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Abstract: A compact, circularly polarized 8 x 8 antenna array is designed for the 60 GHz band.
The array comprises circularly polarized magneto-electric dipoles (CP-ME-Dipole) excited by
narrow slots. The slots are fed by a printed gap waveguide (PGWG) cooperative network
optimized based on the termination of the effective impedance of the array elements. Thus, it
accounts for the space mutual coupling of the antenna elements. A procedure based on the full-
wave analysis of a 4 x 4 array is used to estimate each element’s 8 x 8§ array effective port
impedance. The cooperative feeding network is designed based on the known effective
impedances. The array is divided into two half subarrays out of phase from each other, and a
rectangular waveguide feeds both sides. The commonly measured bandwidth of 18.3%
achieves return loss better than 10 dB and an axial ratio below 3 dB (AR) of less than 3 dB. A
maximum gain of 26.2 dBic with a high radiation efficiency of 82% radiation efficiency.

Keywords: 5G; mmWave antenna array; circular polarization; printed gap waveguide;
magneto-electric dipole

1. Introduction

The unlicensed frequency band 57-64 GHz has been of interest for radio
frequency (RF) and antenna arrays. Many potential applications are possible for such
a band (V-band) [1], which requires new technology to provide stable performance
and connectivity. To achieve these goals, new components are needed for wireless
communications systems. Operating at mm-wave (V-band) provides the broad
bandwidth required to meet 5G requirements [2]. However, the 60 GHz band suffers
from high atmospheric absorption. Therefore, it requires high-gain antennas at the
physical layer of the communication system [3].

Mobile terminals are expected to operate in the mm-wave range for the Internet
of Things (IoT) and high-speed communications [2]. Thus, significant research studies
have been conducted for communication applications [4,5], such as microbase stations
covering only hundreds of meters of cells that are supposed to communicate directly
with the users with almost no multipath environments. Therefore, the signals have to
be of high gain and narrow beamwidth to overcome the high attenuation of the mm-
wave signals.

The multipath propagation effect can be reduced significantly when a circular
polarization is used [6]. As a result, a high-gain antenna array at 60 GHz with circular
polarization is a proper candidate to enhance channel communication performance.
However, at mm-wave frequencies, the required dimensions are relatively small, and
consequently, the fabrication complexity increases, affecting its performance. In terms
of performance, high efficiency, and low losses, antenna array structures must
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compensate for the free space path loss [3], which is not complicated. However, the
corporate feeding network is usually a major source of losses at mm-wave frequencies.
Therefore, the feeding network must be implemented using the proper electromagnetic
guiding technology. For instance, the metal waveguide can provide high gain and
efficiency when using slots [7,8]. Still, at mm-wave, the challenges are in fabrication,
where electrical contacts between the metal parts of the waveguide structure must be
assured. Substrate integrated waveguide (SIW) [9] technology has been successfully
used at mm-wave frequencies to design a high-gain antenna array [10-16], but the
dielectric losses degrade the efficiency and the radiation performance. In addition, the
SIW width makes it difficult to have a feeding network that directly feeds the array
elements that are tightly spaced. Alternately, a new gap in waveguide technology is
introduced to overcome these limitations [17,18].

The theoretical concept of the gap waveguide is based on two perfect electric
conductors (PEC-PEC) parallel plates where the signal can propagate. Suppose the
bottom plate is laid on a perfect magnetic conductor (PEC-PMC) layer, and the two
plates are separated by a gap smaller than a quarter wavelength. Thus, it suppresses
any wave with any polarization from propagating between PEC-PMC plates.
Therefore, vertically polarized waves are confined between the PEC-PEC parts of the
two parallel plates. A periodic texture with a high surface impedance realizes the
bottom PMC layer. These periodic textures provide a stop frequency band where the
bottom layer can perform as PMC. Therefore, it is called an artificial magnetic
conductor (AMC), which must be designed for a particular frequency band that easily
has a 1:2 bandwidth. Different realizations of the AMC layer end up in different gap
waveguide structures: ridge, groove, and microstrip ridge gap waveguide (MRGW)
[19]. Among these different structures of the gap waveguides, MRGW offers more
design flexibility in designing a complicated feeding network by avoiding disturbing
the periodic structure of the AMC layer.

