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ABSTRACT: This work presents a miniaturized dual-polarized endfire dielectric resonator antenna (DRA) array tailored for millimeter-
wave (mmWave) 5G terminal systems. The proposed antenna element integrates a dielectric resonator with a cavity structure, both
realized using standard printed circuit board (PCB) fabrication. Two orthogonal resonant modes of the DRA are excited to generate
vertical (VP) and horizontal (HP) polarizations. To achieve broadband characteristics, two orthogonal cavity modes are further introduced
and coupled with the DRA modes, enabling dual-mode operation. The VP and HP elements utilize an identical physical configuration,
ensuring a highly compact architecture. Based on this unit, a four-element array was designed, fabricated, and experimentally verified.
Measurements confirm an operational bandwidth of 26.1-29.8 GHz for both polarization states, with peak gains of 10.0 dBi and 10.1 dBi
for VP and HP, respectively. Furthermore, both polarizations demonstrate beam-steering capability, indicating that the proposed dual-
polarized endfire DRA array is a promising solution for next-generation 5§G mmWave terminal applications.

1. INTRODUCTION

ith the rapid evolution of the fifth-generation (5G) mo-

bile communication networks, the demand for higher

data throughput and ubiquitous connectivity under the Internet
of Everything (IoE) paradigm has dramatically increased [1—
3]. For compact terminal platforms, the microwave spec-
trum has become congested and spatially limited. By con-
trast, millimeter-wave (mmWave) bands offer wide spectral re-
sources and low transmission latency, enabling much higher
channel capacities [4, 5]. Consequently, mmWave antenna de-
sign has attracted tremendous research interest. To overcome
propagation attenuation and realize wide angular coverage,
beam-scanning array antennas are indispensable [6]. In addi-
tion, dual polarizations are crucial to ensuring link reliability
and improving spectral efficiency [7]. Although various dual-
polarized endfire antennas have been reported, their applicabil-
ity to compact mmWave terminals is often limited by large size,
high profile, or poor integration. While dielectric resonator an-
tennas (DRAs) offer low loss and flexible modal control, most
mmWave DRA-based endfire designs remain single-polarized.
Compared with conventional dual-polarized broadside an-
tennas, dual-polarized endfire configuration is particularly ad-
vantageous for mobile terminals, as it minimizes the interfer-
ence caused by hand effects [8]; therefore, it represents a valu-
able and meaningful research direction. A variety of dual-
polarized endfire arrays supporting beam scanning have been
developed using different techniques. For instance, [9] reported
an mmWave dual-polarized array combining horizontal (HP)
and vertical (VP) dipoles within a single structure. A chain-slot
configuration is adopted in [10], where HP and VP were indi-
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vidually excited. However, integrating such feeding structures
on a unified substrate remains challenging. In [11], two quasi-
Yagi antennas, each with a dedicated port, are compactly inte-
grated to achieve dual polarizations. Several studies [12—15]
present dual-polarized endfire phased arrays employing dipole
radiators for HP and substrate integrated waveguide (SIW) el-
ements for VP. In [16], a dipole fed by an open-ended SIW
provides VP radiation, while a bent strip line coupled slot gen-
erates HP radiation. Likewise, [17] uses a combination of an
open-ended SIW with two-stage grating strips for VP and V-
shaped dipoles fed by a grounded coplanar waveguide for HP.
Although these architectures achieve high integration, VP and
HP components are still independently designed, and their feed-
ing structures [11-14, 16] or required clearance areas [15,17]
often result in large planar footprints. In [10, 11], magneto-
electric (ME) dipole antennas are introduced to reduce the foot-
print, but their inherent electromagnetic properties lead to rela-
tively high profiles. A compact dual-polarized endfire array is
realized in [20] by utilizing a shared open-ended cavity, where
VP and HP were generated by the cavity and slot modes, respec-
tively. Nevertheless, the cavity slot caused structural asymme-
try, producing a radiation pattern tilt.

