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Abstract: A novel dual circularly polarized metallic magneto-electric dipole (D-CP-M-ME-dipole) for the 30 GHz
band is presented. The D-CP-M-ME-dipole uses solid metallic aluminum bulk without surrounding it with metallic cavities.
It is fed by crossed narrow slots coupled to air-filled microstrip lines packaged by a bed of printed periodic mushrooms,
achieving a bandwidth of 2641 GHz (46%). An 8 x 8 array is constructed and fed by a carefully designed dual-polarized
cooperative feeding network, which is optimized considering the mutual coupling influence. Hence, the need for an external
decoupling mechanism to isolate the two polarizations is eliminated. The feed network is on Printed gap waveguide
(PGW) to prevent leakage. Furthermore, parasitic elements are added to the 8 X8 array to realize a 9x9 element array that
improves the overall gain over the bandwidth. The 9x9 dual CP metallic ME- dipole is fabricated and measured to verify
this procedure, with an ultrawide impedance bandwidth of 26-42 GHz (47%), 26.6 dBic gain, and 90% total efficiency,
with less than 40 dBi isolation between the two polarizations throughout the band.
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1. Introduction

Dual circularly polarized antennas have been recently discussed in the literature because they can reduce polarization
mismatches, mitigate multipath propagation, enhance better mobility, and reduce other interference by exciting two
orthogonal E vectors, Right-Hand Circular Polarization (RHCP) and Left-Hand Circular Polarization (LHCP) that are equal
in amplitude and in-phase quadrature (£90°) [1]. Hence, they are good candidates for satellite navigation, aerospace, radar,
and mobile portable communication systems because they can overcome limitations associated with linear polarizations [2].
The 3-dB Axial Ratio (AR) bandwidth of CP antennas is usually more than 15% to meet this requirement. Therefore, most
CP arrays usually require a sequential rotation feed network to meet this requirement. CP can be generated in antennas in
different ways, and they are broadly categorized into single and multi-probe feed systems, depending on the bandwidth
requirement. In [3], a 4-layer k-band 8 x8 dual-circularly polarized antenna was presented. Two stacked chamfered square
patches and two orthogonal slots are utilized to realize dual circular polarization around 18.8-20 GHz, with less than
15 dB polarization isolation and 75% aperture efficiency. The sequential rotation feed network technique is employed
to achieve a dual circularly polarized antenna on a single layer between 27-33 GHz bandwidth, with less than 20 dB
isolation and 11.8 dBi gain [4]. The authors in [5] utilized two suspended metal posts, and two semi-circular patches with
orthogonal slots to achieve dual-CP in a 4-layer 4 x4 patch antenna around 26—35 GHz with a peak gain of 14.5 dBi. In
[6], left-hand CP (LHCP) and right-hand CP (RHCP) are achieved in the 20 and 30 GHz bands, respectively, in a 3-layer,
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2 x 2 array using printed ridge gap waveguide (PRGWG) and stacked patches, with 19.4-20.4 and 28.5-31.4 GHz AR
bandwidths with 13.2 and 11.5 dBci gain, respectively. Dynamic and Berry phase compensation techniques are explored to
realize a low-profile 2 x 2 dual-CP antenna, with 28 dBci maximum gain and 27-36 GHz AR bandwidth [7]. In [8], a
4-layer sequentially rotated 90° 2x 2 array with a feed network is employed to realize 57-72.3 GHz (23.8%) 3dB AR and
impedance bandwidth, with 20.5dBci maximum gain. In [9], a dual-band polarized CP antenna was presented by reusing
the feed network of the ME-dipole as a radiating slot antenna. The patches form the LHCP, while the microstrip line and
slot form the RHCP. A polarization converter is employed in [10] to convert a four-port linear polarization (LP) MIMO
antenna to CP at upper and lower bandwidths of 29.25-30.35 and 19.65-22.05 GHz, respectively. The authors in [11]
also utilized a polarization-twisting metasurface that converts LP to dual-band (12.25-12.95 GHz and 14.00-14.55 GHz)
dual-CP in the Ku-band. The polarization-twisting metasurface consists of a dual-linear-to-circular polarization converter
(DLCPC) and a linear polarization conversion metasurface (LPCM). A partially reflective surface (PRS) is added to a dual
LP feed network to realize dual-CP radiation [12]. A partially reflecting metasurface is integrated into a Fabry-Perot (FP)
antenna to split LP waves into RHCP and LHCP [13]. In [14], varactor diodes are employed to switch the operation band
of a patch antenna, while a feed network loaded with pin diodes is employed to convert the LP to LHCP and RHCP. The
antenna can achieve continuous frequency adjustment from 2—-2.7 GHz with LHCP and RHCP. A dual-polarized filtering
antenna is used to illuminate a dielectric lens, consisting of a CP polarizer and phase shifters, capable of converting LP
waves to dual-CP waves around 60 GHz [15]. Other filtering antennas have also been recorded where either a bandpass
filter is cascaded to a CP antenna [16, 17] or integrating a CP radiator to resonators [18, 19]. In another approach, a filtering
power divider network excites two orthogonal modes to achieve CP [20-25].

