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Abstract—A single-layer substrate integrated waveguide (SIW) longitudinal slot array antenna with
low sidelobe level (SLL) in H plane and wide beamwidth in E plane is presented for 77 GHz millimeter-
wave angular radar applications. The radiation energy of the antenna is determined by the length
and offset of the slot. The conductance of the slot that satisfies the Taylor distribution can effectively
suppress the sidelobe of antennas. Measured results indicate that the SLL of the E plane is —28.5dB,
and the 3 dB beamwidth is 98.3°. A measured peak gain of 12.7 dB is observed with a —10 dB impedance
bandwidth of 75.5 GHz ~ 77.4 GHz. The measured results are in good agreement with the theoretical
calculations, and the proposed antenna has been demonstrated as a promising candidate used for
millimeter-wave automotive angular radar for the proposed antenna array.

1. INTRODUCTION

Millimeter-wave (mmw) radar has attracted growing attention in a wide range of applications [1]. High
gain and narrow FOV (the field of view) features permit the implementation of long-range detectors,
which may be used in long-range radar (LRR). However, a relatively lower gain and wider FOV are
used in medium-range radar (MRR) and short-range radar (SRR) [2]. The automotive angular radar
with an MRR or SRR is extensively used in application scenarios such as blind-spot monitoring (BSD),
side lane collision warning, and lane change assistance (LCA). The sufficiently large antenna FOV such
as the sector-wide beam is very effective to detect the targets in a wide range.

The antenna system is one of the main differentiating factors of a radar sensor, which has attracted a
considerable amount of interest from both industry and academia [3]. At present, the microstrip antenna
is widely used in vehicle anti-collision radar antenna systems because it is easy to fabricate and integrate
with microwave circuits. However, there are also many disadvantages in the microstrip antenna at the
same time such as radiation loss, dielectric loss, electromagnetic scattering, and the performance of
SLL. The substrate integrated waveguide (SIW) intensively investigated in [4] has become an attractive
technology for mmw-antenna arrays. As shown in [5,6], SIW has many advantages, such as high @
value, low radiation loss, ease of manufacture, and easy integration with other components. Besides,
owing to the cavity structure of SIW, a better anti-interference between the antenna array and mmw
monolithic microwave integrated circuit (MMIC) can be achieved. The spacing between adjacent SIW
slots is a half wavelength, while the spacing between adjacent patches for microstrip antenna is one
wavelength, thus, more radiation elements can be placed in the same area.

Low sidelobe antenna arrays play a critical role in improving automotive radar performance [7, 8.
As a strong interference would be caused by high SLLs to the reception signal of the main lobe,
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suppressing the SLL of the antenna array can effectively improve the reliability of the automotive
radar system.

In this paper, a single-layer wide beamwidth, low SLL SIW slot array antenna satisfying the
requirements of the angular radar application at 77 GHz band is proposed and demonstrated. The
array of this antenna consists of 14 longitudinal slot elements that satisfy Taylor distribution. To get
different weighting values for each slot, the slot’s parameter extraction model was used to obtain the
slot’s parameters, and the radiation energy of the slot can be controlled by tuning the slot length and
offset.

1.1. Antenna Configuration

The configuration of the proposed SIW slot array antenna can be found in Figure 1, whose overall size
is 47mm x 15mm (includes flange). There are 1 x 14 slots in total on the broad wall of the SIW,
and the feed mode of the antenna in a rectangular waveguide converts to SIW. All the structures are
designed on a dielectric substrate Rogers5880 (g, = 2.2 @10 GHz, thickness h = 0.254 mm), and the
metal used in the substrate is copper with a thickness of 17 um. Considering the antenna performance
and convenience of testing, FR4 substrate material with thickness of 1 mm and dielectric constant of
4.4 was selected to strengthen the structure. For the bonding of antenna and substrate, the thickness
of 0.127 mm and dielectric constant of 4.4 of FR4 solidified sheet were selected.
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Figure 1. The geometry of the proposed array antenna.

The configuration parameter of the SIW antenna array is shown in Figure 2. The thickness and
width of the SIW are h and ag;,,, respectively. The metallic post separated by a distance s is placed
periodically with diameter d. To ensure that the resonant frequency, transmission loss, and transmission
mode achieve the design requirements, an accurate analysis is important for a SIW structure size. The

Figure 2. Configuration of the proposed SIW transmission line.
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SIW is equivalent to a conventional rectangular waveguide filled with dielectric [9, 10].
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Then, consider the realizability of SIW metallic post-machining and the smaller smaller loss of
transmission line. According to the experimental formula [11], the diameter (d) and adjacent spacing
(s) of the metallic post should satisfy the following inequality.

d<s< 2d

As the ratio (s/d) of the adjacent spacing and the diameter of metallic posts increases, the leakage

loss will be reduced. Some detailed data of the SIW transmission line are listed in Table 1.