For mmWave frequencies, dielectric resonator antennas
(DRAs) are particularly appealing due to their compact
geometry, low dielectric loss, and flexible modal design [21—
23]. In [24], an HP endfire substrate-integrated DRA is
developed by employing metallic sidewalls and central air
vias to realize dual-beam radiation. A compact VP endfire
antenna operating at mmWave bands was reported in [25],
where slot and cavity modes are combined with a DRA mode
to broaden the bandwidth. A VP substrate-integrated DRA
array merging with a microwave antenna was proposed in
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FIGURE 1. Structure of the proposed antenna. (a) Structure of the element, (b) structure of the array. (Design parameters: /1 = 0.5, I = 1.05,
l3 = 0.5, l4 = 0.4, l5 = 2, ls = 3, l7 = 0.6, ld = 1.2, wyp = 3.4, w2 = 0.4, Wq = 4.4, T = 0.15, T = 1.25, hl = 0.625, h2 = 0.625,

hs = 1.27. Units: mm.)

[26]. A dual-polarized, dual-band hybrid DRA is described in
[27]; however, its radiation is broadside-oriented. From these
studies, it is evident that most mmWave endfire DRASs remain
single-polarized [24-26]. Hence, to exploit the full advantages
of DRASs and achieve high structural integration, a new design
strategy for dual-polarized substrate-integrated endfire DRAs
is required.

In this paper, a compact dual-polarized mmWave endfire
DRA array based on substrate integration is presented. Two
orthogonal DRA modes are independently excited to realize
VP and HP polarizations. The VP mode is generated through
open-ended cavity coupling, while the HP mode is excited
via a metallic strip connected to a probe. To further extend
the operational bandwidth and cover relevant commercial fre-
quency ranges, two orthogonal cavity modes are incorporated
and merged with their corresponding DRA modes, enabling
dual-mode excitation for each polarization. Finally, a four-
element array is designed and fabricated, exhibiting beam-
scanning behavior in both polarizations. The proposed con-
figuration establishes a practical foundation for future highly
integrated dual-polarized endfire DRA designs.

2. ANTENNA STRUCTURE

The structure of the proposed dual-polarized endfire DRA is
presented in Fig. 1. The antenna consists of three stacked RF-
60TC substrates (¢, = 6.15, tand = 2 x 1073), labeled Subl,
Sub2, and Sub3. Two metallic ground layers, denoted as G-
V and G-H, are employed for the horizontal (HP) and vertical
(VP) polarizations, respectively. Together with the metallized
groove, they create an open-ended metallic cavity. This cavity,
coupled with the DRA positioned at its aperture, forms a com-
plete radiating element. Notably, both VP and HP radiations are
produced by the same physical configuration. Separate excita-
tion paths are used for the two polarizations. Metallic vias, re-
ferred to as Vial and Via2, link the respective feeding networks.
For VP excitation, the signal from Port-V is delivered through
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Vial into the cavity, thereby coupling energy to the DRA. In
contrast, HP excitation is achieved through Via2, which con-
nects to a metallic stripline that guides energy from Port-H to
the DRA. Based on this single element, a dual-polarized four-
element array is designed, as shown in Fig. 1(b). Each polar-
ization employs four independently fed ports: the lower set of
ports corresponds to VP, while the upper set corresponds to HP.

3. ANTENNA DESIGN

3.1. Antenna Element Design

The design of the antenna element plays a pivotal role in re-
alizing a millimeter-wave dual-polarized endfire array capable
of beam steering. The fundamental concept is to exploit two
orthogonal resonant modes within the dielectric resonator to
generate dual-polarized radiation. To enhance structural com-
pactness and facilitate system-level integration, a substrate fea-
turing a high dielectric constant is selected for the DRA im-
plementation. As illustrated in Fig. 2, the vertical polarization
(VP) and horizontal polarization (HP) are independently pro-
duced through two distinct feeding configurations, correspond-
ing to Case 1 and Case 2, respectively. Case 3 represents the
integrated configuration, formed by the combination of the two
preceding cases.

The resonant frequency of the rectangular DRA operating in
the TE;1; mode can be approximately estimated using the di-
electric waveguide model. The formula is as follows:

i () 6 6)

Here, c represents the speed of light in a vacuum. a, b, and h
denote the length, width, and height of the DRA, respectively.
a:ld,b:wd,andh:h1+h2+h3.
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3.1.1. VP Design

The vertical polarization (VP) configuration is illustrated in
Case 1 in Fig. 2. As depicted, the VP feeding system is com-
posed of two main components: a metallic cavity (formed by
metallized grooves together with the upper and lower metal lay-
ers) and a feeding probe (Via2). The radio frequency (RF) en-
ergy for VP excitation is supplied through Port-V. The signal
propagates along Via2, which drives the metallic cavity, and
subsequently, the excited cavity electromagnetically couples
energy into the adjacent DRA to generate VP radiation.

