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ABSTRACT Amillimeter-wave (mm-wave) antenna with enhanced gain for new 5G networks is introduced
in this work. A rectangular slot antenna operating at the fundamental mode of the desired frequency band
is utilized in this study. The antenna gain is improved by employing a Frequency Selective Surface (FSS).
The FSS-based reflectors are designed at the same fundamental mode of the antenna and added under the
antenna at a specific distance to achieve the required gain enhancement with a suitable dimension of 25 ×
25 × 5 mm3. The antenna gain is increased by around 5.3 dBi when the FSS-based reflectors are added
under the antenna. The antenna and the FSS are fabricated and tested. The antenna has tested outcomes
without FSS with S11 ≤ −10 dB from 26 GHz up to 29.8 GHz and realized gain of around 4.5 dBi within
the entire frequency band and radiation efficiency of around 93 %. While the antenna with FSS has achieved
bandwidth with S11 ≤ -10 dB from 25.5 GHz up to 30.8 GHz and realized gain around 10.3 dBi at 28 GHz
and radiation efficiency around 90%. The simulated and tested outcomes have the same trendwhich validates
the suggested antenna to be operated in the new 5G applications. All simulation results are completed using
the CST Microwave Studio.

INDEX TERMS Antenna, FSS, mm-wave, gain enhancement, 5G networks, 28 GHz.

I. INTRODUCTION
The new revolution in the mobile industry is the growth of
mobile communication technologies [1]. The advancement
of mobile technology generations is driven by the require-
ments for higher bandwidth, higher data rates, a large number
of users, and reliable connectivity [2]. The fifth genera-
tion (5G) is a new technology that was developed to keep
up with the increasing data rates and bandwidth [3], [4].
According to research and studies, two popular frequency
bands have been allocated for 5G technologies. The lower
band (i.e., sub 6 GHz) and upper band (i.e., mm waves)
are the two frequency bands. The existing available sub
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6 GHz band (3 – 6 GHz) is already crowded with applica-
tions, so actual communication for mm-wave with unlicensed
and unrestricted bandwidthmust be established [5]–[9]. In the
mm-wave, bands such as 28 GHz and 38 GHz have been allo-
cated as possible choices for future 5G standards [10]–[14].
Higher data rates and bandwidth can be achieved by using
a higher portion of the spectrum. However, these frequencies
are affected by atmospheric attenuation, such as rain, fog, and
snow. These challenges with atmospheric attenuation can be
overcome by using antennas with high gain and directivity.

There are several techniques are used to increase the
gain and directivity of an antenna such as using an antenna
array [15]–[18], adding an artificial magnetic conduc-
tor (AMC) below the antenna [19]–[22], and using the FSS.
These techniques can be used to improve the antenna gain in
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microwave and mm-wave [23]–[27]. In [15], a 28 GHz four
elements antenna array with hocked shape is investigated to
increase the single antenna gain from 3.59 dBi to 10.3 dBi.
A 28GHz five elements slot antenna array to produce antenna
gain of around 10 dBi is discussed in [16]. In [17], a 28 GHz
four elements dense dielectric patch antenna array attached
with a superstrate to achieve antenna gain of 12.4 dBi is
studied. A 26 GHz to 38 GHz eight elements antenna array
is used to produce antenna gain around 10.5 dBi at 28 GHz
is discussed in [18]. Also, the antenna gain can be enhanced
by adding an artificial magnetic conductor (AMC) below the
antenna [19]–[22]. In [19], a 33 GHz bowtie slotted antenna
with AMC is introduced presented to achieve an antenna gain
of 5.5 dBi. A 28 GHz patch MIMO antenna with AMC is
investigated in [20] to achieve an antenna gain of 10 dBi.
A 28 GHz with 7.4 dBi gain of the AMC-based patch antenna
is discussed in [21]. While a 30 GHz simple patch antenna
with AMC cells and gain of 9 dBi is studied in [22]. Aswell as
the FSS can be used to improve the antenna gain inmicrowave
and mm-wave [23]–[27]. In [25], a 28 GHz dense dielectric
patch antenna attached with FSS to achieve an antenna gain
of 17.5 dBi is investigated. A 28 GHz beam-tilting antenna
combined with an FSS to achieve an antenna gain of 11 dBi
is discussed.

