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ABSTRACT In this paper, a compact endfire antenna array with low-profile, small clearance, and wideband
operation is proposed for millimeter-wave (mmWave) fifth-generation (5G) mobile terminals. The wideband
operation is achieved by exciting two identical bow-tie dipoles inserted on both sides of a multilayer substrate
fed by an asymmetric open-end stripline to slotline transition. The antenna performance is significantly
improved by introducing a set of vertical metallic vias. The proposed antenna element can achieve 29 %
from 24.2 GHz to 32.4 GHz with a peak realized gain that varies from 3.5 dBi to 4.5 dBi. A linear
4-element antenna array is arranged and fabricated to verify the proposed antenna beamforming capabilities.
The simulated and measured bandwidth achieves a wide range of 34.4 % (24-34 GHz) to support 26, 28,
and 30 GHz 5G mmWave bands with an isolation level better than 20 dB and a peak realized gain over the
interested bands ranging from 7.56 to 8.14 dBi. The simulated array scanning angle is± 68◦ at 28GHzwithin
3-dB gain deterioration. Furthermore, the simulated spherical coverage has met the requirements of 3GPP
standards which make the proposed antenna array a promising candidate to be integrated within mmWave
5G mobile devices.

INDEX TERMS 5G, antenna array, beamforming, endfire, mmWave bands, mobile terminal, wideband.

I. INTRODUCTION
Driven by stringent requirements for high data rates, low
latency, and more reliable wireless systems. The advent of

The associate editor coordinating the review of this manuscript and

approving it for publication was Mohammed Bait-Suwailam .

fifth-generation (5G) networks has revolutionized mobile
functionalities and services to rely on always-on high-
speed wireless connectivity. The millimeter wave (mmWave)
spectrum with wider operating bandwidth has recently
acquired research interest as enabling technology to unleash
the full potential for next-generation mobile communication
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standards (beyond 5G) so as massive multiple-input multiple-
output (MIMO) antenna systems [1], [2], [3], [4]. In order
to compensate the inherent path loss and attenuation related
to signal propagation over wireless mmWave channels and
enhance beam coverage, beamforming antenna arrays with
high gain and large scanning angle are prerequisites to be
implemented in mmWave mobile terminals [5], [6], [7], [8].

From the vantage point of mobile terminals, a rudimentary
approach integrates planar-shaped antennas with broadside
radiation patterns, which limits the beamforming spherical
range [9]. Therefore, endfire antennas are of particular
relevance for link reliability due to their edge-positioning
for large beam coverage, ease of integration within mobile
PCB (printed circuit board), and their immunity against user
impediment under practical scenarios [10], [11].
Recent studies have widely investigated antenna designs

with endfire radiation for wideband mmWave operation
including Vivaldi antennas, Metasurface antennas, printed
Dipole antennas, and quasi-Yagi antennas. In [12], a Vivaldi
antenna array operates in the band 24.6-28.5 GHz (14.7%).
Metasurface-based antenna is proposed for endfire far-field
and around 37 % (36.6-38.7 GHz) impedance matching
and gain between 9.1-13.8 dBi are acquired [13]. In [14],
a wideband log periodic dipole array antenna is designed
to achieve endfire gain from 7.3 to 12.5 dBi over more
than 31 % operating band. The mentioned antenna designs
show promising bandwidth and high gain performance as low
power and high data rate solution for mmWave applications.
Yet with bulky radiating apertures make them unfeasible
for mobile handsets. On the other hand, it’s imperative
to address the beam scanning angle for mmWave 5G
beam coverage requirement [15]. In [16], Vivaldi antenna
array operating at 28 GHz is able to provide ±60◦ beam
coverage. In [17], a printed-dipole array element with
endfire radiation is used to achieve a broadband operation
bandwidth of 36.2% (26.5-38.2 GHz) and low isolation port
(20 dB) with 0.52λ inter-element spacing using resonant
stub decoupling structure (whereλ is the wavelength at the
center frequency of the operating band). In [18], a quasi-
Yagi array antenna with 180◦ scanning range via beam
switching realizes a wide bandwidth of 42.5 % and gain of
8 dBi. However, a few low-profile endfire antenna arrays
are compatible to accommodate the compactness tendency
driven by recent design criteria that have imposed a very
limited space to integrate mmWave antenna arrays since
flagship handsets are excessively featuring full display panels
and bigger batteries. Thereby, compact arrays with small
ground clearance are required. Hence, the clearance on the
ground plane reserved for antenna integration for efficient
antenna functioning becomes a crucial factor in the design
of 5G antennas. In addition, overall antenna dimensions and
ease of integration with radio frequency integrated circuits
(RFICs) must be notably considered to be fully integrated
within mobile terminal’s PCBs. The most interesting designs
for small clearance have been presented in [19], a compact
antenna array based on quasi-Yagi element operating in

