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A V-band high-gain gap waveguide-
based slot array antenna with
circular polarization

Ali Sabbaghi Saber*?*“, Mohammad Soleimani? & Davood Zarifi':3

A high-gain circularly polarized (CP) slot array antenna is developed in the current work, based on ridge
gap waveguide (RGW) technology for V-band applications. This antenna operates in the unlicensed
60-GHz band, which is designed for high-data-rate wireless communication systems. An asymmetric
T-shaped slot is utilized in this design as the radiating element, ensuring compactness and lessening
grating lobes. The array’s structure features a 16 x 16 planar configuration and a corporate feed
network. As shown by experimental and simulated results, there is a 3-dB axial ratio (AR) bandwidth
and an impedance bandwidth of 6.6% spanning the frequency range of 58 to 62 GHz. Thus, an
efficiency of up to 90% and a peak gain of 29.2 dBi is achieved. The performance of the manufactured
antenna, encompassing gain, radiation patterns, and reflection coefficient, has been verified,
indicating strong consistency with the simulation results. This design is well-suvited for mmWave
applications, which require a compact structure, circular polarization, and high gain.

The recent increase in the saturation of the spectrum at microwave frequencies has drawn renewed interest in
millimeter waves. Therefore, the unlicensed 60-GHz frequency band (between 57 and 66 GHz) is competent
for high data rate wireless communications!-2. Nevertheless, the high propagation path loss and strong oxygen
absorption significantly affect the development of millimeter wave technology in this band. Hence, the antenna
is a crucial component for most mmWave applications, requiring the ability to provide high radiation efficiency,
a wide bandwidth, and high gain features. A survey is conducted on the 60-GHz band using arrays that present
a gain above 30 dBi, which can be utilized for communication distances exceeding 100 m*. Moreover, planar
antennas are highly sought after due to the need for compact system designs.

Furthermore, compared to linearly polarized antennas, CP antennas offer several advantages, including
flexibility in orientation between receiving and transmitting antennas, as well as suppression of multipath
interference®. Thus, researchers have suggested a large number of mmWave CP antennas for mmWave
applications, including point-to-point moving links, mmWave satellite communication, and other urban
applications to remove unmatched polarization and multipath interferences. Moreover, as demonstrated by
investigations on propagation at the 60-GHz band, the wave with CP can offer enhanced channel performance
compared to the linearly polarized wave’-®. Hence, it was found that the CP high-gain array antenna is a preferred
case for the 60-GHz band.

CP array antennas can be designed in two ways. In the first approach, constituents with CP radiation are
employed, which are fed into the array in phase and with the same amplitude. Here, the array’s axial ratio (AR)
bandwidth is equal to the element’s AR bandwidth in the best case. Different elements are employed in the
manufacturing of a CP array antenna, including a U-shaped slot patch’, a truncated microstrip patch?, a slot-
fed rotated dipole antenna’, a magneto-electric dipole antenna!?, a helical antenna'!, and an elliptical dielectric
resonant antenna'2 In the second approach, sequential feeding is utilized. The sequentially rotating phase (SRP)
feed is a widely used approach in designing a CP antenna array, employed to enhance polarization purity and
bandwidth!®. Nevertheless, SRP feeding approaches that rely on waveguide structures typically require a large
area, creating challenges for array arrangement!*-1°. Alternatively, it is possible to achieve CP radiation by
utilizing polarizers to transform the linear polarization (LP) beam into a CP beam!”.

Based on the technology employed, CP array antennas can be categorized into two types: PCB-based
antenna arrays and all-metal antenna arrays. First, substrate-based CP array antennas, like substrate-integrated
waveguide (STW)!® and low-temperature cofired ceramic (LTCC) technology'’, are extensively used. The CP
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array antennas based on PCB are lightweight, compact, easy to manufacture, and compatible with different active
and passive microwave structures. The low-power handling, leakage wave propagation at high frequencies, and
high dielectric loss are the main factors that limit their functioning. Second, metal-based CP array antennas are
excellent choices since there is no need to consider dielectric loss. Nevertheless, metal planar waveguide-based
CP array antennas®’-¢ require a precision machining process to obtain an acceptable conductive connection
between antenna layers, resulting in high manufacturing costs. Gap waveguide (GW) technology has been
proposed for addressing the challenge of achieving good electrical contact in mechanical assembly?!. In recent
years, several CP array antennas utilizing GW technology have been proposed?>-3!. These proposed antennas
have relatively complex structures. Hence, there is a costly and complicated manufacturing process for these
antennas.

