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ABSTRACT This paper introduces the design of a high-gain wideband microstrip patch antenna
(HGWMPA) for sub-6 GHz fifth generation (5G) communications. The proposed antenna integrates a novel
defected ground structure (DGS) for achieving the wide bandwidth. A triangular strip is inserted into the
ground plane to improve the performance of the antenna. The proposed HGWMPA also utilizes the reflective
plate to concentrate the side lobes and minimize the generation of the back lobes, thereby boosting the main
lobe of the radiated signal and thus increasing the gain of the antenna. The proposed HGWMPA is designed
and fabricated on the FR-4 epoxy substrate and the inset feed technique is used to feed the HGWMPA. The
simulation and optimization of the proposed antenna are carried out with the CST Microwave Studio Suite.
The HGWMPA is compact with the substrate area of 28.03 x 23.45 mm? and provides the maximum gain,
maximum directivity and radiation efficiency of 6.21 dB, 7.56 dB and 80%, respectively. The proposed
antenna operates from 4.921 GHz to 5.784 GHz, which covers the 4.9 GHz-5.8 GHz of the sub-6 GHz 5G
spectrum. The antenna simulated and measured characteristics confirm that proposed high gain compact

HGWMPA is suitable for sub-6 GHz wideband applications.

INDEX TERMS 5G communications, DGS, high gain, microstrip antenna, sub-6 GHz, wideband.

. INTRODUCTION

G technology is the technology of choice for the mobile

communication systems in the foreseeable future. Its
spectrum is from sub-6 GHz to the millimetre-wave fre-
quencies. The sub-6 GHz 5G frequency spectrum has the
advantages of better data rate, less fading in the rain and
better coverage [1], [2]. The design of antennas for 5G opera-
tion in the sub-6 GHz frequency band significantly improves
the performance as it leads to improve the overall system
performance of the communication systems. The inherent
advantages of microstrip patch antenna lend itself to the use
of the antenna as the right choice for 5G communication
systems. Microstrip antenna advantages include light weight,
low cost, low profile, planar c onfiguration, ease of confor-
mal, suitable for arrays, etc. [3]-[6], however, the significant
disadvantages of microstrip antennas are low gain, narrow
bandwidth and relatively large size at low frequencies [6]-
[8]. The popularity of microstrip antenna continues to soar
due to improvement in design and better performance of
these antennas.

Several techniques on improving the performance of mi-
crostrip patch antenna have been proposed in [7], [9]-[13].
In [12], a Frequency Selective Surface (FSS) was introduced
to improve antenna gain and bandwidth, and the design
achieved a gain of 17.78 dBi at 28 GHz frequency with a
9% bandwidth improvement and a radiation efficiency of
90%. In [5], a wideband antenna was designed and simulated.
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The results show that a bandwidth of 5.5 GHz to 7.25 GHz
was achieved. In [9], FSS was used to improve the antenna
bandwidth and achieve the gain of 9.4 dBi. The antenna
provides the ultra-wideband (UWB) of 3.1 GHz to 18.6 GHz.
It also possesses a high front-to-back lobe ratio of 10 dB over
the UWB bandwidth. In [10], the DGS was introduced in
antenna array, and the 2 x 2 array was developed with a 12 dB
increase in radiation between the co-pole and the cross-pole
radiation. In [13], a linear array of 4 elements was presented
with the gain and directivity of 9.02 dB and 12.81 dB, re-
spectively, following the implementation of the DGS and the
reflective plate on the antenna. A single layer single probe-
fed wideband antenna is presented in [14]. The rectangular
patch with the cut of a U-shaped parasitic pattern around the
radiating patch was designed. The resultant antenna exhibited
a triband radiation at 4.82 GHz - 6.26 GHz, 5.25 GHz - 5.35
GHz and 5.725 GHz - 5.825 GHz.

