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Abstract— This paper proposes a cost-effective design
approach for metasurface-enabled microstrip antennas
optimized for the dual-band of mmWave 5G frequencies,
specifically 26 GHz (n258) and 28 GHz (n257). The proposed
antennas are based on metasurface and are manufactured using
standard printed circuit board (PCB) processes on a low-cost
FR-4 substrate, making them suitable for mass production at an
affordable price. The dimensions of the proposed antenna are
25x25x7.6 mm® . It demonstrates a |S11| < -10 dB bandwidth of
31.9% (23.2-32.0 GHz) and offers a higher gain of 7.2 dB
compared to a non-metasurface patch antenna with a gain of
5.12 dBi. The proposed antenna achieves a peak gain of 13.8 dBi
and maintains a good front-to-back ratio exceeding 15 dB across
the entire operating band. Moreover, the use of low-cost FR-4
substrate and PCB fabrication processes ensures cost-
effectiveness, making these antennas highly suitable for cost-
efficient deployment in 5G applications.

Keywords—FR-4, low-cost, wideband, millimeter, NR, planar
antenna

1. INTRODUCTION

The demand for high-speed and high-capacity wireless
communication systems has been rapidly increasing with the
advent of fifth-generation (5G) networks. Millimeter-wave
(mmWave) frequencies have emerged as a promising solution
for 5G networks due to their abundant available bandwidth.
However, designing efficient and wideband antennas for
mmWave applications while keeping the cost low remains a
significant challenge. While there are various reported
approaches for designing planar millimeter-wave antennas, all
of them utilize commercially available low-loss substrates,
specifically Rogers RT/duroid substrates, with a loss tangent
of less than 0.0027 [1]-[4]. Moreover, advanced antenna
materials, such as Low Temperature Co-fired Ceramics
(LTCC)[5], PTFE [6], or organic PCBs like Liquid Crystal
Polymer (LCP) [7], are utilized in the design of millimeter-
wave antennas. Nonetheless, these materials are either
excessively expensive or require a complicated manufacturing
process. The challenge in achieving mass production of
millimeter-wave applications lies in the high cost or complex
manufacturing process of the available materials. One
possible solution to this challenge is to design low-cost
millimeter-wave antennas. FR-4 is a low-cost and readily
available substrate material, making it an attractive choice for
mass production of antennas, which are widely used in
commercial printed circuit boards (PCBs). By incorporating
metasurfaces with microstrip antennas on FR-4 substrates, it
is possible to enhance the antenna performance in terms of
bandwidth, gain, and radiation efficiency, while keeping the
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Fig. 1. The configuration of the proposed antenna (a) probe feed (b)
microstrip feed with inset feed (c) metasurface and (d) the proposed antenna
structure.

costs low. Despite the growing demand for low-cost mmWave
antennas on FR-4 substrates for 5G networks, there are still
several gaps in the current research and development. Some
of the main challenges in this area revolve around the high
substrate loss associated with FR-4 substrates, the lack of
standardization in design guidelines, and the limited
experimental validation of FR-4-based mmWave antennas
[8]-[9]. In recent years, metasurfaces have gained significant
attention as a promising technology for enhancing the
performance of antennas [10]-[12]. Metasurfaces are
subwavelength structures that manipulate the properties of
electromagnetic waves, enabling control over the direction,
polarization, and phase of the radiated fields.

By carefully engineering the geometry and arrangement of
subwavelength resonant elements (unit cells) on the
metasurface, it is possible to control the amplitude, phase, and
polarization of the transmitted and reflected waves. In the case
of an antenna using FR-4 substrate, which has a high loss
tangent, the metasurface can be utilized to compensate for the
substrate's lossy behavior. Specifically, the metasurface can
be designed to enhance the radiation efficiency of the antenna
by providing additional degrees of freedom to shape the
radiated fields.
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This paper proposes metasurface-based microstrip antenna for
use in the dual-band of mmWave 5G frequencies of 26 GHz
and 28 GHz. The proposed antenna and metasurface are
designed to be cost-effective, utilizing a single FR-4 substrate.
Prototypes have been fabricated and experimentally
measured, with the results showing good agreement with the
simulated performance.

