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Abstract. This paper presents a single-layer SIW longitudi-
nal slot array antenna optimized for high gain and low side
lobe levels (SLL) in the W-band, designed for LMRR (Long
Medium Range Radar) applications. This design enhances
detection range at high frequencies. It also provides a wider
azimuth field of view (FOV) at lower frequencies. The ap-
proach improves compactness and reduces costs. It elimi-
nates the need for multiple antennas in different radar ranges.
The system includes two band pass filters (BPFs) and one
power divider. These components integrate into four antenna
arrays, each with six slots. The results show a 4.6 dB gain im-
provement between lower and higher frequency bands. The
antenna extends the maximum detection range by 168 m for
a vehicle with an RCS of 10 dBsm in a lossless system. Ad-
ditionally, the study analyses the normalized admittance of
the antenna. It examines the effects of slot length, width, and
displacement on conductance and susceptance. These find-
ings confirm the antenna’s efficiency for radar applications.
A comprehensive tolerance analysis was performed to assess
the proposed design’s robustness under variations in key pa-
rameters.

1 Introduction

Automotive radar technology has better performance than
other technologies like LiDAR, ultrasound, and far-infrared
cameras in challenging conditions such as poor lighting, ad-
verse weather, and extreme temperatures (Aqlan et al., 2016;
Bloecher et al., 2009; Rabinovich et al., 2010). Automotive
radar technology has proven to be effective. Radar antennas
are generally classified based on their detection range into
three types: short-range radar (SRR), medium-range radar

(MRR), and long-range radar (LRR) (Bakhshi et al., 2024;
Pandey, 2019; Rabinovich et al., 2010). SRR have a wider
field of view (FoV) and lower maximum gain. They are
mainly used for near-distance applications like parking assis-
tance, blind spot detection, lane change assistance, and obsta-
cle detection. In comparison with SRR, LRR antennas have
narrower FoV and higher gain and detection range. They are
used in applications like highway cruise control, autonomous
driving, and early collision detection. These systems present
data about objects at long distances. So, it provides more time
for decisions like slowing down. MRR is between LRR and
SRR category. It has higher gain than SRR and wider FoV
than LRR. They are often used for applications like adaptive
cruise control (ACC), and collision warning systems (Kan-
nappan et al., 2022; Michel et al., 2022; Woo, 2022; Ya-
coub and Aloi, 2022). The microstrip antenna is tradition-
ally utilized in automotive radar systems because it is simple
to manufacture and integrate with microwave circuits. Nev-
ertheless, it suffers from several limitations, including radi-
ation loss, dielectric loss, high element mutual coupling in
an antenna array configuration , and inadequate Side Lobe
Level (SLL) performance. In contrast, the Substrate Inte-
grated Waveguide (SIW) has gained attention as a promising
technology for millimeter-wave (mmW) antenna arrays. SIW
provides several benefits, such as a high-quality factor, mini-
mal radiation loss, straight forward production, and seamless
integration with other components. Additionally, the spacing
between adjacent SIW slots can be designed half a wave-
length, in contrast to the one-wavelength spacing between
patches in microstrip antennas. This difference allows for
a greater number of radiation elements to be incorporated
within the same physical area (Huang et al., 2015; Liao et
al., 2021; Martinez-Ros et al., 2013; Yang et al., 2015). In

Published by Copernicus Publications on behalf of the URSI Landesausschuss in der Bundesrepublik Deutschland e.V.



50 N. Feiz et al.: Dual-Frequency SIW Slot Array Antenna for Automotive Radar

Figure 1. SIW filter and power divider structure.

Table 1. Dimension of proposed SIW filter.