Millimeter (mmwave) wave frequency bands have advanced features of high capacity, fast data rate, and large
bandwidth. However, they are subject to atmospheric losses, especially for long-range communication. Hence, high-gain
antennas are in high demand to compensate for the propagation losses [26]. The guiding structures of high-gain mmwave
antennas must be properly designed to mitigate spurious radiations [27-32]. Many guiding structures, including Substrate
Integrated Waveguide (SIW) [33] and gap waveguide technology [34], can be used in mm-wave antennas.

Here, an 8 x8 dual circularly polarized metallic magneto-electric dipole (D-CP-M-ME-dipole) fed by microstrip
printed gap waveguide technology is presented. The D-CP-M-ME-dipole antenna element consists of 4 metallic pins and a
crossed slot. To obtain dual circular polarization (LHCP and RHCP), a diagonal metallic strip is inserted at the opposite
corners of the metallic pins to convert the linear polarizations from the crossed slots to two orthogonal linear modes with
(90°) phase shifts by perturbing the waves. Unlike other work where several layers or feedings are the source of CP, the
ME-dipole design is the source of the RHCP and LHCP. The 3dB axial ratio and —10 dB impedance bandwidth overlap
between 2642 GHz (47%). The corporate feed network is constructed by extrapolating the mutual admittance matrix of
a large array (8x8) from a small array (4 x4). The frequency-dependent effective impedance of the large array is then
extracted from the small array by considering the mutual coupling effect.

This work extends the idea in [35] by designing a single-layer dual circularly polarized feed network using the
frequency-dependent effective impedance termination, unlike other dual-polarized feeding networks that use multi-layers
for polarizations. Also, compared to other ME-dipole elements, this work uses an air-filled ME-dipole without a dielectric
material to increase the antenna’s efficiency by reducing the losses. Compared to other air-filled ME-dipoles [36—39], this
work has no cavity but with a high impedance bandwidth. Therefore, the contributions in this work are:

1. Enhancing the single-linearly polarized array architecture presented in [35] by extending it to support dual circular
polarization (CP), incorporating frequency-dependent behavior to improve performance across a broader spectrum.

2. Developing a compact, air-filled dual-polarized ME-dipole antenna that eliminates the need for a surrounding
open cavity wall, as required in previous designs [36—39]. This design significantly reduces structural complexity while
achieving a wide bandwidth of 46% with high radiation efficiency.

3. In large arrays exceeding 4 x4 elements, single-layer feeding networks introduce increased spacing between
adjacent 4 x4 subarrays compared to inter-element gaps, disrupting the aperture’s power distribution and reducing gain and
efficiency. To address this, parasitic elements are strategically placed within these inter-subarray gaps. These elements are
excited parasitically by surrounding active elements that reradiate in-phase, effectively restoring aperture continuity and
significantly improving overall gain and efficiency.
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2. Design Mechanism

2.1 Unit Cell Design

First, the stop band of the periodic structure must be designed to achieve a stop band that is usually around 1:2 of the
frequency band [40]. The printed periodic structure is chosen to be of mushrooms with a unit cell of L, x L, cross-section
as shown in Figure 1. It is composed of a 0.3 mm diameter and 0.508 mm length metallic via connecting the ground on the
bottom and a square patch of L; x L; on the top sandwiching a Rogers RT 6002 substrate of dielectric constant 2.94, loss
tangent 0.0012. On top of the square patch, the RT 5880 dielectric constant substrate is 2.2, the loss tangent is 0.0009, and
the thickness is 0.254 mm, where the line should be printed. An air gap of height of 0.27 mm separates the last substrate
from the upper conductor. The air gap and the top substrate must have an equivalent thickness of much less than a quarter
of a wavelength at the upper frequency. A 25-50 GHz stop band is created to suppress any wave from propagating between
the mushroom surface and the upper conductor. After that, the microstrip line is inserted to allow the signal to propagate
between the top of the line and the upper conductor. The signal is confined following the line direction. These results are

omitted for brevity.

|  RT5880 Mushroom patch

Via Ground Plane
RT 6002 %

Figure 1. Unit Cell design (L;=0.79 mm, L,= 1 mm).