the band (25.9-30.25 GHz) with 0.23λ ground clearance.
A quad-mode endfire phased antenna array with a reduced
clearance of 0.15λ is designed to obtain a relative bandwidth
of 27.6 % [20]. However, the operating bands are limited
and still unmatched with the 5G NR bands. In [21], a quasi-
Yagi antenna array with an entire ground plane is made with
increasingly relative permittivity dielectric layers to shift the
radiated beam towards the endfire direction via refraction
and reflection and around 22.22 % impedance bandwidth is
obtained. Yet with a relatively thick substrate (0.12λ).

According to the Third-Generation Partnership Project
technical specification (3GPP TS 38.101-2 release 16.7.0),
5G new radio sub-mmWave spectrum allocations, denoted
frequency range 2 (5G NR FR2), are selected [22]. The
broadband range from 24.25 to 29.5 GHz (19.5%) is
considered a pioneer 5G mmWave band. Thereby, wideband
antenna designs with high gain and symmetric radiation
patterns for beam scanning applications are needed. Such
design specifications are very challenging for both academic
research and industry. Thus, developing a design solution that
can enhance the bandwidth with decent radiation and beam
scanning performance while still maintaining a compact size,
low profile and small ground clearance is indeed required and
challenging.

Amid the aforementioned requirements, this paper pro-
poses a compact endfire antenna array, which operates in the
frequency bands of 26 GHz, 28 GHz, and 30 GHz for 5G NR
mobile communication. The main features and highlights of
the presented design are as follows:

1) The array is compact in size (19 mm), low profile
(0.712 mm), and has a small clearance (1.9 mm).

2) The proposed array covers a wide bandwidth includ-
ing lower operating frequencies (e.g., n258 band)
in which the isolation level is below 20 dB for
4.7 mm inter-element spacing without any decoupling
structure.

3) The phased array spans a wide beam scanning range of
± 68◦ at 28 GHz.

II. ANTENNA DESIGN
A. ANTENNA ELEMENT CONFIGURATION
The configuration of the proposed endfire antenna element
is shown in Fig. 1. As illustrated in the perspective view,
stacked substrate layers (Sub. 1 and Sub. 2) of Rogers
RO4350B (ϵr = 3.66, tanδ = 0.0037) and prepreg layer
(P.P) of Rogers RO4450F (ϵr = 3.52, tanδ = 0.004) in
between as a bonding layer are used to construct the antenna
PCB. The antenna element consists of two identical bow-
tie-like dipoles as a main radiator joined to a truncated
ground plane as a reflector were printed on both top and
bottom sides of the antenna PCB, which are labelled as
M1 and M3, respectively. The bow-tie dipole topology is
modified to reduce the radiating structure for small clearance
applications. The antenna feeding is realized by an integrated
open-ended stripline balun (M2). The antenna unit radiating
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FIGURE 1. Configuration and dimension details of the antenna element.
(Design parameters are: ld = 3.1, wd = 0.8, lh = 1.5, ls = 0.4, ws =

0.1, lb = 0.8, wb = 0.7, wf = 0.15, pf = 0.45, a = 2, s = 0.45, r =

0.15, h1 = 0.1, h2 = 0.51, hp = 0.102; All in mm).

FIGURE 2. Steps evolution of the antenna design process.

structure has a very compact size of only 5 mm × 1.9 mm ×

0.712mm (0.56λ × 0.52λ × 0.057λ, where λ is the free-space
wavelength of 24.25 GHz).

