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ABSTRACT This work designs a 60 GHz rhombic patch array antenna with high gain, low sidelobe level
(SLL), and reduced array area. This antenna consists of eight linear serial arrays with varying number
of patches. A slot-coupled center-fed structure of substrate-integrated waveguide (SIW) is designed to
simplify the complex feed network required for direct excitation of planar arrays and reduce insertion loss.
The rhombic configuration utilizes the quantity ratio of patches for equivalent taper excitation to reduce
SLL, rather than the use of tapered width as in traditional designs, which can achieve high gain and avoid
cumbersome resizing of patches and connecting lines. An array factor analysis method is proposed to predict
the SLL of the antenna. To form a planar array and further reduce the H-plane SLL, a —25-dB Dolph-
Chebyshev SIW feed network is constructed. The measured gain of the rhombic array antenna is 18.2 dBi,
and the E-plane and H-plane SLLs are less than —20 dB and —25 dB, respectively. This work also simulates
a reference uniformly excited high-gain 8 x 10 array antenna. Compared to this reference antenna, the
proposed rhombic array antenna has similar simulated gain but much lower SLL and 23% smaller array
area.

INDEX TERMS High-gain antenna, low sidelobe, millimeter-wave antenna, rhombic array antenna, 60 GHz
antenna.

I. INTRODUCTION

Communication standards such as IEEE 802.11ad/WiGig and
802.11ay use carrier spectrum around 60 GHz because the
60-GHz band enables high throughput wireless communica-
tion applications. For wireless communication, the main lobe
of the antenna is conducive to receiving/transmitting signals,
while the sidelobes may reduce the antenna gain and increase
communication interference. Therefore, reducing the side-
lobe level (SLL) is one of the main issues for 60-GHz array
antenna designs.
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In recent years, many low-SLL antennas have been devel-
oped [1], [2], [3], [4], [5], [6], [7], [8], [9], [10], [11],
[12], [13], [14], [15], [16], [17]. To reduce SLL, the cur-
rent amplitude of each element antenna needs to be excited
with taper distribution. There are two main synthetic meth-
ods to achieve low SLLs. One way is to use determin-
istic designs, such as using Taylor, Chebyshev, and other
mathematical function distributions, while the other is more
stochastic, such as using genetic algorithms and differential
evolution algorithms (DEA). Two commonly used antenna
structures are width-tapered patches and position-offset slots.
The 28 GHz patch array in [1] adopted Taylor distribu-
tion, which can achieve gain and SLL of 13.97 dBi and
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—20 dB, respectively, but the required cross-layer feed
network design is complicated. In [2], the antenna was
designed with radiation slots on substrate-integrated waveg-
uide (SIW) lines, which used the Elliott’s design procedure
to achieve the Taylor distribution. The measured SLL was
—32.3 dB. The patch array in [3] was non-uniformly posi-
tioned, and the particle swarm optimization was used to
find the optimal patch positions, which reduced the SLL by
7.57 dB. In [4], a circularly-polarized leaky-wave antenna
was designed based on substrate-integrated image guide, and
an SLL of —19.1 dB was achieved. A phased array antenna
in [5] achieved low SLL through a random sequential rota-
tion technology. The 38.5 GHz antenna in [6] was arranged
in a honeycomb array to suppress SLL. In [7], a 28 GHz
dual-polarized slot array antenna was carried out through
gap waveguide technology with multi-layer feed network.
The SLL was reduced up to —19.5 dB. Microstrip mag-
netic dipoles were used to design phased array antennas
in [8], where attenuators were used to achieve amplitude
taper distribution. The SLL at +77° could be lower than
—9 dB, and was less than —15 dB at other angles. Both
the array antennas in [9] and [10] adopted cavity-backed
slot structures, and the amplitude distribution was controlled
through the matching vias in the cavity [9] or through the
slot size [10], thereby reducing SLL. A 60 GHz series-fed
waveguide reflection-canceling slot array antenna [11] was
designed to achieve Taylor excitation by suppressing the
slot reflection. Some studies propose to adjust the width of
patches and feed lines to achieve the desired current distribu-
tion. In [12], a 1 x 8 traveling wave array antenna adopted
serial microstrip lines and inset-fed tapered patches, which
can suppress the reflection of antenna elements and control
the radiated power. In [13], a W-band 16 x 26 array antenna
achieved low SLL through serial patches with tapered widths.
In [14], an 8-element coupled patch array antenna with
non-uniform spacing and groove length was reported. The
design method is complicated. In [15], a CP low-SLL antenna
array for electronic toll collection applications was designed
based on the weighted constrained method of the maximum
power transmission efficiency. The measured results indi-
cated a SLL below —30 dB. Some studies have proposed
rhombic configurations to improve the antenna performance
[16], [17], [18], [19], [20]. The antenna in [16] compared
the microstrip reflector arrays with different aperture shapes.
The area of the rhombic aperture is the smallest, and the SLL
can be reduced by 3.7 dB compared with the square aperture.
In [17], a rhombic patch array was proposed to reduce SLL
by arranging the number of patches close to a binomial
distribution. But only an approximate analysis method was
developed. The planar metamaterial antenna in [18] designed
an offset-fed rhombic split ring to increase the bandwidth, but
not for SLL reduction. In [19], a rhombic grid array antenna
was proposed to increase the antenna gain. Although [20]
qualitatively described the calculation principle of the array
factor of planar arrays with different shapes, it did not give a
specific analytical formula that can be applied to the proposed
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rhombic array antenna. Most of the aforementioned low-
SLL antenna structures are quite complex, with low gain
and operating frequencies below 60 GHz. Therefore, the
practical realization of low-SLL antenna arrays is still very
challenging.