In applying DGS to the design, slots are deliberately cut
into the ground plane of the antenna. These slots produce an
inductive and capacitive effect on the circuit. The size and
position of the slot together act to tune the circuit and produce
improvement on the overall performance of the antenna [15].
These slot positions and size are further optimized to max-
imize the performance of the circuit. The impedance added
to the circuit by DGS design can be used to reduce the size
of the antenna, increase its bandwidth and improve antenna
gain when correctly optimized [16]-[18]. In [19], a 2.4 GHz
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antenna was designed and the antenna size was reduced by
implementing DGS. This resulted in an overall size reduction
of 32.9% while improving the antenna gain to 8.49 dB. In
[11], a 10 GHz antenna was proposed; the design used DGS
to reduce the antenna size, achieving a patch reduction of
67%. In [20], a 30 GHz antenna was designed with Photonic
Band Gap (PBG) utilization to improve the antenna radiation
characteristics resulting in a gain of 9.39 dB over a bandwidth
of 2.05 GHz. In [21], the slotted microstrip antenna was
designed. The slots increase the bandwidth of the antenna
producing a gain of 8 dB at 4.5 GHz frequency. In [22], the
DGS was used to reduce the size of an antenna and provide
enhanced operating bandwidth of 2.9 GHz to 11.4 GHz with
a radiation efficiency of 88.5%.

The metamaterial split ring resonator was incorporated
into the patch antenna in [23], and the resulting design
achieved a resonant frequency between 4.8 GHz and 5.2
GHz. Metamaterial slip ring resonator is also used in [24],
the metamaterial resonator produced 22.2% reduction in
the size of the antenna, concluding that miniaturisation can
be achieved by using a metamaterial slip ring resonator.
In [?], [25], [27] microstrip patch antenna was presented
where DGS technology was utilized to improve the antenna
performance. A unique configuration of DGS was used in
[28] to maximize the gain of the proposed antenna with a
result of a maximum gain of 16.8 dB. DGS and the reflected
surface were integrated into the antenna configuration of
[29], resulting in a gain and directivity of 3.68 dB and 7.28
dB, respectively. In [30], a high-efficiency miniaturized an-
tenna for the wideband application was proposed, the antenna
achieved an efficiency of 78% and a gain of 5.72 dB. A
frequency reconfigurable slot patch antenna was presented
in [31]. The antenna used a reflector plate at its back and
was able to reconfigure up to six different frequencies from
1.7 GHz to 3.5 GHz. In [32], the slotted antenna design for
wideband applications was presented. The design provided
the wideband of 4.4 GHz to 7.7 GHz and a gain of 6
dB, also, a stable radiation pattern was achieved. In [33], a
high gain microstrip patch antenna with slotted ground plane
was proposed. The antenna utilized a special lacerated C
slotted ground plane and a T slotted patch to achieve a gain
and directivity of 5.49 dB and 7.12 dB, respectively, while
maintaining the compact size. In [34], a compact microstrip
patch antenna with a U shaped slot for dual band operation
was proposed. The antenna achieved the gain of 2.06 dB and
2.46 dB at two bands of frequencies with good efficiency
and radiation characteristics. A new method of broadening
the impedance and axial ratio (AR) bandwidths of circular
polarized microstrip antennas (CPMAs) was proposed in
[35], which resulted in improvements of 51.3% and 49.8% in
the impedance and the axial-ratio bandwidths, respectively.
In [36], authors proposed a new concept of implementing
slots both in the ground plane and the radiator. The imple-
mentation achieved the multiband frequencies of 3.7 GHz,
5.7 GHz and 7.5 GHz. It achieved a size reduction of 53.5%
in total volume and about 46.6% in active patch area.
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For the design under consideration in this paper, we have
employed DGS along with reflector surface to improve the
gain and bandwidth of the antenna. The DGS applied has
a slotted triangle plate attached to enhance the bandwidth
of the antenna. A reflective plate was placed at the back
of the antenna 2mm away from the antenna to improve the
directional properties of the antenna and further improve the
gain. We have achieved the bandwidth of 4.9 GHz to 5.8 GHz
for the HGWMPA, which is quite considerable and makes
the proposed HGWMPA suitable for sub-6 GHz 5G wireless
applications. The gain and directivity of the HGWMPA are
6.21 dB and 7.56 dB, respectively with a radiation efficiency
of 80%. The paper is organized in four sections: section
1 presents the introduction. The design and geometry of
proposed HGWMPA are given in section 2. The measured
and simulated parameters of the HGWMPA are presented in
section 3. The conclusion of the work is given in section 4.

