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Design of Sub-THz Slotted Waveguide Array Antenna for the
Broadside Circularly Polarized Applications Beyond 5G
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Abstract—This work presents the modelling of a highly efficient all-metal slotted waveguide array
antenna (SLWA) at sub-THz frequencies for the 5th generation communication applications or beyond.
The slotted waveguide array antenna is modified for the accomplishment of high gain, wide bandwidth,
and circularly polarized broadside radiation pattern. The proposed double ‘T’-shaped slot (DTS) which
acts as an active element in the whole antenna radiation and other elements after DTS contribute
high directivity and gain. The designed slotted waveguide array antenna with DTS is modified for the
reconfiguration of linear polarization into circular polarization and achieves the axial ratio (AR) below
3dB for the bandwidth of 22.323 GHz with a maximum gain of 14.4 dBi. The length and shape of the
slots are altered in the SLWA in-order to set up the advanced rectangular stepdown slots (RSDS) and
cross stepdown slots (CSDS) for the circularly polarized beam scanning application. The RSDS SLWA,
and CSDS SLWA provide wide impedance bandwidths of 56.506 GHz and 61.236 GHz with 3dB AR
range of 12.417 GHz and 9.688 GHz, respectively. The design and simulation of the proposed antenna
are done in CST microwave suite and validated using HFSS software.

1. INTRODUCTION

In recent years, the sub-THz range of frequencies offers ultra-fast and high signalling wireless
communications for future 5G/6G applications. The huge demand in the frequency spectrum for
long-distance communication and extended data rate requirements causes capacity constraints and
insufficient spectrum resources. In this scenario, the sub-THz frequency band which is unconsumed
by commercial and industrial applications will be able to meet the future tremendous wireless
communication requirements beyond 5G. There are numerous works in progress for the utilization
of fast-developing sub-terahertz spectrum which demands properly working antennas and systems at
this range. The huge demand in the sub-THz spectrum leads to the development of different types of
approaches in the waveguide antennas. The antenna arrays with different architectures such as metal
waveguides [1], dielectric rod waveguides [2], and substrate integrated waveguides (SIW) are investigated
for the emerging indoor multiuser applications for the reduction of insertion loss occurred at the sub-
THz frequencies. To accomplish the highly developing requirements in this frequency range, a low
temperature cofired ceramic substrate (LTCC) is used as a package [3] which can increase the bandwidth
using SIW technology [4,5]. For the short-range communication systems at sub-THz frequencies, the
LTCC technology can be used as a package to suppress the electromagnetic leakage. However, at lower
pressures (50 and 100 atmospheres), ceramics tape layers show a lack of integration in between.

There are lots of emerging wideband wireless applications such as PCS, UMTS, WiFi, WiMAX
which require stable broadside radiation pattern with higher gain. The radiated arrays are designed
using slots or the deposition of metal strips on the planar dielectrics for the highly directive
stable broadside radiation. Yagi-Uda antennas [6,7] are the most common antennas that can be
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effectively utilized to achieve these characteristics. For low-frequency ISM (Industrial, Science, Medical)
applications, Yagi-Uda broadside antenna radiation is extensively employed using coplanar stripline.
Even so, it is hard to realize high gain and wideband stable broadside radiation pattern simultaneously.
For radar beam scanning applications, printed broadside antenna arrays [8] have obtained wide attention
for the accomplishment of superior characteristics. For broadside array elements, current distribution
possesses a major role in the radiation pattern, and the unequal element currents indicate significant
pattern variations [9]. The beam scanning presented in [10] was accomplished using leaky-wave SITW
technique for the consistent and high gain radiation pattern.

In the printed antenna design, planar leaky-wave elements offer low cost and directive broadside
radiation for the wireless power transmission applications at 5G communication frequencies [11,12].
However, from the past years, broadside radiation was analysed for the stopband behaviour occurred at
the beam scanning direction. It leads to an increase in the attenuation of leakywave as the broadside
beam tends to cover scan angle on either side especially at higher band frequencies.