B. DESIGN PROCESS
The design process of the antenna element, as shown in
Fig. 2 is described in detail to explain the operating principle.
At the first stage, the single element (ANT-A) was designed
on one substrate layer of a Rogers 4350B (hs = 0.1 mm,
ϵr = 3.66, tanδ = 0.0037). The antenna comprised a printed
bowtie-like dipole inserted to a truncated ground plane. The
feeding structure that is etched on the opposite side of the
substrate excite the dipole by a 50 � microstrip-line balun to
slotline transition. Next, we propose in ANT-B an improved
impedance matching approach with an open-end asymmetric
stripline balun to excite the dipole. Stacked substrates are
used to integrate the feeding structure. With a completed

FIGURE 3. Simulated (a) reflection coefficients (b) realized gains of the
antenna element.

ground plane in (M3), the coupling between the dipole and the
bottom ground would induce the impedance mismatch and
deteriorate radiation efficiency. Therefore, a clearance below
the dipole is required. The simulated reflection coefficients
of ANT-A and ANT-B are shown in Fig. 3(a). It can be found
that ANT- A and ANT-B have a common resonance range
above 30 GHz. ANT-B has more resonances at frequencies
below 30 GHz, which corresponds to the effect of the
bottom layer. Compared with ANT-A, ANT-B has achieved
a much wider bandwidth and enfold more lower operating
frequencies while the size of the radiating structure was the
same.

At the proposed setup (ANT-C), a pair of dipoles is
inserted in both top and bottom metallic layers (M1, M3) to
further enhance impedance matching and endfire radiation
characteristics. A metallic vias are introduced between
the two metallic layers as grounding pins to improve the
impedance bandwidth and suppress the unwanted surface
waves. The simulated reflection coefficient of ANT-C is also
depicted in Fig. 3(a). A wide impedance bandwidth can be
reached from 24.2 GHz to 32.4 (29 %).

As can be seen in Fig.3(b), ANT-C achieved good endfire
performance in the y-axis direction. However, the radiation
direction was tilted a bit at higher frequencies in the vertical
plane (yoz) towards the broadside direction due to the effect
of the driven bottom dipole resulting from the asymmetric
feeding structure. The endfire gain was 3.9 dB compared to
4.5 dB of maximum realized gain at 32 GHz.
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FIGURE 4. Simulated surface current distribution of the single antenna.

FIGURE 5. Radiation patterns of the antenna element at 25 GHz, 27 GHz,
and 29 GHz; (Phi): horizontal plane (xoy ), (theta): vertical plane (yoz).

To further reveal the operating mechanism of the proposed
antenna. The surface currents on both top and bottommetallic
planes (M1, M3) are shown in Fig. 4. The surface currents
distribute conversely between top and bottommetallic planes.
At the top metallic plane (M1), the surface current spread
along the dipole and concentrates close to the notch for
the resonant frequencies below 28 GHz. The currents
become much stronger than the opposite plane which keeps
endfire radiation pattern. Hence, the realized radiation pattern
consists of the radiation from the electric current on the
dipole arms and the magnetic current from the notch.
At the bottom metallic plane (M3), stronger surface currents
than the top at higher resonant frequencies. The currents
concentrated around the inner slot and dipole arms. The
magnetic current on the inner slot contributes effectively
to generate the radiation pattern. Thus, the top plane of
the antenna contributes to the radiation at lower resonant
frequencies whereas the bottom plane contributes to the
radiation at the higher ones. It’s worth noting that the tilted
radiation pattern at higher resonant frequencies is owing
to the radiation of the bottom dipole. Otherwise, the inner
slot is responsible of the cross-Pol part of the radiation
pattern.

Fig. 5 shows the simulated radiation patterns of the opti-
mized antenna in the vertical plane (yoz) and in the horizontal
plane (xoy) at 25, 27, and 29 GHz. All are symmetric
and have endfire radiation in the different operating bands.
The realized gain is 3.6 dBi at 25 GHz and 4.15 dBi
at 29 GHz. The cross-polarization level is at least 10 dB
lower.

FIGURE 6. Reflection coefficients of the proposed antenna element.
(a) ld = varied (b) ls = varied (c) ls/M3 = varied (d) h = varied.