Casel Case2 Case3
Port-H ?_Mhne Port-H <

Vial

I Strip
V1a2
Port-V

FIGURE 2. Design process of the element.

SE
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The operational principle and associated electric field distri-
bution for the VP antenna are shown in Fig. 3(a). The dominant
resonant mode inside the DRA is identified as TEY,,. To extend
the impedance bandwidth, an additional cavity mode, namely
TE{;;, is introduced to operate jointly with the DRA mode,
thereby achieving a dual-mode response. The simulated perfor-
mance of the VP radiator is presented in Fig. 4(a), demonstrat-
ing a —10dB impedance bandwidth of approximately 13.9%
(26.0-29.9 GHz) and a peak gain of 5.5 dBi at 29.3 GHz. The
radiation pattern at 28 GHz, as shown in Fig. 4(b), confirms sta-
ble directional performance.
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FIGURE 3. E-field distribution in the reference plane. (a) TEY;; mode
and TET, mode for VP. (b) TEf;; mode and TE7,, mode for HP.

Cavity mode
(TE; )

To validate the interaction mechanism between the DRA and
the cavity, a parametric investigation was carried out. Fig. 6 de-
picts the variation of |S11| with respect to changes in DRA and
cavity dimensions. Adjusting the DRA width (w;) shifts the
first resonant frequency without affecting the second, whereas
modifying the cavity length (I;) alters the second resonant
mode while leaving the first unchanged. These results verify
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FIGURE 4. Performance of VP element. (a) Simulated |S11| and gain,
(b) simulated radiation pattern at 28 GHz.
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FIGURE 5. Performance of HP element. (a) Simulated |S11| and gain,
(b) simulated radiation pattern at 28 GHz.
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FIGURE 6. Effect of (a) w1, (b) I4 on |S11| of VP element.

that the first resonance originates from the DRA mode and the
second from the cavity mode.

3.1.2. HP Design

The horizontal polarization (HP) configuration is illustrated in
Case 2 in Fig. 2. The HP excitation network is composed of
three components, namely a metallic via (Vial), a microstrip
line, and the feeding strip. Power is delivered from Port-
H, transmitted through Vial, and subsequently coupled to the
DRA by the attached strip to generate HP radiation.

The operating principle and simulated electric field distribu-
tion of the HP antenna are depicted in Fig. 3(b). The dominant
resonant mode within the DRA corresponds to the TEF;; mode.
To achieve a broader impedance bandwidth, an additional cav-
ity mode (TEf;;) is incorporated and combined with the DRA
mode, leading to dual-mode operation. It should be emphasized
that although both VP and HP utilize the TE{,, cavity mode
designation, their respective electric field orientations differ —
aligned along the y-axis for VP and along the z-axis for HP.
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The simulated results of the HP element are shown in Fig. 5. p—yr—
As seen in Fig. 5(a), the antenna provides an impedance band- —=++1,=0.6mm

width of 12.5% (26.4-29.9 GHz) with a maximum realized gain
of 5.2dBi at 27.8 GHz. The radiation pattern at 28 GHz, pre-
sented in Fig. 5(b), confirms desirable endfire radiation perfor-
mance.

To substantiate the mode analysis, a parametric investigation
was carried out, as illustrated in Fig. 7. Changes in the DRA
width (w; ) primarily shift the second resonant mode while leav-
ing the first mode nearly unchanged, whereas variations in the
cavity length (I;) predominantly affect the first mode. These
results verify that the first resonance originates from the cavity
mode, while the second corresponds to the DRA mode.
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FIGURE 7. Effect of (a) w1, (b) l4 on |S11| of HP element.

3.1.3. Study on the Interaction between VP and HP

In the configuration depicted as Case 3 in Fig. 2, both the VP
and HP feeding networks are integrated within the same struc-
ture, necessitating an investigation of their mutual coupling
behavior. The simulated characteristics of this combined de-
sign are presented in Fig. 8. The two polarizations exhibit an
overlapping impedance bandwidth of 12.1% (26.3-29.7 GHz),
while maintaining an isolation level exceeding 15 dB between
Port-V and Port-H. The influence of cross-feeding is analyzed
in Fig. 9. As shown in Fig. 9(a), variations in the parame-
ter [} associated with the VP feed have a minimal impact on
the HP impedance response, indicating negligible interference
from the VP network. Similarly, from Fig. 9(b), adjustments
to l4 in the HP feed do not noticeably affect the VP bandwidth.
Consequently, it can be concluded that the two feed structures
operate with high electrical independence, and the coupling be-
tween VP and HP is effectively suppressed. The use of a single,
unified dielectric resonator and cavity structure enables dual
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FIGURE 8. Performance of Case 3.
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FIGURE 9. Effect of (a) l1, (b) l4 on |S11]| of Case 3.

polarizations, eliminating the need for separate footprints and
inherently improving integration.