Besides the planar printed structures, it is very much effective in utilizing all-metal waveguide
structures for the realization of stable high gain broadside radiation pattern under sub-THz frequencies.
The highly efficient and consistent radiation can be realized using radiated slots in waveguide paradigms.
The discontinuities in the metal sheet bring the radiation to the free space with a significant increase in
directivity and gain due to the absence of losses encountered by the dielectric materials. The polarization
of the antenna attains immense importance in the high data rate applications. Moreover, the linearly and
circularly polarized antennas possess various utilization in every frequency band. The wide acceptance
of circularly polarized (CP) waves by several applications such as satellite communication, military
radar range detection are due to the reduction in the polarization mismatch and multipath interference.
The dielectric substrate with optimized patch dimensions is commonly available for acquiring CP waves
at wide range of frequencies [13-16]. The higher operating frequency for the CP antenna with wide
axial ratio bandwidth is highly in demand. Most of the literatures published in CP antennas are at
lower band of frequencies. The CP radiation is achieved by various slot shapes such as tapered slot [17],
square-shaped slot [18], S-shaped slot [19], triangular slot [20], electrically scanned slot [21], centre cross
slots [22, 23], and rectangular slots [24]. These structures provide confined impedance bandwidth with
poor efficiency. Furthermore, substrate integrated waveguide technologies and microstrip structures
are also furnished at frequency band above 50 GHz to maintain low axial ratio with CP radiation
pattern [25,26]. They have reduced band of circular polarization over the entire impedance bandwidth
and show poor radiation efficiency with lower gain. The circularly polarized radiation towards different
scan angles also finds many applications in the communication areas. Beam steering antennas are
designed using several methods such as planar radiating elements [27], phased array [28], Luneburg
lens array [29], waveguide slotted array [30], and slotted SIW [31]. The CP-beam steering antennas
established using the metallic waveguide slots which operate in the sub-THz frequencies are highly
effective as the losses are minimum.

In the slotted array antenna, each slot having different lengths is radiated for different frequencies
at different angles, since the length of the slots depends on the resonant frequencies. The beam scanning
array of slots on the metal waveguides provides higher power handling capacity and can be designed
for rigid environmental conditions [28]. The beam scanning approach in the metal waveguides can be
accomplished using different slot lengths. Each slot provides the major beam towards different angles,
and they have a crucial requirement in the radar communication. Since there is a high loss factor in
the sub terahertz frequencies, it is hard to observe circular polarization and lower axial ratio for a huge
band of frequencies.

In this article, a circularly polarized slotted waveguide array antenna with narrow beam scanning
at sub-THz frequencies is accomplished. A stable broadside radiation pattern is achieved with different
kinds of slots on the WR3 waveguide enclosed within a metal cabin. The high gain radiated slots after
double ‘T’-shaped slot (DTS) are designed to obtain higher bandwidth of 61.5 GHz and 96.74% efficiency.
The cross slots after DTS achieve circular polarization of 36.44% of the impedance bandwidth which
ranges from 257 GHz to 321 GHz with a maximum gain of 14.4 dBi. The slotted dimensions are adjusted
to obtain two paradigms of beamforming slotted array with impedance bandwidth of 56.5 GHz and
61.2 GHz having wideband circular polarization for 21.974% and 15.820% of the impedance bandwidth,
respectively. In the article, Section 1 depicts the design of linearly polarized slotted array waveguide
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antenna with a metal cabin. Section 2 gives the design of circularly polarized waveguide antenna with an
array of cross slots. The beamforming slotted designs for CP are detailed in Section 3. The major results
of the waveguide antenna are obtained in CST microwave studio and verified using HFSS software.

2. SLOTTED WR3 WAVEGUIDE

The WR3 waveguide having recommended frequency band between 220 GHz and 340 GHz with
dimensions 0.8636 mm x 0.4318 mm is employed for the design of a sub-THz SLWA. To achieve minimum
signal loss and attenuation at this frequency range, the microwave signal processing components
should be of high accuracy within compact dimensions. Since WR3 is a waveguide having ultra-small
dimensions, the fabrication using CNC metal milling machines [32] finds it more difficult, and it is
hard to design complicated structures inside these waveguides. To solve this problem and for the
easiness of fabrication, the slotted array of antenna is proposed and designed on WR3 waveguide. The
increasing demand for THz antenna applications can be met by using this technique. The frequencies
around 300 GHz are highly developing in the communication field due to the over utilization of lower
frequencies by the industrial and communication applications. In the design of SLWA, single linearly
polarized transverse slot for 280 GHz is optimized initially, and Figure 1 shows the physical dimensions
of the WR3 waveguide. Table 1 gives the designed dimensions of the single slotted waveguide.