Air gap

2.2 Dual Circularly Polarized Metallic ME-dipole

The linearly-polarized ME-dipole in [41], which is coupled to the lines through a slot, is modified to achieve a
dual-circularly-polarized metallic magnetoelectric dipole (D-CP-M-ME-dipole). A metallic strip is inserted diagonally at
the opposite corners of the metallic pins to convert the linear polarizations from the crossed slots to two orthogonal linear
modes with 90° phase shifts by perturbing the waves, hence, generating Left and Right-hand circular polarized waves.
The D-CP-M-ME-dipole requires 17 x 17 mushroom cells. To ensure minimum coupling and to improve matching, two
orthogonal stub lines are etched at the tips of both transmission lines so that they can excite two distinct polarizations via
the air gap. Each feedline is 9 mm long and 0.7 mm wide, carefully placed towards the end of the crossed slots. The crossed
slots have dimensions of 0.5 mm x 6 mm. The D-CP-M-ME-dipole is sitting directly on the metallic plate, as shown in
Figure 2a, and it consists of 4 pins, each of dimensions 2 mm x 2 mm % 1.5 mm. To generate dual circular polarization, a
metallic strip of dimensions 2.1 mm x 0.42 mm is diagonally placed across two adjacent pins to convert the LP coming
from the slots to two distinct polarizations of equal magnitude and 90° phase difference (i.e., LHCP and RHCP).

The relative positions of the orthogonal lines with respect to the slot are shown in Figure 2b. The two feedlines are
placed around 0.5 mm from the edges of the orthogonal slots. It also shows a clear view of the metallic dipoles and the
metallic strip line, which is the source of the circular polarization. Unlike other works where the source of polarization is
external to the antenna, it makes the antenna complex. This work has the source of polarization as part of the antenna
system itself. Besides, the feed lines generate different modes on the same layer, ensuring compactness and flexibility. The
antenna has a total dimension of 17.6 mm x 17.6 mm.
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Figure 2. Dual circularly polarized Metallic ME-dipole: (a) 3D Schematic and (b) Top view with a transparency of the conductor sheet to show the lines.

The dual-polarized CP single-element antenna exhibits a 25-41 GHz bandwidth of —10 dB matching, less than 3 dB
axial ratio, and isolation better than 40 dB, as shown in Figure 3a,b. Such high isolation results from carefully designing
open-circuit stubs at the tip of the feedlines. The antenna has a peak gain of 11.7 dBic, as shown in Figure 4 for both
polarizations. The far-field radiation pattern of the single-element antenna at 28, 32, and 38 GHz in the xz- and yz-planes is
shown in Figure 5. The cross-polarization is less than 40 dB at all frequency bands and, hence, not shown.
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Figure 3. (a) Reflection coefficients and Axial Ratio of the RHCP and LHCP ports and (b) S,], indicating isolation better than 40 dB.
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Figure 4. Gain of the dual circularly polarized metallic ME-dipole element.
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The far-field radiation pattern of the single-element antenna at 28, 32, and 38 GHz in the xz and yz planes is shown in
Figure 5. The cross-polarization is less than 40 dBic at all frequency bands and, hence, ignored.
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Figure 5. Far-field radiation patterns of the D-CP-M-ME-dipole element: Top for RHCP and bottom for LHCP. Right side xz-plane and left side yz-plane.

2.3 8x8 Element CP Array Design

To design an 8 x 8 element array, the 4 x4 array element of the ME-dipole is first designed without the feeding network
to extract the admittance matrix and frequency-dependent input impedance of each element. As a single-layer feeding
network is proposed for the two dual-polarized arrays, overlapping and crossovers of the line should be avoided. The
element-to-element distances between the elements are d, and d,. The fielding network is designed for the 8 x 8 array as
shown in Figure 6. It can be seen that it requires a distance D, and D, between 4 x4 subarrays’ edge elements. Therefore,
the ME-dipoles must be placed as shown in Figure 7.
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Figure 6. Element arrangements and numbering of the 8 x8 array (dy = d, = 0.83 mm, D, = D, = 1.54 mm).
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Figure 7. Constructed feeding network of the 8 x 8 array.