A CP T-shaped slot linear array antenna has been recently presented based on groove gap waveguide (GGW)
technology for Ka-band applications®2-*. In recent years, numerous studies have explored the impact of radiation
slot geometries on antenna polarization characteristics. Structures incorporating orthogonal slots, U-shaped,
and T-shaped slots have been widely used to achieve dual- or circular-polarization functionalities'***-3¢. The
proposed array in* is a 1 x 10 linear array exhibits a 3-dB AR bandwidth of 8% from 28.9 to 31.3 GHz, an
impedance bandwidth of 4% that covers 29.4 to 30.6 GHz, and 16.8 dBic as peak gain. The CP radiating element
employed in this all-metal linear array is less complex than previous similar works, making the fabrication
process cheaper and simpler. One such design features a 1 x 10 linear array, achieving a 4%, and a peak gain
of 16.8 dBic. However, the principal limitation of this design lies in its inability to scale from a linear array
to a planar configuration. This presents a considerable engineering challenge. It is widely recognized that 2D
array antennas outperform 1D or linear slot arrays in terms of functionality and adaptability across advanced
applications. Their standout feature is the ability to achieve full two-dimensional beam steering, which enables
highly accurate target tracking, improved spatial resolution, and minimized signal interference—crucial for
systems such as radar, satellite communications, and modern wireless networks. Moreover, 2D arrays deliver
broader angular coverage and enable rapid adaptive beamforming, greatly enhancing system responsiveness and
overall reliability.

The aforementioned challenge arises because, when assembling multiple GGW structures with sidewall pins
to form a 2D array, the spacing between adjacent radiating slots exceeds 1\,, thereby resulting in undesirable
grating lobes in the radiation pattern. To overcome this issue, the feed network for the radiating slots must utilize
E-plane groove gap waveguides or, more effectively, ridge gap waveguides. For optimal excitation, a ridge gap
waveguide-based feed network is preferred. In this context, our proposed design exhibits several key differences
compared to the configuration presented in®*. First, the ridge gap waveguide supports a distinct propagation
mode, leading to substantial variations in antenna design methodology. Second, to realize effective excitation in
a planar 2D array, we implement center-fed ridge gap waveguides, which help achieve radiation patterns with
minimal beam squint. Third, the transition from ridge gap waveguide to standard rectangular waveguide in
our design differs fundamentally from the approach described in**, further underscoring the originality of our
proposed structure.

In the present study, a CP 16 x 16 array antenna is proposed that employs asymmetric T-shaped slots as
radiating elements for 60-GHz band applications. For preventing the grating lobe challenge in this structure,
ridge gap waveguide (RGW) technology is used rather than GGW since it is more compact and has only one
row of pins between adjacent ridges. This work is organized as follows: firstly, we shortly present and analyze
the CP radiating element and a linear slot array. Then, the presented planar slot array antenna is designed and
manufactured. Lastly, we present the measurement and simulation results and they are compared with reference
works, which are presented as a table.

CP linear slot array antenna

The structure of a CP linear T-shaped slot array antenna is shown in Fig. 1, which consists of three major layers:
the feeding layer, the waveguide layer, and the radiation layer. In the waveguide layer, a side-fed RGW receives
energy via a coupling slot connected to the RGW feeding line at the bottom. The RGW feeding line is terminated
by a PMC wall created using two rows of pins. Two steps are present at the beginning and end of the ridge in
the waveguide layer to enhance matching and form a short-circuited section, respectively. The radiation layer
consists of eight asymmetric T-shaped slots. The radiating element features two perpendicular arms: the first
arm (active slot) is directly fed by the RGW line. In contrast, the second arm (parasitic element) is coupled to the
active slot. A shift of s is introduced between the central axis of the parasitic element and the active slot, making
the radiating element an asymmetric T-shaped slot. Moreover, a step with dimensions b,xh, is added at the end
of the parasitic element to enhance matching.