C. PARAMETRIC STUDY
The resonant frequencies of the proposed antenna element
can be controlled by adjusting the critical parameters
including the dipole length (ld ) and the inner slot length
(ls). According to Fig.6(a), the lower resonant frequency
can be governed by tunning the bow tie arm’s length (ld )
as the lower resonance shifts higher when the dipole arm
(ld ) decreases. Otherwise, in Fig. 6(b), The higher resonance
can be managed by changing the inner slot length (ls) in
the ground plane without affecting the lower resonance
frequency. The higher resonances move further when (ls) is
shorter. Hence, a wide bandwidth can be attained when the
two resonance frequencies are more parted. The tuning of
the height of dipole arms (lh) has a slight influence on the
bandwidth but it can significantly influence the total gain of
the antenna.

In the other hand, it’s worth mentioning that the opti-
mization of impedance bandwidth performance based on the
parametric sweep can be done where only one parameter is
tuned. Fig. 6(c) shows the reflection coefficient at different
values of (ls/M3). As seen, the parameter (ls/M3 = 0.2 mm)
achieves an improved impedance bandwidth. It can be noticed
that the optimized single antenna has a wide bandwidth
potential, the tunning of the bottom ground slot can signif-
icantly enhance the bandwidth at the drawback of endfire
gain deterioration. Therefore, quasi-endfire radiation may be
considered for broad impedance bandwidth applications.

To investigate the influence of profile thickness on the
impedance bandwidth of the proposed antenna, different
profile values have been compared. By keeping (h1) fixed,
the total substrate thickness (h) impact on the impedance
matching is plotted in Fig. 6(d). The impedance matching
is enhanced with the decrease of (h) due to the effect of
the bottom dipole. As (h) increases, the bandwidth becomes
limited since the bottom dipole is barely excited. In the
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FIGURE 7. Simulated S-parameters of the array antenna elements.

proposed design, (h) is chosen to be 0.7 mm for a trade-off
between the antenna performance and low-profile thickness.

III. ANTENNA ARRAY AND SIMULATION
To achieve high gain and beam scanning of beamforming
capabilities, the proposed antenna element is expanded to a
linear 1 × 4 antenna array. In this section, a mmWave array
configuration featuring less than 0.07λ profile height has
been designed with a typical spacing between the adjacent
elements close to half-wavelength to be 4.7 mm (0.44λ
at 28 GHz), to maintain port isolation for wide beam scanning
range. The array radiating aperture becomes more compact
with an overall dimensions of only 19 mm × 1.9 mm ×

0.712 mm. The feeding power is provided via MMPX
coaxial type connectors overlined on the top ground plane
where the array element is excited by an open-end stripline
connected to the inner connector through metal via. The
surface wave suppression vias have been added around each
feeding structure to reduce the power loss of the stripline.

A. BANDWIDTH AND RADIATION PERFORMANCE
The simulated S-parameters of the antenna array are
depicted in Fig. 7. The achieved impedance matching with
reflection coefficients in terms of −10 dB is 34.4 % from
24-34 GHz, which covers the mmWave 5G NR bands;
n257 (26.50 - 29.50 GHz), n258 (24.25 - 27.50 GHz), n261
(27.5 - 28.35 GHz) [22]. The mutual coupling is below
−15 dB, exhibiting a high level of port isolation over the
operating band.

The radiation characteristics of the antenna array are
presented in Fig. 8. The simulated 2D polar radiation patterns
in (xoy) plane and (yoz) planes generated by array elements
at 24 GHz, 26 GHz, 28 GHz, and 30 GHz are listed. Various
frequencies were selected to address the lower, middle, and
upper of interested bands. As illustrated, the antenna array
has stable radiation patterns all over the addressed bands in
both (xoy) and (yoz) planes. Also, as can be seen, the radiation
patterns point to the +y axis, which means that the antenna
has endfire radiation. The simulated cross-polarization is
much lower than co-polarization in both planes. The proposed
array exhibits sufficient efficiencies over a wide operating
bandwidth of more than −0.41 dB (90%) and −0.65 (86%)
radiation and total efficiencies, respectively.

FIGURE 8. Simulated radiation patterns of the 4-element array antenna
at 24 GHz, 26 GHz, 28 GHz, and 30 GHz.

FIGURE 9. Simulated beam scanning patterns in the horizontal plane
(xoy ) at 28 GHz (a) Co-Pol. (b) X-Pol.