WR3
Waveguide

I* Slot

Port-1
Portion of the single slotted

SLWA (top view)

Figure 1. WRS3 slotted waveguide dimensions (perspective view and portion of top view).

Table 1. The designed dimensions of a single slotted section.

Dimensions | Values (mm)
0.8636
0.4318
0.9195

5.6

0.1

0.58

~|2 |0 |lo|e

3. LINEARLY POLARIZED SLOTS

The slots are created on the transverse direction of the waveguide for implementing maximum radiation
at 280 GHz frequency. The proposed work focuses on broadside radiation pattern using the slotted
array. The linearly polarized slots are arranged in a coplanar way, and the second slot is modified into a
double ‘T’ shaped slot (DTS) which acts as an active element and improves the radiation characteristics
of the entire slotted array. Figure 2(a) illustrates the design of DTS on SLWA, and Figure 2(b) shows
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a slotted waveguide array antenna with DTS separated by a distance ‘h’ greater than /10, where ‘\’
is the free space wavelength. The lengths of the slots ‘I’ are designed for A/2 and optimized for slightly
higher values of half wavelength. In Figure 2(c), the minimum reflection loss at the resonant frequency
is observed without DTS compared with the proposed SLWA with DTS. Hence the designed DTS is
found imperative for the whole antenna radiations, and the device is highly matched. The optimized
dimensions of DTS are given in Table 2. The SLWA is placed inside a metal cabin which is constructed
by bending the sides of a metal sheet having thickness of 0.1 mm as shown in Figure 3(a). The gain and
bandwidth are augmented in this structure, and the results are compared in Figure 3(b). Impedance
bandwidth of the SLWA with metal cabin is observed as 61.5 GHz (from 262.5 GHz to 324 GHz) which
shows an enhancement of 13 GHz from the reflection characteristics of SLWA without metal cabin.
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Figure 2. (a) Design of double ‘I’ shaped slot (Perspective view and a section of top view).
(b) Perspective view of linearly polarized slots with DTS (c) Comparison between the slotted waveguide
array with and without active DTS.

Table 2. The designed dimensions of slotted broadside array with DTS.

Dimensions | Values (mm)
e 0.3
f 0.2
g 0.205
h 0.125
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Figure 3. (a) SLWA with metal cabin. (b) Simulation result comparison between SLWA with and
without metal cabin.
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Figure 4. (a) The field distribution on the SLWA with metal cabin. (b) Effects of slots on gain,
bandwidth and directivity of SLWA with metal cabin.

For the proposed waveguide array with metal cabin, an increase in the maximum gain of 4dBi is
observed compared to SLWA without metal cabin. The metal cabin enhances radiation towards the
main lobe and improves the directivity to 14.4 dBi at 280 GHz. Since the dimensions of the waveguide at
sub-THz frequencies are very compact, the metal cabin provides a metal platform for the easy handling
of the structure and can be used for platform embedded applications. It also serves as a back cavity
with reflected power combining [33] with the radiated power at the output radiation as seen from the 3D
field distribution diagram in Figure 4(a). The number of slots after the DTS influences the performance
characteristics of SLWA. The reflection coefficient characteristics are analysed for different numbers of
slots, and the variations of gain and directivity along with the bandwidth are plotted in Figure 4(b).
It is observed that there is no significant advancement in the maximum gain for the further increase in
the number of slots beyond 15.

The slots added after DTS act as directors as well as radiating element in the SLWA. They partially
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Figure 5. Parametric optimization of linear slots. (a) Width of the slots (‘w’). (b) Length of the slots
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Figure 6. Simulation verification using CST and HFSS software for the linearly polarized SLWA.

contribute to the enhancement of radiation pattern after 6 slots.

The slot dimensions of the SLWA are parametrically optimized as shown in Figures 5(a), (b).
Since the slots in the SLWA function as active radiating elements, the length and width of the slot
possess remarkable impact on the characteristics of the antenna. After considering the gain and S11
characteristics, the width of the slot is optimized to 0.1 mm for the proposed resonant frequency. It
is indicated that the maximum coupling between the slotted array elements are obtained at 0.1 mm
width. The increase in the width of the slot comes up with notable reduction in the gain, and shift
occurs from the frequency of interest. The length of the slot is designed as ‘I’ slightly greater than \/2
and optimized to 0.58 which is a compromise between the impedance bandwidth and magnitude of the
reflection coefficient. Figure 6 compares the simulation results of SLWA with metal cabin using two
commercially available softwares, CST and HFSS.

