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Abstract

A high-gain metamaterial-enabled circularly polarized antenna has been proposed. Two
patch structures patch A and patch B have been designed by using different shape slots. After
slot etching on the patch, two different metamaterial techniques were used. Circular
metamaterial (MTM) was implemented for Patch A, while rectangular MTM was used for
Patch B. The implementation of MTM resulted in increased antenna gain, as well as
improvements in impedance bandwidth RL and AR. So, in the proposed article two antenna
structures ANT-A and ANT-B, are presented. The maximum gain achieved for ANT-A is
34.759dBi, covering the frequency bands (28.997-202.113) GHz, and (205.884-336.693) while
in the case of ANT-B, it is 36.3155dBi, covering the frequency bands (29.178-330.490) GHz,
and (334.936-336.702) GHz. The proposed antenna structure is a useful design for mm-wave

5G and 6G Sub-THz communications.
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High Gain Metamaterial Implemented Antenna Design with Circular Polarization for mm-Wave 5G and 6G Sub-THz Communication

1. Introduction

High gain and large bandwidth antennas are preferred at millimetre- -wave (mm-Wave)
frequencies to achieve a high data rate and to nullify the absorption of electromagnetic waves
(EM) waves due to the atmosphere at higher frequency bands. Similarly, for sub-terahertz (Sub-
THz) frequency bands, high-gain antennas are essential for long-distance communications.
Among various antenna types, microstrip patch antennas find widespread applications due to
their lightweight and ease of design. However, designing microstrip patch antennas with high-
gain characteristics is challenging for mm-wave and sub-THz applications. So, here in the
proposed design, the high gain antenna including a slot loaded with MTM(Metamaterial)
implementation has been designed with the good RL BW (Return loss Bandwidth) along with

the circularly polarized frequency bands at the mm-wave and Sub-THz bands.

2. Related Work

Various types of improvements on microstrip patch antenna have been presented in
recent studies. These enhancements include antenna miniaturization and multi-resonant wide
band characteristics using slotted microstrip with modified ground plane [1]. A triband antenna
consisting of two long-side monopoles and the double-sided square dipole array for 1G, 5G,
and Wi-Fi access applications has been shown in [2]. In [3] the periodic fractal parasitic
structure (PFPS) has been used along with the patch to get the circularly polarized (CP)
performance. For mm-wave applications, circularly polarized antenna illustrates the CP and
wideband characteristics with maximum gain of 10dBic [4]. In the S-shaped dipole array, four
S-shaped patches have been used and the good impedance bandwidth and the maximum gain
of 18.5dBic have been achieved [5]. In the meander line loaded cp polarized antenna for C
band applications, good AR bandwidth has been achieved by the implementation of a meander
line and inverted-L-shaped grounded strip [6]. In [7] transmit array is used for CP polarization,
achieving a peak gain of 26.4dBi with a low-cost design. A substrate integrated waveguide
(SIW) slot array mm-wave antenna, covering the band (28-32 GHz), exhibits good gain and
miniatured size characteristics [8] [8]. In the 3D printed radar antenna for K band applications,
the gain achieved is 18.3dBi with a bandwidth of 2.2GHz [9]. In [10] three slotted SIW antenna
elements are given with different radiators and good return loss bandwidth and ARBW (Axial
Ratio Bandwidth) has been achieved with a directivity of 14dBi. In a double Xi-shaped mm-

wave antenna the frequency band covered is (24.7-27.7) GHz and the peak gain value is
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19.2dBi [11]. In a 60 GHz array structure for 5G applications, a low-cost compact structure has
been designed with a peak gain of 12.4dBi [16]. In a 5G MIMO dipole small cell antenna, the
maximum gain achieved is 9.2dBi [17].

In the circularly polarized open slot antenna for mm-wave and sub-mm-wave systems,
a simple structure has been proposed, along with a good axial ratio (AR) bandwidth of less
than 3dB [12]. [12]. CP polarized antennas for the mm-wave frequency band have been studied
in [13-14]. In [15], enhancement in the gain by 1.5dBi has been achieved by using negative
permeability metamaterial on low temperature co-fired ceramic (LTCC) substrate. The
proposed antennas, A and B, achieves high gain, high bandwidth, and CP properties and are

useful in for 5G mm-wave and Sub-THz applications.

