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Abstract

A low-cost multilayer antenna is proposed for the next-
generation automotive radar systems at millimeter waves.
The antenna consists of a multilayer half-mode substrate in-
tegrated waveguide (HM-SIW) leaky-wave antenna (LWA)
based on a dielectric layer with periodic perforations. Its
stack-up consists of a 0.5-mm-thick Rogers 4350B sub-
strate and two 1.0-mm-thick FR4 substrates assembled by
1.4-mm-diameter alignment pins and fixations. Measure-
ments of a 126-mm-long fabricated prototype revealed a
-10-dB impedance bandwidth of 6.9 GHz, covering the
22 GHz to 28.9 GHz band. The measured gain equals
15.5 dBi at 24 GHz, resulting in a total efficiency of more
than 85%. Moreover, the measured radiation patterns in the
[22-26] GHz band exhibit an average 3-dB beamwidth of
11.5o and sidelobe levels (SLL) better than 20 dB up to a
scan angle of 20o.

1 Introduction

To reduce risky and dangerous behavior on the roads, au-
tonomous vehicles gain increasingly more interest. They
rely on diverse technologies such as innovative sensors and
actuators, sophisticated algorithms and powerful proces-
sors [1]. In particular, there is a high demand for innova-
tive sensors and actuators providing size and weight reduc-
tion, while generating stable high-gain steerable beams [2].
Moreover, these sensors should exhibit high integrability
and low loss at a reduced cost compared to their current
counterparts [3]. Furthermore, to avoid costly post-process
tuning steps and, consequently, meet the projected high-
volume market demands, the foreseen systems require rapid
synthesis, meeting stringent specifications with high robust-
ness to manufacturing tolerances [4].

Substrate integrated waveguide (SIW) leaky-wave anten-
nas (LWAs) are excellent candidates for automotive radar
technology as they implement frequency-scanned directive
beams using low profile topologies that are easily inte-
grated into the readily available surfaces of vehicles [5].
In addition, they combine efficient shielding with simple
and cost-effective manufacturing [6]. Furthermore, dedi-
cated topologies can improve the compactness of the an-

tennas [7]. Despite these benefits, conventional dielectric-
filled SIW LWAs inevitably limit radiation efficiency, mak-
ing them less suited for commercial automotive radar, tar-
geting highly efficient antenna systems in a small form fac-
tor [8].

To reach an optimum in terms of antenna performance and
manufacturing cost, SIW LWAs based on periodic perfora-
tions of the dielectric substrate were studied in [9, 10]. [9]
presents an LWA based on substrate integrated nonradia-
tive dielectric (SINRD) waveguide technology at 96 GHz,
while [10] proposes a double-sided LWA using the substrate
integrated slab waveguide (SISW) at 28 GHz. Although
these topologies provide good antenna performance, they
suffer from a large size.

This paper presents a new half-mode SIW (HM-SIW) LWA,
based on periodic perforations of the dielectric substrate,
creating air holes. A half-mode implementation of an LWA
is leveraged to realize a compact antenna covering the [22-
-26] GHz frequency band. Exploiting air as a low-loss
medium, the periodic holes control the phase and leakage
constant in the highly-efficient HM-SIW LWA. The devel-
oped antenna is suitable for easy installation on vehicles for
automotive radar applications.

2 HM-SIW LWA Topology and Operation
Principle

Fig. 1(a) shows the layout of the developed HM-SIW LWA
topology based on a dielectric layer with periodic perfo-
rations [8]. The developed antenna consists of one layer
of high-performance dielectric substrate (Layer 2) and two
low-cost layers (Layer 1 and Layer 3). Layers 1 and 3 pro-
vide support to the top and bottom conducting boundaries
of the HM-SIW. They sandwich the middle dielectric sub-
strate (Layer 2), periodically perforated by an array of air-
holes.