Il. DESIGN AND GEOMETRY OF HGWMPA

The proposed HGWMPA utilizes the transmission model
approach in calculating the dimensions of the antenna. The
antenna is intended to operate at the 5.0 GHz frequency
and uses the FR-4 substrate. The geometry of the proposed
HGWMPA is shown in Fig. 1, Fig. 2 and Fig. 3. The top view,
the ground plane, the side view and the equivalent circuit of
DGS ground plane are shown in Fig. 1, Fig. 2, Fig. 3 and Fig.
4, respectively. The presented antenna employs DGS in its
design to improve the properties of the antenna. A microstrip
antenna without DGS produces the narrow bandwidth. The
ground plane of the HGWMPA has been modified to allow
for a wideband operation in the sub-6 GHz frequency band.
The antenna gain has been improved by incorporating a trian-
gle strip into the ground plane. The feeding method adopted
for the proposed HGWMPA is inset feed and matched to
5092 feeding impedance. A reflective plate is placed after
optimization at 2mm away from the ground plane of the
antenna to improve the antenna radiation characteristics. The
reflective plate has a top copper surface etched away (i.e., sin-
gle layer sheet). The copper reflective surface at the bottom
of the plate is left in place, with no copper coating on the top,
as shown in Fig. 3. The reflective plate serves as a reflector
to concentrate the side lobes of the antenna and improve the
antenna characteristics. The proposed HGWMPA operates at
the sub-6 GHz frequency band of 5G communications. The
proposed HGWMPA was analysed based on transmission
model equations. The proposed antenna can be modelled to
lumped RCL circuit as shown in Figure 4. The resistor Ry,
inductors L1, Lo and capacitors C; represent the impedance
introduced as a result of the patch. The triangular DGS
etched to the ground plane of the antenna can be represented
by inductors L3, L4 and capacitors Cs, C's. While resistor
R5, inductor Ls and capacitor C represent the inductance
introduced by the ground plane of the antenna.

The equivalent impedance is:

Lin = ZPHngs”Zref (1)
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where Z, is the impedance as a result of the patch x
Z4gs 1s the impedance as a result of the DGS. a
and Z,.y is the impedance as a result of the reflective plate.
The combined input impedance is given by:
7. — ZpngsZref ZpngsZref ZpngsZ'ref (2)
Zpngs Zeref ngsZref Wg
The equivalent impedance of the patch can be determined
by:
C
Z,=R jwlL jwL 3 I
P 1+jUJ 1+]w 2+ij’1 () K—dﬂ b y
The equivalent impedance of the triangular DGS can be
determined by: X
1 1 e v
Zigs = jwlLs + jwL - - 4
dgs = Jwls + jw 4+ij’2 0Cs “) Lg

The equivalent impedance of the reflective plate can be
determined by:

1
et = jwL - 5
=Ry + jw 5+ij4 (5)
ry
W
P Gpf
Fi
We k—lNI WF
24 y
Lp
!Lu M
Lg X

FIGURE 1. Top view of the HGWMPA.

From the transmission line model equations in [3], the
width of the rectangular patch is given in equation (6):

c 2
2f- Ve, +1
where ¢ is the speed of the light, f. is the resonant
frequency, and ¢, is the dielectric constant of the substrate.
The effective dielectric constant of the substrate due to the
fringing effect is given by [3]:

W =

(6)

er+1
Ereff = 2

er—1

+ 12h
2\/1+W

Using equation (8) [3], the actual length of the patch is
calculated.

