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In this paper, a planar high-gain millimeter-wave (mmW) slotted substrate integrated waveguide (SIW) cavity antenna array with
low sidelobe and grating lobe levels is proposed. The antenna consists of a slotted SIW resonator and an SIW transmission line
(TL). To achieve a high gain and simplify the structure of the antenna element, the slotted SIW cavity is resonated in high-order
mode. Then, a high-gain antenna array is implemented with only four such elements. By analyzing the pattern multiplication
principle of the antenna array and accurately adjusting the element spacing, the high grating lobe level caused by the large spacing
of the high-order mode resonator is considerably reduced. In addition, a one-four unequal amplitude power divider is introduced
to further reduce the antenna array’s sidelobe levels (SLLs). Finally, the proposed antenna array is fabricated for verification. The
measured peak gain is 21.4 dBi at 27.3 GHz. The measured grating lobe level in the E-plane is reduced to —17.9dB, and the

measured SLLs are lower than —19.1 dB.

1. Introduction

The millimeter-wave (mmW) band is defined in the range of
30-300 GHz and has very abundant bandwidth resources.
mmW antennas with high resolution, good directivity, and
strong anti-interference ability have been widely studied in
mobile communication systems [1, 2], satellite communi-
cation systems [3, 4], and automotive radar systems [5, 6].

However, due to the serious propagation attenuation of
mmW in the atmosphere, designing high-gain antennas is
necessary. Many means have been presented to realize high-
gain antennas. The reflector antenna, such as the paraboloid
antenna and the Cassegrain antenna, is an effective method
to develop a high-gain antenna [7-9], but the high profile
and the bulky volume usually limit their application. The
Fabry—Perot cavity antenna is usually composed of a radi-
ator and a partially reflective surface (PRS) [10-12]. How-
ever, the antenna gain is very sensitive to the height of the
loaded PRS, which is difficult to manufacture accurately in
the mmW band. Apart from the above three-dimensional
(3D) structures, many planar antennas, such as slot antennas

[13, 14], patch antennas [15-17], and magneto-electric (ME)
dipole antennas [18, 19], have been adopted to realize high
gain. Planar mmW antennas usually contain a certain
number of elements to achieve the desired high gain.
However, with the increase in frequency and the number of
elements, the losses of the feed network have become a major
aspect that limits the achievable gain of the antenna arrays.
On the one hand, planar mmW antennas can be fed by low-
loss transmission lines (TLs), such as substrate integrated
waveguides (SIWs) [20, 21], ridge gap waveguides (RGWSs)
[22, 23], and substrate integrated coaxial lines (SICLs)
[24, 25], to reduce the transmission losses of the array. On
the other hand, the antenna working in higher-order mode
can be used to obtain high gain due to its larger aperture size
and concise feed network [26-29]. It can also be adopted as a
radiation element to simplify the feed network of the an-
tenna array to further reduce the transmission losses [30, 31].

Nevertheless, the sidelobe cannot be ignored while re-
alizing high-gain antenna arrays. Especially for antenna
arrays with large element spacing, more serious grating lobes
will appear. For the above antenna operating in higher-order
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mode with high gain, the large electrical size of the antenna
element leads to a serious grating lobe arising in the antenna
array, which limits their practical applications.

To realize a high-gain array antenna with low sidelobe
and grating lobe levels for mmW applications, a planar
slotted high-order mode SIW cavity antenna array with a
concise feed network based on SIW TL is proposed in this
paper. In contrast from other slotted high-order mode SIW
cavity antennas, the proposed antenna is implemented with
a 1x4 antenna array to achieve a higher gain with low
sidelobe and grating lobe levels in a compact size. By an-
alyzing the principle of the antenna array’s pattern multi-
plication, the grating lobe level caused by the large spacing of
the high-order mode radiation elements is substantially
reduced by reasonably adjusting the element spacing. An
unequal amplitude power divider is introduced to further
optimize the sidelobe levels (SLLs). The proposed slotted
SIW cavity antenna array has the merits of low loss, high
aperture efficiency, and low sidelobe and grating lobe levels.
In addition, high-gain performance is achieved by only four
elements in this design.