Take the tapered excitation method as an example, which
requires each antenna element to have different weight coef-
ficients. Conventionally, series-fed patch arrays with tapered
widths are often used to achieve the tapered excitation
[12], [13]. Because low sidelobe patterns are very sensitive to
the phase variations of the radiating elements, these designs
require cumbersome resizing of patches and connecting lines
to achieve the desired weight coefficients and same phase.
If the operating frequency is high and the array is large, the
design of the feed network will be very difficult. Another
problem with most reported low-SLL antenna designs is that
the gain drops significantly.

To solve these problems, this work presents a 60-GHz
high-gain low-sidelobe rhombic array antenna. The following
innovative techniques have been used in this design, which
are helpful to improve the performance of conventional patch
array antennas:

(1) Rhombic array configuration: This work introduces a
rhombic array configuration, which utilizes the quan-
tity ratio of serial patches to design a 60-GHz planar
array antenna with easy design, high gain, and low SLL.
The proposed rhombic array utilizes the equivalent
taper excitation caused by the quantity ratio of patches
to reduce SLL, rather than the use of tapered width as
in traditional designs, which can achieve high gain and
avoid cumbersome resizing of patches and connecting
lines;

(2) Analytical formula for rhombic array antenna: To the
best of the authors’ knowledge, there is no analytical
formula for the proposed rhombic array antenna to cal-
culate its radiation pattern. In this work, an array factor
based analytical formula is developed to calculate the
radiation pattern and SLL of the rhombic array antenna.
The detailed analytical formula and analysis results are
given, which can accurately predict the design results.
This formula is proposed for the first time and is quite
novel;

(3) Feed network design: The rhombic array is assem-
bled using linear serial patch arrays with four differ-
ent numbers of elements. A SIW anti-phase slot-fed
structure is designed to feed signal in the center of the
linear serial patch array. The current direction of each
patch is consistent, so as to achieve in-phase radiation.
A —25-dB Dolph-Chebyshev SIW eight-way feed net-
work is designed in the H-plane direction, which can
further suppress the sidelobe of the array;

(4) Low sidelobe, high gain, and reduced array area:
A complete rhombic array antenna with RWG-to-SIW
transition was fabricated for demonstration. The mea-
sured results show that the proposed design can
achieve a gain of 18.2 dBi and low SLLs of —20 dB
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and —25 dB in the E-plane and H-plane directions,
respectively. For comparison, this work also simu-
lates a uniformly excited 8 x 10 rectangular array
antenna. Compared to this reference antenna, the pro-
posed rhombic array antenna has similar simulated gain
but much lower SLL and 23% smaller array area.