The E plane and H plane radiation patterns of linearly polarized SLWA with ¢ = 90° and ¢ = 0°
are shown in Figures 7(a) and (b). The stable broadside patterns for different frequencies are observed in
Figure 8. The main lobe level of 14.8 dBi is observed with a minimum sidelobe level of 1.9906 dBi. The
simulated co- and cross-polar radiation patterns at the centre frequency of 280 GHz exhibit excellent
isolations of 105.4 dB and 111.9 dB in the boresight direction for the E-plane and H-plane, respectively.
It also shows a 30° angular shift in the realized broadside gain pattern [15] for the range of frequencies
within the bandwidth. The co- and cross-polar radiation patterns are also analysed using HF'SS software
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Figure 7. Electric field radiation pattern at 280 GHz (a) E plane (¢ = 90°). (b) H plane (¢ = 0°).

————250GHz
————260 GHz
270 GHz

----- — 290 GHz -80
300 GHz 330
310 GHz

300 60

90

240 120

180 180

(a) (b)

Figure 8. Stable broadside E-plane radiation pattern at ¢ = 90° for different frequencies. (a) Copolar
pattern. (b) Cross polar pattern.

which verifies the practical accuracy of the simulated results. The 3-dB beamwidth of 18.132° towards
shifted z-axis is achieved along with the antenna radiation efficiency of 96.74%.

4. CIRCULARLY POLARIZED SLOTS

There are diverse applications for circular polarization since the orientation of the antenna at the
receiver side is hardly affected. The circularly polarized radiation is provided by the angular shifted
cross slots (CRS) placed after DTS which is transverse to the waveguide. The design of angular shifted
CRS is accomplished by rotating the linear slots towards K = +20° and K = —20° one after the other
and forming eight CRS sections followed by DTS as shown in Figure 9(a). The reflection coefficient
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Figure 9. (a) Circularly polarized slot design (top and perspective view) for SLWA. (b) Reflection
coefficient characteristics over the bandwidth in CST and HFSS software.
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Figure 10. The parametric analysis of 3dB axial ratio bandwidth.

characteristics are plotted in Figure 9(b), and it is observed that maximum impedance bandwidth
of 64 GHz beyond —10dB attenuation is accomplished from 257 GHz to 321 GHz. The axial ratio is
parametrically analysed in Figure 10, and it is observed that marginal variation of the rotating angle
gives rise to the reduction of axial ratio bandwidth. The optimized angle of 20° is preferred due to
the effect of minimum gain for other angles. The circular polarization is accomplished for 23.323 GHz
bandwidth (from 280.89 GHz up to 304.21 GHz) which is 36.44% of the actual bandwidth from the 3-dB
axial ratio as shown in Figure 11(a).

The maximum gain of 14 dBi is achieved for the circularly polarized slotted waveguide array antenna
with a radiation efficiency of 95.9%. The pure circular polarization between 276 GHz and 310 GHz is
observed from the difference between left-hand circular polarization (LHCP) and right-hand circular
polarization (RHCP) as illustrated in Figure 11(b). For the circularly polarized band of frequencies, the
minimum magnitude deviation of 10 dBi between LHCP and RHCP is noted. The co-polar and cross-
polar radiation patterns at ¢ = 90° and ¢ = 0° are shown in Figure 12(a) and Figure 12(b), respectively.
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Figure 11. (a) Axial ratio and gain of circularly polarized SLWA are verified in CST and HFSS.
(b) The comparison between LHCP and RHCP for the verification of circular polarization.
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Figure 12. E-Plane pattern for f = 285 GHz at (a) ¢ = 90°, (b) ¢ = 0° in CST and HFSS.

The circularly polarized polar pattern also shows the broadside radiation towards z-direction with 30°
shift. The maximum 3 dB beamwidth of 16.177° with minimum sidelobe level of 2.5448 dBi is acquired.
The electric field distribution patterns occupied in the cross slots are depicted in Figures 13(a)—(d) for the
in-band (28 GHz and 300 GHz) and out-band (260 GHz and 310 GHz) circularly polarized frequencies.
Also clockwise rotations of field lines (left hand circular polarization) through the cross section of CRS
at 290 GHz (CP frequency) at different phases are represented in Figures 14(a)—(d). The vector fields
crossing through the CRS are focussed for both ranges of frequencies at TEjg mode. It is observed that
the vector field lines deviate from the centre crossing point of the CRS for the out-band CP frequencies.
The CP is realized for all the frequencies where electric field lines intersect at the exact centre of CRS.
This is because the cross-slot coupling of CRS is accomplished for the circularly polarized radiation