Parameter Dimension Parameter Dimension
(mm) (mm)

asiw 1.95 L1 1.6
W1 1.25 L2 1.5
W2 1.13 L3 4.05

this paper, a design of a novel single-layer SIW slot array
antenna tailored for radar applications is presented, operat-
ing within the 76–81 GHz bandwidth. In order to enhance
performance across medium and long distances, both MRR
and LRR functionalities (LMRR) are combined into a single
radar antenna in two different frequencies. Higher frequency
band, with shorter wavelengths, provides high gain and high
range resolution, allowing the radar to detect weak signals
and distinguish between closely spaced objects with preci-
sion. This is ideal for applications requiring detailed imaging.
In contrast, lower frequency band, with longer wavelengths,
offer a wider field of view (FOV), enabling the radar to cover
a broader area of perception, which is useful for surveillance
and general monitoring purposes. Section 2 explains the de-
sign procedure for the filter and power divider. These com-
ponents are designed to meet the given specifications. Sec-
tion 3 investigates normalized admittance of longitudinal slot
antenna in SIW technology. It also examines the effects of
slot length, width, and displacement on normalized conduc-
tance and susceptance. Section 4 focuses on antenna design.
It presents the design methodology, including the parameters
used to achieve the desired performance. The results obtained
from the antenna are also discussed. Section 5 presents the
maximum radar range calculation. Finally, Sect. 6 discusses
tolerance investigations. It evaluates the effects of via move-
ment and slot dimension variation on overall antenna perfor-
mance.

2 SIW Frequency Selective Filter and Power Divider
Design

To achieve a gain difference of more than 3 dB between 76.5
and 79 GHz, a specialized SIW frequency selective filter is
first designed. In order to activate different sections of the an-

Table 2. Dimension of proposed SIW antenna.

Parameter Dimension Parameter Dimension
(mm) (mm)

x1 0.519 W1 26.11
x2 0.744 Lslot1 1.47
x3 0.857 Lslot2 1.56

tenna array based on the operating frequency band, the SIW
filter is designed. At the lower frequency band, only two an-
tenna elements, positioned centrally within the structure, are
activated. At the higher frequency band, all antenna arrays
are activated to provide the desired radiation pattern. The
structure in SIW design is implemented on a Rogers 3003
dielectric substrate, which has a relative permittivity (εr) of
2.94 and a thickness of 0.508 mm. The thickness of metal
layer on both sides of the substrate is of 0.0508 mm. The
periodicity and via diameter are carefully chosen to have a
balance between fabrication limits and electromagnetic per-
formance. In order to meet fabrication specifications, the di-
ameter of the vias (d) in our SIW design is set to 0.25 mm.
To minimize radiation loss, the periodicity between the vias
(s) is set to 0.4 mm. By considering the optimal spacing, the
possibility of leakage between the vias is decreased. So, elec-
tromagnetic waves can propagate in the structure with mini-
mum loss. The width of the rectangular waveguide is defined
by (a). Figure 1 illustrates the structure of the SIW filter and
power divider. The figure provides a clear visual represen-
tation of the electromagnetic power distribution for both the
lower and higher frequency bands. The red arrows in the fig-
ure indicate the path that electromagnetic waves in the lower
frequency band approach toward the output ports (port 2 and
3). The blue arrows represent the signal flow at the higher
frequency band. So, the paths for lower and higher frequen-
cies are clearly differentiated. The proposed design incorpo-
rates several key features: 1. Two band pass filters (BPFs):
Two SIW filters with a resonance frequency of 76.5 GHz are
designed. These filters are optimized to selectively pass sig-
nals in the higher frequency band to Port 4 and Port 5. The
extracted pole technique is utilized for designing the filter.
When electromagnetic energy is coupled into the resonators
at the resonant frequencies of the band-stop cavities, strong
cancellation is occurred. In other words, by creating trans-
mission zeros, the lower frequency band is effectively sup-
pressed and the higher frequency band is passed through the
filter (Chen et al., 2005). In order to design the BPF in SIW
structure, the width and the length of the filter must be calcu-
lated. The filter’s performance, like its passband frequency,
impedance matching, and overall frequency response, is af-
fected by filter dimensions. The width and length of filter is
calculated following Eqs. (1) and (2), respectively (Chen et
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Figure 2. Electric field distribution in SIW filter and power divider structure, (a) lower frequency band (b) higher frequency band.

