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Abstract

High gain and low sidelobe level remain challenges for 5G millimeter-wave antenna systems. This
paper presents a low-sidelobe, high-gain microstrip array antenna based on non-uniformly slotted
identical-sized radiating patch, designed to simultaneously enhance gain and suppress sidelobe
levels for 5G millimeter-wave (mmWave) communication systems. The key innovation lies in the use
of an intermediate-deep, edge-shallow non-uniform slotting technique to precisely control the
surface current distribution of the radiating elements. thereby achieving significant sidelobe level
(SLL) suppression and antenna isolation enhancement without increasing the physical footprint of
each element. The final design operates at a center frequency of 78.5 GHz, achieving a maximum gain
of 15 dB and suppressing the first sidelobe below —20 dB, outperforming conventional linear arrays.
Notably, the patch width is reduced to only 1 mm—compared to Chebyshev-distributed arrays—
resulting in a compact array layout with over 40% unit width size reduction while simultaneously
improving inter-element isolation by more than 18 dB. This current-distribution engineering
approach offers a novel, structure-efficient pathway for designing high-performance, densely packed
mmWave antenna arrays, circumventing the need for additional decoupling structures or enlarg the
antenna spacing, simulation results show that the average isolation has increased by more than 5
dB from 76 GHz to 79 GHz. Finally, the same design method was used to design a 24GHz antenna,
which was then fabricated and tested. The antenna achieved a sidelobe suppression of -17 dB.

Keywords: millimeter-wave antenna; sidelobe level; slotted patch; high-isolation; surface current
distribution

1. Introduction

With the rapid development of intelligent vehicle technology and autonomous driving,
automotive mmWave radar, as an important sensor for vehicle distance and speed measurement, is
facing increasingly higher performance requirements [1-3]. Automotive mmWave radar mainly
operates in the 24 GHz and 77 GHz frequency bands. The 24GHz radar has a lower cost and mature
technology, with a moderate detection range, making it suitable for short- to medium-range
applications such as blind spot detection. In contrast, the 77GHz radar is smaller in size, offers higher
accuracy and resolution, and supports longer-range detection, making it more suitable for high-
performance requirements such as autonomous driving; however, it comes with higher costs and
technical barriers [4,5]. As an important component of mmWave radar, the antenna directly affects
the radar's detection performance. The higher the antenna gain, the better the radar detection
performance, which is also beneficial for improving the signal-to-noise ratio and enhancing radar
reliability [6]. Lower SLL can reduce the radar's false alarm rate and improve anti-interference
capability [7,8], with Chebyshev array synthesis and Taylor synthesis being common sidelobe
suppression methods [9,10].
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Faced with complex traffic environments, the gain of a single antenna is relatively small. To
enable radar to measure longer distances, array technology holds significant research value [11,12].
Moreover, as radars move toward miniaturized and integrated designs, the antenna layout of the
radar RF front end becomes increasingly important. Due to smaller spacing between antennas, strong
coupling effects occur between array elements, leading to degraded radiation performance of the
antenna system. Some researchers have adopted antenna decoupling structures to enhance isolation
between array antennas [13,14].

This paper designs two 1x8 millimeter-wave radar array antennas with high gain, high isolation,
and low sidelobes, which meet the application requirements for 24GHz and 77GHz automotive
millimeter-wave radars, respectively. The array antenna uses a series-fed structure, achieving
unequal amplitude distribution of current across the antennas by slotting elements of the same width,
thereby suppressing sidelobes. Additionally, the antenna layout was analyzed, verifying that this
antenna maintains good isolation when integrated into the radar RF front-end layout.Finally, a
physical prototype of the 24GHz antenna array was fabricated and tested, and the test results
validated the feasibility of the design scheme.

2. Design of Uniform-Width Slotted Millimeter-Wave Antenna

2.1. Antenna Array Configuration

Figure 1 shows a newly designed uniform-width slotted array antenna operating at 78.5 GHz.
This antenna consists of three parts: the bottom metal ground plane, the middle dielectric substrate,
and the top patch structure, The specific dimensions of the antenna patch are shown in Table
1.RO3003 was chosen as the dielectric substrate for the uniform-width slotted array antenna. It has
an extremely low and stable loss factor of only 0.0013, which minimizes energy loss in the dielectric
and ensures that more energy is radiated by the antenna. At the same time, RO3003 has a stable
dielectric constant of 3. The upper radiation structure mainly consists of eight patch elements
connected in series by microstrips, all with the same width. All patch elements except the first one
are slotted. The last three antenna elements include an impedance matching structure, and a matching
load structure is added at the end of the terminal elements.
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Figure 1. The layout of the 1x8 uniform-width slotted microstrip array.