At 60 GHz, several circularly polarized (CP) antenna array designs have been
reported. A simple planar antenna array was introduced using a patch antenna as a
radiating element; besides the low efficiency, the 3-dB axial ratio (AR) is less than
10% [20,21]. A circular-polarized array antenna using hexagonal radiating apertures
using a metal waveguide feeding network was proposed [22]. Although high gain and
efficiency were achieved, a narrow 3-dB AR was obtained, aside from the complex
fabrication process for such structures. SIW and microstrip lines were used to design
a2 x 2 CP antenna [23,24]. However, both structures had low gain and efficiency. An
8 x 8 CP antenna array based on SIW is introduced with high gain and broad 3-dB AR
[25]. However, the substrate losses had degraded its efficiency. In addition,
manufacturing cost and simulating complexity increase by using a cavity layer to
excite the radiating elements as subarrays of 2 x 2 elements. The cavity layer was
mainly used because it was impossible to excite each element directly due to the SIW
width [26-32]; therefore, the feed network cannot be designed in a single layer. As a
result, these configurations have three layers: the backed cavity radiation layer and the
feeding network layer. In addition, this kind of structure can dramatically increase the
full-wave analysis processing time.

Here, an 8 x 8 high gain circular polarized array fed by a corporate feeding
network based on PGWG is designed using the circularly polarized magneto-electric
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dipole (CP-ME-dipole) as a radiating element [33]. Based on the concept of small to
large finite arrays [34-36], the single feeding network is appropriately designed
without needing a cavity layer with broad 3-dB AR, matching bandwidth, and
excellent radiation performance.

The significant contribution of this article is related to the design of a CP antenna
array, highlighting the necessity of designing the CP element in the array environment
as the mutual coupling changes the amplitude ratio and the phase difference between
the two components of the CP. A simple design of CP-ME-dipole is introduced based
on a single port excitation with wideband performance. Such an element allows the
design of a single layer of a cooperative feeding network based on load terminations,
including the effect of mutual coupling and frequency variation rather than fixed
identical frequency-independent loads. As all the loads are known, the feeding
network is divided to reduce the number of optimization variables to speed up the
optimization process. Thus, the design process is faster and reaches a practical design
that agrees well with measured results. It should be pointed out that choosing a proper
guiding structure for the 60 GHz band and millimeter wave frequencies in general is
very important to having a highly efficient antenna system. Therefore, the printed-gap
waveguide technology is adopted.

2. Design procedures

Designing a circularly polarized antenna array with good radiation performance
and wideband requires first the design of the radiating element with a wide impedance
and 3-dB AR bandwidths. Several radiating elements have been introduced to provide
circular polarization. These designs provide a tradeoff between the impedance and AR
bandwidths. For instance, a patch antenna with a cavity is used to generate a circularly
polarized antenna; however, this element provides narrow impedance and AR
bandwidths [22,23]. Also, a U-shaped slot antenna is used with wide bandwidth
impedance and narrow AR bandwidths [20].

2.1. Isolated CP-ME-dipole

A wide-impedance ME-dipole was proposed, which exhibited excellent radiation
characteristics regarding stable gain over the operating frequency [33]. The printed
form of the ME-dipole consists of patches (electric dipole) on a substrate material;
these patches are separated by slots (magnetic dipole). Circular polarization can be
obtained by diagonally adding a metallic strip and trimming the corner of these
patches, besides perturbing the geometry dimensions so the slot can excite two
orthogonal linear modes with a phase shift of 90°.

A circular polarized ME-dipole (CO-ME-dipole) was used, where a wide
impedance and 3-dB AR bandwidths were achieved [25], but the ME-dipole narrow
slot was excited through an SIW cavity. A wideband CP antenna (impedance and AR
bandwidths) eliminates the need for sequential feeding networks and avoids limiting
the delay lines needed for sequential feeding. If such feeding is used in an array, it will
require three layers of dielectric substrates and feeding subarrays of four elements.
However, designing a parallel feeding network can be challenging. Therefore, in this
article, the narrow slot of the CP-ME-dipole element is excited directly by a printed
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gap waveguide (PGWG), as shown in Figure 1, avoiding using a cavity. Thus
reducing the number of layers required to design and allowing each element’s
excitation in an array directly instead of the subarray used [25]. The pins layer is used
to realize an AMC surface, force the electromagnetic waves to propagate following
the printed line, and suppress around it over the pins. The line is printed on a dielectric
substrate without the conventional ground plane, but the signal propagates above the
microstrip and under the conducting plane that has the narrow slot. Rogers substrate,
RO3003, with a relative dielectric constant of 3 and thickness of 0.13 mm, is used to
be placed above the conducting pins, providing a band stop between 43 and 82 GHz.
The printed CP-ME-dipole uses Rogers RO4003¢ substrate with a relative dielectric
constant of 3.38 and a thickness of 0.508 mm.

The designed CP-ME-dipole has a wide impedance bandwidth of more than 15%
for [S11| <—10 dB (56-64 GHz) required for the 60-GHz frequency band, as shown in
Figure 2. The 3-dB AR bandwidth is 25.9% (52.4-68 GHz), with a peak gain of 8.8
dBic, as elaborated in Figure 2. The radiation patterns for the two orthogonal planes
indicate symmetric radiation patterns with almost constant beam width over their
bandwidth. The co- and cross-polarization radiation patterns in the xz- and yz-plane at
different frequencies (57, 60, and 64 GHz) are shown in Figure 3.