The beam scanning performance has been calculated in
post processing based on the simulated radiation patterns of
each element. The maximum realized gain of seven array
beams is given at each angle of the horizontal plane to
derive the scanning pattern. These beams were generated
using equal magnitude and phase variance between adjacent
feeding ports varies from −135◦ to +135◦ with progressive
phase shift step (1ϕ) of 45◦. The cartesian beam scanning
pattern at 28 GHz in the (xoy) plane is depicted in Fig. 9.With
an average realized gain greater than 5.5 dBi, the phased array
achieves a wide 3-dB beam scanning range of ±68◦.

In order to investigate the influence of mobile devices
(casing and metallic components) on the antenna array
performance, the proposed array module is installed in a
mobile device model, as shown in inset of Fig.10(a). The
impedance matching and radiation patterns will be changed
due to the different boundary conditions in the device model
compared with free space (FS) [23]. As can be seen in
Fig. 10(b), The installed array with clearance (labeled as
W/C) achieves a broad bandwidth from 24 to 34 GHz
for |S11|≤ −10 dB, which covers the 5G bands within
(24.25 - 29.5 GHz). Besides, lowmutual couplings have been
obtained between the radiating elements. Furthermore, due to
the degradation in radiation efficiency and impedance match-
ing, it is very difficult to completely integrate densely packed
dipole elements with a metallic shield nearby since dipole
antenna performance is vulnerable to metallic components
vicinity andmore affected by full metallic display shield (zero
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FIGURE 10. Simulation of the integrated antenna array. (a) S-parameters
(b) 3D Radiation patterns of the installed array at 28 GHz.

TABLE 1. Realized gains of the array antenna at 28 GHz.

clearance). In line with stringent requirements of antenna
design for mobile terminals that impose a full metallic display
shield, the influence of the shield has also been investigated.
Considering the typical thickness of recent mobile devices
(7-10 mm), the array is placed 4 mm apart from the metallic
display shield (Labeled W/O). Nevertheless, as indicated
in Fig. 10(a), the impedance matching still satisfies decent
performance in terms of −10 dB (24.5 - 34.6 GHz).
Fig. 10(b) demonstrates the simulated 3D radiation pat-

terns of the installed array at 28 GHz. As can be seen,
the installed array achieves good endfire radiation, and
the maximum co-polarization realized gain is 8.23 dBi
at 28 GHz. In addition, the installed array with zero
clearance can achieve greater gain (8.73 dB at 28 GHz). The
cross-polarization slightly increases due to the effect of the
surface current but is still acceptable.

As comparison, the realized gains at 28 GHz are sum-
marized in Table 1. Both integrated array cases within the
device operate effectively as in free space, which proves
the compatibility of the proposed array with a realistic
environment. The realized gains of the antenna array are
convergent in the operating bands, indicating stable endfire
radiation performance.

FIGURE 11. Spherical coverage of the proposed array at 28 GHz (The
accepted power at each array element is set to be 9 dBm).

B. SPHERICAL COVERAGE
The coverage efficiency is a valuable ratio to determine the
spherical coverage in terms of the total achievable gains at
each possible solid angle from the threshold gain of beam
scanning capability compared to the maximum solid angle.
Moreover, in a wireless system, other factors influence the
spherical coverage including the power sensitivity, transmis-
sion losses, and the insertion loss of the transceiver chain.
Accordingly, spherical coverage in the case of mmWave
5G cellular devices is a critical performance metric to
quantify the beam coverage ability to sustain the link budget
regarding the line-of-sight (LoS) direction mismatching
due to the randomly oriented mobile terminals [24]. The
equivalent isotropically radiated power (EIRP) values at
certain percentile of the cumulative distribution function
(CDF) curve is defined to characterize the uplink spherical
coverage. As a result, the spherical coverage of the proposed
antenna array has also been calculated for both array
standalone and installed into a handset model. The codebook
of the array ports excitation for the accepted powermagnitude
is normalized to be 9 dBm for each antenna element based
on progressive phase shift scheme. Four beams are used
in each scenario to achieve the proposed array’s spherical
coverage. The EIRP is related to the simulated realized
antenna gain. Fig. 11 depicts the spherical coverage of the
proposed antenna array at 28 GHz. The simulation results
show EIRP fading about 2.5 dB at CDF 50 % compared to
the standalone case indicating the stricter effect of the device
model. Nevertheless, The array coverage has met the power
class 3 (PC 3) requirements of the handheld mobile devices
for operating bands n257, n258, and n261 of minimum peak
EIRP of 22.4 dBm at CDF of 100%, and 11.5 dBm at CDF of
50% [22].