Table 1. Size of SIW transmission line (unit: mm).
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The field distribution diagram under the main mode transmission is provided in Figure 3(a) which
shows rare electromagnetic leakage. The simulated S-parameters curves are shown in Figure 3(b). The
loss of the transmission line is about —1.6dB, and return loss is greater than 20dB from 75 GHz to

79 GHz.
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Figure 3. Simulation results of the SIW transmission line.
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1.2. Slots Parameter Extraction

Standard Elliott’s design procedure [12-15] is mature and widely used for the design of resonant
waveguide slot arrays. The scattering property of a single slot is required in this procedure which
is a function of slot length and offset. Stevenson proposed the relationship between slot resonant

conductance and offset [20].
Ty

Urwg Ag 2, TA\ . o
~ 2.09 —= —
g w0, 08 (2)\g)sm (arwg
The relationship between slot conductance and offset x,, is provided in Equation (3).
The low sidelobe performance of antenna element is designed by Taylor synthesis method. The
SLL performance of —35dB is achieved by the array composed of 14 cells, and the current distribution
of each unit is shown in Table 2.

) (6)

Table 2. Normalized excitation amplitude distribution of each unit.

unit | current | unit | current | unit | current

1 0.2975 6 0.9304 11 0.6488
0.3671 7 1.000 12 0.4925
0.4925 8 1.000 13 0.3671
0.6488 9 0.9304 14 | 0.2975
0.8051 10 0.8051

x| WwN

Slots parameter extraction is one of the methods to obtain the relationship function of conductance,
offset, and resonance length [16, 17]. In [16-18], the relationship between the admittance characteristics
and resonance length, and the offset of the slot are studied. By this method, the corresponding length
and offset of the slot cell can be determined, which is in different power distribution ratios under
resonance conditions. The slot parameter extraction model is shown in Figure 4.
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Figure 4. Parameter extraction model of the single radiant slot.

To locate the slots at the peak of the standing wave, the distance between the short circuit and the
center of the slot is 3 quarter-wavelengths (can be any odd times of quarter-wavelength). According to
the transmission line theory, the admittance y at the slot center is:

Y= Yo + jtan(B3Xg/4) (M)
1+ jyo tan(F37, /4)
where g is the normalized admittance of load. ( is an integer multiple of the waveguide wavelength.

Therefore, the admittance at the port is equal to the center slot, and the admittance at the port can
be used as the admittance of the isolated slot.

1 —|Su]

n = 8
Un = T80 (8)
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Figure 5. Extraction results of slot parameters. (a) The relationship between offset and normalized
conductance. (b) The relationship between slot length and offset.

By repeatedly adjusting the length and offset of the slot, the slot is in a resonance state when port
S11 resonates at 77 GHz, and the imaginary part of admittance is zero. As shown in Figures 5(a) and
(b), the relationship among the offset of the gap, the conductance, and the resonant length is given
below.

The longitudinal slots on the top metallic plate are placed alternately on both sides of the centerline
to perturb the surface current for radiation. Adjacent radiating slots are staggered and placed 180
degrees out of phase on both sides of the centerline. Therefore, the spacing (d) with half of the waveguide
wavelength is designed in order to stimulate all slot elements in the same phase, and the distance (ey)
between the terminal slot and the short-circuited wall is three-quarters of the waveguide wavelength at
the design frequency. The antenna configuration is shown in Figure 6.

Gs

Figure 6. Configuration of the SIW slot array.

The resonant length and offset of slots (f 1, £ 2, 43,44, 85,46, 47) are listed in Table 3.

Table 3. The resonant length and offset of slot (unit: mm).

ele ln Tn, ele ln Tn,

g1 1.023 ] 0.102 | §1 | 1.318 | 0.321
£211.041 | 0.121 | g2 | 1.248 | 0.247
£3(1.088 | 0.127 | £3 | 1.166 | 0.202
g4 1.152 | 0.145 | £4 | 1.152 | 0.145
g5 (1.166 | 0.202 | §5 | 1.088 | 0.127
16| 1.248 | 0.247 | §6 | 1.041 | 0.121
g711318 | 0321 | £7 | 1.023 | 0.102
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The extraction results can be served as initial values for the further accurate optimization by the
full-wave simulations of the linear SIW array, thus the efficiency of the designed antenna could be
improved by this process.

1.3. Waveguide-to-SIW Transition

The traditional microstrip feed has a large loss in the high-frequency band of 79 GHz, so it is necessary
to design a waveguide to SIW structure for processing and testing antenna [4,16]. There is a pressing
need for an effective transition between air-filled rectangular waveguide (RWG) and SIW. A WR-12
waveguide to SIW vertical transition is designed in Figure 7.