al., 2005).

leff = l−
d2

0.95s
(1)

Wfil = a−
d2

0.95s
(2)

The resonant frequency of a SIW filter is determined by
Eq. (3)

f =
c

2π
√
εrµr

√(
π

Wfil

)2

+

(
π

leff

)2

(3)

2. Filter Entrance Offset: An intentional offset is intro-
duced between the entrances of the filters. The control of
reflection waves across the four signal paths and preventing
phase cancellation are the reasons for using filter entrance
offset. By calculating and optimizing the length and width of
BPF, impedance matching, minimal insertion loss, and strong
out-of-band rejection are achievable. The Y -junction power
divider (PD) is positioned at the center of the structure to
distribute electromagnetic energy to the central port equally.
Like in BPFs, the swept-arc bend in a power divider is de-
signed to maintain impedance matching in Region II of PD.
All design values are given in Table 1.

Figure 2 illustrates the electric field distribution of the pro-
posed frequency selective filter at two distinct frequencies:
(a) 76.5 and (b) 79 GHz. At 76.5 GHz, the electric field dis-
tribution indicates that, because of using the BPF, the major-
ity of the power is directed towards the central output ports.
PD provides the equal division of electromagnetic power. At
the higher frequency band, the electromagnetic power is di-
vided equally across all the output ports. This equal division
ensures that connected antennas receive the same amount of
power. Figure 3 illustrates the S-parameters of the proposed

Figure 3. The simulated S parameter of SIW filter and power di-
vider.

SIW frequency selective filter and power divider. From this
figure, the performance across a range of frequencies is ob-
served.

Lower Frequency: At lower frequencies, the S-parameters
show that the electromagnetic power is received by Port 2
and Port 3 equally. While, Port 4 and Port 5 receive only−18
and −24 dB, respectively. So it indicates negligible power is
reached to port 4 and 5. Higher Frequency: power is equally
distributed among all four output ports. This demonstrates a
balanced distribution of the electromagnetic energy across all
output ports.

3 Investigation on Longitudinal Slot Array Antenna

A slot array can be considered as a segment. Each segment
has one slot that can be modeled as a shunt circuit config-
uration. They are characterized in terms of their admittance
on a transmission line with a specified characteristic conduc-
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Figure 4. Configuration of longitudinal SIW slot array antenna (a) Top view (b) Equivalent circuit (Islamov, 2024).

tance (Elliott, 1983). The normalized admittance of this two-
port model is determined based on the precise dimensions
of each slot. The admittance calculation is crucial because
it controls the input impedance matching and overall radia-
tion pattern of the antenna structure. Equation (4) represents
the relation between the normalized admittance (G0) and the
S-parameters (Elliott, 1983).

yelement

G0
=
Gelement

G0
+ j

Belement

G0
=−2

S11_element

S11_element+ 1
(4)

In this analysis, Gelement and Belement represent the con-
ductance and susceptance of the radiating element, respec-
tively. The reflection coefficient of the single slot is shown
by S11_element. This section focuses on calculating the nor-
malized conductance and susceptance for a single slot in SIW
configuration.

Figure 4 represents the longitudinal slot configuration and
its equivalent circuit. Figure 5 shows the normalized conduc-
tance and susceptance for variation in length, width and dis-
placement of slot.

As shown in Fig. 5a, small adjustments to the slot length
result in minimal changes to the conductance, susceptance,
and overall admittance. This stability occurs because once
the slot reaches its resonant frequency, it effectively acts as
a resonant structure. Consequently, further small changes in
length do not significantly impact the admittance.