3. Proposed Work

The proposed antenna, has been designed on a Taconic CER-10 substrate with a
permittivity of 10 and height of 0.7mm. The front view of the proposed antenna structure is
given in Figures 1(a) and (b). The lower layer of ground has dimensions of 5.141mmx
5.883mm, and the upper layer, called a patch, has a rectangle shape of size 0.941mmx1.68mm.
The schematic of a simple rectangle shape patch is given in Figure 2 (a). To achieve a better
performance parameter, a slot of size L1 x W1 has been etched out on the patch, as depicted in
Figure 2(b). The various kind of slots are loaded on the patch of the proposed antenna, resulting
in two distinct patch structures called Patch-A and Patch -B. Loading slots on the patch
enhances the antenna performance parameter. The patch structures A and B are given in Figures
2 (c) and(d). Metamaterial (MTM) is implemented in both Patch-A and Patch-B. For patch
structure A the circular shape metamaterial structure has been implemented and the structure
is called ANT-A and for patch B the rectangle shape of metamaterial has been added and the
structure is called ANT-B. The gain enhancement is achieved after implementation of
metamaterial along with the slot loaded patch. In ANT-A and ANT-B the addition of circular
MTM and rectangle MTM respectively is depicted in Figure 3(a) and (b). The proposed antenna

dimensions are specified in Table 1.
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Tablel. Ant-A And Ant-B Dimensions

Figure 1. (a) Front View of ANT-A (b) Front View of ANT-B

ISSN: 2582-3825

Dimensions Value Dimensions Value
L 0.941 b 0.1
w 1.683 Cc 0.19
Lg 5.141 d 0.44
Wg 5.883 e 0.7
S1=S2 1 f 0.28
gl =92 1 g 1
Wm=Lm 0.6 h 0.45
Rm 0.28 i 0.3
gl 0.5 j 0.1
g2 0.8 k 0.36
k1l 0.383 I 0.37
k2 0.05 m 0.15
di 0.2 n=s 0.05
d2 0.5 0 0.06
d1’ 0.1 p 0.15
d2’ 0.6 q 0.26
a 0.33 r 0.1
t 0.1 u=v=w 0.07
|
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Y
o
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Figure 2. (a) Front View of Simple Patch (b) Front View of Patch with L1xW1 Slot
(c) Patch A Structure With Dimensions (d) Patch B Structure with Dimensions

Ly

/ (b)

Figure 3. (a) Metamaterial Implemented in ANT-A (b) Metamaterial Implemented in
ANT-B
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4. Results and Discussion

In the rectangle shape patch, which has been shown in Figure 2, (a) a rectangle slot of
length L1 and width W1 has been etched out. Etching the slots on the rectangular patch changes
the antenna performance characteristics. The change in the gain, return loss and axial ratio can
be seen in Figure 4 (a), (b), (c). The change in the slot length changes the antenna gain and CP
bands. This has been represented in Table 2. From table 2 it can be seen that the gain is
maximum for L1=0.9mm at 318.137GHz and the value obtained is 34.1599dBi. The maximum
gain value graph with a change in length has been represented in Figure 4(b). For L1=0.9mm
the resonating frequencies are 31.379GHz,137.206GHz, and 313.586GHz with the Return loss
values are -21.0499dB, -34.719dB, -12.886dB, and the bandwidth covered are (28.3241-
33.563) GHz, (35.758-297.512) GHz, (301.457-325.386) GHz which can be seen from Figure
4(a)and the AR<3dB plot has been represented in Figure 4(c). For L1=0.5 the maximum
number of CP bands have been achieved but the gain value is 13.97dBi while in the case of
L1=0.9 the cp band achieved are 4 but the gain is 29.47dBi. These bands cover the frequency
regions are (86.112-88.3668) GHz, (114.304-117.114) GHz, (112.708-124.187) GHz,
(and128.062-128.189) GHz. The change in the W1 is also changing the antenna performance
characteristics like return loss, maximum gain value, and cp bands. Which have been given in
Table 3, So from Figure 5(b) it can be seen that for different values of W1 the gain is maximum
for W1=1.142mm and the maximum gain value achieved is 33.351dBi at the frequency
280.586GHz and the S11<-10dB bands are (29.0652-197.704)GHz,(200.0391-202.1855)GHz,
(221.287-222.639) GHz, (234.001-239.980) GHz, (243.803 268.640)GHz,(272.764-280.217)
GHz, and (335.174-346.412) GHz which is given in Figure 5(a) and the Axial Ratio graph has
been represented in Figure 5(c). The number of CP bands changes with W1 parameter is
illustrated in Table 3. With the change in W1, it is observed that for W1=1.242mm, there are
13 CP bands but with a lower gain value of 18.494dBi. On the other hand, for W1=1.142mm,
asingle CP band is achieved, covering the frequency range (94.694-97.784) GHz, with a higher
gain of 33.251dBi.
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Figure 4. (a) S11V/s Frequency (b) Gain v/s Frequency (c) AR v/s Frequency for L1