2. Antenna Design

The configuration of the proposed mmW slotted SIW cavity
antenna array is shown in Figure 1. It is stacked by two layers
of Rogers 5880 substrates with a relative dielectric constant
of 2.2 and a loss tangent of 0.0009, which are fixed by
surrounding plastic screws. The antenna consists of a 1 x4
slotted SIW cavity array and a four-way power divider. The
slotted SIW cavity is fed by an SIW TL through the slotted
coupling structure.

2.1. Antenna Element. The structure of the proposed an-
tenna element is shown in Figure 2, including the slotted
SIW cavity and the SIW TL. The slotted SIW cavity is
surrounded by a row of metallized vias with a radius of r,
and a period of p,. Additionally, a 4 x 4 slot array is etched on
the top surface. The length of the radiation slot [ is ap-
proximately half the waveguide wavelength, and the radi-
ation slot width w, which has little impact on the radiation
performance, is set to 0.9 mm. The radiation pattern in the
E-plane (x0z), including the SLL and the position of the first
nulls, is reshaped by adjusting the distances between the
radiation slots and axes AA’ s; and s,. The metal column
placed in the SIW cavity is used to enhance the impedance
matching.

Similar to the structure of the leaky wave antenna (LWA)
based on the SIW resonator TE,,, mode proposed in [32],
this slotted SIW cavity can be regarded as a combination of a
2 x 2 TE,,, mode SIW resonator. In addition, the utilization
of an SIW resonator with a higher mode can considerably
reduce the number of surrounding metal columns to sim-
plify the structure and reduce the processing cost. It can also
be used to simplify the feed network and reduce the
transmission losses. The slotted SIW cavity is excited by
etching two identical longitudinal coupling slots along the
bottom surface.
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Figure 1: Configuration of the proposed antenna array.

A T-type power divider based on SIW TL is built on the
bottom layer. In contrast to the microstrip TL, SIW TL can
reduce the transmission losses at high frequencies and
suppress the antenna’s backward radiation. A two-way
power divider with equal amplitude and in phase is adopted
for the compactness of the feed network. The position of the
coupling slots and the adjacent metal probe affect the im-
pedance matching together. To enhance the resonance and
the coupling effect, the length of the coupling slot [, is set to
approximately half of the wavelength.

The electric field distribution of the slotted SIW cavity at
26.9 GHz is shown in Figure 3. The high-order mode in SIW
can be seen as two parallel TE,; modes with the same
amplitude and phase along the BB’ plane. Therefore, the
proposed antenna element can be regarded as an array with
two 2 x4 slot antenna sub-elements. Because the sub-ele-
ments are fed by the T-type power divider in equal am-
plitude and phase, the spacing between the two parallel sub-
elements d, has a great influence on the SLL in the E-plane.
The relationship between the distance of sub-elements d, and
the pattern in the E-plane is shown in Figure 4. The larger the
spacing is, the higher the SLL is and the smaller the first null
is (the closer to the boresight direction), and vice versa. The
position of the first nulls of the antenna element needs to be
considered when designing the low grating lobe antenna
array, which is shown in Section 2.2. When taken together,
the distance of sub-elements d; is selected as L/2.

The simulated reflection coeflicient of the antenna ele-
ment is shown in Figure 5. The —10dB impedance band-
width is from 26.5GHz to 27.9 GHz, and two resonant
frequencies can be seen, which are generated by the reso-
nances of the slotted SIW cavity and the slot coupling
structure.

The simulated radiation patterns of the antenna element
at 26.9 GHz are illustrated in Figure 6, and the simulated
peak gain is achieved as 15.8 dBi. The first nulls of the
E-plane are located at +33°. The SLL in the E-plane of the
antenna element is only —9.7dB, while the SLL in the
H-plane reaches —20.6 dB.