The rest of this paper is organized as follows: The proposed
rhombic array antenna is designed in Section II. Section III
shows the experimental results and discussions. A compari-
son of the proposed rhombic array antenna and a reference
uniformly excited 8 x 10 array antenna is given. At last, the
paper is concluded in Section IV.

FIGURE 1. 3D view of the proposed 60-GHz rhombic array antenna.

Il. DESIGN OF RHOMBIC PATCH ARRAY ANTENNA

Fig. 1 shows the 3D view of the proposed 60-GHz patch array
antenna arranged in a rhombic shape (referred to as rhombic
array antenna for short). Eight linear serial patch arrays with
varying numbers of patches are located on SUB 1. The lower
substrate has a —25-dB Dolph-Chebyshev SIW feed network
that delivers the input signal to the upper patch through a
slot-coupled center-fed structure. SUB 1 uses Rogers 4450F
with a thickness of 0.203 mm and a dielectric coefficient
of 3.52, while SUB 2 is Rogers 4350B with a thickness of
0.254 mm and a dielectric constant of 3.66. Since the rhombic
array changes the number of patches in the E- and H-planes,
it can have an equivalent taper excitation, which can reduce
its SLL by up to —25 dB, while still maintaining high gain.
The following subsections describe the key designs of the
proposed array antenna.

A. ARRAY ARCHITECTURE WITH RHOMBIC
ARRANGEMENT

An array factor analysis method is proposed to predict the
SLL of the antenna. From antenna theory [20], [21], the array
factor of an 8 x 10 rectangular array antenna can be expressed
as

8 10 i
AF (6, Lye®md "™
( ¢)2;<n113 Zn:l Zm=1 mn

Umn = —BXmnSinfpcospy + Vmnsinbysingg)
Ymn = BXmnSINOcosg + yi,,sinfdsing) (1)

86500

where I,,,,, and ¥,,,, represent the excitation current and spatial
phase delay of the mnth array element, respectively, and 6y
and ¢o denote the main beam direction. The SLL of an array
can be reduced by tapering the current I,,,. However, for
the series-fed array, changing the I,,,, requires adjusting the
dimensions of all connected segments at the same time, which
is very complicated for the design. The proposed rhombic
array antenna utilizes quantity ratio to reduce SLL, which can
simplify design complexity. The array factor of the rhombic
array antenna with in-phase excitation is

AF (0, ¢)rhombic

array
=AF (0, ¢)8x10 — (Imnlm=1,10
array n=3,6
+ Danlm=1.2,9.10F Innlm=1.2,3.8,9.10) o/¥mn ()
n=2,7 n=1,8

Fig. 2(a) shows the architecture of the proposed rhombic
array antenna, in which the solid dots represent patches.
The rhombic array antenna trims the four corners of the
8 x 10 rectangular array antenna to achieve equivalent
taper excitation in both the x and y directions. Fig. 2(b)
shows the quantity ratios of the rhombic array in the
x-direction (E-plane) and y-direction (H-plane), which are
[2:4:6:8:8:8:8:6:4:2] and [4:6:8:10:10:8:6:4], respectively.
Fig 3 shows the array factors of the proposed rhombic array
antenna and the 8 x 10 rectangular array antenna calculated
from (1) and (2) with uniform I,,,, and equal element spacing
of 0.5A9, where Aq is the free-space wavelength. As shown,
the SLL of the proposed rhombic array can be reduced
to —22.1 dB, which is much lower than the —12.8 dB of the
8 x 10 rectangular array antenna.
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FIGURE 2. (a) Array architecture of the proposed rhombic array antenna.
(b) Quantity ratios of the rhombic array in the x- and y-directions.