Table 2. Performance Parameter of a Simple Patch with Change in L1

L1 Maximum Gain (dBi) No. of CP Bands
0 23.536 4
0.15 16.753 4
0.30 23.729 7
0.40 26.684 0
0.50 13.97 10
0.60 21.27 8
0.70 23.711 2
0.80 28.843 3
0.90 29.47 4
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Figure 5. (a) S11 v/s Frequency (b) Gain v/s Frequency (c) Axial Ratio v/s Frequency

for W1 Variations

Table 3. Performance Parameter of Simple Patch with Change in W1

w1 Maximum Gain (dBi) No. of CP Bands
1.142 33.251 1
1.242 18.494 13
1.342 28.842 3
1.442 23.285 6
1.542 27.065 3
1.642 26.721 3
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4.1 ANT-A

After etching the L1xW1, where the L1=0.375mm and W1=1.142mm, two additional
slots were etched, resulting in the formation of the Patch-A structure. In the patch-A structure,
a maximum gain of 34.257dBi is achieved at the frequency of 232.793GHz. So, cutting the
slots of length and width k1, k2, and g1, g2 respectively at the patch is improving the 1dBi in
gain. Another performance characteristics axial ratio (<3dB) has been achieved in the
frequency range (147.982-150.037) GHz, (140.455-140.8007) GHz, and (96.756-98.0126)
GHz. Subsequently, a circular-shaped metamaterial (MTM) was added to Patch-A at a distance
of d1=0.2 from the patch. This addition of MTM is improving the antenna characteristics like
gain. This can be seen in Figure 7. Ant-A is resonating at 163.379 GHz with an RL value of -
25.092dB and the band covered is (28.9974-202.113) GHz. Another resonating frequency is
244.172GHz and the Return loss value is -28.9212GHz covering the band (205.884-336.693)
GHz which has been given in Figure 11(a). The maximum gain achieved at 290.827 GHz is
34.759dBi i.e., represented in Figure 11(b) So, the circular MTM structure is increasing the
gain slightly and two resonating frequency bands (28.997-202.1131) GHz, (205.889-336.693)
GHz have been achieved. In the case of ANT-A, the AR<3dB has been achieved for three
frequency bands which are (186.8002-189.105) GHz, (191.151-192.324) GHz, and (132.472-
132.8007) GHz which can be seen from Figure 11(c). So as compared to Patch A structure the
ANT-A is increasing the gain by 0.5dBi and the three AR<3dB bands are present while in the
Patch -A structure only two AR<3dB bands are present. So, the implementation of MTM is

improving the antenna performance parameter.
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Figure 6. Current Distribution (a) at 163.379GHz (b) at 244.172GHz
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4.2 ANT-B

Another patch structure called Patch B is designed by etching different slot structures
represented in Figure 2 (d). On the patch, the antenna has a maximum gain value of 33.345dBi
at 279.448GHz. This can be seen in Figure 10 (a). For the patch-B structure, the AR versus
frequency graph is given in Figure 10 (b). The AR<3dB or circular polarization bands for the
patch-B are (290.714-294.713) GHz, and the other bands are (74.738-75.810) GHz and
(299.269-299.969) GHz, (334.282-336.484) GHz. In the patch B structure, the MTM structure
of the rectangle shape has been added. After the addition of the MTM structure, the structure
is ANT-B which is resonating on 171.3448GHz, and 336.3448GHz with the return loss value
of -27.865dB, -10.175dB covering the band (29.178-330.486) GHz, (334.936-336.702) GHz.
The maximum gain obtained after the implementation of rectangle MTM is 36.3155dBi at the
frequency of 299.9310 GHz. This can be seen in Figure 9. Also, the AR<3dB value has been
achieved for the bands (80.248-80.358) GHz, (155.209-155.972) GHz, (159.839-160.883)
GHz, (161.186-162.331) GHz, (172.1882-173.691) GHz, and (178.1030-178.525) GHz. In the
ANT-B the gain is improving by 2.9075 dBi which can be seen in Figure 9 gain plot. Also, the
AR <3dB bands in the case of patch -B are 4 while in the case of ANT-B 6 bands are present.
So, the implementation of MTM is improving the gain and the CP bands which can be analysed

in Tables 4, and 5 also.

Table 4. Performance Parameter of the Designed Antenna with the Different Patch

Structure
Patch Maximum gain Maximum/Peak AR <3dB Bandwidth
Structure frequency Gain(dBi)
Patch A 232.793GHz 34.257dBi (147.982-150.037) GHz,
(140.455-140.8007), (96.756-
98.0126)
Patch B 279.448GHz 33.345dBi (290.714-294.712) GHz,

(74.7335-75.807) GHz,
(299.269-299.969), (334.282-
336.484) GHz
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Table 5. Performance Parameter of the Designed Antenna with the Different ANT

Structure
ANT Resonating Maximum | RL AR <3dB Bandwidth
Structure | Frequencies (GHz) /Peak Bandwidth
Gain(dBi)
ANT -A | 163.379,244.172 34.759dBi | (28.997- (186.8002-189.105),
202.1131) (191.151-192.324) GHz,
GHz, (132.472-132.8007)
(205.889- GHz.
336.693) GHz
ANT-B 171.3448GHz,336.344 | 36.3155dBi | (29.178- (80.248-80.358) GHz,
330.486) GHz, | (155.209-155.972) GHz,
(334.936- ,(159.839-
336.702) GHz | 160.883)GHz,(161.186-
162.331)GHz,
,(172.1882-
173.691)GHz,(178.1030-
178.525)GHz.