To cater for the empty spaces in Figure 6, parasitic elements are added to the active 8 x 8 array, as shown in Figure
8. They are parasitically coupled and act as secondary sources. Their presence improves the array power distribution.
Therefore, they enhance the antenna gain. These elements are loaded with slots similar to the active elements. The
fabricated array is shown in Figure 9.
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Figure 8. Feed network design of the 8 x 8 active and added parasitic elements.
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Figure 9. Fabricated prototype of the 9x9 Array: (a) Top layer, (b) slot layer, (c) Feeding network, and (d) AMC layer.

Figure 10 shows the simulated and measured reflection coefficient of the 9x9 array for both RHCP and LHCP. When
the simulated results are for the whole structure, including the radiating elements, it is called full-wave. When the feeding
network is terminated by the frequency-dependent effective impedances that replace the radiating elements, it is called Eff.
Imp. ter.
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Figure 10. Measured and simulated Reflection coefficients of the 9 x 9 dual CP metallic ME-dipole array (a) RHCP and (b) LHCP.

The simulated and measured AR bandwidths for both polarizations are shown in Figure 11. The AR bandwidth is
24-42 GHz (56%), covering the anticipated impedance bandwidth.
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Figure 11. Simulated and measured AR of the 9 x 9 dual CP metallic ME-dipole array.

The simulated and measured polarization isolation using radiation elements or impedance terminations is shown in
Figure 12. The isolation is less than 40 dB throughout. This high isolation is attributed to the carefully designed feeding
network, which accounts for the mutual coupling between the antenna elements and ports.
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Figure 12. Simulated and measured Isolation between the RHCP and LHCP ports of the 9 x 9 array.
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The array gain is simulated with and without the parasitic elements. The measured gain with the parasitic elements
is compared with the simulated gain. The parasitic elements have increased the overall gain of the array by an average
of 0.2 dB. The S-parameters and radiation pattern are unaffacted by adding these parasitic elements. The corresponding
simulated and measured total efficiency is also shown in Figure 13. The antenna exhibits a maximum efficiency of 89%.
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Figure 13. Simulated and measured gain and efficiency of the Array (a) RHCP (b) LHCP.

The simulated and measured far-field radiation pattern of the 9 x 9 array at 34 GHz is shown in Figure 14, comparing
the array factor method with full-wave simulation. The cross-polarization patterns are less than 40 dB. Therefore, the
cross-polarization patterns are not shown. The patterns in the xz and yz planes look almost the same.
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Figure 14. Normalized radiation patterns of the array at 34 GHz: Top for RHCP and bottom for LHCP. Right side xz-plane and left side yz-plane.
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It is essential to note that PGW can be lossy when constructing a large antenna array with mushroom AMC. Furthermore,
at mm-wave frequencies, mechanical tolerances may be crucial; as a result, additional research may be conducted using
empirical equations. The technique of small-to-large arrays can be extended to model arbitrary distributed arrays. This
extension can be implemented using machine learning on the small array to generate an arbitrarily distributed small array
from which an arbitrarily distributed large array can be efficiently designed. The scanning array can also be studied to test
the possible scanning range.

Table 1 compares this work to the recent state-of-the-art. This work shows the highest isolation, bandwidth, and peak
gain with just two layers.

Table 1. Comparison with other dual-polarized CP arrays in the literature

Ref. No. of  Isolation  No. of BW  No. of Peak Gain Efficiency

Elements (dB) Pol. (%) Layers (dBic) (%)
[42] 8x8 14 Dual-CP  23/23 6 25.8/25.7 80/80
[43] 4 x4 15 Dual-CP  17/17 5 20.8/21.0 90/95
[44] 16 x 16 13 Dual-CP  16/16 8 32.8/32.8 90/90
Prop. 8x8 40 Dual-CP  47/47 2 26.61/26.62 89/90

3. Conclusion

A dual circularly polarized novel metallic ME-dipole antenna with high isolation has been presented. A diagonal
metallic strip line converts the dual LP to dual CP. Compared to other ME-dipole antennae, this work has no dielectric
substrate to improve efficiency. The concept of frequency-dependent input impedance has been used to construct the feed
network of the 9 x 9 array by considering the isolation. The 9 x 9 array exhibits a measured 26.6 dBi peak gain and 90%
total efficiency within the 2641 GHz (47%) bandwidth for both left and right-hand circular polarizations, with less than
40 dB isolation between the two polarizations.
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