IV. FABRICATION AND MEASUREMENTS
To validate and verify the accuracy of the simulation results,
an array antenna prototype is fabricated and measured. The
S-parameters were tested by VNA model: R&S ZVA40.
The photographs of the fabricated array prototype and
measurement setup are shown in Fig. 12.

Fig. 13 plots and compares the simulated and measured
reflection coefficients (Sii) and the mutual coupling between
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FIGURE 12. Photographs of the fabricated antenna array and far-field
measurement setup.

FIGURE 13. Simulated and measured S-parameters of the array antenna
elements (a) Reflection coefficients (b) Mutual coupling.

the array elements (Sij). The measured −10 dB operating
band covers from 24 GHz to 34 GHz. As can be observed,
a good agreement between simulation and measurement
where the bandwidth obtained by simulation is very similar to
the measured result. The measured mutual coupling between
array elements is lower than 20 dB over the operating band
while the simulated mutual coupling was lower than 15 dB.

Fig. 14 illustrates the simulated and measured 2D polar
radiation patterns of the array element (port 2) in (xoy) plane

FIGURE 14. Simulated and measured radiation patterns of array port 2 at
24 GHz, 26 GHz, 28 GHz, and 30 GHz.

FIGURE 15. Simulated and measured realized gains versus operating
bands of the antenna array at the endfire direction (+y ).

(E-plane) and (xoz) plane (H-plane) at 24 GHz, 26 GHz,
28 GHz, and 30 GHz. As can be seen, a good agreement
between the measured and simulated results are achieved
particularly in the vertical plane. The proposed antenna array
has a stable and symmetric endfire radiation patterns over the
operating bands in both planes.

Fig. 15 plots the simulated and measured realized gains
at +y direction versus operating frequencies. Within the
interested bands from 24.25 to 29.5 GHz, the antenna array
provides consistent endfire realized gain levels varying from
7.93 to 8.66 dBi and 7.56 to 8.14 dBi based on the simulated
and measured results, respectively. Furthermore, based on the
simulated results the peak realized gains are very close to
the endfire realized gains. However, the endfire gain drop
above 30 GHz is expected by simulation as discussed in
section II.

To further investigate the proposed design, a comparison
is carried out with other relevant mmWave endfire antenna
arrays [13], [17], [18], [19], [20], [21], as listed in Table 2.
The proposed antenna array has comprised the merits of
compact size, small clearance and low profile, making it
more suitable to be embedded into recent mobile devices.
The bandwidth is larger than [19], [20], [21], reaching 34.4 %
and much lower frequencies compared to wideband antenna
arrays in [13], [17], and [18] to accommodate the entire
frequency bands in the range (24.25-29.5 GHz) of 5G NR
allocations. In addition, the proposed design provides the
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TABLE 2. Comparison with other relevant endfire mmWave antenna arrays.

lower inter-element spacing 4.7 mmwith good isolation level
and without any decoupling structure, which guarantees a
larger scanning range. Compared to [19], the realized gain
is a bit limited. However, it is qualified to reach the minimum
acceptable value according to 3GPP regulation.

V. CONCLUSION
In this paper, a miniaturized, wideband endfire antenna
phased array with a compact size, low-profile, and small
ground clearance is proposed for 5Gmobile applications. The
array operates in a wide frequency range and has the ability
to cover the bands within (24.25 - 29.5 GHz) frequency range
with stable and decent performance in terms of radiation
and efficiency for promising deployment of 5G mmWave
bands to enable high data rates mobile communication. The
pair of bow tie-like dipoles excited through slotline has a
wide bandwidth potential offering a feasible solution for
wideband mmWave antennas. In order to make the proposed
antenna design more practical for the mobile terminal
applications, the installed phased array was simulated in
mobile device model and good radiation performance, wide
frequency bandwidth, and spherical coverage make the
presented antenna appropriate to meet the 5G mmWave
requirements.
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