VOLUME 10, 2022



C.-E. Tsai et al.: 60 GHz Rhombic Patch Array Antenna With High Gain, Low Sidelobe Level, and Reduced Array Area

IEEE Access

—>—rhombic array xz-plane =+s=--8x10 array xz-plane

-90 -60 -30 0 30 60 90

Theta (Degree)
, (a)
—o— rhombic array yz-plane =-#=+'8x10 array yz-plane
0 H
-10 4 P
Ai' X
FAVIR [ Y
Ay 15
Uak Haid
71 ( iy

-30 0 30
Theta (degree)
(b)

FIGURE 3. Calculated array factors of the proposed rhombic array
antenna and 8 x 10 rectangular array antenna: (a) xz-plane. (b) yz-plane.
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FIGURE 4. Configurations of the linear serial 1 x N patch arrays with SIW
slot-coupled center-fed structures: (a) 1 x 4, (b) 1 x 6, (c) 1 x 8, and
()1 x10.(P, =133, Py =1.6,Tyy =027, TL; = 1.5, T, =TLy = 1.1,
and 7L, = TL5 = 1.15, all in mm.)

B. LINEAR SERIAL PATCH ARRAYS WITH SIW
SLOT-COUPLED CENTER-FED STRUCTURES

Due to the small size of series-fed structures, this work
begins with the linear serial patch array design (referred to
as linear array for short). Four 1 x N linear arrays (N = 4,
6, 8, 10) are designed to form a rhombic array as shown in
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Fig. 1. Considering the antenna size and gain requirements,
the number of patches of the linear array is limited to <10.
Fig. 4 shows the configuration of the linear arrays with STW
slot-coupled center-fed structures to simplify the complex
feed network required for direct excitation of planar arrays
and reduce insertion loss. The dimensions are detailed in the
caption of Fig. 4. The length and width of the patch are fixed
at 1.33 mm and 1.6 mm, respectively, and the width of the
connecting line is fixed at 0.27 mm. The central microstrip
line of the linear serial 1 x N patch array is slightly longer
due to the influence of the coupling slot below, while the other
microstrip connecting lines between patches are almost the
same size. When designing an array antenna with different
number of elements N, since the circuit size of each part
is almost fixed, the required design correction will be quite
easy.

When energy is coupled from SIW to a microstrip line, the
excitation currents on both sides of the line flow in opposite
directions, so the patches will not radiate in phase. To con-
struct the slot-coupled center-fed structure for patch in-phase
excitation, it is necessary to design an SIW-to-microstrip anti-
phase power splitter. Fig. 5(a) is illustrated with a 1 x 10
linear array where the anti-phase power splitter is marked by
a dashed circle. Fig. 5(b) shows the three-port model of this
anti-phase power splitter. By adjusting the size and position
of the slot, the phase difference between Port 2 and Port 3 can
reach 180°. Fig. 6 shows the phase difference of this power
splitter. In the frequency range of 57.1~64.9 GHz, the phase
difference of /S3; — /S1 is 180°+4.4°, which can meet the
design requirements of serial patch arrays. Figs. 7(a)~7(d)
show the simulated radiation patterns at 60 GHz for
the proposed 1 x 4 to 1 x 10 linear arrays, with
gains of 10.29, 11.71, 12.53, and 13.34 dBi, respectively.

Linear series-fed =
1x10 patch array ~>=

Coupling slot

SIW

Coupling slot

Microstrip line
(A X RN E NN NN NENNENENENNNNNNENLNN"TENENENNNNNS

Port 1 Port 3 et Bort 2

(b)

FIGURE 5. (a) 3D view of the linear serial 1 x 10 patch array with a SIW
slot-coupled center-fed structure. (b) Three-port model of the
SIW-to-microstrip anti-phase power splitter.
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From the simulation results, the linear arrays are well
designed.
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FIGURE 6. Phase difference of the SIW-to-microstrip anti-phase power
splitter.
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FIGURE 7. Simulated radiation patterns at 60 GHz: (a) 1 x 4 linear array,
(b) 1 x 6 linear array, (c) 1 x 8 linear array, and (d) 1 x 10 linear array.

