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Abstract—In this work, we present a novel wideband
dual-polarized endfire array antenna for 5G millimeter-wave
(mmWave) applications. The antenna design combines a tightly
coupled dipole array (TCDA) for horizontal polarization and
a tightly coupled monopole probe array (TCMPA) with a
slotted metal horn for vertical polarization to achieve wideband
operation. The slotted metal horn enhances the radiation and
impedance matching of the TCMPA and makes operation of
both polarizations in the same aperture. Both the TCMPA and
TCDA operate at 23.8–42.3 GHz (< −10 dB for broadside
radiation, fractional bandwidth = 56%) which covers n258
(24.25–27.5 GHz), n257 (26.5–29.5 GHz), n261 (27.5–28.35 GHz),
and n260 (37–40 GHz) in frequency range 2 (FR 2) specified
by 3GPP. This wideband operation can be made possible by
incorporating the proposed polarization-selective reflectors which
optimize the performance of both the TCMPA and TCDA. Under
same phase excitation, simulated array gains of the vertical
and horizontal polarizations manifest as 4–8 and 4.4–8.2 dBi,
respectively. When scanning up to 45◦ from the array axis,
those are degraded to 4.6–7.2 and 4.6–5.6 dBi, respectively.
Experimental results, including matching bandwidth, realized
array gain, and radiation pattern, were compared with simulated
results and they were in good agreement. Finally, we highlighted
the comparative advantages of our proposed array that operates
in FR 2, compared with dual-polarized endfire linear array
antennas operating over wideband.

Index Terms—5G, dual-polarization, endfire, horn antenna,
millimeter-wave (mmWave), tightly coupled dipole array
(TCDA), tightly coupled monopole probe array (TCMPA), wide-
band.

I. INTRODUCTION

THE rapid development of wireless communication tech-
nologies has led to the emergence of fifth-generation

(5G) cellular networks, which aim to meet growing demands
for higher data rates, lower latency, and greater network
capacity. A key enabler of these objectives is the adoption
of millimeter-wave (mmWave) frequency bands, which offer
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abundant spectrum resources for high-speed data transmission
[1], [2], [3], [4], [5]. In particular, the frequency range 2
(FR 2), spanning from 24.25 to 52.6 GHz, has been des-
ignated for 5G mmWave mobile handsets [6]. To overcome
the inherent high path loss of mmWave signals, beamforming
techniques are widely used to enhance gain and coverage [7].
Among various antenna configurations, end-fired linear arrays
have gained significant attention for their ability to steer wide
fan-beams across the 3-D spatial domain, especially when
mobile terminals are backed by metal covers or held in the
hand, where front-facing planar arrays struggle to provide
sufficient coverage [8].

However, the end-fired linear arrays have challenges due to a
thin configuration of the printed circuit board (PCB) [9], [10],
[11], [12], [13], [14], [15], [16], [17]. In fact, thin configura-
tion limits the impedance bandwidth, particularly for vertical
polarization [9], [10], [11], because of the large discontinuity
of the characteristic impedance between the thin PCB with a
small impedance and the free space with a high impedance
[12]. This abrupt impedance discontinuity limits the match-
ing bandwidth. To address this, several designs introduced
metallic loading structures to artificially increase the effective
thickness of the aperture, thereby achieving wider impedance
bandwidths. For dual-polarized end-fired arrays, cavity-backed
apertures, slotted substrate-integrated waveguides (SIWs), or
L-shaped probes are used to support both vertical and hor-
izontal polarizations limited in a thin configuration. While
these designs successfully implement dual-polarization, their
operational bandwidth remains narrow, generally under 27%,
due to their thin configuration [13], [14], [15], [16]. On
the other hand, [17] achieved a wider bandwidth of 26.9%
using bulky metal-loaded structures that simultaneously induce
parallel electric and magnetic resonances, thereby alleviating
the high impedance of free space and smoothing the abrupt
impedance transition between the antenna and free space [18].
However, this bandwidth is still insufficient to cover a wide
range of the FR 2 band.