Figure 7. Configuration of the transition.

As shown in Figure 7, an annular slot window is etched on the broad wall of SIW (the top surface
of SIW), and the incident wave in SIW radiates into the RWG through the slot. A short circuit is placed
at the end of the SIW line, to obtain the reflection energy superimposed with the same phase, and the
distance between the short circuit and the center of the patch is three quarter-wavelengths.

The upper layer patch plays a role of impedance transformation and mode conversion. The
equivalent circuit of the transition structure is shown in Figure 8. The long side of the annular slot
is equivalent to capacitors C1 and C2, respectively, and the width and position of the slot affect the
capacitance. Besides, the equivalent capacitance between the patch and the floor is C3 which varies
with the size and position of the patch. The short circuit metal column is equivalent to inductance Lg.
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Figure 8. Equivalent circuit of the transition structure.
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Figure 9(a) shows the effect of the upper reflector width on the impedance bandwidth of the antenna.
The resonance point is negatively correlated with the value of a. When a = 0.93, 0.95, and 0.97 mm, the
corresponding resonance points are 77.8, 77, and 76 GHz, respectively. From Figure 9(b), the return loss
of the transition bandwidth from 73 GHz to 80 GHz is better than 10dB, and the insertion loss is less
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Figure 9. Simulation results of the transition. (a) The effect of patch width on S parameter. (b)
S-parameter.

than 0.8 dB over the frequency range of 73-80 GHz. The proposed transition structure provided with
wide bandwidth, low insertion loss, and designed on one layer with a simple structure is demonstrated,
and these advantages make it acceptable for use.

1.4. Design of Radiating Array

The parameters of the slot are obtained by the parameter extraction model, which provides a design
reference and reduces the design cycle to a great extent. However, the mutual coupling effect between
slots is not considered in the isolated slot parameter extraction model. There is also tolerance in
the extracted slot parameters. The slot parameters extracted by electromagnetic simulation software
are only the basis of the preliminary linear matrix model construction which is need to be further
optimized. Usually, some tunings of the slot offset and /or length may achieve the desirable results (SLL
below —35dB in the H-plane).

All radiating elements have the same phase, and their amplitude distributions must be arranged
carefully to achieve the given gain and low side-lobe level. Simulated S-parameters and radiation
efficiency are presented in Figure 10. We can notice that the results are changed regularly by tuning
the spacing of adjacent slots and the distance of slots from the terminal on matching.

From Figure 10, it can be seen that the port impedance matching and radiation efficiency are
optimal when the slot distance d = 1.64 mm and the slot distance from the terminal e; = 1.95 mm. The
operational frequency band of the antenna is 76.5 GHz—77.5 GHz, whose resonant point is 76.8 GHz, and
the radiation efficiency reaches 82%.

From Figure 11, it can be seen that the current is very strong in the slots, while being weak in the
other areas on the upper metal layer. It should be noted that the longitudinal current vector of each
slot is symmetrically distributed, which leads to current counterbalance. Then, the simulated radiation
patterns of the SIW slot antenna at different W of 77 GHz are shown in Figure 12. The results are shown
in Table 4. When W = 4.1 mm, 4.2 mm, 4.3 mm, and 4.4 mm, the corresponding 3 dB beamwidth is 83°,
89°, 94°, 106°, and the 6 dB beamwidth is 124°, 141°, 148°, and 156°, respectively. The corresponding
gains are 13.7dB, 13.6dB, 13.4dB, and 12.8 dB. The simulated HPBW of 15° in the H-plane is more

Table 4. The corresponding beam width of different W.

W (mm) 41 | 42 [ 43 | 44
E-plane HPBW | 83° | 89° | 94° [ 106°
E-plane 6dB BW | 124° | 141° | 148° | 156°
H-plane HPBW | 15° | 15° | 15° | 15°
Gain (dBi) 13.7 | 136 | 132 | 128




160 Liao et al.

0 10
-101 ::20.8 I7.'71 -
]
2 20l e-d=1.6mm £ 0.6 =- d=1.6mm
= -301-2-4=1.62mm : 0.4 -A- d=1.62mm
Uy -4 & d=1.64mm 2 1 -e- d=1.64mm
50 -= d=1.66mm % 0.24 —%- d=1.66mm
. - d=1.68mm s i -1- d=1.68mm
74 7E 76 77 '58 79 74 75 76 71 78 79
requency(GHz Frequency(GHz)
(a) _ (b)
=]
0 1.0
el B T . = —
10 E@h 2P 208 =
% -e- 25 =1.8mm’ \\\ .g */‘ ‘m-¢g=1.8mm
= -20{ = e5;=1.85mm | £0.6 *//: -e-e5;=1.85mm
:','; 30 -=- €g3=1.9mm “‘ :O 4 1k\\=\\ //‘/' -A- eg3=1.9mm
- 6,~1.95mm 1 ;% \\;‘ / / -¥=egy=1.95mm
P ) N 20.2 -/ ;
85 = k- Cgg=2Mmm
-50 £0.0
74 75 76 7778 79 74 75 76 7778 79
Frequency(GHz) Frequency(GHz)
(c) (d)