C. 25-dB DOLPH-CHEBYSHEV SIW EIGHT-WAY FEED
NETWORK

In order to form a planar array, a —25-dB Dolph-Chebyshev
SIW eight-way feed network is designed, which can also
be used to further reduce the H-plane SLL of the antenna.
A Chebyshev polynomial of order m can be expressed as

(—1)" cosh <m cosh™! (z)) Cz<—1
cos (mcos_1 (z)) , -1<z<1l (3)
cosh (mcosh*1 (z)) ,

Tw(z) =

z>1

An array factor consisting of N elements can be approximated
by a Dolph-Chebyshev polynomial of order m [20]. Let
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m = N — 1, the array factor can be derived as

Ty-1(2)
M
AFezznzl apcos[(2n—1)u], M =N/2, even
= M+1
AF”:Z apcos[2n—Du], M= —-1)/2,
n=1
odd
4)

where u = wdcosf/) and AF®? is the array factor. The SLL
can be derived as

SLL = T3 (z0) 5)

where zg =  z/cosu. The Dolph-Chebyshev current
ratio can be obtained by setting SLL = —25 dB and
N = 8. Table 1 lists the current ratios of the eight-
element —25-dB Dolph-Chebyshev distribution calculated
from (3)~(5).

Fig. 8 compares the calculated array factor for the —25-dB
Dolph-Chebysheyv distribution with that of the uniform distri-
bution. The SLL of the Dolph-Chebyshev distribution is less
than —25 dB, which is much lower than the —12.8 dB of the
uniform distribution. An SIW eight-way feed network with
the desired Dolph-Chebyshev distribution can be constructed
by using several equal power dividers (EPD) and unequal
power dividers (UPD). Table 2 lists the S-parameters required
for EPD, UPD1, UPD2, and UPD3 of the feed network.

Fig. 9 shows the configurations of power dividers. To make
the feed network symmetrical, EPD is used for the first
stage, UPD1 for the second stage, and UPD2 and UPD3
for the third stage. The current ratios required by the out-
put ports of UPDI, UPD2, and UPD3 are calculated as
[0.522:1], [0.646:1], and [0.842:1], respectively. The current
ratios can be adjusted by the location of the three metallic vias
of power dividers as shown in Fig. 9, the dimensions of which
are listed in the figure caption.

TABLE 1. Current ratios for the eight-element—25-dB Dolph-Chebyshev
distribution.

Element No. 1 2 3 4 5 6 7 8

Theoretical
value

SIW
feed network

0.378 0.584 0.842 1 1 0.842 0.584 0.378

035 05 08 1 1 08 05 035

Figs. 10 and 11 show the configuration of the SIW eight-
way feed network and its simulated S-parameter responses,
respectively. The S-parameters of the eight output ports of
the feed network are quite consistent in phase, and their
amplitude difference can meet the design requirements of
power splitting. Table 1 also lists the current ratios inversely
derived from the simulated S-parameters of the SIW feed
network, which are very close to the theoretical values of
Dolph-Chebysheyv distribution. Fig. 8 also compares the array
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FIGURE 8. Calculated array factors of the eight-element —25 dB
Dolph-Chebyshev distribution with an element spacing of 0.51.
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FIGURE 9. Configurations and size parameters of the power dividers:
(a) EPD. (b) UPD1. (c) UPD2. (d) UPD3. (a; = 0.3, a, = 0.25, b; = 0.75,
b2 = b3 = 0.15, b4 =0.3, b5 =04, b6 = 0.8, €l =C = 1, C = 0.06,
c3 =0.6,d; =d, =1,d, = 0.04, and d5 = 0.6, all in mm).

TABLE 2. S-Parameters required for EPD and UPDs of the SIW eight-way
feed network.