The tightly coupled array concept is implemented by intro-
ducing a large capacitance between the dipole or monopole
arms and placing them close to a grounded reflector to
achieve wideband operation [19], [20], [21]. In this work, we
propose a novel dual-polarized wideband end-fired antenna
array that integrates a tightly coupled dipole array (TCDA)
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Fig. 1. Tightly coupled array concept. (a) Horizontally polarized linear
array antenna and virtual boundary condition. (b) Dual-polarized linear array
antenna and virtual boundary condition.

Fig. 2. Equivalent circuits of the proposed dual-polarized unit cell structure.

[19], [20] for horizontal polarization and a tightly coupled
monopole probe array (TCMPA) [21] for vertical polarization
within a shared aperture. This dual-polarized antenna cannot
be simply achieved by integrating them. Tightly coupled
element basically requires perfect electric conductor (PEC)
boundary condition between them, whereas open or perfect
magnetic conductor (PMC) boundary condition is necessary
on the sides in the z-direction [see Fig. 1(a)]. Therefore,
the integration is inherently challenging since their polariza-
tions require different boundary conditions on the same side
[see Fig. 1(b)] without cross-polarization interference. Fur-
thermore, it requires different optimized distances to the
grounded reflector [lH and lV in Fig. 3(d)]. To address this,
we introduce a slotted horn structure to simultaneously satisfy
the double boundary condition (open for H-pol and PEC
for V-pol) and efficient radiation of the V-pol. In addi-
tion, a polarization-selective reflector (V-reflector for V-pol,
an H-reflector for H-pol) is proposed to achieve individual
optimization of the operating bandwidths. As detailed in Sec-
tion II, this is essential for enabling tightly coupled operation
in both the polarizations. This polarization-selective structure

Fig. 3. Proposed unit cell for infinitely periodic structure in the y-direction.
Green and blue structures are essential to enable TCMPA and TCDA to
operate, respectively. (a) Perspective view of the full structure. (b) Exploded
inner view. (c) Enlarged TCDA view. (d) Side view without side vias.

differentiates our work from previous efforts such as [15],
where dipole and monopole elements are also used, but
not in a tightly coupled or independently optimized manner.
Consequently, our design achieves a significantly wider oper-
ating bandwidth—from 23.8 to 42.3 GHz—enabling robust
dual-polarized operation across n258 (24.25–27.5 GHz),
n257 (26.5–29.5 GHz), n261 (27.5–28.35 GHz), and n260
(37–40 GHz) of the FR 2 spectrum.

The remainder of this article is organized as follows.
Section II describes the design of the proposed unit cell
structures, including the TCMPA, TCDA, and slotted horn.
The polarization-selective mechanism is also analyzed in detail
through parametric studies. Section III presents simulated and
measured results of the fabricated 1 × 4 array, highlighting
impedance matching and gain characteristics. Finally, Sec-
tion IV concludes this article with a summary of key findings.

II. DESIGN OF ANTENNA STRUCTURE AND OPERATION

Basically, tightly coupled dipole or monopole probe array
operates across the wideband with help of strong interaction of
the series L and C, and the grounded reflector [19], [20], [21].
Fig. 2 shows the equivalent circuits of the proposed structure
for V- and H-pol cases. For instance, at low-frequency band,
the grounded reflector located at the distance of lV or lH from
the TCMPA and TCDA provides inductive energy (shorter
than quarter wavelength), while the series L and C provides
capacitive energy (lower than resonance frequency). On the
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TABLE I
DIMENSIONS OF THE PROPOSED UNIT CELL STRUCTURE (UNIT: MM)