)

—9AL (8)

L =L —2AL =
2fr\/57‘eff
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FIGURE 3. Side view of the HGWMPA.

AL in equation (9) is the change in length due to fringing
effect and from [3], AL is given by:

Ap _ M0-412) ((sreps +0.3) (% +0.264)) ©)
(erefs —0.258) (¥ +0.8)

Where h is the substrate thickness or height. For this de-
sign, we have resonant frequency f. =5 GHz, h = 1.6 mm,
and the dielectric constant €,,= 4.3 with the loss tangent (tan
0) of 0.02. Table 1 shows the optimized dimensions of the
HGWMPA.

lll. RESULTS AND DISCUSSIONS

This antenna is designed on a lossy FR-4 substrate with a loss
tangent (tan J) of 0.02. FR-4 is readily available and cheap.
The lossy nature of the substrate does not adversely affect
the performance of the antenna. The simulation is performed
with the commercially available EM software i.e. CST Studio
Suite. The results of various steps in design evolution of the

L3
L
1 Cy
Cy—= €4
in R, L, C1 T 3T Ly R, L5 -
FIGURE 4. Equivalent circuit.
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TABLE 1. Dimensions of the proposed HGWMPA

S. Parameters | Dimensions
No. (mm)
1 Wg 28.03
2 Lg 23.45
3 Wp 18.43
4 Lp 13.85
5 h 1.6

6 Fi 52

7 Wi 3.04
8 Gpf 0.1

9 ag 2

10 |a 5

11 |b 10

12 |c 4.5
13 |d 5.6

HGWMPA are analyzed. The antenna with the DGS only
i.e. without reflector plate is named as antenna with DGS
(ADGS) and the antenna without DGS and reflective plate
is named as the Plane Antenna (PA). The complete antenna
(CA) i.e. HGWMPA is with the DGS and the reflective plate.
The HGWMPA achieves better radiation properties when
compared to ADGS and PA. After simulation, optimization
and adjusting the position of a reflective plate placed at the
back of the HGWMPA, the reflective plate was placed at
2 mm, where it achieves the optimum performance. The
reflective plate utilizes a single sided FR-4 substrate. The
thickness of the plate is indicated in the Table 1. The plate
helps to focus the antenna radiation by reducing the side-
lobes and back lobe of the antenna. Optimization of the
design results in a wide bandwidth and the novel triangular
plate on the ground plane improves the gain of the antenna.
The antenna without the triangular slot yield a narrow band
antenna. The incorporation and optimization of the triangular
slot on the ground plane further enhances the bandwidth of
the antenna. Table 1 shows the optimized dimension of the
antenna including the triangular plate incorporated into the
design to achieve a good response. Fig. 5 shows the simu-
lated reflection coefficient of the three configurations. The
minimum reflection coefficient of PA, ADGS and HGWMPA
are -36 dB, -26 dB and -18 dB, respectively. It is clear that
the bandwidth of the proposed HGWMPA is from 4.921
GHz to 5.784 GHz, which is a wideband in the sub-6 GHz
frequencies.

Fig. 6 and Fig. 7 show the simulated normalized patterns
at 4.8 GHz in pht = 90deg.plane and in phi = Odeg.plane,
respectively. Fig. 8 and Fig. 9 show the simulated normalized
patterns at 5.4 GHz for phi = 90deg. and phi = Odeg.
while Fig. 10 and Fig. 11 show the simulated normal-
ized pattern plot at 5.8 GHz for phi = 90deg.plane and
phi = Odeg.plane, respectively. These patterns show that the
HGWMPA has the best directional characteristics. The HG-
WMPA has good properties in both i.e. phi = Odeg.plane
and and phi = 90deg.plane over the three frequencies.
ADGS exhibits bad directional properties as its back lobe
is significant. PA, on the other hand, has better properties
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FIGURE 5. Reflection coefficient of PA, ADGS and HGWMPA.