Power divider EPD UPD1 UPD2 UPD3
S-parameters of =3/ —1.04/ -1.51/ —2.32/
output ports (dB) -3 —6.69 -5.31 -3.81
Amplitude difference
(dB) 0 5.65 3.8 1.49

factor of the constructed SIW feed network, which is close
to the theoretical result with a maximum SLL of less than
—23.5dB.
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FIGURE 11. S-parameters of the —25-dB Dolph-Chebyshev SIW eight-way
feed network: (a) Magnitude. (b) Phase.

Fig. 12 shows the top view of the proposed 60-GHz
antenna, where eight linear arrays are symmetrically arranged
along the H-plane with a quantity ratio of [4:6:8:10:10:8:6:4]
to form a rhombic planar array. The center of each linear
array is aligned with the coupling slot of the SIW feed net-
work. Parametric analysis is required because the slot will
affect the coupling energy and impedance matching. In our
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FIGURE 12. Proposed 60-GHz rhombic array antenna: (a) Top view,
(b) Enlarged view of the marked circuit in Fig. 12(a) with patches
removed. (SL = 1.55, SW = 0.1, vd = 1.4, and vsd = 0.345, all in mm.)
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FIGURE 13. Simulated S;; responses corresponding to the change of the
matching via pitch vd.

study, slot length SL slightly longer than half wavelength
and narrower slot width SW will have better performance.
However, the effect of only adjusting SL and SW is very
limited. The bandwidth can only reach 0.4% and the return
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FIGURE 14. Simulated S;; responses corresponding to the change of the
matching via position vsd.
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FIGURE 15. Surface current distribution of the proposed rhombic array
antenna.

loss is small. Therefore, two matching vias are added to
improve the bandwidth.

Figs. 13 and 14 show the simulated S1; responses for
varying the pitch vd and the position vsd of the matching vias,
respectively. As shown, the bandwidth can be increased sig-
nificantly when vd is 1.4 mm and vsd is 0.345 mm. The final
selected size is detailed in the caption of Fig. 12. According to
the simulation results of S}, the bandwidth can be increased
to 58.49~61.49 GHz (or 5%).

Fig. 15 shows the surface current distribution of the pro-
posed antenna. In the H-plane, the current tapers off to both
sides as expected due to the —25-dB Dolph-Chebyshev SITW
feed network, while in the E-plane, the current variation is
small since each linear array is uniformly excited.
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FIGURE 16. Simulated normalized radiation patterns of the proposed

rhombic array antenna and the reference high-gain 8 x 10 rectangular
array antenna: (a) E-plane. (b) H-plane.

Ill. EXPERIMENTAL RESULTS AND DISCUSSIONS

A. COMPARISON OF THE PROPOSED RHOMBIC ARRAY
ANTENNA AND A REFERENCE HIGH-GAIN

8 x 10 ARRAY ANTENNA

Fig. 16 shows the simulated normalized radiation patterns
of the proposed rhombic array antenna at 60 GHz with a
gain of 19.8 dBi. In the H-plane, the SLL can be reduced
to —30 dB due to both the quantity ratio of patches and the
Dolph-Chebyshev feed network. Since the E-plane pattern is
only improved by the quantity ratio of patches, its maximum
SLL is reduced to —22 dB, occurring at 44°.

For comparison, a reference high-gain 8 x 10 rectangular
array antenna is also designed in this work as shown in
Fig. 17, which is uniformly excited by an SIW eight-way
equal power divider. Fig. 16 also includes the radiation pat-
terns of this reference array antenna with a simulated gain of
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FIGURE 17. Reference uniformly excited high-gain 8 x 10 rectangular
array antenna.
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FIGURE 18. Configuration of the input port with RWG-to-SIW transition:
(a) 3D view and (b) Enlarged view (W, = 2.4, W, = 2.8, W3 = 3.2,
Wy =1.4,L; =0.75,L, = 1.85, Ly = 1.74, and L, = 0.54, all in mm.)

20.8 dBi which is 1 dB higher than the proposed rhombic
array antenna. Since the reference array antenna does not
introduce any design to reduce the SLL, the E-plane and
H-plane SLLs are only —12 dB and —13.6 dB, respectively.