2.2. 1 x4 Antenna Array with Low Sidelobe and Grating Lobe
Levels. Then, an antenna array is designed to further im-
prove the gain to meet the requirement of the mmW



International Journal of Antennas and Propagation

Ground

Sub.2

()

(®)

Figure 2: Configuration of the antenna element. (a) Perspective view. (b) Top view.
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Figure 3: Simulated electric field distribution of the slotted SIW
cavity at 26.9 GHz.

systems. According to the theory of antenna arrays, to
ensure that there is no grating lobe appearing in the visible
area, the spacing between the adjacent elements of a uniform
antenna array cannot exceed one wavelength.

As displayed in Figure 3, the slotted SIW cavity works in
a high-order mode similar to the TE,4o mode, and the el-
ement size is approximately two wavelengths. According to
the results of parameter optimization in Table 1, the aperture
area of the antenna element is 1.791yx1.79A, (A, is the
wavelength in the free space at 26.9 GHz). Therefore, serious
grating lobes are generated for periodic linear arrays.
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FIGURE 4: The relationship between the distance of sub-elements d
and the pattern in E-plane at 26.9 GHz.

However, we know that the antenna array’s pattern is the
multiplication of the pattern of the antenna element and the
array factor. Therefore, the pattern of the antenna array is
affected not only by the array factor F,, which is determined
by the spacing between the adjacent elements, but also by the
result of the combined action of the element pattern and the
array factor. The principle of pattern multiplication is
depicted in Figure 7. Fortunately, when the grating lobe of
the array factor coincides with the first null position of the
element pattern, a serious grating lobe in the pattern of the
antenna array is effectively suppressed.

For a uniform linear array, the expression of the nor-
malized array factor is as follows:
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FIGURE 6: Radiation patterns of antenna element at 26.9 GHz.

TABLE 1: Parameters of the presented antenna element (unit: mm).

Parameters L w w, rp I w,
Values 20 20 5.8 0.2 4.2 0.9
Parameters s S5 T l. w, T
Values 0.3 0.4 0.2 4.6 0.7 0.2
Parameters d, Po ro d h h,
Values 10 0.6 0.15 20.7 1 0.5
_ sin Nu/2
a= N sin u/2’ ( 1)

u=kd cos0+ ¢,

where ¢ represents the phase difference of excitation, 6
represents the angle between the beam direction and the
array axis, and d represents the distance between the ad-
jacent elements.
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Port 1 Port 2 Port 3 Port 4

FIGURE 8: Structure of 1 x4 antenna array.
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FIGURE 9: Radiation pattern of the antenna array fed by (a) equal
amplitude (dash line) and (b) unequal amplitude (solid line).

When u =0, the array factor reaches the maximum. The
relationship between the distance between adjacent elements
d and the direction of grating lobe 6 is as follows:

0, = cos ! é(—q)iZmﬂ) , 1=1,2,3,..., (2)
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TaBLE 2: Dimensions of the unequal power divider (unit: mm).
Parameters w, d Yo X Y
Values 5.8 20.7 2.5 2.2 2
Parameters Y2 X 3 V3 Va Vo
Values 2.5 2 2 0.7 1
Port2 Port3 Port4 Port5
E Field [Y/m]
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Figure 11: Magnitude E-field distribution of the unequal power divider at 27 GHz.
0 200 adjacent element is 1.86A,, that is, d = 20.7 mm, the direction
— of the grating lobe is as follows:
3
5| 11 & 0 - ! (£2m) | = 56.257,123.75".  (3)
) = cos |——F—— (£2m)| =56.25",123.75".
< 3 ! 27/My - 1.86A,
£ 20 4
£ o= The angle converted to the normal direction of the array
< =] . ° . . oy
g 3 7 Z axis is £33.75". It is located just near the position of the first
& 100 & nulls in the E-plane of the antenna element. Due to the
é limitation of the antenna element size, the element spacing
40 1 cannot be further reduced. However, increasing the element
- - - -200 spacing results in more serious grating lobes.
% 26 27 28 2 Finally, the 1x4 antenna array is optimized by
Frequency (GHz) the commercial electromagnetic simulation software
s | s HEFSS, and the structure is displayed in Figure 8. The
! “ element spacing is finally selected as d=20.7mm.
— IS — ISl The simulated radiation pattern in the E-plane of the
—a |S}l|