other hand, at high-frequency band, the grounded reflector
provides capacitive energy (longer than quarter wavelength),
while the series L and C provides inductive energy (higher
than resonance frequency). In fact, a series resonator with
large capacitance and small inductance can achieve wideband
operation, as it exhibits slow variation with frequency due to
its impedance characteristics (slope: jL and 1/jC). To realize
this, small element spacing is used to achieve low inductance,
and large parallel-plate or interdigital structures are used to
obtain high capacitance. It should be noted that the optimized
length of lV or lH should be different since the different
geometry of the TCMPA and TCDA produces different L and
C. The proposed unit cell structure consists of a TCMPA, a
TCDA, and the slotted horn as shown in Fig. 3(a). Moreover,
the extended dielectric with a length of De improves the
radiation of horizontally polarized wave. The horn is made
of stainless-steel 304 with open-ended slots of width As.
Thereby, the slotted walls look like open boundary to the
H-pol (TCDA) and PEC boundary to the V-pol (TCMPA),
achieving the boundary condition (z-direction) as explained in
Fig. 1(b). In addition, the PEC and PMC boundary conditions
between the elements are satisfied by linearly arraying the
unit elements in the y-direction. Red circles at the left end
indicate discrete ports with 50-Ω impedance for excitation
to the TCMPA and the TCDA. Fig. 3(b) illustrates exploded
view of the unit cell without the dielectric layers. While the
TCMPA has one arm to be excited, the TCDA has two arms
which are excited unevenly. Therefore, the dipole arms should
be connected to grounded vias with shorting vias (Lshort) to
avoid common mode generation [22]. The stacked PCB layers
consist of 12 metal layers with dielectrics (D1): 970LF(LD)
(εr = 3.2 tanδ = 0.004) and a core material (D2): 972LF(LD)
(εr = 3.4 tanδ = 0.004). All the structural dimensions of the
proposed unit cell structure are listed in Table I.

For wideband operation, the TCMPA consists of a ver-
tical via at the right side and a large circular pad for
producing a self-inductance (Lmono) and a large capacitance
(Cmono), respectively [21]. As an important point, it oper-
ates with optimized distance from the grounded V-reflector
[see Fig. 7(a)] and radiates by smooth impedance transition
(Zhorn(x) in Fig. 2) from the thin PCB (Zlow1) to the air (Z f ree),
thanks to the horn structure [11]. Fig. 4 shows surface current
distribution on the inner structure at two different instances
when the two discrete ports are excited independently. When
the TCMPA is excited, the current flows only through the
single microstrip line to the monopole probe, which does not

Fig. 4. Surface current distribution on the inner structure at 32 GHz is
shown at two different instances when the TCMPA and TCDA are excited.
T represents a time period. Note the large current flows on the vertical
monopole probe and the horizontal dipole for the V-port (TCMPA) and the
H-port (TCDA) excitation, respectively.

Fig. 5. Electric field distribution viewed from the side without the side vias
at 32 GHz is shown at two different times when the V-port (TCMPA) and the
H-port (TCDA) are excited.

Fig. 6. Reflection coefficients of the unit cell (a) when the V-port (TCMPA)
is excited with and without the horn and (b) H-port (TCDA) is excited with
and without the slots.

couple to the dipole at any times. Furthermore, the induced
current on the bottom surface is consistently strong (it is on
the top surface as well). That implies that the top and bottom
surfaces are imperative for operation of the TCMPA. At t =

T/4, due to reflection of the backward wave radiating from the
monopole, it is observed that another current is induced on
the V-reflector. Two vias in V-reflector are sufficient to block
the backward wave. For the TCDA in Fig. 3, for wideband
operation, the TCDA necessitates a large capacitance and such
like that of the TCMPA, which is attained through interdigital
capacitance (Cdipole) compensated by self-inductance (Ldipole),
as depicted in Fig. 3(c). It requires the optimized distance
from the grounded H-reflector [see Fig. 7(b)] as well. The
proposed H-reflector and V-reflector configuration can simul-
taneously satisfy the both the optimized distances since the
V-reflector is polarization-selective; in other words, it reflects
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Fig. 7. Parametric study on GND position, (a) lV and (b) lH , when the
positions of the TCMPA and TCDA are fixed. Left and right columns are
corresponding to the V-port (TCMPA) and the H-port (TCDA) excitations,
respectively.

the vertical polarization only. The extended dielectric slab of
length De helps impedance matching of the dipole (it can
be confirmed soon). In Fig. 4, for H-pol excitation, likewise,
the current flows only through the single microstrip line
and the coplanar strip lines to the dipole arms, without
coupling to the monopole at any time. In this case, there is
no induced current on the V-reflector, but on the H-reflector.
This is because backward wave radiating from the dipole is
not scattered at the V-reflector while it is scattered at the
H-reflector. Two plates in H-reflector are sufficient to block
the backward wave.