II. ANTENNA GEOMETRY AND DESIGN CONSIDERATIONS

The configuration of the proposed antenna is
demonstrated in Fig. 1. The antenna comprises a driven
microstrip patch beneath a metasurface. Two excitation
antennas have been designed for comparison, namely a probe
feed and a microstrip feed as shown in Fig. 1(a) and (b),
respectively. The MTS (Fig. 1 (¢)) consists of a 4x4 array of
square loop resonators (SLRs) and is placed above the driven
antenna with H, as shown in Fig. 1(d). The unit cell of the
MTS has a square periodicity of W, = 2.58 mm, with each
loop having a width of 0.6 mm and a gap between loops of
0.6 mm. The driven antenna and MTS are printed on a
substrate made of FR-4 with a dielectric constant of 4.5, a
thickness of 0.8 mm, and a loss tangent (tan §) of 0.025.

Our first step is to ascertain the suitable driver for the
MTS-based antenna. Figure 2 shows the impacts of the probe
feed and microstrip feed in order to choose an appropriate
driven antenna. The results indicate that the probe-fed
antenna exhibits a broader bandwidth of 14.61%, ranging
from 23.91 to 31.66 GHz. On the other hand, although the
microstrip feed excites two resonant modes, it has a narrower
bandwidth of only 7.41% (24.02-27.96 GHz). Moreover, the
probe feed has a higher and flat gain of 4.9 to 5.2 dBi, which
can be attributed to its higher radiation efficiency. As a result,
the probe feed is chosen as the driven antenna.

Subsequently, a MTS is designed to take the form of a
Fabry-Perot cavity (FPC) antenna, which is intended to
improve the antenna gain. As per the guidelines outlined in
reference [13], to trade-off between the gain and bandwidth
the separation distance between the driver and the MTS
should be about 0.5% at 26 GHz. The optimized value of
various parameters of proposed structure is as follow: Ws =
25, Ls=25H,=59; W,=3.1; L,=2.2; 1, =0.5; W,,=3.4;
L,=2.3;8,=0.7; g»=0.2 (units = mm). The total dimension
of the fabricated prototype is found to be 25x25x7.6 mm°.

III. RESULTS AND DISCUSSION

The proposed antenna is analyzed using the CST software,
and experiments are carried out using an Agilent 8363B vector
network analyzer. In Fig.2, there are two resonances observed
in the MTS-based antenna, while the driven probe-fed patch
without MTS exhibits only a single resonance. The first
resonance, occurring around 24 GHz, is associated with the
FPC resonance. This resonance is generated by the multiple
reflections within the cavity, which leads to an increase in the
antenna's directivity in the boresight direction [14]. The
second resonance at 26 GHz is attributed to the microstrip
patch resonance as the primary source. Despite this, both the
probe-fed antennas with and without MTS exhibit a similar
impedance bandwidth of approximately 14%. The patch
antenna with the MTS achieves a peak realized gain of
approximately 13.8 dBi. This represents a noticeable
improvement over the patch antenna's standalone
performance, which achieves only 5.12 dBi gain at 24.5 GHz.
Figure 3 illustrates the changes in the magnitude of the S;; and
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Fig. 2. Simulated |S;;| and realized gain of the driven patch antenna
with probe feed and microstrip feed.
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Fig. 3. Variation of [S11| and realized gain when varying the cavity
height (H,).

realized gains of the antenna as the height of the resonant
cavity (H,) is varied. The results indicate that increasing H,
causes the resonant frequency and peak gain to shift towards
lower values, while the end of the bandwidth remains constant
at 32 GHz. At a resonant cavity height (H,) of 6.0, the antenna
achieves its maximum bandwidth, which spans from 22.8
GHz to 32 GHz, corresponding to a bandwidth of 9.2 GHz or
33.5%.