throughout the in-band frequencies. The coupling modes of the vertical electric field for the slotted
waveguide section are discussed in [16].
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Figure 13. The electric field distribution crossing the CRS. (a) f = 260 GHz, (b) f = 310 GHz,
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Figure 14. The electric field distribution through the cross sectional view of CRS at 290 GHz. (a) at
phase = 0°, (b) at phase = 90°. (c) at phase = 180°, (d) at phase = 270°.

4.1. Beam Scanning Slots
4.1.1. Rectangular Stepdown Slots (RSDS)

The linearly polarized slots are modified into rectangular stepdown slots (RSDS) and obtain beam
steering for circularly polarized applications. The array is arranged by stepping down the length of each
slot in the SLWA inside the metal cabin as illustrated in Figure 15(a). The height of the metal cabin is
reduced to 0.5 mm to maintain circular polarization for the beam scanning slots. The broadside array
of slots steers the beam at different angles for each resonant frequency of the slotted array.

The designed dimensions for the beam scanning slots are given in Table 3. The maximum gain of
17.1dBi is realized for the impedance bandwidth of 56.506 GHz (from 253.25 GHz to 309.76 GHz) as
observed from Figure 15(b). The control on the boresight directed beam is achieved using the change
in frequency. Thereby the beam is shifted by frequency tuning between the upper and lower impedance
bandwidth ranges. Beam scans for the angles starting from 17.554°, 22.017°, 27.509°, 30.599°, 34.031°,
36.778°, 39.18°, 42.613°, and 44.33° for frequencies f; = 253 GHz, fo = 260GHz, f3 267 GHz,
fa = 274GHz, fs = 281 GHz, f¢ = 288GHz, f; = 295GHz, fs = 302GHz, and fo 309 GHz
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Figure 15. (a) Top view of beam scanning SLWA inside the metal cabin. (b) Reflection coefficient
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Figure 16. Beam scanning of SLWA in CST and Figure 17. Axial ratio verification for the beam
scanning array of SLWA within the bandwidth.

HFSS.

Table 3. Design of beam scanning slots.

Dimensions

dy

da

ds

dy

ds

dg

dr

dg

S

Values (mm)

0.76

0.74

0.72

0.70

0.68

0.66

0.64

0.62

0.41

respectively given in Figure 16. Although the range of scan angle is limited to 26.784°, the entire range
of angles for frequencies from 250 GHz to 330 GHz can be shifted to the particularly designed bandwidth
according to the delicate beam focussing applications. The phase shifting circuits after RSDS SLWA
steer the entire narrow beam scan range into the desired direction. The axial ratio is shown in Figure 17
which provides circular polarization from 283 GHz to 295.42 GHz (3dB AR bandwidth of 12.417 GHz)
for the RSDS SLWA. The total radiation efficiency of 96.21% is achieved with the proposed design.
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4.1.2. Cross Stepdown Slots (CSDS)

The cross-shaped slot made on the broadwall of the waveguide is a powerful method to achieve circular
polarization. The single cross-slot section works on resonant frequency mode and the radiation towards
the broadside direction. The array of cross slots on WR3 waveguide utilizes the possibilities of CP as
depicted in the CRS part. In order to achieve beam scanning using frequency tuning, the array of cross
slots is designed with —17° angular shift, and length of each slot element is decreased homogenously at
a distance of ‘m’ = 0.3793 mm as shown in Figure 18. The proposed CSDS has the geometric tolerance
of the array element spacing m < \/2 with circular polarization, where X is the free space wavelength.