In Fig. 5, electric field distribution viewed from the side is
depicted without the side vias. When the TCMPA is excited,
vertically polarized electric field radiates out of the slotted
horn aperture and the extended dielectric. There are four
noteworthy observations in Fig. 5. First, the electric field
distribution appears relatively weak at the outer slots of the
horn. Second, within the structure, the electric field is confined
in the right side of the V-reflector. Third, the electric field
experiences significant diffraction by the horn. Finally, the
electric field distribution exhibits discontinuities at the dielec-
tric boundary, resulting from the boundary condition where
any vertical electric displacement should be continuous at the
boundary. When the TCDA is excited, on the horn, strong
electric field appears only at the slots owing to its transmission.
In addition, the electric field is confined in the right side of
the H-reflector, within the structure. Furthermore, it radiates
out in a focused manner along the extended dielectric. Effects
of the slots and the slotted horn for both the polarizations are
investigated as shown in Fig. 6. In Fig. 6(a), the reflection
coefficient at the TCMPA is poor if the slotted horn is not
used. However, the thin aperture of the TCMPA can be
smoothly transitioned and effectively matched to wide free
space by the slotted horn. Consequently, impedance matching

Fig. 8. Exploded view of the proposed 1 × 4 finite array configuration
considering the arrangement of mini SMPMs and the horn (WA = 10.3,
LA = 8.1, and E = 1.8 mm).

Fig. 9. Parametric study on the extended side arm, E, of the finite array.
(a) TARCs of the TCDA and (b) broadside array gains.

is successively achieved as depicted in that figure. In addition,
mutual coupling between the two ports is presented to be
less than −15 dB below 40 GHz. In Fig. 6(b), the reflection
coefficient at the TCDA is seriously degraded without the
slots due to the boundary condition (z-direction) as explained
before. However, the slots transmit the horizontal polarization
as the open boundary.

III. SIMULATED AND EXPERIMENTAL RESULTS FOR THE
PROPOSED FULL ARRAY ANTENNA

The proposed 1 × 4 array antenna with a center-to-center
element spacing of W [in Fig. 3(a)] is presented in Fig. 8. To
excite the array, mini subminiature push-on micros (SMPMs)
operating up to 40 GHz are used, and two prototypes for
excitation to the TCMPA and TCDA are separately designed
which are identical structure except only for the feeding
lines. Moreover, the horn is configured to be mounted on the
PCB and fixed by the bolts. According to the well-known
finite array design, the property of a finite array is somewhat
different with that of an infinite array, particularly for strong
mutually coupled antennas such as the TCDA since it can
operate by assistance of the mutual coupling which is absent
for the edge elements of a finite array [24], [25]. Therefore,
additional structures are required to make the finite array
be similar to the infinite array [24], [25]. In the figure, the
structure are the interdigitally coupled additional dipole arms
with a length of E. This additional arm provides two effects
for the TCDA: the improvement of the impedance matching of
the finite array and an increase in the array gain as described in
Fig. 9, where the total active reflection coefficient (TARC) is a
terminology similar to a reflection coefficient [26]. In addition,

Authorized licensed use limited to: youngseok Lee. Downloaded on May 11,2026 at 13:24:02 UTC from IEEE Xplore.  Restrictions apply. 