at phi = 90deg.plane and phi = Odeg.plane close to the
behavior of HGWMPA at all the three frequencies tested but
exhibit a narrow band. This makes HGWMPA to have the
best radiation properties among the three antennas and hence
the HGWMPA is fabricated and tested. Fig. 12 shows the
simulated gain of the PA, ADGS and HGWMPA from 4.8
GHz to 5.8 GHz. The proposed HGWMPA has the highest
gain over the entire frequency range. ADGS has low values of
gain because of the partial ground plane at the bottom of the
antenna. Fig. 13 shows the simulated total efficiency of the
PA, ADGS and HGWMPA over the same frequency range,
i.e., 4.8 GHz to 5.8 GHz. HGWMPA has the highest total
efficiency as compared to the ADGS and PA. The proposed
HGWMPA has a better performance as compared to PA and
ADGS. The HGWMPA is fabricated and measured. Fig. 14
and Fig. 15 show the top view and the bottom view of the fab-
ricated HGWMPA, respectively. The HGWMPA is compact
with the good radiation properties. The input characteristics
and radiation characteristics of the fabricated HGWMPA are
measured. The measurement of the input characteristics of
the HGWMPA is performed using the Rohde & Schwarz 13.6
GHz network analyzer. The measurement of the radiation
characteristics of the HGWMPA is performed in the anechoic
chamber. The HGWMPA is used as the transmitter and the
horn antenna is used as the receiver. Fig. 16 shows the reflec-
tion coefficient of the simulated and measured HGWMPA.
The curve shows the wideband property of the antenna but
with a much lower S11 dip at —26 dB which indicates the
better reflection coefficient as against the simulated antenna
of —19 d B. The measured voltage standing wave ratio of the
antenna (VSWR) as expected has a good result close to 1
at 1.11 which is better compared to the simulated value at
1.29. Fig. 17 through Fig. 18 show the normalized radiation
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FIGURE 6. Normalized radiation patterns of the PA, ADGS and HGWMPA at
4.8 GHz (Phi=90 deg. plane).

Farfield Gain Abs (Phi=0)

— HGWMPA
30 = ADGS
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FIGURE 7. Normalized radiation patterns of the PA, ADGS and HGWMPA at
4.8 GHz (Phi=0 deg. plane).

patterns of the HGWMPA at 5.4 GHz and 5.8 GHz in both
i.e. Phi = 90deg. and Phi = 0deg. planes. The simulated
and measured patterns show good agreement in both planes.

Table 2 shows the main lobe direction and beamwidth
of the PA, ADGS and HGWMPA at various frequencies.
From the table, it is clear that the main lobe direction for
HGWMPA is better than ADGS and PA with the maximum
deviation of 2 degrees. The 3 dB beamwidth for HGWMPA is
fine over the same frequencies. Table 3 shows the simulated
maximum gain, maximum directivity and efficiency of the
PA, ADGS and HGWMPA. It is clear from the table that the
gain and directivity for HGWMPA is highest while that of
ADGS is lowest partly because of the partial ground plane.
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FIGURE 8. Normalized radiation patterns of the PA, ADGS and HGWMPA at
5.4 GHz (Phi=90 deg. plane).

Farfield Gain Abs (Phi=0)
0 = HGWMPA
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FIGURE 9. Normalized radiation patterns of the PA, ADGS and HGWMPA at
5.4 GHz (Phi=0 deg. plane).

The total efficiency and radiation efficiency of HGWMPA
is also better over the entire bandwidth. Table 4 shows
the comparison of the proposed HGWMSA with the other
single/multiband sub-6 GHz antennas in literature. From
this table, it can be observed that the proposed low cost
HGWMPA is compact in size and provides high gain and
wide bandwidth.

