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A Millimeter Wave Dual-Lens Antenna for
IoT-Based Smart Parking Radar System

Zhanghua Cai
Weihua Zhuang

Abstract—With a rapid increase in the number of vehicles
over recent years, urban parking systems have encountered
more and more challenges. In this article, a dual-lens millimeter
wave (MMW) radar antenna is designed for a smart parking
system in the context of the Internet of Things (IoT). A flat
dielectric punch lens is used to increase the gain of the transmit-
ting antenna in order to compensate for the penetration loss in
MMW. In addition, a dielectric rod lens is used to correct beam
direction and maintain a wide beamwidth in order to overcome
received energy loss due to scattering of the car chassis. The
combined dual-lens antenna can improve the accuracy and sta-
bility of MMW radar operating at 24 GHz. The measured gain is
15.8 dBi for the transmitting antenna and 7.9 dBi for the receiv-
ing antenna, and the 3-dB beamwidth is approximately 65°. The
system measurement results show that the proposed antenna has
stable measurement effect and is suitable for the MMW radar
smart parking system.

Index Terms—Dielectric rod lens, dual-lens antenna, flat lens,
millimeter wave (MMW) radar, smart parking system.

I. INTRODUCTION

TH RAPID increase of the number of motor vehicles,
Talong with limited parking spaces, has led to a series
of parking-related problems [1], [2]. Drivers must often spend
long periods searching for parking spaces, causing issues such
as fuel waste, air pollution, and traffic jams.

Smart parking systems and the Internet-of-Things (IoT)
technologies have a great potential to alleviate this phe-
nomenon [3], [4]. Intelligent parking systems can usually
obtain information about available parking spaces in a specific
geographic area and process them in real time to facilitate
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parking and charging. Furthermore, the IoT paradigm will
enable things in the environment to connect to the Internet and
make it easy to access them from any remote location. The
wireless detection nodes used in the smart parking system can
be connected to remote devices through IoT technology.

Currently, among the many vehicle detection methods,
parking meters, video cameras [5], [6], and magnetic sen-
sors [7]-[9] are the most common. On-street parking lots
with parking meters or parking pay stations are expensive.
Moreover, parking meters are passive and can be used only
for charging; they cannot provide available parking space
information to the administrators or drivers. Video cameras
are susceptible to weather factors. In addition, camera systems
with image processing capabilities are expensive. The cost of
densely deploying cameras to monitor each parking space is
high. Therefore, they are not good options for economical
intelligent parking information systems.

In recent years, magnetic sensors have been widely used in
parking systems. For parking space detection, they have many
advantages, such as low-power consumption, easy to install,
not easily damaged, and low cost. Thus, magnetic sensors pro-
vide an ideal, economical solution for smart parking. However,
magnetic sensors are susceptible to interference, especially
in a complex environment such as an on-street parking lot.
Surrounding vehicles and other ferromagnetic objects can dis-
tort signals from magnetic sensors, resulting in potential errors.
Therefore, the detection accuracy of a single magnetic sensor
is low [10], [11].

A millimeter wave (MMW) radar can be integrated with
a magnetic sensor. The MMW radar can detect the presence of
a car by the echo signal. Considering that the MMW radar has
high power consumption while the magnetic sensor has low-
power consumption, the high sensitivity of the magnetic sensor
can be used to wake up the MMW radar. By combining and
comparing the results from the two modules, we can determine
whether there is a vehicle in the parking space. Therefore,
a dual-mode detection system consisting of a magnetic sensor
and an MMW radar can improve the accuracy of parking space
detection while maintaining low-power consumption.

The main factor affecting the accuracy of a radar detection
system is the performance of its antenna. A dual-mode detection
technology combining geomagnetic sensor and Doppler radar is
proposed in [12]. The whole system is described in [12] but the
performance of the MMW radar and antenna design requirements
are not analyzed. The MMW antenna should have a sufficiently
high transmitting energy and be able to receive a sufficiently
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large portion of the reflected energy. A linear frequency modu-
lation continuous wave (LFMCW) radar is considered for this
application. Due to the need to continuously transmit signals,
the transmitting and receiving antennas should use two inde-
pendent antennas. Furthermore, because of the space limitation,
the distance between the transmitting and receiving antennas
should be small.

