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Abstract—A high performance substrate integrated waveguide (SIW) slotted array antenna with low
sidelobe level and optimum gain at 28 GHz is designed, and experimental results are presented with
simulated data. In order to achieve a low sidelobe level, Chebyshev power coefficients in the form of
slot displacements are applied to the SIW array antenna. A MATLAB program has been written to
find these slot displacements. This work entails investigating and designing the optimum microstrip to
SIW transition over the Ka-band, designing a 1 x 8 slotted SIW array antenna, and finally applying
the Chebyshev power coefficients to the slots of the 1 x 8 SIW array antenna. The fabricated prototype
of a 1 x 8 SIW slotted array antenna is tested, and its performance is studied in terms of gain and
half power beam width (HPBW), compared with simulations. The measured results of the 1 x 8
slotted SIW array antenna at 28 GHz have a [S11| of better than —20dB, a gain of 13dB, and an
HPBW of 17°. The overall dimensions of the design at 28 GHz are 7.143mm X 51.8 mm x 0.254 mm
(0.667A, x 4.84), x 0.023)\, = 0.0766A3 mm?).

1. INTRODUCTION

Low sidelobe level (SLL) millimeter-wave (mm-wave) antennas are preferred in radar and future wireless
communications to reduce interference from jamming environments. However, due to surface wave
effects and mutual coupling of radiating elements, realising arrays with low SLL is difficult for planar
array antennas [1]. Substrate integrated waveguide (SIW) technology has been proposed as a viable
alternative at microwave and mm-wave frequencies.

SIW is a planar version of a rectangular waveguide [2], in which only TE,,o modes exist. Compact
size, low power losses, efficient power handling, and integration capabilities are a few of its advantages.
By different methods, such as method of lines (MoL) [3], numerical multimode calibration (NMC) [4],
finite-difference frequency-domain (FDFD) [5], and the boundary integral-resonant mode expansion
(BI-RME) [6], the propagation characteristics of rectangular waveguide and SIW are the same. In
papers [7, 8], the authors discuss transitions such as coplanar waveguide to SIW, microstrip to SIW, and
a simple taper that converts quasi-TEM to TE,,q mode. SIW slotted array antennas have gained much
attention for their high efficiency, high gain, low SLLs, and low cross polarisation characteristics [9].

Several low SLL slotted waveguide and slotted SIW arrays are proposed in the literature. Elliott
proposed two equations based on Stevenson’s theory [10], and these equations are used to find the
length and displacement of each slot in the rectangular waveguide [11]. El Misilmani et al. carried out
an investigation into waveguide based slotted array antennas with low SLL at 10 GHz using different
distribution techniques [12]. Dewantari et al. proposed a new technique to reduce the SLL in a slotted
SIW array at 94 GHz. In this technique, amplitude tapering is achieved by changing the SIW width
without altering the slot length [13]. An SLL of —20dB is achieved in a coplanar waveguide (CPW)
fed slotted SIW array antenna using Taylor distribution in [14], and to get a —30dB SLL, the Taylor
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continuous root matching sampling distribution technique is used in the SIW array at 10 GHz [15]. To
achieve low SLL performance, Taylor distribution with a phase-balanced SIW feeding structure was
designed at 28 GHz [16]. In [17], low SLL is achieved by adjusting the two slots in the centre of the
SIW array.

This work focuses on designing a high performance SIW slotted array antenna at 28 GHz with
low sidelobe level and optimum gain. To achieve this, Chebyshev power coefficients in the form of slot
displacements are applied to the slots of the 1 x 8 SIW array antenna. In the design process, initially
a microstrip to SIW transition at Ka-band is designed, then based on Elliott’s procedure [11] and the
procedure in [12], approximate design equations for the slot length, width, and offsets of the slotted STW
array are written to achieve low SLL. The Chebyshev power coefficients depend on the slot displacement
positions. The slot displacements for the desired SLL were calculated by solving these equations using
MATLAB. By using these calculated slot displacements, the 1 x 8 slotted SIW array has been designed
and optimized in Ansys HFSS. Then, a prototype of the SIW array has been fabricated and tested. The
presented 1 x 8 slotted SIW array has low sidelobe level and good gain with low cross polarization. Its
overall size is less (0.667\, x 4.84)\, x 0.023)\, = 0.0766\3 mm?) than the existing designs in literature.