As shown in Fig. 16, the curve of the proposed rhombic
array antenna is smoother than that of the reference array
antenna. Since the proposed rhombic array antenna requires
only 56 patches, the array area can be reduced by 23%.

B. INPUT PORT WITH RWG-TO-SIW TRANSITION

Since the input interface of the measurement system is a
WR-15 rectangular waveguide (RWG), the input port of the
proposed antenna requires a transition structure from RWG
to SIW [22]. Fig. 18 shows the configuration of the input port
with RWG-to-SIW transition with dimensions listed in the

86505



IEEE Access

C.-E. Tsai et al.: 60 GHz Rhombic Patch Array Antenna With High Gain, Low Sidelobe Level, and Reduced Array Area

S-parameters (dB)

230 | 1 1 I |
55 56 57 58 59 60 61 62 63 64 65

Frequency (GHz)

FIGURE 19. Simulated S-parameter responses of the input port with
RWG-to-SIW transition.

10 20 30 40 S50
Jlmmuiuniuuuuhmlugumlémm‘im‘

(b) (c)

FIGURE 20. Proposed rhombic array antenna with RWG-to-SIW transition
and a WR-15 RWG-to-coax adapter: (a) 3D view. (b) Top-view photograph.
(c) Bottom-view photograph.

caption. Due to the different distribution of electromagnetic
fields in RWG and SIW, it is necessary to add an additional
SIW cavity, arrange a metalic patch inside the slot, and place
four matching vias near the slot, so that the electromagnetic
field can be transferred smoothly.

Fig. 19 shows the simulated S-parameters of the input
port with RWG-to-SIW transition, where Port 1 and Port 2
are the RWG and SIW terminals, respectively. From the
simulated results, the 10-dB impedance bandwidth is from
58.4 to 65 GHz, the insertion loss is only —0.54 dB, and the
S11 and Sy are both lower than —22 dB at 60 GHz, showing
quite good performance.
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FIGURE 21. Simulated and measured S-parameters of the proposed
rhombic array antenna with RWG-to-SIW transition and a WR-15 adapter.
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FIGURE 22. Simulated and measured radiation patterns of the rhombic
array antenna with RWG-to-SIW transition and a WR-15 adapter:
(a) E-plane. (b) H-plane.

C. EXPERIMENTAL RESULTS

For verification, a complete rthombic array antenna was
fabricated and measured in this work. Fig. 20 shows the
photographs of the proposed antenna with RWG-to-SIW
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TABLE 3. Performance comparison of the proposed antenna and the previously reported low-sll antennas.

Element NP No. of Peak gain [S11] BW SLL Cross-pol.
LG5 JO(eEr) I type L e | (%) E/H-plane (dB) (dB)
[1 28.25 Linear Patch Taylor 1x8 13.97 8.1 —18.3%E-plane) -20*
2] 10 Linear Slot Taylor 10x10 22 4 —32.3/-33.8 NP
[3] 253 Linear Patch PSO 16 12.03 1.4 —7.57(E-plane) NP
A-shaped 12.3 2.9
[4] 14 CP Slomont Taylor 1x10 B (AR-BW) ~19.1 NP
[5] 4 CP Patch Sequential rotation 4x4 NP 20 —17.5%D-plane) —20
5(y-pol.) —18.5(y-pol.) 3
[71 28 Dual Slot Taylor 16x16 28 5ol ~19.5(x-pol.) 30
[10] 3.44 Linear Slot Dolph-Chebyshev  5x4 18.2 0.6° —20/-20 —42
[12] 76.5 Linear Patch Dolph-Chebyshev 1x8 13.8 3.9% —17(E-plane) NP
[14] 14.25 Linear Patch DEA 1x8 16.1 12.56 —20.3(H-plane) NP
[15] 5.8 CP Patch WCMMPTE 12 15.3 (dBic) 12.4(AR-BW) =30 —30°
[17] 6.2 Linear Patch EAD 9 14.8 7.4 —23.8/-24.1 NP
Thiswork 60  Lincar  Patch  Lhombicarray+ g6 182 4.7 ~20/-25 -30