The radiating element demonstrated in Fig. 1 is used for producing right-handed CP (RHCP). For producing
left-handed circular polarization (LHCP), the parasitic element’s position should be mirrored relative to the
center axis of the active slot. The symmetric T-shaped slot (s=0) can be utilized for creating linear polarization
(LP) radiation.

The feed layer includes a ridge enclosed by a texture of pins so that the wave is only confined to the ridge
(RGW). The pin dimensions must be selected to form a stop-band that spans the desired frequency range. For
covering the entire unlicensed 60-GHz frequency band (57-66 GHz), the height, size, and periodicity of the
pins, along with the air gap in our design, are specified as 1.5 mm, 0.75 mm, 1.75 mm, and 0.05 mm (zero-gap),
respectively. Figure 2 presents the dispersion properties of the periodic pin arrangement. By optimizing these
dimensions, optimal impedance matching and suitable radiation characteristics can be achieved.

To achieve a wide AR <3 bandwidth and low reflection at the antenna input port, it is necessary to optimize
the antenna parameters. The CST Microwave Studio is employed to optimize the antenna, and Table 1 lists the
final values of the design parameters. Figure 3 presents the simulated results for |S11| and radiation features of
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Fig. 2. Unitcell of periodic pin structure and its dispersion diagram for the first three modes. The design
parameters are (in mm): g=0.05 mm, a=0.75 mm, d=1.75 mm, and h=1.5 mm.

Length 2.66
. Width 0.75
Active slot Offset 0.70
Spacing 2.70
Length 227
Width 1.14
Parasitic element | Depth 1.54
s 0.20
b,xh, 0.90%0.37
. L 2.38
Coupling slot ch 0.65
w, 1.21
. d 1.28
Ridge byxh, 0.76x0.15
b,xh, 0.60x0.23

Table 1. Design parameters of the CP linear slot array antenna.
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Fig. 3. Characteristics of CP linear slot array antenna. (a) |S,,| and gain. (b) AR and total efficiency.
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Fig. 4. Simulated normalized radiation patterns of the CP linear slot array antenna at frequencies 58 and 62
GHz. (a) xoz and (b) yoz planes.

Fig. 5. Electric field distribution of the two adjacent radiating T-shaped apertures at 60 GHz.

the developed CP linear slot array antenna. The antenna has |S11]| < —10 dB, AR<3 dB, efficiency above 83%
from 58 to 62 GHz, and a peak gain of 14.6 dBic. Figure 3b shows the antenna’s AR without a step placed at the
end of the parasitic element with dashed lines. It is observed that the existence of this step has enhanced the
axial ratio. Figure 4 indicates the normalized LHCP and RHCP radiation patterns of the antenna at two different
frequencies in two orthogonal planes. It is noted that the cross-polarization level is smaller than —18 dB in
both principal planes. Figure 5 shows the electric field distribution of the two neighboring radiating T-shaped
apertures at 60 GHz. It describes the rotation of the electric field and the creation of CP radiation. To evaluate
the impact of the parasitic element on the axial ratio of the CP antenna, parametric sweeps are conducted for
the length and depth of the parasitic element, with the simulation results illustrated in Fig. 6. These results
demonstrate that the parasitic element has a substantial effect on the CP radiation.

CP planar slot array antenna

To extend the developed linear array to a planar configuration, a corporate feed network is required. Figure 7
shows that this feed network includes a 16-way RGW power divider to excite a 16 x 16 slot array antenna. The
designed configuration is symmetric. Thus, the power divider is in-phase, with its output ports having equal
power division and the same phase. The V-form parts and chamfered corners in the power divider should be
optimized to fulfill the matching requirements over the needed bandwidth. The initial value of A /4 can be
considered for L (A ,=the guided wavelength) since this section can be interpreted as a quarter-wavelength
transformer. The developed structure can be driven by a conventional V-band rectangular waveguide (such
as WR-15) through the bottom surface, facilitating the measurement process. Additionally, to feed the array