It further details how the synergistic coupling between or-
thogonal DRA modes and cavity modes serves as the funda-
mental physical mechanism for achieving wideband perfor-
mance, leveraging the parametric studies (e.g., Figs. 6 and 7)
to substantiate this. The comparison with prior art is now more
interpretative, explicitly contrasting our co-designed, compact
DRA-based approach with designs that use independent radia-
tors, thereby highlighting the superior structural integration and
miniaturization achieved in this work.

Dual-mode operation serves as the core mechanism for band-
width enhancement. For each polarization, the bandwidth is
achieved by coupling a fundamental DRA mod with an addi-
tional cavity mode (TE;10). The parametric studies in Fig. 6
and Fig. 7 are directly referenced to substantiate this, showing
that the DRA geometry primarily controls the first resonance
while the cavity dimensions tune the second. This synergis-
tic coupling between two orthogonal resonant paths effectively
merges two adjacent bands, resulting in a wider impedance
bandwidth than that of using a single mode.

3.2. Four-Element Antenna Array

Building upon the previously developed dual-polarized endfire
DRA unit, a 1 x 4 linear array is implemented, as illustrated in
Fig. 1(b). The center-to-center distance between adjacent ele-
ments is set to 0.52)\y, where )y denotes the free-space wave-
length at 28 GHz. Each antenna element is individually excited
through its own feed port, which facilitates beam-steering ca-
pability across the array. The simulated inter-port performance,
presented in Fig. 10, reveals that all ports maintain mutual iso-
lation levels exceeding 15 dB, confirming excellent decoupling
between the array channels.
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FIGURE 10. Simulated S-parameters of the array.
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FIGURE 11. Photograph of the antenna prototype. (a) Antenna board. (b) From top to bottom: feeding board for HP and VP, special mm-Wave

connector.

4. SIMULATION & MEASURED RESULTS

To validate the proposed design, a prototype of the antenna was
fabricated and experimentally characterized. The fabricated
model is presented in Fig. 11, demonstrating a highly compact
and well-integrated structural configuration. The three sub-
strate layers are aligned using mechanical alignment holes and
fixed through standard PCB lamination and bonding processes.
The metallized vias and ground planes ensure accurate electri-
cal alignment between layers, while the stacked substrates are
mechanically secured during fabrication to maintain structural
integrity and alignment accuracy.

4.1. Measured Results of VP

Figure 12(a) shows both measured and simulated reflection co-
efficients and gains when Port-V is excited. The measured
impedance bandwidth of —10dB is 13.9%, which spans from
25.9 GHz to 29.9 GHz. Meanwhile, the simulated bandwidth is
13.5% (from 26.1 GHz to 29.9 GHz). The slight difference be-
tween the measured S7; responses of the two ports arises from
asymmetric excitation paths, fabrication tolerances, and weak
mutual coupling between orthogonal modes. Within the operat-
ing bandwidth range, the measured gain varies between 8.8 dBi
and 10.0 dBi, which is slightly below the simulated gain rang-
ing from 8.9 dBi to 10.3 dBi. The corresponding radiation per-
formances on both the xoy-plane and xoz-plane at 28 GHz are
depicted in Fig. 13(a). The radiation patterns show a strong
agreement between measured and simulated results. On the
xoy-plane, the two beams’ maximum radiation is directed at el-
evation angles of 0° and 25°, respectively. This indicates that
in the case of VP radiation, good beam scanning capability can
be achieved.