In this work, a 28 GHz slot antenna attached with
FSS-based reflectors to improve the antenna gain is sug-
gested. The suggested antenna is designed to be utilized for
new 5G applications. The antenna gain is increased by around
6 dBi when the FSS-based reflectors are added under the
antenna. The antenna and the FSS are fabricated tested and
achieved good matching between the simulated and tested
outcomes. The antenna with FSS has achieved bandwidth
with S11 ≤ −10 dB from 25.5 GHz up to 30.8 GHz and
realized gain around 10.3 dB at 28 GHz and radiation effi-
ciency around 90%. Finally, the suggested antenna shows a
small size with suitable gain and simplicity in the feeding
network. The paper is divided into several sections. The
introduction and the overview of 5G antenna enhancement
techniques are presented in section 1. Section 2 explains
the slot antenna structure design. Section 3 discusses the
FSS unit cell structure design. The simulation results of
the proposed slot antenna with FSS and its discussion are
explained in section 4. Finally, the conclusion is written
in section 5.

II. SLOT ANTENNA
The 2D configuration top and back views of the slot antenna
are illustrated in Fig. 1. The 50 � microstrip line is placed on
4003 Rogers substrate with 3.35, 0.203 mm dielectric con-
stant and thickness respectively. A rectangular slot is etched
from a ground plane on the other side of the substrate. The
antenna has a size of 12 mm × 12 mm. The antenna is ended
with a launcher connector in the simulation to mimic the
measurement process as shown in Fig. 1. The CSTmicrowave
studio Software is employed in the design and simulation

FIGURE 1. Configuration of the slotted antenna with launcher (a) Top
(b) back.

FIGURE 2. S11 outcomes of the slot antenna with varying microstrip
length (d).

process. The microstrip line length (d) plays an important
role to achieve a good matching result as shown in Fig. 2.
The field is concentrated around the end of the microstrip
line toward the slot and any length variation of it can affect
the capacitance and inductance values which in turn affect
the matching features of the slot antenna. As displayed in
Fig. 2, when themicrostrip length (d) is changed from 0.5mm
to 1.3 mm the antenna matching is strongly affected. When
the d = 0.5 mm (the dotted red line) there is no matching
inside the frequency of interest. Also, the frequency band
from 28.2 GHz up to 32 GHz with S11 ≤ −10 dB and a
matching level around −13 dB is accomplished when d =
1 mm (the dotted dashed blue line). The matching level lower
than−25 dB is achieved when the d=1.3 mm (the solid black
line) with a frequency band from 25.8 GHz to 30 GHz.

The slot length and width affect the fundamental mode of
the operation at 28 GHz. For more confirmation, the current
distribution at 28 GHz of the slot antenna is simulated and
displayed in Fig. 3. It is seen that the current is concentrated
around the slot which ensures the radiation of the antenna at
its fundamental mode.
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FIGURE 3. Current distribution of the slot antenna at 28 GHz.

FIGURE 4. Slot antenna fabricated prototype (a)Top and back views
(b) The radiation patterns and gain measuring setup.

Fig. 4 (a) illustrates the fabricated top and back photos of
the slot antenna prototype. The 2.4 mm launcher connector is
used the utilizing in the measurement process. The antenna is
connected via the launcher to the VNA Rohde & Schwarz
ZVA 67 to deliver the tested reflection coefficient results
as shown in Fig. 5. As shown in Fig. 5, the antenna has
a simulated frequency band beginning from 25.8 GHz to
30GHz (4.2 GHz bandwidth) with S11 ≤−10 dB.Whilst, the
tested outcomes have achieved frequency band from 26 GHz
to 29.8 GHz (3.8 GHz bandwidth) with S11 ≤ −10 dB.
As well, the simulated and measured outcomes have good
consistency between them.

The anechoic chamber is used in the measuring setup as
shown in Fig. 4 (b). The reference horn antenna worked
from 26 GHz up to 40 GHz is used as the transmitting end
while the slot antenna is added at receiving end with 65 cm
space between them to achieve the far-field criteria. The
line of sight direction is achieved between the two antennas.
The slot antenna under test is rotated in both the horizontal
and elevation planes. By linking the reference horn antenna

FIGURE 5. S11 simulated and measured outcomes of the slot antenna.

FIGURE 6. Radiation patterns (normalized) of the slot antenna at 28 GHz.