Radiating
layer

PGWG
layer

Figure 1. Schematic of the CP-ME-dipole with the PGWG (a = 0.976 mm, b = 0.896
mm, ¢ = 0.096 mm, d = 1.137 mm, ¢ = 0.85 mm, /= 0.565 mm and g = 0.44 mm).
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Figure 2. CP-ME-dipole antenna simulated Si;, gain, and AR.
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Figure 3. Simulated co- and cross-polar radiation patterns of a CP-ME-dipole
antenna at different frequencies (a) xz-plane and (b) yz-plane.

2.2. Array design

Using the small-to-large array design procedure, a 4 x4-element array in Figure
1 is simulated without a feeding network. Unlike linearly polarized arrays, the CP
arrays are critical to the amplitude and phase that affect the quality of the CP based on
the AR level due to the coupling effect between the elements that are different in the
x-direction than the y-direction (corresponding to E- and H-plane in the linearly
polarized array).

Thus, the element parameters within the 4 x 4 array are tuned to fulfill the CP
characteristics of AR less than 3 dB. The new parameters of the element in the 4 x 4
array environments in mm are ¢ = 1.02, 5 =0.807, ¢ =0.117,d = 1.288, ¢ = 0.699, f =
0.58, and g = 0.44. With the new element, the 4 x 4 array is simulated without a feeding
network to obtain the array S-matrix (Y-matrix or Z-matrix) at each frequency step.
Then, the S-matrix of the proposed 8 x 8 array is predicted [35]. The 8 x 8 array
arrangement and numbering are shown in Figure 4. From these S-parameters, the
effective impedances of the 8 x 8 array are calculated for all frequencies required. A
sample of these effective impedances is shown in Figure 5 at 57, 60, and 64 GHz. It
can be observed that the edge elements are extremely different from the middle
elements, and the corner elements have the highest values.
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Figure 4. The 8 x 8 array elements are numbers from 1 to 64, as shown, starting
from the lower right corner.
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Figure 5. Predicted port effective impedance of an 8 x 8 array element from the 4 x
4 array elements at different frequencies (a) Real part and (b) Imaginary part.

The feeding network is designed based on the effective port impedances.
However, when the feeding network is designed conventionally, as shown in Figure
6 on the left side of a 2 x 2 elements, a direct coupling between the narrow slot and
the close line (vertical midline) causes a change in the predicted input impedance and
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the power distribution that did not account for such interaction. Of course, such
interaction can be reduced by increasing the distance between the elements, which is
not a desired solution because of the grating lobes. Thus, to center the line between
the slots and keep the same distance between the radiating elements. The center line
is tilted by an angle to achieve that, as shown on the right side in Figure 6. Such a
change leads to a change in the layout of the cooperative feeding network, as shown
in Figure 7. This network introduced two more power dividers (Power divider II and
Power divider III) in addition to the conventional one (Power divider I). The power
dividers used in Figure 7 are shown in Figure 8. The S-parameters of the three power
dividers after optimization are given in Figure 9.
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Figure 6. On the left side, a 2 x 2 array with a straight middle vertical line and the
right side of the same array with a tilted middle line.
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Figure 7. Layout of the modified feeding network for the 8 x 8 array.
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Figure 8. Sketch of different power dividers implemented in the printed feeding
network: (a) Power divider I; (b) Power divider II; and (¢) Power divider III.
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After that, the feeding network is designed using the effective input impedances
of the elements as terminated loads instead of the actual physical elements to reduce
the full-wave analysis complexity for the feeding network optimization. The feeding
network parameters are optimized, such as the line widths and the quarter-wavelength

transformers for all lines. The feeding network and radiating layers are arranged, as
shown in Figure 10. The feeding network layer consists of 3D printing EBG
conducting pins similar to those presented [37] designed using PGWG, including the
AMC pins. The electromagnetic signal is coupled between these two layers through
slots etched on the top metal layer of the PGWG. PGWG allows the whole corporate
feeding network to be designed in a single layer.