In Fig. 5b, it is shown that varying the slot width has a
minimal effect on the overall admittance. In order to explain
the reason, it should be noted that it is assumed only domi-
nant mode exists in slot configuration. Therefore, the admit-

tance is largely dependent on the length rather than the width.
In contrast, Fig. 5c demonstrates that changing the displace-
ment of the slot has a significant effect on conductance and
susceptance. Adjusting the slot’s position affects the align-
ment and distribution of the current flow along the slot. So it
can change the admittance significantly. By varying the dis-
placement, the phase and amplitude of the current distribu-
tion are varying.

4 SIW Slot Array Antenna

The configuration of the proposed SIW slot array antenna,
with the frequency selective filter design, is depicted in
Fig. 6. The antenna consists of four linear arrays, each con-
taining six slots. The width of each slot is precisely 0.5 mm.
In this design, the Dolph-Chebyshev taper was implemented
by controlling the offset of each slot from the waveguide cen-
tre line to achieve a specified amplitude distribution across
the array. The tapering coefficients were calculated based on
a Chebyshev polynomial synthesis approach, which enables
systematic sidelobe level control by setting a desired SLL.
Each slot’s offset was then adjusted accordingly to realize
the desired amplitude distribution, ensuring that the radiated
field closely matches the target pattern with low sidelobes.

The dimension of proposed SIW antenna are given in Ta-
ble 2.

Due to the use of the proposed filter, antennas are work-
ing in two different frequency bands. The center antenna op-
erates in the lower frequency band. Therefore, it provides
lower gain and wider FoV, which is crucial for detecting ob-
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Figure 5. Conductance and susceptance analysis of a single slot configuration with variations in (a) the slot length (b) slot width (c) dis-
placement.

jects over a medium range. All antennas are operating at a
higher frequency band. So, it has a higher gain and detection
range. This dual-frequency functionality allows the antenna
system to seamlessly transition between medium-range and
long-range radar tasks, depending on the operational require-
ments. As a result, the proposed antenna system can be clas-
sified as an LMRR classification.

Figure 7a illustrates the reflection coefficient of the pro-
posed SIW slot array antenna. It is obvious that the antenna
has excellent bandwidth performance. The antenna achieves
a broad operational bandwidth. It covers the fully automotive
radar frequency range from 76 to 81 GHz. This broad band-
width is critical to have a minimum insertion loss and effi-
cient electromagnetic power transmission. Figure 7b presents
the E-plane radiation pattern of the antenna at two specific

https://doi.org/10.5194/ars-23-49-2025 Adv. Radio Sci., 23, 49–57, 2025



54 N. Feiz et al.: Dual-Frequency SIW Slot Array Antenna for Automotive Radar

Figure 6. The configuration of proposed SIW slot antenna array.

Figure 7. The proposed SIW slot antenna array (a) reflection coefficient (b) radiation pattern.

frequencies: 76.5 and 79 GHz. At 76.5 GHz, the antenna ex-
hibits a maximum gain of 10.3 dBi, while at 79 GHz, the gain
increases significantly to 14.93 dBi. This results in a gain dif-
ference of 4.63 dBi between the two frequency bands.

5 Maximum Radar Range Calculation

The proposed antenna design offers a significant advantage
with its configurable FOV and gain using dual-frequency
operation. Using radar range Eq. (5) (Richards, 2014), the
maximum range (Rmax) of the radar is calculated consider-
ing the assume parameters such as transmit power (Ptx), an-
tenna transmit gain (Gtx), antenna receive gain (Grx), signal-
to-noise ratio (SNR), and target RCS (σ ) (Feiz et al., 2024;
Kazimi et al., 2024).