Due to large MMW penetration loss, the transmitting anten-
nas should have a high gain in order to make the MMW
radar achieve proper penetration effect, thus enhancing the
accuracy and reliability of detection. On the other hand, we
cannot blindly pursue a high gain for the receiving antenna.
Note that the car chassis structure is complex, not an ideal
plane. Scattering occurs from reflectors, such as wedge and
cylindrical surfaces. In this case, the reflected wave received
by the receiving antenna may come from different directions,
and the high energy may not be received in the main direc-
tion of the antenna. Therefore, the antenna is required to have
a relatively wide beamwidth, without gain zero points in the
possible reception range. High gain antennas usually have gain
zeros in a very narrow beam range. If the reflected wave falls
within the zero range of the receiving antenna, the received
energy will be too small, and misjudgment can occur.

The dielectric lens is widely used in the MMW band to
improve antenna gain [13]-[16]. Compared with the tradi-
tional method of increasing gain through arrays (such as
patch antenna array [17], slot antenna array [18], and dipole
antenna array [19]), lens antennas have the advantages of
low cost and low loss. They can avoid the use of large-
area expensive MMW substrate, complex and expensive pro-
cessing technology, and do not need to design a complex feed
network. The lens can be used for this parking radar system
to increase the transmitting antenna gain. However, the dielec-
tric lens has a relatively large size. When the transmitting
and receiving antennas are very close, the lens will affect the
radiation pattern of the receiving antenna, causing its beam
to shift. Therefore, a new solution is required to correct the
beam direction of the receiving antenna and achieve a wide
beamwidth.

There are various ways to change antenna beamwidth. One
is to change the structure of the radiation unit [20], [21].
Another way is to exploit the deformation of the
reflector [22], [23]. The third commonly used method is by
loading the parasitic structure [24], [25]. While all the methods
can change the beamwidth, it is relatively difficult to correct
the beam offset caused by the transmitting antenna lens. In
general, the antenna pattern is designed symmetrically, which
makes it difficult to change the beam direction by adjusting
a single unit. In addition, the antenna size for the MMW band
is small. The small metal reflector and parasitic structures
are not easy to manufacture and the error can be large. The
structural complexity of the system also increases.

A transmitting and receiving dual-lens radar antenna is
proposed in this article. On the one hand, the gain of the
transmitting antenna is improved by using a flat perforation
lens. On the other hand, the function of the dielectric to
guide the electromagnetic wave is used to design a cone-
shaped dielectric rod lens to correct the beam of the receiving
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Fig. 1. Tllustration of the smart parking system.

antenna [26]. At the same time, the receiving antenna main-
tains a wide beamwidth, and there is no obvious gain zero
in a wide angle. The method of using a lens to correct the
beam has a high design tolerance, avoiding complicated unit
design and manufacturing of small metal structural parts. The
combined dual-lens antenna not only makes the radar have
sufficient penetrating ability but also ensures that the radar
can receive sufficient energy in a wide angle, which improves
the accuracy and reliability of the system detection.

The remainder of this article is structured as follows.
Section II introduces the IoT-based smart parking system.
Section III describes the design of the dual-lens antenna.
Section IV discusses the measured results of the antenna
and the system, followed by conclusions of this work
in Section V.

II. SYSTEM MODEL
A. Overview of the Smart Parking System

Fig. 1 shows the overall system framework of an intelligent
parking system under consideration. The system consists of
a dual-mode detector, a background server, and a user device.
The dual-mode detector primarily consists of a geomagnetic
sensor, an MMW radar, and a narrowband IoT (NB-IoT) wire-
less module. The parking space detector determines the current
parking space status and transmits real-time parking space
information to the server through the NB-IoT. The background
server can provide this parking space information to a smart
phone terminal, parking guide screen, or PC client for users
to query.