WR-15 to MRGW transition

gl

95
P

[
e

B8 88 8 % 58 &=

Radiating layer

Feeding network layer

Figure 10. Different layers of the 8 x 8 array. The right layer is the EBG pins topped
by a dielectric substrate with no conductor in the back, and the printed feeding
network on top is separated from the top dielectric substrate by an air gap between

the conducting surface with the slot arrays (forming the feeding network layer)
feeding the ME-dipoles embedded in the dielectric substrate (forming the radiating

clements layer).
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3. Results

A physical prototype for the 8 x 8 array antenna is fabricated with a 37 x 37 mm?
dimension. The bed of nails structure is connected from the back to a standard WR-15
flange [37]. It should be stated that the bed of nails is supposed to be about the same
area as the array size. However, to reduce the cost of manufacturing, we have reused
the bed nails used for the 16 x 16 elements [37]. Such a choice causes a reduction of
the aperture efficiency due to using the ground plane size of the 16 x 16 array to predict
the aperture efficiency. The 8 x 8 array of CP-ME-dipole elements fed by an optimized
PGWG feeding network is fabricated, simulated, and measured. The photos of the top
surface of these surfaces are shown in Figure 11. The |S/| is presented in Figure 12,
showing a -10 dB reflection bandwidth of 18.3% (56.1 to 67 GHz) and 19.2% (56.4 to
68 GHz), respectively. The measured AR of the antenna array is also shown in Figure
12. Good agreement can be observed between the measurement and the simulation of
Si1 and AR.

The measured gain and radiation efficiency are shown in Figure 13, with a
maximum gain of 26.2 dBic. Moreover, the radiation efficiency of the proposed
antenna array is better than 82% over the operating frequency band. The measured
gain shows about one dB less than the simulated gain, most likely due to higher
dielectric losses and some fabrication tolerance. Furthermore, considering the 8 x 8
array dimensions of 37 x 37 mm? and the measured gain of 25.6 dBic, the aperture
efficiency of the array is 52.8% at 60 GHz.

(©)

Figure 11. Photos of different layers of the antenna array. (a) Top view of the Pins

used for a 16 x 16 array [37], (b) printed feeding network layer, and (c) radiating
CP-ME-dipole array.
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Figures 14 and 15 show the antenna array’s simulated and measured radiation
patterns for 57, 60, and 64 GHz, respectively, in the xz- and yz-plane. The results show
excellent agreement between the co-polar and x-polar radiation patterns at all
frequencies within the whole elevation range. The power is distributed uniformly in
phase and amplitude, so the first side lobe level should be around —13.6 GHz. However,
the mutual coupling redistributes the power at some frequencies, giving the edge
elements higher power than the central elements. Thus, the first sidelobe is higher than
—13.6 dB, as shown at 57 GHz in Figure 14a. Also, a low cross-polarization level is
achieved due to differential feeding between the array’s two halves. The input port is
the waveguide WR-15 from the back of the ground plane to the middle of the feeding
network that divides the power equally but out of phase [37]. Thus, the two halves of
the feeding network are 180 degrees from each other to compensate for the out-of-
phase. Consequently, the cross-polarization is reduced.

A performance comparison of CP arrays operating in the 60-GHz band between
arrays in the literature is reported in Table 1. Such comparison proves the different
technologies used to design the elements and the feeding network. In addition, the
performances of the arrays are given. The comparison indicates that the present design
is compact and achieves better gain and radiation efficiency. Printed gap waveguide
technology eliminates the need for a cavity layer [38]. Thus, the present array design
with the PGWG feeding network makes the dielectric loss insignificant in the feeding
network.
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Figure 14. Radiation patterns in the xz-plane at (a) 57 GHz; (b) 60 GHz; and (¢) 64
GHz.

Table 1. Performance comparison between the present array and some arrays
operating in the 60 GHz band.

Present  [20] [21] [22] 23] [24] [25]
Size,mm?> 372 12.32 14x152  67.22 68%x69 NA 30.6 x 34
NE 8 x 8 4 x4 4x4 16x16  2x2 2%x2 8 x 8
NL 2 2 2 3 3 2 3
FNT PGWG ST CPW WG SIW ST SIW
BW % 18.3 28.1 17.8 5.7 6.7 15.9 18.2
G, dBic 26.2 16 16 333 12.2 11.43 26.1
n >82 >52.5 >34.9 >89.6 >70 NA >70
AR % 19.8 19.2 15.6 6.4 6.8 15.9 16.5

Abbreviations in the Table: stripline (ST), Substrate waveguide (SIW), Coplanar waveguide (CPW),
Waveguide (WG), number of elements (NE), number of layers (NL), Radiation efficiency (1), Feeding
Network Technology (FNT), gain (G), Bandwidth (BW).
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64GHz.

4. Conclusion

A new concept for designing a circularly polarized antenna array, including the
mutual coupling effect, has been introduced. A compact 8 x 8 antenna array with a
single layer of feeding network has been proposed for high-gain circular polarization.
A wide AR bandwidth has been achieved using the CP-ME-dipole radiating element
without sequential feeding. Furthermore, the proposed array designs have high
radiation efficiency due to the use of the PGWG for designing a full-corporate feeding
network, which could be an excellent candidate for future millimeter-wave wireless
and 5G applications.
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