Scientific Reports |

(2025) 15:40322 | https://doi.org/10.1038/541598-025-24159-5 nature portfolio


http://www.nature.com/scientificreports

www.nature.com/scientificreports/

AR (dB)

25 T T v 1 40 T v
20t < 1, - Al ot PR
= = Leagth = 1.50 mm T - HJO“-.___»"' - —Dgm-tmwm] [~~~ =9

15t ~-----vlcngm-1§1’£mm e -4 = serans-Diepith = 0,90 mm

" e Length = 2.27 mm 1 =, === Depth = 1.20 mm

_ e Length = 270 mm oy 20 : e Digpith = 1,54 mm

st L ~e—

0 " i i J 0 i A

58 59 60 61 62 58 59 61 62

60
Frequency (GHz)

(b)

Frequency (GHz)

(a)

Fig. 6. The effect of the parasitic element (a) length (b) depth on the axial ratio of the CP linear slot array
antenna.
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Fig. 7. The structure of the feed network for the excitation of a 16 x 16 slot array antenna. The top metal plate
is not shown in the figure.

antenna via a conventional V-band flange, we created a simple transition from RGW to WR-15 (3.9x 1.8 mm?).
Figure 7 shows the structural dimensions of the RGW to WR-15 transition. The transition’s input matching is
achieved through tuning the ridge’s extended length to the waveguide opening (L,) and the step dimensions
(bxh,). Figure 8 illustrates the simulated scattering parameters for the developed 16-way power divider. It
shows that the input reflection coefficient is below —20 dB, while the amplitude imbalance is below +0.2 dB in
the needed frequency range from 58 to 62 GHz. To assess how the transition structure affects input matching,
parametric sweeps are performed for the ridge extended length to the waveguide opening (L,) and the step
height (h,), with the simulation results shown in Fig. 9. It can be seen that these parameters play a key role in
achieving excellent matching at the input port of the transition.

The structure of the complete CP planar T-shaped slot array antenna is illustrated in Fig. 10a, where, in
contrast to the linear antenna, the coupling slots are created at the center of the feeding ridges to overcome
such obstacles as beam squint and narrow bandwidth. To obtain the required radiation and matching features
across the specified bandwidth, we optimized the design parameters of radiation, feed layers, and waveguide.
The optimized parameters for the planar slot array antenna are given in Table 2. The antenna size, including
spaces for screws and alignment pins, is 78 x 69 x 10 mm?.

Fabrication and measurement

Measurement results

A prototype of the CP 16x16 slot array antenna was manufactured from aluminum (electrical
conductivity =3.6 x 107 S/m) using milling to confirm the performance of the developed array antenna. Some
ineffective layer pins were replaced with metal blocks to decrease milling time. Figure 10b indicates the assembled
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Fig. 8. Simulated S-parameters of 16-way ridge gap waveguide power divider.
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Fig. 9. Variation of simulated input reflection coefficient of 16-way ridge gap waveguide power divider for
different values of (a) L. (b) h,.

antenna, and Fig. 10c illustrates the antenna under test. Eight alignment pins and eight screws are used around
the radiation aperture to ensure proper assembly of the antenna.

A vector network analyzer, linked to a WR-15 input interface, is used to measure the reflection coefficient of
the antenna. Fig. 11a indicates the comparison between the measurement and simulation results for AR and the
input reflection coefficient (|S11|) of the antenna. The reflection coefficient of the antenna from 58 to 62 GHz
is smaller than -10 dB, demonstrating an impedance bandwidth (IBW) of 6.6%. The 3-dB AR bandwidth of the
antenna is 6.6% covering the range from 58 to 62 GHz. Moreover, Fig. 11b illustrates the antenna efficiency
and boresight gain as a function of frequency. The antenna gain exceeds 29 dBi from 58 to 62 GHz, with a
maximum gain of 29.2 dBi at 61 GHz. The antenna exhibits an efficiency of nearly 90% at 61 GHz, with an
antenna gain of 29.2 dBi. It is possible to attribute the minor deviations between the simulated and measured
results to misalignments between different layers, deviations in aluminum conductivity, measurement errors,
and fabrication tolerances.