The use of NB-IoT technology for wireless communication
has numerous advantages [27]-[29]: 1) NB-IoT has a long
communication distance and wide coverage, and can directly
use the operator network without the need for relay instal-
lation; 2) NB-IoT uses a licensed spectrum, resulting in less
interference and more stable and reliable in comparison with
other methods using unlicensed spectrum; 3) NB-IoT has low-
power consumption, without a need to replace device batteries
for several years; and 4) the narrow bandwidth and low-power
consumption of NB-IoT correspond to low radio-frequency
(RF) design requirements, which brings the advantage of low
cost to the module.
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Fig. 3. Original structure and current distribution of the WHEMS antenna.

B. MMW Radar System Framework

A block diagram of the RF front-end architec-
ture of the LFMCW device is shown in Fig. 2.
Frequency-modulated (FM) triangular continuous signals
are generated at a 12-GHz voltage-controlled oscilla-
tor (VCO) and are doubled to obtain a 24-GHz signal. The
FM signal is transmitted via the transmitting antenna after
being amplified and filtered. The electromagnetic waves are
reflected when they encounter metal objects such as the car
chassis, and the echo signal is received by the receiving
antenna. A mixed-frequency signal is obtained by mixing
the transmitted signal with the received signal. This mixed-
frequency signal provides information, such as distance and
energy, which can be used to detect if there is a vehicle in
a parking space.

III. LENS ANTENNA DESIGN
A. Primary Antenna Design

The design of the primary feed antenna is based on a wide-
band high-efficiency structure (WHEMS) (also known as a slot
loop antenna) [30]-[35]. The initial structure of the WHEMS
antenna is shown in Fig. 3, where the filled area is composed
of a metal conductor. The basic WHEMS consists of two sym-
metrical polygonal slots, and the feed point is located in the
center gap (as shown in Fig. 3). The typical current distribu-
tion is shown by the solid line with an arrow, and the dotted
line indicates the current decomposed by the oblique current
i1. It can be seen that the currents cancel each other in the hor-
izontal direction and that multiple currents are superimposed
in the vertical direction. Therefore, the antenna has a uniform
aperture distribution in the H-plane.

Fig. 4 depicts the WHEMS MMW antenna model used in
this work. The antenna is etched on a 1-mm-thick F4b sub-
strate, and the relative dielectric constant is 2.2. The center
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Fig. 4. Structure of the proposed primary antenna. (a) Top view.
(b) Bottom view.

TABLE 1
GEOMETRIC PARAMETERS OF THE PROPOSED ANTENNA (UNIT: MM)

Parameter  Value Parameter  Value Parameter  Value
L1 1.0 Wo 7.5 WF2 0.6
L2 3.8 Wi 1.0 WEF3 0.8
L3 1.0 w2 6.0 WGl 2.0
L4 12.3 W3 8.4 WG2 1.3
LF1 3.7 WF1 5.7 WG3 1.3

distance between the receiving and transmitting antennas DO is
27 mm (according to the requirements for an actual product).
The component in the red dashed box is the SMP connec-
tor position reserved for passive testing, which does not exist
in the actual system. In the actual system, position A is con-
nected to the signal line and position B is grounded. This
feeding method does not require an additional connector, con-
veniently integrating the antenna with the RF circuit. It should
be noted that because the port in the actual system is different
from the SMP port shown in Fig. 4, the antenna parameters in
Fig. 4 are only used for passive testing to verify the correct-
ness of the design. When the antenna is used in the system,
the parameters should be adjusted according to the system port
connection mode to achieve impedance matching.

In addition, densely grounded vias are added around the
current path, making the antenna form a cavity structure. The
field on the antenna is confined to the cavity to reduce the loss
in the MMW band. The specific dimensions of the antenna are
given in Table L.

B. High Gain Flat Lens Design

Briefly, the gain is increased by applying a lens to convert
the field in the main radiation direction of the antenna from
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Fig. 5. Functional principle of the dielectric flat lens antenna.

a spherical wavefront to a planar wavefront. In this manner,
the electric field forms an in-phase superposition in the main
radiation direction, resulting in an increased gain. The function
of a lens is to perform phase correction.