To implement an effective broadband interconnection to the
antenna, in a first step, a three-sections’ transition is created
from the SMA probe to the half-mode LWA [Fig. 1(b)], in-
spired by an SIW transition on a high-to-low dielectric con-
stant substrate introduced in [11]. The triangular-shaped di-



Matched 
port

Alignment 
fixation

Feeding
port

Layer 3

Layer 2

Layer 1 Alignment pins

Air holes
(For alignment pins)

Air holes
(Propagation constant)

z

xy
θm 

(a)

(b)

(c)

Ws

x
y

z
h2

WGND

∆ ∆ a Layer 3

Layer 1

Alignment pins
SIW sidewalls

Layer 2

dh

WHM
xh

Copper Rogers RO4350BFR4Air

Section I

Wm

Lm

Lg

WFM

LFM
LUC

LHM

WR
LR

L1

d

s

Section II

Section III

Sm

Unit cell

Wg

Feeding
port

antenna (LWA)  
Leaky-wave 

sh

L2

L3

h1

h3

A

A'

Figure 1. Concept and architecture of the HM-SIW
LWA based on a dielectric layer with periodic perfora-
tions. (a) Exploded view. (b) Three-sections’ transition
from feeding point probe to HM-SIW LWA. (c) Cross-
sectional view at AA’. Optimized dimensions: Wm = 1 mm,
Sm = 0.5 mm, Lm = 3.34 mm, Wg = 3.22 mm, Lg = 1.4 mm,
WFM = 4.42 mm, LFM = 53.9 mm, Ws = 1.9 mm,
LHM = 3.7 mm, WR = 1.32 mm, LR= 2.83 mm,
LT = 11.24 mm, LUC = 1.3 mm, ∆a = 0.7 mm,
WGND = 10.5 mm, dh = 1.1 mm, sh = 1.3 mm, xh = 0.9 mm,
d = 0.4 mm, s = 0.8 mm, h1 = h3 = 1 mm, h2 = 0.5 mm.

electric substrate [Fig. 1(b)] tapers from a full-mode dielec-
tric SIW into the HM-SIW LWA based on a dielectric layer
with periodic perforations. This small periodically perfo-
rated dielectric supporting region inside the HM-SIW LWA
is preserved to guarantee sufficient mechanical strength and
to control the complex propagation constant of the leaky-
wave modes propagating along the longitudinal direction.
Then, to obtain a high antenna efficiency in a short antenna,

the air-filled region is judiciously designed in Layer 2 to
minimize the dielectric loss of the material. Finally, all lay-
ers are assembled by 1.4-mm diameter alignment pins and
fixations, to guarantee sufficient electrical contact and to
provide accurate alignment.

This topology is optimized to generate a highly directive
and steerable beam over a broad scan range. Therefore, the
HM-SIW cross section is implemented by cutting the SIW
waveguide in half and extending Layer 3 at the open aper-
ture side [Fig. 1(c)]. Subsequently, radiation is achieved by
using a dominant slow-wave non-radiative SIW mode that
excites a fast higher-order (n = -1) space wave [12]. This
is accomplished by introducing a periodic structure along
the length of the open waveguide. Consequently, a highly-
directive fan beam in the yz-plane with frequency scanning
is obtained.

3 Effects of Periodic Perforation on
Radiation Characteristics

To determine the optimum perturbation parameters for con-
structive interference along the different scan angles, a
parametric study was performed. A summary of the an-
tenna dimensions used in this design is presented in Fig. 1.

3.1 Total Antenna Efficiency

Fig. 2 illustrates the total antenna efficiency curves for dif-
ferent air hole dimensions. Note that the air hole diameter
controls the total antenna efficiency. On the one hand, the
amount of air in the configuration mainly determines the an-
tenna efficiency; an increase in air hole diameter (dh) boosts
the total antenna efficiency, as seen in Fig. 2(a). In contrast,
an increase in the air hole spacing (sh) decreases the total
antenna efficiency, as demonstrated by Fig. 2(b). Similarly,
the total antenna efficiency decreases when the offset (xh)
at the open side increases, as depicted in Fig. 2(c).