The circularly polarized radiation pattern is observed for each beam which is scanned at different
frequencies. There is a significant effect of mutual coupling between the adjacent slots. The directive
property of DTS provides effective high gain radiation towards boresight direction. Coupling between
the slots depends on the active length of the cross elements and the guided wavelength. Maximum
bandwidth of 61.236 GHz from 250.53 GHz up to 311.76 GHz is observed in Figure 19 with a maximum
gain of 16.1dBi. Figure 20 illustrates the 3dB AR bandwidth of 9.688 GHz which is achieved from

Cross slots

Metal Cabin
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o
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Figure 18. The top view and perspective view of proposed beam-scanning cross slotted SLWA.
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Figure 19. The verification of return loss characteristics of CSDS SLWA along with maximum gain
over the bandwidth.
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274.67 GHz up to 284.36 GHz with a maximum radiation efficiency of 94.99%. Similar to RSDS, the
CSDS also carries a beam towards different angles for the variation in the frequency range according
to the dimensions of each slot. The single slotted section itself possesses 35° shift in the main lobe of
the radiation pattern. The remaining elements are designed by stepping down the slot length which
are responsible for the angular deviation of the radiation beam. The main lobe of the radiation pattern
as illustrated in Figure 21 occupies angles 22.156°, 26.173°, 29.46°, 32.3892°, 35.304°, 38.225°, 40.050°,
42.608°, and 45.164° corresponding to the frequencies f’; = 250 GHz, f’y = 257 GHz, f'5 = 264 GHz,
'y = 2711 GHz, f'5 = 278 GHz, f'q = 286 GHz, f';, = 292 GHz, f's = 300 GHz, and f’q = 311 GHz,
respectively. For the metallic waveguide, the metal loss of 2.72% of the accepted power at port-1 is
noticed on simulation which is found acceptable for THz frequency range. The results from CST and
HFSS are in good agreement in all the frequency scan and reflection characteristics.
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Figure 21. The verification of beam-scanning of CSDS SLWA for the frequencies f; to f'y.

The circularly polarized antenna parameters such as AR bandwidth, impedance bandwidth, and
gain are compared with related high-frequency works of literature and the proposed designs as given in
Table 4. The highly efficient circularly polarized SLWA is achieved using CP slots, RSDS, and CSDS
with high gain and wide bandwidth. It is observed that 22% fractional bandwidth and high gain are
achieved with the proposed design at sub-terahertz frequencies.
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Table 4. The comparison between the proposed design and results with other CP literature.

—10dB Impedance 3dB AR . L
Structure . . Gain Radiation
Ref (s )/ bandwidth Bandwidth (dBi) Fi (%)
requency) /year i efficienc
AHeney)ry range/band (GHz) range/Band (GHz) y e
[28] SIW (60 GHz)/2019 55.5 to 74/18.5 57 to 73/16 10.4 85
Not
Microstrip antenna 190 to 240/50 380 to 490/110 6.8 ?
[29] mentioned
(THz)/2019
270 to 610/340 575 to 590/15
Ant k Not
[30] ntenna package 55 to 67/12 54.8 to 68.6/13.8 6 ©
(60 GHz) /2014 mentioned
LTCC Technol Not
[31] ecmoiosy 57 to 66/9 56 to 64.3/8.3 17.1 ©
(60 GHz)/2013 mentioned
[32] | SIW (Sub-THz)/2014 | 251.5 to 283.6/32.1 265.6 to 274.5/8.9 ~0.5 21.4
280.89 t
1. CRS (Sub-THz) 257 to 321/64 80.89 to 14.4 95.9
304.21/23.32
Thi 253.2 2
® | 2. RSDS (Sub-THz) 5325 to 83 to 14 96.21
work 309.76/56.51 295.42/12.42
250.53 t 274.67 t
3. CSDS (Sub-THz) 5053 to 74.67 to 17.1 94.99
311.76/61.23 284.36/9.69

5. CONCLUSION

A slotted waveguide array antenna with DTS is designed under sub-THz frequencies for future
communications applications. The slots are configured to obtain linear as well as circular polarization,
and the slotted waveguide is placed in a metal cabin to increase the maximum gain up to 4dBi. The
reconfiguration of linear polarization into circular polarization is implemented by using modified cross
slots and achieves 3dB AR bandwidth of 23.323 GHz with 95.9% efficiency. Beam scanning is also
implemented for the narrow range of scan angle by stepping-down the length of the slot. The designed
CP SLWA with RSDS and CSDS provides wide impedance bandwidth and 3dB AR bandwidth with
maximum gain of 17.1dBi at sub-THz frequencies. The proposed wide circularly polarized beam
scanning antennas are highly on demand in the future 5G and 6G communication applications. They
are currently approaching upper spectral frequency limits of the radio spectrum towards 300 GHz and
even higher THz ranges with novel ways to amplify signals for the enhanced 6G coverage along with
the huge amount of data transmission in the upcoming years.
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