Compared with a curved lens antenna, a flat lens can be
more easily conformed to the housing of vehicle detector. The
working principle of the flat lens is illustrated in Fig. 5. The
relative dielectric constant of the flat lens varies with the dis-
tance from the center. Therefore, different phase delays will
occur for various positions along the flat lens. By adjusting the
relative dielectric constant, a plane wave can be formed for an
electromagnetic wave passing through the lens. The phase dif-
ference between any path, [,, and path /; through the center
of the lens is given by

ln -1 1
Ao
where ¢ is the required corrected phase and X¢ is the free-

space wavelength at the operating frequency. The calibration
phase of the lens can be calculated by

(i) e

where ¢ is the thickness of the flat lens as shown in Fig. 5,
and A1 and A, represent the wavelength in a dielectric with
permittivity €1 and ¢, at the corresponding positions in Fig. 5,
respectively. Let us consider the following relationship:

*o = Yot = NV HmEm = «/S_rn 3)

An vn/f
where v is the free-space speed, v, is the speed in the dielec-
tric, f is the frequency, &, is the relative permittivity of the
dielectric, and w,, is the relative magnetic permeability of
the dielectric, which is close to 1 for a nonmagnetic material.
Then, A1 and A, can be replaced, respectively, by Ao/./e-1
and Ao/./€, and (2) can be modified as

AErl — A/Em

AO

¢ =21 (D

@ =2mt (G))

Producing a substrate from a variety of materials is rela-
tively complicated. Thus, the equivalent dielectric constant is
usually achieved by perforation. Fig. 6 presents a top view

1

Fig. 6. Model of a flat dielectric perforated lens.

TABLE 11
SIDE LENGTH a;, OF EACH LAYER n

n  Calculated @, (mm) Optimized a, (mm)
1 0 0

2 0.61 0.5

3 1.18 0.5

4 1.71 0.5

5 2.18 2.16

6 2.58 1.78

of the flat perforated antenna designed in this work. The
lens is composed of acrylonitrile butadiene styrene (ABS),
with a relative dielectric constant of approximately 2.7. Due
to the requirements of the application, the overall height of
the antenna is limited. In addition, because the receiving
antenna should not be blocked, the diameter of the lens is also
limited. Considering the performance under these limitations,
the related parameters were finally determined as /; = 15 mm,
t = 14 mm, and D = 37 mm.

A magnified model of the perforated unit is shown in Fig. 6,
where the square unit has a side length of @ = 3 mm. The
red dotted square ring area represents the same layer, and the
square holes in the same layer are designed to be the same
size. The distance of each layer from the lens center is approx-
imated by (n — 1)a (where n = 1 at the lens center). Because
the actual antenna is not an ideal point source. The actual
source will not be concentrated on a point of the antenna,
and the phase centers of different radiation planes are incon-
sistent. Thus, both rectangular and circular arrangements are
approximate analysis methods. In this article, the rectangu-
lar arrangement design mainly considers the convenience of
modeling and optimization. The equivalent relative dielectric
constant of the cell can be approximately calculated by

aﬁ 612 — aﬁ
€m = —5E&10 + — > érl. (5)
a a

Based on (1), (4), and (5), the side length of the square
hole for each layer can be calculated. The calculated results
can then be set as the initial design value. Several equivalent
and approximate methods have been used in the calculation.
Since the actual primary antenna is not an ideal point source
and has certain aperture, the parameters must be optimized
based on an initial value to obtain a maximal gain improve-
ment. The final dimensions are listed in Table II. Since the
layer 6 is located at the edge of the lens, an average permit-
tivity of this area should take into account the influence of air.
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Fig. 7.
antenna.

Model of the (a) dielectric rod lens and (b) combined dual-lens

Therefore, the optimization result of ag is much smaller than
the theoretical calculation value and less than as.