Rmax =

(
Ptx · Gtx · Grx · λ

2
· σ

(4π)3 · SNRmin · kT0B · NF

)1/4

(5)

At 76.5 GHz, the antenna achieves a realized gain of
10.3 dBi which results in a maximum detection range of

250.41 m for a vehicle with a RCS of 10 dBsm. When switch-
ing to the 79 GHz frequency, the gain increases to 14.9 dBi.
Under the same conditions, this higher gain extends the
maximum detection range to 418.48 m. This substantial in-
crease in detection range demonstrates the enhanced perfor-
mance and flexibility of the proposed antenna design, making
it highly effective for automotive Adaptive Cruise Control
(ACC) and Automated Emergency Braking (AEB) in long
range applications.

6 Tolerance Investigation

To evaluate the robustness of the proposed design, a compre-
hensive tolerance investigation was conducted. This analysis
focuses on the antenna’s performance when key design pa-
rameters are varied. The study examines the effects of slight
shifts in via positioning along both the x and y axes and
changes in slot length and width. Figure 8 shows the tol-
erance investigation for different parameters. The radiation
pattern of the two center frequencies (76.5 and 79 GHz) re-
mains constant across different tolerance investigations. In
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the worst-case scenario, it changes by a maximum of 0.5 dB.
Therefore, the analysis focuses only on the reflection coeffi-
cient. The tolerance investigation depicted in Fig. 8a focuses
on the displacement of vias along the x-axis. In this move-
ment, vias are moved upward and downward. In this anal-
ysis, only the vias are displaced, while other components,
such as slots, remain stationary. A tolerance range of±30 µm
is applied. It demonstrates that bandwidth remains relatively
unaffected. Additionally, tolerance for displacement of vias
along the y-axis is shown in this figure. In this case, vias
move to right and left. The same tolerance range of ±30 µm
is applied. Only the vias are displaced while slots remain in
fixed positions. This increased stability is due to the fact that
y-axis displacement does not change the distance between
vias and slots. Therefore, it shows more stability than via
x-axis displacement. Figure 8b presents the reflection co-
efficient response resulting from changes in the length and
width of the slots. The slot length is varied within a tolerance
range of ±30 µm. It is observed that over entire bandwidth
(76–81 GHz) the antenna performance remains unaffected
by these variations in slot length. However, slight frequency
shifts are observed. Additionally, Fig. 8b includes the effects
of slot width variations. Analysis shows that the reflection
coefficient remains stable despite changes in slot width. This
stability is explained that variations in width do not signif-
icantly impact the normalized admittance. Thus, the reflec-
tion coefficient remains robust against slot width change. It
is important to note that all investigation parameters are con-
sidered independently. This means that moving vias in the x
and y directions is performed separately.

7 Conclusions

The successful design and analysis of a single-layer SIW lon-
gitudinal slot array antenna has been presented, which was
specifically optimized for high gain and low SLL in the W
band. The design combines MRR and LRR functionalities
into a new dual-frequency antenna .Thus, it offers compact-
ness and cost efficiency. The proposed configuration has two
BPFs, a power divider and four antenna arrays, each consist-
ing of six slots. The implementation of the Dolph-Chebyshev
tapering was proven to be effective in enhancing the side-
lobe performance. Additionally, the antenna demonstrated an
overall gain improvement of 4.6 dB, validating the proposed
design’s effectiveness and showcasing its suitability for au-
tomotive radar applications. The maximum automotive radar
detection range has been increased by 168 m for consider-
ing a vehicle as a target RCS of 10 dBsm. The design offers
a high gain that provides excellent detection range at higher
frequency band and a wider azimuth FOV at lower frequency
band. Additionally, the investigation study of the normalized
admittance of the longitudinal slot antenna has been shown.
It examines the effects of slot length, width, and displace-
ment on normalized conductance and susceptance. These in-

Figure 8. The Tolerance investigation on proposed SIW slot an-
tenna array (a) via movement (b) length and width of slots.

vestigations complement the design process. It provides a
comprehensive understanding of the antenna’s behaviour and
enhancing its overall functionality. A detailed tolerance in-
vestigation was conducted to assess the robustness of the
proposed design. The analysis evaluates the antenna’s per-
formance under variations in key design parameters.
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