F1GUre 12: Simulated S-parameters of the unequal power divider.

where i =0 represents the main lobe and i=1, 2, 3, . .. refers
to the grating lobe.

The transverse dimension of the antenna element
designed above is 1.79),. Therefore, when the spacing of the

antenna array fed by equal amplitude and in phase at
26.9 GHz is depicted in Figure 9 (dashed line). The grating
lobe level reaches —18.47 dB at +29°; however, the SLL is
only —13.28 dB.

To further reduce the SLL of the antenna array, the
technique of unequal amplitude power feeding is consid-
ered. The radiation pattern of the antenna array fed by
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F1GURE 13: Photograph of the proposed 1 x4 antenna array. (a) Top layer. (b) Bottom layer.

unequal amplitude at 26.9 GHz is illustrated in Figure 9
(solid line), and the input power ratio of each port is set to
0.4:1:1:0.4. The power ratio is calculated according to the
target SLL of —20dB. The SLL of the array is considerably
reduced to —19.9 dB, while the grating lobe level is basically
unchanged at —18 dB.

3. Simulation and Experimental Results

As seen in Figure 1, a 1 x4 antenna array fed by a one-four
unequal power divider based on SIW TL is designed. The
configuration of the one-four unequal power divider is
displayed in Figure 10. The design principle of a multi-
channel unequal power divider was analyzed in detail in
[33], and an extra description is no longer given here. Table 2
summarizes the final dimensions of the unequal power
divider.

The simulated magnitude E-field distribution at 27 GHz
is demonstrated in Figure 11. The four output ports of the
designed power divider have unequal amplitude and in-
phase performance. From a quantitative perspective, the
simulated S-parameters of the unequal power divider are
plotted in Figure 12. Good impedance matching can be
obtained in the range of 25-29 GHz, and the amplitude
difference between the output ports is approximately
3.96 dB, which corresponds to an output power ratio of 1:
0.4. In addition, the phase difference between the output
ports is basically 0°.

The antenna array is fabricated and demonstrated in
Figure 13, and a GCPW-SIW transition structure is designed
for measurement. The antenna array is measured by using a
2.92mm end-launch connector.

The simulated and measured |S;;| and the gains of the
1 x 4 antenna array are depicted in Figure 14. The simulated
—-10-dB impedance bandwidth is from 26.6GHz to
27.8 GHz, and the measured value ranges from 26.9 GHz to
28.1 GHz. Compared with the simulated results, the mea-
surements move toward high frequencies, which may be
caused by the fluctuation of the dielectric constant and the
fabrication tolerance. Because the dielectric constant of the
PCB laminate fluctuates at a high frequency, the value de-
creases slightly with an increasing frequency. The simulated |
S11| and the gains of the 1x4 antenna array with different
dielectric constants are shown in Figure 15. When the
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FiGure 14: Simulated and measured |S;;| and gains of the 1x4
antenna array.
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FiGure 15: Simulated |S};| and gains of the 1 x 4 antenna array with
different dielectric constants.

dielectric constant is set to 2.13, the simulation results move
toward high frequency, which is almost consistent with the
measurement results in Figure 14. The variation trends of the
simulated and the measured gains are relatively consistent
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FiGure 17: Simulated radiation patterns at 26.9 GHz (solid line) and measured one at 27.3 GHz (dash line) of the proposed 1 x4 antenna

array. (a) E-plane (xo0z). (b) H-plane (yoz).

within the operating band. Errors between the two may be
caused by manufacturing errors and measurement errors.
The maximum gain is 21.4 dBi, and the gain is greater than
19.8dBi in the working band. The simulated radiation ef-
ficiency is higher than 89%.