Journal of Electronics and Informatics, December 2023, Volume 5, Issue 4

433




High Gain Metamaterial Implemented Antenna Design with Circular Polarization for mm-Wave 5G and 6G Sub-THz Communication

In Table 4, a comparative analysis has been given between patch-A and patch B. Also
from Table 5, it can be seen that ANT-A has a maximum gain of 34.759dBi and ANT-B has a
maximum gain of 36.3155dBi. So, ANT-B has more gain as compared to ANT-A. Also, the
RL bandwidth is 301.308. GHz,1.766GHz at 171.3448GHz and 336.344GHz respectively for
ANT-B, and ANT -A is resonating on two frequency bands 163.379GHz, 2.44.17GHz with the
bandwidth 173.116GHz ,130.804GHz. The AR<3dB bands for ANT -A is at three frequency
bands and for ANT-B six frequency bands in which the antenna shows circular polarization
property. Also, the comparative analysis of ANT-A and ANT-B return loss, gain and AR is
given in Figure 11(a), (b), (c). So, from the given plot, it can be concluded that the ANT-A is
resonating on the two frequency bands and the ANT-B also resonates on the two frequency
bands but the maximum gain is more in the case of ANT-B as compared to ANT-A. Also, the
CP bands are more in ANT-B as compared to ANT-A.
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Figure 8. Current Distribution at (a)171.3448GHz (b) 336.3448GHz.

In Figure 6(a) and (b) and Figure 8(a) and (b) the current distribution plot has been
given at the resonating frequencies 163.379GHz, 244.172GHz, and 171.3448GHz,336.
344GHz.The current distribution gives information about how the current follows the path on
the surface of the antenna. Which has been represented in the current plots for the proposed

antenna.
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Figure 12. (a) Directivity Plot at Frequency 290.837 GHz of ANT-A (b) Directivity
Plot at Frequency 299.931GHz of ANT-B.

In Figure 12(a) and(b) the directivity plot of the ANT-A and ANT-B is given. The
maximum directivity achieved for ANT-A is 36.2337dBi at 290.837GHz and for ANT-B, the
maximum value is 34.342dBi at 299.931GHz. In Table 6 the comparative analysis with the
previous literature, has been represented and it can be analyzed that proposed antenna
structures, ANT-A and ANT-B, have good maximum gain and dual-band resonating.
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Table 6. Comparative Analysis with the Previous Literature

References Maximum RLBW

gain/Peak
gain(dBi)

[18] 20.3 (1.02 to 1.08) THz

[19] 12.1 (3.7-4.2) GHz

[20] 21.9 (28-34) GHz

[21] 11.8 (29.1-31.1) GHz

[22] 14.6 (56.0-66.2) GHz

[23] 17.85 (57.2-64.2) GHz

[24] 16.5 (25-34) GHz

[25] 26.1 (55.4 to 66.5) GHz

[26] 18.8 (38-50) GHz

[27] 19.5 (56.55 GHz - 65.13) GHz

[28] 17.7 (282 — 304) GHz

Proposed ANT- | 34.759 (29.0010-202.1152) GHz, (205.884-

A 336.693) GHz

Proposed ANT-B | 36.3155 (29.179-330.486) GHz, (334.936-336.702)

GHz

5. Conclusion

ANT-A and ANT-B have been designed in the proposed article for mm-wave 5G and
Sub -THz communications. ANT-A has been designed by using patch structure A while ANT-
B has been designed using patch structure B. The implementation of MTM is improving the
antenna performance characteristics. In ANT-A the maximum gain of 34.759dBi has been
achieved along with the AR<3dB band for mm-wave and sub-THz frequency bands. The RL
bandwidth covers two resonating frequencies, 163.379 GHz and 244.172GHz that is
173.116GHz and 130.804GHz. Similarly, in the ANT-B the maximum gain of 36.3155dBi is
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achieved, and AR<3dB is achieved for mm-wave and Sub-THz bands along with RL
bandwidth of 301.308GHz,1.766GHz at the resonating frequencies 171.3448GHz and
336.3155GHz. The designed ANT structures are simulated on HFSS software. The high gain
with the CP polarization has been achieved for mm-wave and sub-THz bands, along with the

compact structures, and is useful for mm-wave 5G and sub-THz communication.
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