Figure 12 shows the simulation and measurement results for the normalized CP radiation patterns of the
antenna. The highest side-lobe level of the antenna is approximately —13 dB in measurement and simulation.
Moreover, the cross-polarization level is smaller than — 18 dB.

Discussion

As summarized in Table 3, the proposed CP antenna array demonstrates a compelling balance of performance,
efficiency, and structural simplicity compared to previously reported designs. Several prior works utilize STW
technology, achieving efliciencies below 72% while requiring three-layer structures. Although? achieves a
notably high peak gain of 38.5 dBi and efficiency of 82%, it relies on a massive 32 x 32 array, which significantly
increases design complexity and footprint. This work employs an RGW-based 16 x 16 array operating at 60 GHz,
achieving a peak gain of 29.2 dBi, a peak efficiency of 90%, and a bandwidth of 6.6%, all within a three-layer
structure. These specifications represent a significant advancement in high gain without excessive array scaling,
exceptional efficiency, reasonable bandwidth, and moderate structural complexity, facilitating manufacturability.
Moreover, the use of groove waveguide (GW) in both the antenna and feeding network layers contributes to
low ohmic and dielectric losses, further enhancing overall performance. Given these advantages, the proposed
CP antenna array stands out as a highly efficient, compact, and manufacturable solution for high-frequency
applications, outperforming many existing designs in terms of both electrical and structural metrics.
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(c)

Fig. 10. (a) Configuration of CP planar slot array antenna. (b) photograph of assembled fabricated antenna.
(c) photograph of under test antenna.

Length 2.60
. Width 0.73
Active slot Offset 0.55
Spacing 2.67
Length 2.39
Width 0.97
Parasitic element | Depth 1.58
s 0.18
b,xh, 0.85x0.32
. L 227
Coupling slot ch 0.80
w, 1.03
. d 1.39
Ridge b,xh, 0.47%0.05
b,xh, 0.47x0.10
L 1.63
L, 0.69
Feed network L oxw 1.33x1.26
L 0.60
bxh, 1.28%0.36

Table 2. Design parameters of the CP planar slot array antenna.

Conclusion

A 16 %16 planar CP slot array antenna was designed and tested effectively using RGW technology, achieving
efficient performance and high gain at the 60-GHz frequency band. By utilizing a corporate feed network and
asymmetric T-shaped slots, grating lobes were minimized, resulting in high polarization purity and a compact
structure. There was a close correlation between empirical measurements and simulations, verifying the
antenna’s capability to maintain a peak gain of 29.2 dBi with a 3-dB AR across the band, making it highly suitable
for V-band wireless applications. The developed design integrates ease of fabrication, low loss, and exceptional
performance, making it an excellent choice for high-frequency communication systems.
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Fig. 11. Simulation and measurement results of proposed CP planar slot array antenna. (a) |S,,| and AR. (b)
Gain and efficiency. Measured values are shown with dashed-lines.
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Fig. 12. Normalized radiation patterns of proposed CP planar slot array antenna in both principal planes. (a)

Simulated. (b) Measured.
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f, IBW Peak gain | Peak efficiency
Ref Technology Arraysize | (GHz) | (%) | ARBW (%) | (dBic) (%) No. of layers
o SIW 4x4 60 28.1 |19.2 16.7 52.5 3
10 SIW 8x8 60 18.2 | 16.5 26.1 72.2 3
1 Hollow waveguide | 6x8 30 3 1 236 - 3
20 Hollow waveguide | 32x32 61.5 15.8 | 15.1 385 82 6
3 RGW 1x8 78 6.5 6.5 14.8 84 2
30 RGW 8x18 77.5 3.9 39 27.3 85 2
3 RGW 1x8 77 39 32 15 78 4
34 GGW 1x10 30 4 8 16.5 98 2
This work: | RGW 16x16 60 6.6 6.6 29.2 90 3

Table 3. Comparison with other reported CP array antennas.

Data availability
All data generated or analysed during this study are included in this published article.
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