FIGURE 7. Slot antenna realized gain.

to port 2 of the Rohde & Schwarz ZVA 67 VNA and the
suggested MIMO to port 1 then the gain is extracted from
the tested S21 [28]. Fig. 6 shows the normalized simulated
and tested radiation patterns outcomes at 28 GHz in the X-Z

VOLUME 10, 2022 73603



H. A. Mohamed et al.: Millimeter-Wave Antenna With Gain Improvement Utilizing Reflection FSS for 5G Networks

FIGURE 8. Slot antenna efficiency.

and Y-Z planes. The antenna has bidirectional patterns in
both planes with a good trend between the two outcomes.
Depending on the technique used in [28] and [29], the realized
gain of the antenna is measured and displayed in Fig. 7. The
simulated realized equals around 5 dBi within the frequency
band and around 4.5 dBi is achieved from the tested results.
Fig. 8 illustrated the total and radiation efficiency of the
antenna. The efficiency of the antenna equals around 93 %.

III. FSS UNIT CELL STRUCTURE DESIGN
To enhance the antenna gain, The FSS-based reflectors can
be employed. There are two ways to introduce the FSS with
antenna structure. First, The FSS is added above the antenna
and it is called transmission-based FSS and the other is
added below the antenna structure and is called reflection-
based antenna. In this work, we used the second technique
to enhance the antenna gain by ensuring the reduction in
the antenna back radiation. Fig. 9 (a) displays the suggested
FSS single cell. The FSS metallic cell is placed on the top
of 5880 Rogers’s substrate with 2.2, and 0.5 mm dielectric
constant and thickness respectively and there is nometal sheet
added on the other side of the substrate. The FSS cell is
composed of two metallic rings connected to a rectangular
strip with a thickness of 0.035 mm as illustrated in Fig. 9 (a).
The FSS unit cell has a size of 5 mm × 5mm. A boundary
condition of the unit cell as shown in Fig. 9 (b) is employed
in the CST software to simulate the FSS cell and to accelerate
the simulation process. For excitation, the Floquet ports in the
±z directions are utilized. Fig. 10 illustrates the S-parameters
outcomes of the unit FSS cell. It is noticed that the FSS
has band stop behavior with S21 ≤ −10 dB extended from
26 GHz to 30 GHz and the deepest level of the S21 (-40 dB) is
introduced at 28 GHz. As well, from Fig. 10, the S11 is very
high in the band stop area so, the incoming EM waves are
returned from the FSS-based reflectors at the frequency band
around the operating frequency and the FSS is operated in this
case as a reflector. Also, Fig. 10 shows the equivalent circuit

FIGURE 9. Proposed structure FSS (a) configuration of the cell (X = 5 mm,
R1 = 1.8 mm, R2 = 1.6 mm, R3 = 0.5 mm, L = 1.1 mm) (b) The applied
boundary conditions.

FIGURE 10. S-parameters outcomes of the proposed FSS unit cell.

model of the FSS cell. The equivalent circuit is composed
of a series inductance with (L = 0.293 nH ) and capacitor
with (C = 0.11 pF) [30]. The comparison between the two
S-parameters extracted from CST and circuit simulators is
shown in Fig. 10 with a good matching between the two
outcomes. To study the insensitivity to the polarization of
the suggested FSS design, the direction of the propagation
path of the EM waves is fixed, while the propagation path
of the electric and magnetic fields are rotating with different
polarization angles (ϕ) under normal incidence as shown in
Fig. 11 (a). The polarization angles (ϕ) vary from 0o to 90o.
It can be observed from Fig. 11(a) that the suggested FSS
design gives the same performance for different polarization
angles (ϕ). As well, for oblique angles of incident 	, the
response of the FSS design is stable for angles up to 150

and shifted from the centered frequency for angles more
than 15o as shown in Fig. 11 (b). For more analysis of the
FSS cell, relative complex parameters such as permittivity
and permeability have been discussed [31]. The FSS cell
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FIGURE 11. S21 results of the FSS cell with variation in (a) polarization
angles (ϕ) under normal incidence (b) angle of incidence 	.

FIGURE 12. FSS cell permittivity and permeability parameters.

FIGURE 13. Perspective view of the suggested antenna attached with
the FSS.

parameters can be extracted from S11 and S21 [31]. It can be
seen from Fig. 12 that the relative parameters of the proposed
FSS give a negative value at the resonant frequency and entire
the frequency band which claim that the FSS cell can be
considered a metamaterial structure.