IV. CONCLUSION

A high gain wideband compact rectangular microstrip patch
antenna for sub-6 GHz 5G applications has been presented.
The simulation and optimization have been done using CST
Studio Suite which is a commercial EM tool software. The
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TABLE 2. Main lobe direction and 3 dB beamwidth of PA, ADGS and HGWMPA/CA at various frequencies

Frequency (GHz) | Main  lobe  direction Main  lobe  direction 3 dB beam-width (phi = 3 dB beam-width (phi =
(phi = 0 deg plane) (in (phi = 90 deg plane) (in 0 deg) (in degrees) 90 deg) (in degrees)
degrees) degrees)

CA ADGS | PA CA ADGS | PA CA ADGS | PA CA ADGS | PA

4.8 1.0 2.0 0.0 1.0 16.0 0.0 80.8 93.0 96.0 88.3 167.8 92.5

4.9 1.0 2.0 0.0 1.0 15.0 0.0 82.7 93.0 95.6 87.3 161.7 91.6

5.0 0.0 2.0 0.0 1.0 15.0 0.0 84.5 93.1 95.1 85.3 155.9 90.7

5.1 0.0 3.0 0.0 1.0 14.0 0.0 86.0 93.1 94.7 82.6 150.0 89.8

5.2 0.0 3.0 1.0 1.0 13.0 0.0 87.2 93.2 944 79.4 144.6 89.0

53 0.0 4.0 1.0 2.0 12.0 0.0 87.8 93.4 94.0 76.3 139.9 88.2

5.4 0.0 5.0 2.0 1.0 11.0 0.0 87.9 93.5 93.8 74.0 135.8 87.5

5.5 0.0 6.0 2.0 1.0 10.0 0.0 87.6 93.5 93.5 72.8 131.7 86.9

5.6 1.0 8.0 3.0 1.0 9.0 0.0 87.3 93.7 93.3 724 127.7 86.3

5.7 1.0 9.0 3.0 1.0 7.0 0.0 87.1 93.8 93.1 72.5 124.0 86.0

5.8 2.0 11.0 4.0 2.0 5.0 0.0 87.2 94.0 93.0 73.0 120.4 86.0

TABLE 3. Gain, directivity and efficiencies of PA, ADGS and HGWMPA/CA at various frequencies

Frequency Max. Gain (dB) Max. Directivity (dB) Total Efficiency (dB) Radiation Efficiency (dB)
(GHz)
CA ADGS | PA CA ADGS | PA CA ADGS PA CA ADGS PA
4.8 5.89 3.07 4.13 7.08 4.16 6.28 -2.25 -1.62 -3.24 -1.18 -1.09 -2.15
4.9 5.96 3.08 4.23 7.16 4.19 6.34 -1.70 -1.38 -2.43 -1.21 -1.11 -2.10
5.0 6.00 3.06 4.27 7.22 421 6.39 -1.36 -1.24 -2.17 -1.22 -1.14 -2.12
5.1 6.04 3.01 4.28 7.28 421 6.45 -1.30 -1.21 -2.42 -1.25 -1.20 -2.16
5.2 6.10 2.94 4.25 7.37 421 6.50 -1.43 -1.29 -3.08 -1.27 -1.27 -2.25
5.3 6.17 2.85 4.12 7.47 421 6.53 -1.57 -1.46 -4.02 -1.30 -1.36 -2.41
5.4 6.21 2.75 3.87 7.56 4.20 6.56 -1.60 -1.71 -5.06 -1.35 -1.46 -2.69
5.5 6.18 2.61 3.55 7.60 4.18 6.57 -1.53 -2.04 -6.05 -1.42 -1.58 -3.03
5.6 6.05 2.44 3.20 7.59 4.17 6.58 -1.56 -2.42 -6.97 -1.54 -1.72 -3.38
5.7 5.84 2.26 2.83 7.53 4.15 6.58 -1.80 -2.84 -7.82 -1.69 -1.89 -3.75
5.8 5.31 2.06 2.38 7.44 4.13 6.54 -2.29 -3.27 -8.63 -1.91 -2.07 -4.17
Farfield Gain Abs (Phi=90) Farfield Gain Abs (Phi=0)
0 —— HGWMPA 0 ——HGWMPA
30 -30 = ADGS 30 -30 ADGS
PA PA
60 -60 60 -60
90 -90 90 -90
120 -120 120 -120