C. Dielectric Rod Lens Design

Dielectric rods have the effect of conducting electromag-
netic waves and are often used in MMW antennas. In this
work, the conduction ability of a dielectric rod is used to guide
the electromagnetic waves of the receiving antenna so that the
high-gain flat lens does not affect the main radiation direc-
tion. A cone shaped dielectric rod lens [shown in Fig. 7(a)]
is designed to correct the beam offset. The combination of
a dielectric rod and a high-gain lens is shown in Fig. 7(b). The
center distance between the two lenses is 27 mm (correspond-
ing to the distance between the transmitting and receiving
antennas). The region in which the two overlapping lenses
remain corresponds to the flat lens, and the region belonging
to the dielectric rod is cut off. The parameters for the dielectric
rod lens are determined from the following principles.

1) Shape: The dielectric rod lens uses the frustum of a cone

with a small area bottom and a large-area top, which can

IEEE INTERNET OF THINGS JOURNAL, VOL. 8, NO. 1, JANUARY 1, 2021

reduce the escape of energy to the outside from the rod
wall during the conduction process and can prevent the
radiation pattern from being altered.

2) Diameters, Dyoq; and D,yq2: When the diameter of the
dielectric rod is small (less than approximately one-
quarter wavelength), the guided wave effect of the rod
is weak, and only a small fraction of the energy will be
confined in the dielectric rod. Therefore, the diameter of
the dielectric rod must not be too small.

3) Lens Length, L,,q: An excessively long dielectric rod
lens will cause the antenna to act as an end-fire
antenna (increasing the gain and narrowing the beam).
Therefore, a dielectric rod guide is needed only in the
range susceptible to high-gain lenses in this case.

4) Height From the Primary Antenna, H,,;: The bottom
surface of the lens must be located at an appropriate
distance from the primary antenna. If the distance is
too short, the S-parameter and radiation performance of
the primary antenna may be impacted. If the distance is
too great, the guidance effect will be lost. According
to the simulation results, an appropriate distance is
approximately one half of the wavelength.

Following the above principles, the lens was designed within

a limited size range. The actual lens parameters are shown in
Fig. 7.

D. Performance Comparison

The simulated H-plane electric field and the pattern of the
radar antenna are shown in Figs. 8 and 9, respectively, for
three states. It can be seen that the radiated electric field of
the antenna is a spherical wave in the absence of a lens. When
only the high-gain flat lens (lens A) is added to the transmitting
antenna (left), the electric field in the main radiation direction
of the transmitting antenna is transformed to an approximately
planar wave, demonstrating that the lens improves the phase
alignment and antenna gain. However, the lens also shifts the
electric field of the receiving antenna (right). Thus, there is
only a small gain in the receiving range, which can affect the
measurement results. When the combined dual-lens (lens B)
is used, the field of the receiving antenna is guided by the
dielectric rod lens to radiate in the main direction, with no off-
set. The H-plane 3-dB beamwidth of the receiving antenna is
approximately 60°, and there are no obvious zero-gain points
over a wide angle. The field along the main direction of the
transmitting antenna is primarily unaffected by the dielectric
rod lens. A simulated comparison of the antenna gain with and
without the dual-lens is shown in Fig. 10. It demonstrates that
the gain of the transmitting antenna at 24 GHz is improved by
about 8 dB and the gain of the receiving antenna is improved
by about 1 dB while maintaining a wide beamwidth.

IV. MEASUREMENT AND ANALYSIS
A. Antenna Measurement Results

The proposed dual-lens antenna prototype used for passive
testing is shown in Fig. 11. The combined dielectric dual-lens
is formed in one step using 3-D printing technology. The lens
is fixed on the hole of the substrate by edge pillars, and the
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Fig. 9. Comparison of the simulated H-plane pattern for the antenna in three
states. (a) Transmitting antenna. (b) Receiving antenna.

radiation performance of the antenna is measured in a D&M
1900 MMW anechoic chamber designed and manufactured by
General Test Systems.
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Fig. 10. Comparison of the simulated antenna gain with and without the
dual lens.

Fig. 11. Photograph of the prototype.

The simulated and measured |S11| results are shown in
Fig. 12. The measured |S11| values of the transmitting
and receiving antennas are generally below —10 dB from
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22 to 25 GHz. The measured |S11| trend of the transmit-
ting antenna is consistent with the simulation results, and the
position of the resonance point is basically unchanged. The
measured result of the receiving antenna has a slight frequency
offset as compared with the simulation result. It is likely
because the dielectric rod lens is relatively close to the receiv-
ing antenna. The inaccuracy of the lens dielectric constant and
installation errors may cause this frequency offset.