Figure 10. Simulation results of radiating array. (a) The effect of the spacing d on S11. (b) The
effect of the spacing d on radiation efficiency. (c) The effect of parameter e; on Sy;. (d) The effect of
parameter e on radiation efficiency.

Figure 11. The diagram of slots current.

stable than the F-plane over 4.1-4.4 mm. For the slot antenna on the infinite ground, the plane can be
equivalent to a magnetic dipole antenna when the slot width is much less than the wavelength. The
radiation pattern of the antenna in the E-plane is omnidirectional when the metal ground is infinite [19].
Scattering is generated at the edge of the metal ground. Therefore, the radiated magnetic currents and
mirroring magnetic currents cannot be superposed together at the end-fire angle. However, the wide
beamwidth radiation performance of the antenna is not affected.



Progress In Electromagnetics Research C, Vol. 112, 2021 161

~m- W=4.1mm == W=4.2mm

dBi _  pet3mm 0 == Wi dmm

155
104
51
01 300 60
-54
=104
-151
=104
-5/
0
5] 240 120
101
154

180
(a)

(©

dBi = W=4.1mm = W=4.2mm
e W=43mm 0 - W=4.4mm

180
(b)

Figure 12. Radiation patterns of the SIW-slot antenna of different W. (a) E-plane. (b) H-plane.
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Figure 13. Photograph of the fabricated antenna and the test environment. (a) Fabricated antenna.
(b) Standing wave test environment. (c) Tightening field test. (d) Detail of the antenna mount.

2. EXPERIMENTAL VALIDATION AND DISCUSSION

According to the above discussions, the proposed single layer wide beam array antenna was fabricated
and measured. The antenna processing object is shown in Figure 13(a). The array antenna is
conveniently surface-mounted to the standard flange of the waveguide by creating a flange hole on
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Figure 14. Simulated and measured. (a) S1; of the array antenna. (b) (c) Radiation pattern of the
array antenna at 77 GHz.

the substrate. The test environment is shown in Figures 13(b) and (c). All of the measurement setups
are controlled by the CATR (compact antenna test range) test system (the maximum angle test range
of the system is (—90°, 90°). Figure 13(d) shows the adapter required for the test, including the bend
waveguide and flange.

The simulated and measured reflection coefficients of the proposed array antenna are shown in
Figure 14(a). The measured results are consistent with the simulation ones. The simulated bandwidth
less than —10dB is in 76.3-77.6 GHz, and the measurement is from 75.5 to 77.4 GHz.

The comparison between the actual measurement and simulation of the pattern is shown in
Figures 14(b) and (c), and a good agreement was achieved between the simulated and measured
radiation patterns. The simulated 3dB and 6 dB beamwidths in the E-plane (xoz plane) are about
93.6° and 147.2°, respectively, while the HPBW in the H-plane (yoz plane) was approximately 15.9°.
The measured 3dB and 6 dB beamwidths in the E-plane are about 98.3° and 148.4°, respectively, while
the HPBW in the H-plane was approximately 15.4°. The simulated and measured sidelobe levels in
the H-plane are below —35dB and —28 dB, respectively. The simulated and measured peak gains are
13.2dBi and 12.2 dBi, respectively. Due to the introduction of bent waveguide and flange, the gain-loss
is about 1dB.

3. CONCLUSION

A single-layer substrate integrated waveguide (SIW) longitudinal slot array antenna with low sidelobe
level (SLL) in the H-plane and wide beamwidth in the E-plane is presented for 77 GHz millimeter-wave
angular radar applications. The slot parameters are obtained by using the slot parameter extraction
model, and the linear array of 14 elements adopts Taylor distribution. The offset and harmonic length
of each slot are used to obtain excitation and control the low sidelobe level. The test results show
that the gain of the proposed antenna is 12.2dB, and 3dB and 6dB beamwidths in the E-plane are
about 98.3° and 148.4°, respectively. Low SLL less than —28 dB and stable boresight radiation are
achieved. Therefore, the proposed SIW slot array antenna is validated to be a valuable candidate for
high performance automotive angular radar applications.
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