Figure 4 displays the simulated far-field characteristics of
the three antennas at 26 GHz as mentioned in Fig. 2. The
results indicate that the radiation patterns of all antennas in the
xz-plane exhibit broadside directionality. However, in the
absence of the MTS, the radiation patterns in the yz-plane are
directed off-broadside, as depicted in Figure 4(b). These
findings suggest that the MTS-formed cavity is capable of
adjusting the radiation pattern from off-broadside to
broadside. A narrower beamwidth in the MTS-based antenna
indicates a higher gain than other antennas. Furthermore, the
MTS-based antenna exhibits a side lobe level that is 12 dB
lower compared to the antenna without the MTS.

To validate the accuracy of the simulation results, a
prototype of the antenna was fabricated and subsequently
measured. Figures 5(a) and 5(b) depict the photograph of the
fabricated antenna structure and the set-up for the
measurement of radiation pattern in anechoic chamber,
respectively. The probe-fed patch antenna and MTS were
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Fig. 4. Simulated radiation patterns at 26 GHz (a) xz-plane and (b) yz-

plane.
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Fig. 5. Photograph of a antenna prototype and (b) the measurement set-

up in anechoic chamber.
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Fig. 6 Comparison of |S;,| and realized gains between a antenna with the
MTS and a patch-alone based on both measurement and simulation
results with a good matching when A, = 5.9 mm.
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Fig. 7. Measured radiation pattern with three frequecnies of 24.5, 25.5
and 26.5 GHz (a) xz-plane and (b) yz-plane

fabricated using low-cost FR-4 with industrial electronic PCB
processing with a processing tolerance of 0.1 mm. Figure 6
illustrates a comparison of the |S;| and realized gains between
a well-matched MPA with the MTS and a well-matched
MPA-alone based on both measurement and simulation
results. Observing the results, it becomes apparent that the
patch in isolation exhibits just one resonance occurring at 26.2
GHz. However, when the patch is combined with the MTS, it
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manifests two resonances. The resonances determined
through simulation are situated at 23.5 GHz and 25.9 GHz,
whereas the resonances obtained through measurement are
slightly shifted to higher frequencies, specifically 24.4 GHz
and 26.9 GHz. The measured bandwidth, ranging from 23.64
GHz to 28.88 GHz, accounts for a narrower range of 20%
compared to the simulated bandwidth. The simulated
bandwidth covers a larger span from 22 GHz to 30 GHz,
aligning with the 5G FR2 bands at 26 GHz (n258) and 28 GHz
(n257). These discrepancies between the measured and
simulated results may be due to the antenna's sensitivity to
changes in the cavity height (H,), which can be affected by
errors in alignment during fabrication. Additionally, the
simulation does not consider the SMK port for probe feed.
Furthermore, the comparison between the patch-alone and the
patch with the MTS extends to the realized gains. It is evident
that the patch with the MTS exhibits a higher gain compared
to the patch alone, with an increase of approximately 7.2 dB,
increasing from 4.1 dBi to 11.3 dBi. However, it should be
noted that the measured gain is slightly lower than the
simulated gain.

The radiation patterns in two principal planes were
measured and are depicted in Figure 7. The patterns
demonstrate excellent broadside radiation and a cross-
polarization less than -18 dB, particularly in the xz- plane.
Additionally, the front-to-back ratios (FBR) were measured
and found to exceed 12 dB across all operating frequencies.
However, both sidelobe, cross polarization and FBR levels
increase as frequency increases.

IV. CONCLUSION

Cost-effective metasurface-enabled microstrip patch antennas
on FR-4 substrates hold tremendous potential for wideband
mmWave applications in 5G networks. Although FR-4 substrates
are low-cost and readily available, they may exhibit lower gain and
efficiency than low-loss substrates. However, integrating
metasurfaces has demonstrated improvements in the gain-
bandwidth performance of microstrip antennas on FR-4 substrates.
The proposed antenna design aims to leverage the benefits of
metasurface integration to enhance antenna performance while
addressing cost-effectiveness. These antennas offer affordability,
dual-band operation, and improved gain-bandwidth, making them
highly promising for wideband mmWave applications in 5G
networks. By customizing the metasurface to the specific antenna
and substrate properties, it is possible to improve antenna gain and
efficiency while reducing the substrate's lossy behavior. This can
result in enhanced overall antenna performance and superior
communication system performance.
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