3.2 Beam Direction and Scanning Range

The beam direction and scanning range for different air hole
parameters are illustrated in Fig. 3 and Fig. 4. As seen
in Fig. 3, the air hole parameters control the beam direc-
tion within the targeted frequency band. If the diameter of
the air holes (dh) increases or the center-to-center spacing
(sh) between air holes decreases, the beam moves closer to
broadside [Fig. 3(a) and Fig. 3(b)]. In addition, an increase
in the offset (xh) of the air holes from the open side up to
0.4 mm moves the beam closer to broadside while the beam
direction moves away from broadside when the air holes are
positioned further from the open side [Fig. 3(c)]. However,
the scanning range remains in the order of 20°.

An additional parameter study assesses the effects of the
dielectric width (ws) over the upper conductor width (WHM)
ratio on the scanning range performance. Fig. 4 depicts the
relation between the dielectric width (ws) over the upper
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Figure 2. Influence of the air hole parameters on the total antenna efficiency. Variations of (a) dh, (b) sh and (c) xh.
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Figure 3. Influence of the air hole parameters on the beam direction (θm) and scanning range. Variations of (a) dh, (b) sh and
(c) xh.
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Figure 4. Influence of the dielectric width (ws) over the
upper conductor width (WHM) ratio on the beam direction
(θm) and scanning range.

conductor width (WHM) ratio, ws/WHM , and the scanning
range. A wider dielectric width enables to scan over a larger
range of angles for the same frequency range.

4 Prototype and Experimental Results

As a proof-of-concept, an LWA prototype has been built
and measured. 77 holes were perforated to reduce the sur-
face wave at the matched port to less than 20%, achieving
an 80% leaky-wave end point efficiency according to CST
simulations. Photos of the prototype before and after final
assembly are shown in Fig. 5(a) and (b), respectively. Its
dimensions are 126 x 10.5 mm2 (without connectors) while
the panel size on which the antenna is built equals 126 x
15 mm2. The antenna exhibits and extremely low profile,
being hantenna = h1+h2+h3 = 2.5 mm.

(a)

(b)

Figure 5. Fabricated prototype. (a) Layer 2 assembled with
Layer 3 before adding Layer 1. (b) Top view after final
assembly.

The S-parameters are measured with an Agilent E8364B
PNA Microwave Network Analyzer, calibrated with a
short-open-thru-load (SOTL) kit. The far-field radiation
patterns are characterized in an anechoic chamber by an
NSI-MI spherical near-field antenna measurement system
and a Keysight N5242A PNA-X VNA through gain com-
parison with an ANT-SGH-22-33 standard gain horn an-
tenna. A model of the solder-free K-type (2.92 mm) End-
Launch connectors by Southwest Microwave is included in
the simulations for adequate comparison between measured
and simulated performance of the antenna.

The measured and simulated S-parameters are shown in
Fig. 6. The measured reflection coefficient has a -10 dB
bandwidth in the range 22 GHz to 28.9 GHz, with a mea-
sured impedance bandwidth of 6.9 GHz. The small differ-
ence between simulations and measurements is due to the
tolerances of the fabrication process and of the RF material
exploited in Layer 2.
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Figure 6. Measured and simulated S-parameters.
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Figure 7. Radiation patterns in the yz-plane.

The simulated and measured yz-plane radiation patterns for
the antenna in the [22–26] GHz frequency band are shown
in Fig. 7. A good agreement between simulations and mea-
surements is found. The typical frequency scanning behav-
ior from 38o to 58o is shown in the yz-plane patterns. A
realized gain of 13.7 dBi, 15.5 dBi, and 15.7 dBi is found
at 22 GHz, 24 GHz and 26 GHz, respectively. An av-
erage 3-dB beamwidth of about 11.5o in the yz-plane is
obtained, while maintaining a measured total antenna ef-
ficiency higher than 85% at 24 GHz. In the [22–26] GHz
band, the sidelobe level (SLL) is better than 19 dB for the
z>0 hemisphere. Finally, the cross-polarization ratio [de-
fined as the ratio of the co-polarization gain to the cross-
polarization gain] at 24 GHz equals 22 dB.

5 Conclusion

A novel low-profile antenna for 24-GHz band automo-
tive radars has been developed and experimentally char-
acterized. A measured total efficiency higher than 80%
was obtained. The very promising radiation performance,
high efficiency and low cost make the proposed antenna a
very good candidate for the next generation of automotive
radars.
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