The simulated radiation patterns of the proposed 1 x4
antenna array at 26.9 GHz, 27.2GHz, and 27.5GHz are
plotted in Figure 16. As the frequency increases, the grating
lobe levels and the SLLs increase, which is caused by the
increase in spacing between antenna elements. However, in
the whole working band, the grating lobe levels in the
E-plane are still lower than —15.1 dB, and the SLLs in the E-
and H-planes are lower than -19.4dB and -15.2dB,
respectively.

As shown in Figure 17, the solid line and the dashed
line represent the simulated patterns at 26.9 GHz and the

measured patterns at 27.3 GHz. The measured results are
in good agreement with the simulation results. The
measured peak gain is 21.4 dBi at 27.3 GHz. The mea-
sured grating lobe levels in the E-plane are —17.9dB,
while the simulated level is =19 dB. The difference be-
tween them may be caused by the measurement error and
the increase in the measurement frequency. The mea-
sured SLLs in the E and H-planes are -19.5dB and
—19.1 dB, respectively. In addition, the cross-polarization
levels in both the E and the H-planes are all lower than
approximately —30 dB.

Table 3 illustrates the comparison of our proposed an-
tenna array with other planar mmW antenna arrays in the
literature. The mmW antenna arrays proposed in [18, 22]
achieve a higher gain, but with a larger number of elements
and higher SLLs. Compared with other high-order mode
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TaBLE 3: Performance comparison with other reported planar MMW antenna arrays.
Freq. No. of Peak gain Sidelobe/grating lobe  Aperture Eff. .
Ref. Type (GHz) elements (dBi) level (dB) (%) Size (Ao)
[15] SIW (patch) 60 4x4 19.6 -13 65 3.26 % 3.42
[17] Empty SIW (patch) 28.25 4x4 18.2 ~—10 324 4.06 x4.0
[18] SIW (ME-dipole) 60 8x8 26.1 ~-10 77.8 6.8%x6.12
[22] RGW (slot) 60 16x16 325 -13 70 1.6 x1.65
[25] SICL (patch) 41.5 6X%6 17.6 -20.4 26.9 4.56x%x3.73
[30] SIW (slot) 45 2x4 21.7 ~12 76.2 4.0%3.86
[31] SIC (spiral antenna) 60 2x2 20 ~ =10 55.6 3.87%x3.7
[33] SIW (patch) 28 1x8 13.97 -20 15.8 ~6.6%1.9
Proposed  SLW (slotted high-order 27.3 x4 214 ~17.9 78 7.6x1.85
mode cavity)
“The aperture efficiency is calculated as (G X Ao2)/ (47 X Ap).
SIW cavity arrays presented in [30, 31], the proposed one References

shows lower grating lobe levels. The antenna arrays in
[25, 33] have lower SLLs, but the multilayer structure and the
relatively low aperture efficiency limit their applications. In
comparison, our slotted SIW cavity antenna array has lower
sidelobe and grating lobe levels and achieves the highest
aperture efficiency among the various designs. In addition,
the peak realized gain of 21.4 dBi is generated by only four
antenna elements in our design, while 8 or even more than
16 antenna elements are needed for traditional antenna
arrays.

4. Conclusion

In this paper, a planar high-gain slotted SIW cavity
antenna array for mmW applications is proposed and
designed. By using the slotted cavity based on the SIW
resonator high-order mode, the gain and radiation ef-
ficiency are substantially improved, and the feed network
can be simplified. By analyzing the pattern multiplication
theorem of the antenna array, a low grating lobe of the
array with large element spacing is realized. The SLL is
turther reduced by an unequal power feed. The designed
antenna array has the advantages of high gain, high
aperture efficiency, low loss, and low sidelobe and grating
lobe levels, which are suitable for various mmW
applications.
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