IV. SLOT ANTENNA WITH FSS SIMULATION RESULTS
AND DISCUSSION
To enhance the antenna gain, the suggested antenna is intro-
duced in this section. The slot antenna is embedded with
the designed FSS-based reflectors discussed previously. The

FIGURE 14. Suggested fabricated antenna prototype photo attached with
the 5 × 5 FSS based reflectors.

FIGURE 15. S11 outcomes of the suggested antenna attached with FSS.

FIGURE 16. Radiation patterns simulation (normalized) with/without FSS
at 28 GHz.

spacing between the antenna and the FSS-based reflectors
also the FSS-based reflector’s cell size is optimized to pro-
duce the desired antenna gain, S11, and radiation efficiency
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FIGURE 17. Radiation patterns and gain measuring setup of the antenna
attached with FSS.

FIGURE 18. Normalized radiation patterns of the suggested slot antenna
attached with FSS at 28 GHz.

FIGURE 19. Suggested slot antenna attached with FSS realized gain.

features. The front and side views of the suggested antenna
are shown in Fig. 13. A 5 × 5 FSS-based reflector is uti-
lized and added under the slot antenna with an optimized
separation of around 5 mm between them. The fabricated
photo prototypes of FSS and slot antenna are illustrated in
Fig. 14. To separate between the antenna and the FSS-based
reflectors, a polystyrene layer (foam) with 1.03 and 5 mm
dielectric constant and thickness is utilized as displayed in

FIGURE 20. Slot antenna attached with FSS efficiency.

Fig. 14. The same VNA is used in the measurement process
and the tested outcomes in comparisonwith the simulated one
are shown in Fig. 15.

The simulated results have a frequency band with S11 ≤
−10 dB from 25.2 GHz to 31 GHz (5.8 GHz bandwidth)
and the measured outcomes achieved a frequency band from
25.5 GHz to 30.8 GHz (5.3 GHz bandwidth). The two out-
comes have a good trend between them with small differ-
ences because of fabrication tolerance, FSS alignment, and
some human errors in the fabrication process which can’t be
tackled. The simulated normalized radiation patterns with and
without FSS at 28 GHz to show the effect of using FSS on the
antenna performance are shown in Fig. 16. It is obvious that
the FSS can improve the antenna radiation pattern, reduce the
back loops of the single antenna without FSS and increase the
antenna gain.

The gain and radiation pattern measuring setup of the
suggested antenna with FSS is illustrated in Fig. 17. The
same procedures discussed in the previous section are used
to extract the radiation pattern and antenna gain. The nor-
malized simulated and tested radiation patterns outcomes at
28 GHz in X-Z and Y-Z planes are displayed in Fig. 18.
The antenna has unidirectional patterns in both planes with
broad-side direction and with a good trend between the two
outcomes. As well, the realized gain of the antenna is tested,
and shown in Fig. 19. The simulated realized gain equals
11 dBi and around 10.3 dBi is achieved from the tested
results at 28 GHz. The antenna has achieved a realized gain
around 5.3dBi higher than the antenna without FSS-based
reflectors as shown in Fig. 19. Fig. 20 illustrates the total and
radiation efficiency of the suggested antenna. The efficiency
of the antenna equals around 90.5 %. The reduction of the
efficiency of the slot antenna is due to the presence of the
new dielectric substrate and conductors of the FSS-based
reflectors.

Table 1 illustrates the suggested work in comparison with
other antenna designs. The suggested antenna has reasonable
values of gain, bandwidth, efficiency, and miniaturizing size.
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TABLE 1. Suggested work in comparison with other antenna designs.

Finally, from achieved frequency bands, antenna gain, and
efficiency, it can be concluded that the suggested antenna can
be recommended to be utilized in the new 5G NR application
for n257 and n261standereds.

V. CONCLUSION
A slot antenna for new 5G networks with gain improve-
ment has been presented. The FSS with 5 × 5 cells has
been employed to achieve the required gain improvement.
The suggested antenna has an overall dimension of 25 ×
25 × 5 mm3. The antenna without FSS-based reflectors
has achieved bandwidth with S11 ≤ -10 dB and realized
gain from 26 GHz to 29.8 GHz and around 4.5 dBi respec-
tively. Whilst the antenna embedded with FSS has been
achieved bandwidth with S11 ≤ -10 dB and realized gain
from 25.5 GHz to 30.8 GHz and around 10.3dBi. A good
tendency between the measured and simulated outcomes has
been accomplished which supports the suggested antenna to
be employed in the new 5G networks.
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