2. MICROSTRIP TO SIW TRANSITION DESIGN

The microstrip taper portion, as shown in Fig. 1(a), serves as a transition from the microstrip line
to SIW. In this transition, the quasi-TEM mode of the microstrip line is converted to the SIW TEjg
mode. The (p) pitch (distance between two cylindrical vias), (agrw) the distance between the two rows
of cylindrical vias, and (d) the diameter of the cylindrical via are calculated by using Equations (1)
& (2). According to the formulae outlined in [7, 8] and using Equations (3) to (5), the microstrip line
length (L,,;) and width (w,,;) can be calculated, whereas the taper width (w;) can be calculated from
Equations (6) to (8). The SIW and taper calculated dimensions are displayed in Table 1. This structure
is modelled on 10 mil thick (RT duroid-5880) substrate with 2.2 dielectric constant. Fig. 1(b) shows that
the measured insertion loss is better than 0.6 dB, and the reflection parameter is better than 10 dB over
the Ka-band which are in good agreement with the simulated data. Ansys HFSS 3D electromagnetic
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Figure 1. Microstrip to SIW structure. (a) Design top view. (b) S-parameters.
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Table 1. Dimensions of the transition structure.
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3. SLOTTED SIW ARRAY ANTENNA AT 28 GHZ

The slotted SIW array antenna is designed by shorting one side of the microstrip to SIW transition,
and eight slots are etched in the longitudinal direction as depicted in Fig. 2. The slot length, the
distance between two successive slots, and the distance from the last slot center to the center of the
shorted via wall are calculated based on formulas discussed in paper [12]. When power is distributed
uniformly, all slots are uniformly displaced from the longitudinal axis of the designed SIW array. As
a result, they are excited equally in amplitude and phase. Uniform displacement (degyq) is calculated
from Equation (9). The SLL of the SIW array depends on the displacement of the slot as it varies the
conductance with which the slot is excited. Slots are displaced so that they are excited based on the
Chebyshev distribution to attain low SLL. Nonuniform Chebyshev displacements (d,) are calculated
from Equation (10), and these values are tabulated in Table 2. A Matlab programme has been written
to generate the slot displacements for a desired SLL. Program inputs include design frequency, SIW
dimensions agrw, substrate height, number of slots, and the highest allowed SLL.

Figure 2. 1 x 8 Slotted SIW array.

Table 2. Dimensions of the slot displacements.

Slot displacement | Value (mm) | Slot displacement | value (mm)
dq 0.126 ds 0.289
ds 0.214 dr 0.214
ds 0.289 dg 0.126
dy 0.332 d equal 0.29
ds 0.332

The approximate equations for slot length (I5) and width (ws) are given by
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where
Cn
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where ¢,’s are the Chebyshev coefficients for the desired SLL, and N is the number of slots.

