerate innovation.

7.5. Future Development Directions: Technological Convergence and System Innovation

Looking ahead to the era of 6G and beyond into THz communications, mmWave
antennas are expected to evolve towards higher performance, greater intelligence, and
more flexibility. Key development trends include the following:

e  More Efficient MIMO and Beamforming Algorithms: Al-driven self-learning beam align-
ment, fast switching, and interference suppression algorithms are becoming mainstream.

e  Metamaterials and RIS-Assisted Communications: Metamaterials enable compact
broadband antennas, while RIS facilitates dynamic beam control.

e Pre-Research on THz Band Antennas: Early exploration of antenna designs for the
0.1-1 THz band aims to overcome traditional material and process limitations.

e Al-Driven Adaptive Antenna Systems: Deep learning enables real-time environmen-
tal sensing and automatic adjustment of antenna parameters to maintain optimal
communication states.

o  Cost-Effective and High-Stability Manufacturing Processes: Emerging technologies
such as flexible electronics, printed electronics, and roll-to-roll manufacturing are
being explored for mmWave antenna applications.

8. Conclusions

In summary, mmWave antenna technology plays a pivotal role in advancing 5G
wireless communication systems by enabling high-speed, low-latency, and large-scale
connectivity. This review has provided a comprehensive overview of the state-of-the-
art in mmWave antenna design, covering key aspects such as antenna types, MIMO
architectures, and advanced beamforming techniques that significantly enhance system
capacity and link robustness. Modern integration strategies—such as AiP and chip-level
designs—are instrumental in achieving compact, high-performance modules suitable for
mass deployment. The selection of appropriate materials—from low-loss substrates like
PTFE, hydrocarbon-based materials, LCP, and microwave dielectric ceramics—together
with emerging fabrication technologies such as LTCC, 3D printing, and MEMS—further
improves both electrical performance and manufacturing scalability. Despite remarkable
progress, several technical challenges remain, including signal propagation limitations,
thermal management in highly integrated circuits, cost-performance trade-offs in large-
scale production, and the need for standardized interoperability across vendors. However,
rapid advancements in novel functional materials—such as graphene, metamaterials, and
phase-change materials—combined with Al-driven optimization, smart beam manage-
ment, reconfigurable antenna architectures, and hybrid mmWave-sub-6 GHz systems—are
paving the way for next-generation solutions with enhanced adaptability, efficiency, and
deployability. Looking ahead, mmWave technology will not only underpin the evolution
of 5G and future 6G networks but also expand into diverse application domains, includ-
ing smart cities, industrial IoT, and space—air-ground integrated communication systems.
Therefore, mmWave antennas are poised to become the critical enablers of ultra-high-
capacity, low-latency wireless networks, overcoming the spectrum bottleneck and driving
the next wave of global digital transformation through ubiquitous, intelligent connectivity
that reshapes industries, cities, and human experiences.
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