Dolph-Chebyshev

Abbreviation: CP = circularly polarized, BW = bandwidth, SLL = sidelobe level, Cross-pol. = cross-polarization, NP = not provided, AR-BW = axial ratio-

bandwidth, DEA = differential evolution algorithm, EAD = equivalent amplitude distribution, PSO = particle swarm optimization,
WCMMPTE = weighted constrained method of the maximum power transmission efficiency. *Calculated from the graph of the referenced paper.

transition and a WR-15 RWG-to-coax adapter. The S of the
proposed antenna was measured using an Anritsu MS4647B
vector network analyzer with a 1.85 mm coaxial calibra-
tion kit (Anritsu 3654D), while the radiation patterns were
measured by an in-house far-field millimeter-wave antenna
measurement system [23] calibrated using a standard gain
horn (Millitech SGH-15-RP000).

Fig. 21 shows the simulated and measured results for Sy;.
The simulated and measured 10-dB impedance bandwidths
are 58.46 to 61.47 GHz (or 5%) and 58.6 to 61.5 GHz
(or 4.7%), respectively, which are in good agreement.
Fig. 22 shows the simulated and measured normalized radia-
tion patterns. Due to the limitation of the mechanical bracket
of the measuring equipment, the measuring angle is limited
within £75°. From the simulated results, the gain is 19.8 dBi,
and the SLLs of the E-plane and H-plane are —21.6 dB and
—32 dB, respectively. The measured gain is 18.2 dBi, and
the measured SLLs of the E-plane and H-plane are —20 dB
and —25 dB, respectively. The cross-polarization level is
less than —30 dB. The discrepancy between the measured
and simulated SLLs is small in the E-plane but noticeable
in the H-plane. Inferred from further simulated results, the
discrepancy in the H-plane may be caused by manufacturing
errors in the SIW feed network, resulting in out-of-phase and
incorrect amplitude ratios of the excitation currents for each
linear array. However, the —25 dB SLL is still acceptable for
most applications. Fig. 23 shows the measured and simulated
realized gain curves. Both curves have similar fluctuations,
but the measured gain curve is slightly shifted towards low
frequencies. Overall, the gain curve is fairly smooth with little
variation.

The comparison of the proposed rhombic array antenna
with the previously reported low-SLL antennas is shown in
Table 3. It can be seen that the proposed antenna has the
advantages of high peak gain and low SLL at high operating
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FIGURE 23. Simulated and measured realized gains of the proposed
rhombic array antenna.

frequency of 60 GHz. In addition, the proposed antenna
utilizes the quantity ratio of patches for equivalent taper
excitation to reduce SLL, rather than the use of tapered width
as in traditional designs, which can achieve high gain and
avoid cumbersome resizing of patches and connecting lines.

IV. CONCLUSION

This work presents a 60-GHz rhombic patch array antenna
with high gain, low SLL, and reduced array area. This
antenna is designed based on eight linear serial arrays with
varying number of patches. A SIW slot-coupled center-fed
structure is designed to avoid the complex feed network
required for direct excitation of planar arrays and reduce
insertion loss. The equivalent taper excitation in the E-plane
and H-plane directions is achieved by the quantity ratio of
patches, which can obtain high gain and avoid cumbersome
resizing of patches and connecting lines. Array factor analysis
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is carried out to predict the SLL of the antenna. A —25-dB
Dolph-Chebyshev distribution SIW eight-way feed network
is design to form the planar array and further reduce the
H-plane SLL. The measured results show that the proposed
antenna has a gain of 18.2 dBi, and the SLLs in the E-plane
and H-plane are less than —20 dB and —25 dB, respectively.
This work also simulates a reference uniformly excited high-
gain 8 x 10 array antenna, compared to which the proposed
rhombic array antenna has similar simulated gain but much
lower SLL and 23% smaller array area.
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