The simulated and measured radiation patterns at 24 GHz
are shown in Fig. 13, which demonstrates that the measured
main lobe of the transmitting antenna is in good agreement
with the simulation result. The measured side lobes are larger,
which may be caused by two reasons: 1) there are simula-
tion errors caused by the inaccuracy of the dielectric constant
of the material in the MMW band and 2) because the square
holes of the lens are small, there are some errors that arise
during processing, which cause the pattern to change. The
measured beamwidth of the receiving antenna is approximately
65°, which is approximately 5° wider than the simulated
beamwidth. This discrepancy is likely due to the inaccuracy
in the permittivity of the lens and substrate and errors in the
soldering process.

The simulated and measured gain results are compared
shown in Fig. 14. At 24 GHz, the measured transmitting
antenna gain is 15.8 dBi, which is approximately 1 dB
lower than the simulation result, and the measured receiving
antenna gain is 7.9 dBi, which is approximately 1.2 dB lower
than that from the simulation. These deviations may arise from
installation and soldering errors, test errors, and dielectric loss
of the substrate and lens.

B. System Measurement Results

To verify the realistic performance of the designed antenna,
the radar system was tested. In Fig. 15, A-G display the test
positions of the selected car chassis, and H presents the radar
system used in the test. We placed the system under different
locations during testing. The selection of test points includes
different reflection boundaries on the car chassis, such as flat
surfaces, cylindrical surfaces, concave shapes, wedges, and
SO on.

The test results are shown in Fig. 16. Here, measurement
positions 1-7 correspond to positions 1-7 in Fig. 15, and the
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Fig. 13. Simulated and measured patterns at 24 GHz. (a) H-plane of the
transmitting antenna. (b) E-plane of the transmitting antenna. (c) H-plane of
the receiving antenna. (d) E-plane of the receiving antenna.

measurement position O represents the case in which there is
no vehicle. The ordinate in Fig. 16 gives the amplitude of the
sampled reflected signal power after a fast Fourier transform.
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Fig. 14. Simulated and measured gain.

Fig. 15.

Photograph of the system measurement setup.

In this study, we use only the maximum value in the available
frequency band for comparison. The actual detection algorithm
will compare the spectra to detect a vehicle, which is more
complicated. The results show that the values measured for
the radar system at different positions are much larger than
those in the absence of a car (more than 35 000), enabling the
system to clearly distinguish the presence or absence of a car
or no car under different conditions. Thus, the experimental
results demonstrate that the designed antenna performs well.

60000

50000

40000

30000

Amplitude

20000

10000 -

0 T T T T T T
0 1 2 3 4 5 6 7

Measurement position

Fig. 16. Measured amplitude for different positions.

Finally, we conducted 1000 experiments by changing the
status of the parking spaces. There were only three mistakes
in the dual-mode detection system, and the reporting accuracy
rate was 99.7%, which is significantly higher than the single
geomagnetic system (lower than 90%).

V. CONCLUSION

A transmitting and receiving dual-lens MMW radar
antenna was proposed in this article. A high-gain of the trans-
mitting antenna was achieved by incorporating a flat dielectric
perforated lens. Compared with the use of an array to increase
the antenna gain, the lens antenna does not require a compli-
cated feeding network and a large area of expensive substrate
and expensive processing technology. The proposed approach
is a low-loss and low-cost method. A dielectric rod lens is
applied to adjust the main beam direction of the receiving
antenna. The combined dual-lens ensures that the beam of
the receiving antenna is not offset but relatively wide while
achieving a high gain of the transmitting antenna. When the
antenna is operated at 24 GHz, the measured transmitting
antenna gain is 15.8 dBi, the measured receiving antenna gain
is 7.9 dBi, and the 3-dB beamwidth is approximately 65°. The
system measurement results demonstrate that the antenna can
achieve stable measurement results under different situations
and is thus suitable for an MMW radar smart parking system.
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