150

-150
180

FIGURE 10. Normalized radiation patterns of the PA, ADGS and HGWMPA at
5.8 GHz (Phi=90 deg. plane).

antenna provides the maximum gain and maximum directiv-
ity of 6.21 dB and 7.29 dB, respectively over a wideband of
4.9 GHz to 5.8 GHz. The reflective plate along with DGS is
utilized to improve the performance of the antenna. The size
of the antenna remains compact with the area of 28.03 mm

46

150

-150
180

FIGURE 11. Normalized radiation patterns of the PA, ADGS and HGWMPA at
5.8 GHz (Phi=0 deg. plane).

x 23.45 mm. The HGWMPA is fabricated and measured.
The simulated and measured results show good agreement.
The antenna parameters confirm that the proposed compact
HGWMPA is suitable for sub-6 GHz 5G communications.
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TABLE 4. Comparison of the proposed HGWMPA with existing antennas
Ref. | Antenna size (mm?) Substrate (¢,) Bandwidth Gain(dB/dBi) App.
[14] 44.6 x 51.3 FR4(4.4) 4.75-6.22 GHz 7.73 SBS65GA
[33] 28.0289 x 23.4493 FR4 (4.3) 4.775-5.049 GHz 5.49 SBS65GA
[36] 24.8 x 30 FR4(4.4) 5.64-5.96 GHz for 5.7 GHz band 1.13 dB at 5.6 GHz TBXS65GA
[37] 23.88 x 23.88 FR4 (4.4) 3.2-5.34 GHz 2.75 SBS65GA
[38] 24 x 24 Rogers 4700 (2.5) 3.68-3.89 for 3.7 GHz band 4.3 (at 3.7 GHz) DBS65GA
[39] 35 x 574 FR4 (4.4) 5.15-5.35 GHz(ap.) for 5.2 GHz band 5.9 at5.2 GHz TBS65GA
[40] 110 x 110 (ap.) Air(1) 5.137-5.853 GHz 5.18 at 5.85 GHz DBS65GA
[41] 45 x 40 Rogers 5880(2.3) 4.58-5.8 GHz for 5.5 GHz band 3.76 dB for 5.5 GHz band | TBKS65GA
[42] 53.6 x 52 FR4(4.3) 5.75-6 GHz for third band 0.416 for third band TBS65GA
[43] 40 x 28 (ap.) FR4(4.4) 3.3-4 GHz 2.5 SBS65GA
[44] 40 x 30 FR4 3-5.64 GHz 322 SBS65GA
[45] 54.5 x 22 2.2 2.6-6 GHz 9 SBS65GA
[46] 0.58 x 0.23 2.5 2.3-5.2 GHz 3 SBS65GA
[47] 40 x 40 FR4(4.4) 4.89-7.43 GHz 4 SBCS65GA
Prop. 28.03 x 23.45 FR4(4.3) 4.921-5.784 GHz 6.21 SBS65GA

Ap.-Approximate, App.-Applications, DBS65GA-Dual band sub-6 GHz 5G applications, Prop.-Proposed, Ref.-Reference, SBS65GA-Single band sub-6 GHz
5G applications, SBCS65GA-Single band C-band and sub-6 GHz 5G applications, TBS65GA-Triple band sub-6 GHz 5G applications, TBKS65GA-Triple
band Ka band and sub-6 GHz 5G applications, TBXS65GA-Triple band X-band and sub-6 GHz 5G applications.
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FIGURE 12. Gain of the PA, ADGS and HGWMPA.
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