@ (b)
a 0 ~ — Gain (sim.) — - — Gain (mea.)| 12 a 0 ~ — Gain (sim.) — - — Gain (mea. 12
= =TS 2 e SN
e PR TP O P - LT T AN
£ 101 2 g =
;g _____ 17 5 é S0 AL L. 17 g)
B -201 & 5 u 5
g s 8 Yol g
] 12 = 204 i —Isuisim) [, &
S . S . =
5 <307 77" ISyl (sim.) B === (S (sim.)
2 oocSplmea) Y i = =[Sy (mea.)
& T 1Sl I(mea-)' . N Y & 30—, . i ‘\Is,nl (mel&) B

26 27 28 29 30 26 27 28 29 30

Frequceny (GHz) Frequceny (GHz)

FIGURE 12. Simulated and measured reflection coefficients and gains
of the antenna prototype. (a) VP. (b) HP.
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FIGURE 13. Simulated and measured radiation patterns of the DRA
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4.2. Measured Results of HP

Figure 12(b) shows both measured and simulated reflection co-
efficients and gains when Port-V is excited. The measured
impedance bandwidth of —10dB is 13.3%, which spans from
26.1 GHz to 29.8 GHz. Meanwhile, the simulated bandwidth
is 12.1% (from 26.3 GHz to 29.7 GHz). Within the operat-
ing bandwidth range, the measured gain varies between 8.7 dBi
and 10.1 dBi, which is slightly below the simulated gain rang-
ing from 9.0 dBi to 10.3 dBi. The corresponding radiation per-
formances on both the xoy-plane and xoz-plane at 28 GHz are
depicted in Fig. 13(b). The radiation patterns show a strong
agreement between measured and simulated results. On the
xoy-plane, the two beams’ maximum radiation is directed at
elevation angles of 0° and 25°, respectively. This indicates
that in the case of VP radiation, the good beam scanning ca-
pability can be achieved. The fabrication errors are inherently
unavoidable in practice. To mitigate their impact, two mea-
sures are adopted. First, high-precision fabrication processes
are employed to minimize dimensional inaccuracies. Second,
multiple antenna prototypes are fabricated and independently
measured, and the consistency among the measured results is
used to verify the reliability and correctness of the experimen-
tal data.
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TABLE 1. Performance comparison with the previous antenna designs.
. . . . . . . 3
Ref Published fo Over lapping Gain (dBi) Electrical Dimension (Ag) Polarization Antenna Type
Year (GHz) BW (%) (VP/HP) (Number of elements) (VP/HP)
[15] 2023 27 16.3 10.0/10.3 0.74 x 2.7 x 0.23 (4) Dual SIW/Dipole
[16] 2023 27 14.6 9.3/9.7 0.81 x 2.28 x 0.15 (4) Dual SIW/Slot
[17] 2024 27 24 13.2/13.1 | 1.35 x 2.76 x 0.14 (VP-5/HP-4) |  Dual SIW/Dipole
ME dipole/
[18] 2023 26 33 11.9/11.6* 0.14* x 2.04 x 0.5 (4) Dual poe
ME dipole
[20] 2022 27 18.5 10.3/11.3 0.41 x 2.61 x 0.2 (4) Dual Cavity/Slot
[24] 2024 26.9 3.7 - - Single -/DRA
[25] 2021 324 47.1 11.4/- 0.55 x 1.60 x 0.21 (4) Single DRA/-
[26] 2022 28 13.2 12.5 0.50 x 2.97 x 0.23 (6) Single DRA/-
Thi
'i - 28 133 10.0/10.1 0.51 x 1.99 x 0.23 (4) Dual DRA/DRA
wor

Ao 1s the wavelength in the vacuum at the center frequency. *: without feeding structure.

4.3. Discussion

Table 1 provides a comparison between the proposed antenna
and other endfire antennas. The designs in [15-18,20] can
successfully achieve endfire dual-polarized radiation and beam
scanning. However, the plane size in [15-17] is large while the
profile in [18] is high. In [20], the radiation pattern is tilted.
In [24-26], an endfire antenna with beam scanning function is
realized by using a DRA, but only single-polarized (VP or HP)
radiation can be achieved. In this design, an effective design
method is presented for the dual-polarized endfire substrate in-
tegrated DRA, filling the gap that there is no DRA array to
achieve endfire dual polarizations for millimeter wave.

5. CONCLUSION

In this work, a compact dual-polarized endfire DRA array has
been proposed, fabricated, and experimentally validated. Each
antenna element integrates a DRA with an open-ended cav-
ity, and two sets of orthogonal DRA and cavity modes are
employed to realize VP and HP polarizations. Building on
the single-element design, a four-element linear array was im-
plemented. Measurement results show good agreement with
simulations, confirming that the array maintains stable perfor-
mance for both polarizations. The proposed antenna demon-
strates significant potential for millimeter-wave 5G terminal
applications, offering compact size, dual-polarized operation,
and beam-steering capability.
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