8532 IEEE TRANSACTIONS ON ANTENNAS AND PROPAGATION, VOL. 73, NO. 11, NOVEMBER 2025

Fig. 10. (a) Fabricated prototype of the proposed 1 × 4 array. (b) Measure-
ment setup for a beam pattern of the array in far-field condition.

there is an optimal value of E for impedance matching and
gain.

In Fig. 10(a), fabricated prototype of the proposed array is
shown, and measurement of the radiation pattern is performed
in the anechoic chamber with the reflector for making far-field
distance as described in Fig. 10(b). In fact, the mini SMPMs
and the connected feeding lines to the array can introduce
ohmic losses and some reflections, as the recommended PCB
material and thickness specified in the data sheet are not
exploited. Therefore, to examine the array antenna, they should
be calibrated by the method (using direct and extended-
thru lines) [26]. The radiation patterns are postprocessed by
superposition of complex active element gain patterns [27],
and the gain losses by the connectors and lines are calibrated
by the same way [26].

Fig. 11 shows the simulated and measured scattering
parameters, TARCs, and radiation efficiency. The simulation
result is obtained by full-wave simulation of the 1 × 4
array, and the mini SMPM model is not included since
the measured result is in the same condition excluding the
connectors calibrated by the method [26]. In Fig. 11(a), self-
scattering parameters are not sufficiently low level since the
proposed antenna can operate with the help of mutual coupling
from adjacent elements. In this case, the mutual coupling is
around −10 dB (cannot be negligible level), resulting in low
active reflection coefficient (e.g., S 11 + S 12 + S 13 + S14). The
TARC includes the mutual coupling effect by simultaneous
excitation. Under the condition of TARC ≤ −10 dB, simulated
impedance matching bandwidths for vertical and horizontal
polarizations with φs = 0◦ are 23.8–42.3 and 21.8–42.7 GHz,
respectively. And overlapped bandwidth of them is
23.8–42.3 GHz (56%). When scanning to φs = 45◦,
those are well-preserved, remaining below −6 dB within that
frequency range. And the radiation efficiency is well-preserved

Fig. 11. Simulated and measured (a) scattering parameters and (b) TARC
as scanning the beam from φs = 0◦ to φs = 45◦, and (c) simulated radiation
efficiency. Left and right columns are corresponding to the V-port (TCMPA)
and the H-port (TCDA) excitations, respectively.

Fig. 12. Simulated and measured realized array gains as scanning the beam
from φs = 0◦ to φs = 45◦. Left and right columns are corresponding to the
V-port (TCMPA) and H-port (TCDA) excitations, respectively.

around −1 to −1.5 dB. Fig. 12 presents the array gains when
steering the beam from φs = 0◦–45◦. At the overlapped
frequency band, the simulated array gains of the V-pol and
H-pol manifest as 4–8 and 4.4–8.2 dBi, respectively. And
the measured realized gain is following the behavior of the
simulated result. In fact, the realized array gain with φs =

45◦ around 30 GHz is higher than that of φs = 45◦ which is
not general for conventional antennas. It is because the active
element pattern has a peak gain at off-broadside (actually,
around ±45◦) due to the strong mutual coupling by the
adjacent elements.
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TABLE II
PERFORMANCE COMPARISON OF ENDFIRE AND DUAL-POLARIZED MILLIMETER-WAVE LINEAR ARRAY ANTENNAS

Fig. 13. Simulated (solid) and measured (dashed) V-pol gain patterns at
various frequencies as scanning the beam from φs = 0◦ (red) to φs = 45◦
(blue). Strong and weak level patterns are corresponding to copolarization
and cross-polarization, respectively.