4. EXPERIMENTAL RESULTS AND DISCUSSION

In order to verify the results, a prototype of the low SLL 1 x 8 SIW array was fabricated on an RT
duriod5880 substrate whose dielectric constant is 2.2, and the thickness is 10 mil (0.254 mm) as shown
in Fig. 3. A 2.92mm SMA connector supported assembly was used with the fabricated antennas, which
were tested using a PNA-X N5244B network analyzer (10 MHz—43.5 GHz) and pattern measurements
performed in anechoic chamber as shown in Figs. 4(a) & (b). The measured |S11] is better than —10dB
at 28 GHz and compared with the simulation |[S11| as shown in Fig. 5. Surface current distribution
and 3D radiation pattern of a nonuniform 1 x 8 slotted SIW are shown in Fig. 6. Fig. 7 depicts the
normalized co- and cross-pol radiation patterns of a uniform and nonuniform (Chebyshev) 1 x 8 SIW
array and good acceptance between co- and cross-pol levels. Measured SLL of nonuniform 1 x 8 SIW
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Figure 4. Photograph of measurement test setup of fabricated 1 x 8 SIW array with (a) PNA-X
N5244B network analyzer, (b) Ancheoic chamber.
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array is —22dB, which is —9dB less than uniform distribution as shown in Fig. 8. Measured HPBW
and gain are 17° and 13 dB, respectively, whereas HPBW and gain of uniform distribution are 14° and
14dB.

chebyshev(simulated)
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Figure 5. Reflection parameter of 1 x 8 slotted SIW array.

(b)

Figure 6. (a) Surface current distribution. (b) 3D radiation pattern of non-uniform 1 x 8 slotted SIW.
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Figure 8. Simulated vs measured pattern of 1 x 8 SIW array.

Finally, the measured and simulated gains, SLLs, and beamwidths of the slotted SIW array at
28 GHz are summarized, as listed in Table 3. According to Table 3, there is a 0.1 dB variation in the
gain, a 1dB variation in the SLL, and a 1° variation in the beamwidth in the measured and simulation
values. The connector losses and measurement uncertainties may account for the variation.

Table 4 summarises the designed slotted SIW array compared with previous reported works in the
literature. Moreover, in this work Chebyshev distribution is used to find the displacements of the slots in
the 1x 8 SIW array to get optimum SLL. A reduction in SLL of —9 dB was achieved in comparison to the
uniform SIW slotted array antenna. The present work has a low SLL compared with the other techniques



22

Table 3. Antenna performance results.

Bharath et al.

uniform Chebyshev Chebyshev
Antenna e e e
distribution distribution distribution
Parameter . .
(simulated) (simulated) (measured)
Return loss 29dB 33dB 33dB
Bandwidth 500 MHz 550 MHz 550 MHz
Peak gain (dB) 14 13 12.9
SLL (dB) —13.85 —22 —21
Beamwidth 13° 18° 17°
Table 4. Comparison with previous works.
Ref. Frequency | Number | Gain | SLL Technique Size
No. (GHz) of slots | (dB) | (dB) d (mm?)
amplitude tapering by 3
13 94 1x12 9.2 —28 0.41X
[13] X changing the STW width °
[14] 24 32 x 4 22.8 —20 Taylor distribution 3.35)\3
[15] 10 16 x 16 o4 _10 Taylor continuf)us distribution 3.0\
root matching sampling
(16] 98 1x8 13 90 Taylor dlStrlbuthD with 9.2\
unequal feeding network
Thi
'S 28 1x8 13 | —22 Chebyshev distribution 0.0763
work

provided in [14, 16]. Although some of the works have low SLL, the gain is less even with more slots
in [13], and the complexity is greater in terms of structure and the feeding network in [15, 16]. It is clearly
observed that the designed antenna has a smaller footprint (0.667), x 4.84\, x 0.023)\, = 0.0766 A3 mm3)
along with good gain, low SLL, and low cross polarization which makes this antenna suitable for radar
and wireless applications.

5. CONCLUSION

The low SLL and optimum gain 1 x 8 slotted SIW array antenna at 28 GHz was presented. The antenna
prototype was fabricated, tested, and the measurements were compared to simulation data. A —22dB
SLL is achieved by applying Chebyshev coefficients in the form of displacement of the slot with respect
to the longitudinal axis of the SIW. The presented antenna has a gain of 13.5dB, a low side lobe level of
—22dB, and a greater than 30dB cross polarization level, which makes this antenna suitable for radar
and wireless applications.
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