Figs. 13 and 14 present simulated and measured radiation
patterns for both the polarizations at several frequencies on
two planes. In this context, θ = 90◦ plane represents the xy
plane, where the gain is plotted against φ. And φ = 0◦ plane
represents the xz plane, where the gain is plotted against θ.
On the θ = 90◦ plane, when comparing both the polarizations,
3-dB beamwidth of the V-pol gain is wider than that of the
H-pol gain. The reason is that on θ = 90◦ plane, a vertically
polarized monopole has omnidirectional radiation pattern, and

Fig. 14. Simulated (solid) and measured (dashed) H-pol gain patterns at
various frequencies as scanning the beam from φs = 0◦ (red) to φs = 45◦
(blue). Strong and weak level patterns are corresponding to copolarization
and cross-polarization, respectively.

a horizontally polarized dipole has ±x-directional radiation
pattern. On the φ = 0◦ plane, 3-dB beamwidth of the H-pol
gain is wider than that of the V-pol gain since the slotted
horn renders the beam pattern to be more directive in the
plane. Even with the presence of slotted horn, the main beams
of both the polarizations can be steered up to φs = 45◦ on
the θ = 90◦ plane. Although the feeding cables may cause
some distortion in the radiation pattern and there are slight
differences in the backside patterns, the measured results show
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Fig. 15. Simulated (solid) and measured (dashed) HPBWs of the gain patterns
at various frequencies as scanning the beam from φs = 0◦ (red) to φs = 45◦
(blue) in two planes. Left and right columns are corresponding to the TCMPA
and the TCDA, respectively.

good agreement with the simulated ones. Fig. 15 presents half
power beamwidth (HPBW) of the gain patterns at various
frequencies as scanning the beam in two planes. The measured
HPBW is in good agreement with the simulated result. Due
to very thin configuration, the HPBW is very wide in φ = 0◦

plane. In general, the HPBW becomes wider as scanning the
beam since the effective aperture becomes smaller. However,
as mentioned before, the HPBW at φs = 45◦ in this case, which
is directly related to the gain, is slightly narrower than that of
φs = 0◦ at some frequencies due to active element patterns.

Performance of the proposed array is compared with the
state-of-the-art endfire and dual-polarized mmWave linear
array antennas in Table II. Here, three types of antennas are
presented: vertically polarized antennas designed by metal
objects and a PCB, dual-polarized antennas designed by only
a PCB, and dual-polarized antennas designed by metal objects
and a PCB. Wideband operation is challenging for antennas
that operate primarily with vertical polarization. Therefore,
metal objects are introduced to achieve wideband operation
for vertically polarized antennas [9], [10], [11]. Especially for
[11], it achieves a bandwidth of 100% and a peak gain of
19.2 dBi. However, it is by virtue of a thick and very long
tapered metallic horn optimized for both bandwidth and gain.
The second type of antennas [13], [14], [15], [16] has a thin
configuration, but they exhibit a very narrow bandwidth less
than 19% where the impedance bandwidth in this table is
defined as the band satisfying reflection coefficient <–10 dB or
VSWR < 2 for broadside radiation. In our work, as of the third
type, the thickness of the proposed array is 0.31 λlow which is
significantly thinner compared with the first and third types of
antennas. At the same time, the bandwidth is much wider than
others, except for the work [11]. Furthermore, stable gains and
scanning performance are demonstrated over a wide range.

IV. CONCLUSION

In this article, we proposed a wideband dual-polarized end-
fire array antenna that integrates a TCDA and a TCMPA within
the same compact aperture for 5G mmWave applications.
Unlike conventional dual-polarized structures that suffer from
narrow bandwidth or bulky configurations, the proposed array
achieves simultaneous and independent operation of vertical

and horizontal polarizations over a wide frequency range
using a set of polarization-selective structures—including a
V-reflector, H-reflector, and a slotted horn radiator. Through
detailed parametric studies and analysis of field distribution,
we verified that the polarization-selective architecture allows
for independent optimization of boundary conditions and
reflector distances for each polarization. The proposed array
successfully covers the 23.8–42.3-GHz band, which accounts
for most of the FR 2 spectrum. The simulated and measured
results confirm the excellent impedance matching and stable
gain performance across the entire band. Compared with
state-of-the-art designs, the proposed array offers superior
bandwidth, thin profile, and improved polarization isolation
within a shared aperture—making it a promising solution for
high-capacity, robust wireless communication systems in the
5G FR 2 band and beyond.
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