Table 1. 77GHz Array Antenna Dimensions. (Units:mm).

Variable W_1 L p W_p L_gl L g2 L_g3
value 0.1 1.08 1 0.1 0.2 0.25

Variable 1.d w_ml w_m2 w_m3 10 wo
value 0.97 0.2 0.3 0.3 0.1 0.1

Table 2. 24GHz Array Antenna Dimensions . (Units:mm).

Variable W_1 L p W_p L_gl L g2 L_g3
value 0.2 3.5 3.6 0.6 04 0.6

Variable 1L.d w_ml w_m2 w_m3 10 w0
value 35 0.2 0.2 0.5 0.5 0.3
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2.2. Working Principle of Non-Uniform Slotted mmWave Antenna(78.5GHz)

In order to achieve high-gain, low-sidelobe performance for microstrip array antennas, the
current intensity of different patch elements can be regulated. By reducing the weight of the edge
elements, the energy sources that generate harmful coherent interference in non-main lobe directions
are effectively weakened, thereby redistributing the radiated energy from the sidelobe regions to the
main lobe direction and achieving SLL suppression. According to the principle of microstrip patch
antennas, the patch antenna mainly radiates energy from the patch edges, with the current in the
transmission line and the patch forming a sinusoidal distribution. To ensure maximum antenna
radiation energy, each section of the transmission line and patch is initially designed to be half of the
effective wavelength. The current intensity on both sides of the patch unit is equal but opposite in
phas,and the current inside the patch unit has a sinusoidal distribution.By introducing slots on the
patch, the length of the transmission line connecting the two patches is no longer half of the effective
wavelength, and the connection between the microstrip line and the patch is not at the edge of the
patch. As a result, the current intensity is not at its maximum, which affects the current intensity of
the patch antenna.

The Figure 2 respectively show the relationship curves between the antenna SLL and the depths
of gapl, gap2, and gap3. It is evident that the antenna SLL is significantly influenced by the depth
variation of gap1, with smaller gap1 depths resulting in improved sidelobe suppression performance.
For the left antenna, the SLL exhibits minimal variation when gap2 depth is set at 0.1mm or 0.2mm,
but sidelobe suppression effectiveness declines at 0.3mm. In contrast, the right antenna demonstrates
more consistent SLL across all lobes when gap2 depth is 0.2mm, accompanied by a reduced
maximum SLL. The relationship between antenna SLL and gap3 depth variation follows a pattern
analogous to that observed with gap2. When the depth of gap3 is 0.25mm, all SLL are relatively even,
with a lower maximum SLL.It can be seen that the groove in the middle is slightly deeper, while the
groove depth of the patch elements on both sides is slightly shallower, resulting in the best side lobe
suppression for the antenna.
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Figure 2. Relationship between antenna SLL and the depth of gap. (a) Relationship between antenna SLL and
the depth of gapl; (b) Relationship between antenna SLL and the depth of gap2; (c) Relationship between
antenna SLL and the depth of gap3.

Figure 3 shows the metal ground surface current density distributions of the uniform-width
slotless antenna and the uniform-width slotted antenna. Observation shows that in the absence of
slots on the antenna, the current intensity at locations corresponding to individual patches is nearly
uniformly distributed.The introduction of slots into the antenna structure enables precise current
distribution control, resulting in enhanced current density at the central unit positions while
simultaneously suppressing current intensity at the peripheral unit locations. This engineered current
modulation effectively concentrates the radiated energy within the main lobe region, thereby
achieving significant SLL suppression.
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Figure 3. Surface Current Intensity Distribution of Antenna Metal Floor.

Figure 3 (e) shows the graph illustrating the spatial variation of current intensity along the
distance from the feeding port.Each peak in the current distribution profile corresponds to a distinct
microstrip line segment and patch unit. The current intensity exhibits a maximum value at the central
two patch units and progressively diminishes toward the peripheral regions. Notably, the current
density in patch units surpasses that of the microstrip line due to their wider physical dimensions
and consequently lower characteristic impedance, which enables higher current carrying capacity.

To enhance the antenna's impedance matching performance, impedance matching structures are
integrated into the last three patch units. This design mitigates the current intensity attenuation in
the end patch caused by excessive mutual coupling among array elements. Furthermore, matching
load structures are incorporated into the end patch units to absorb residual electromagnetic wave
energy, thereby reducing cross-interference with adjacent electronic devices.

As shown in Figure 4 (a), after employing the impedance transformation structure, the uniform-
width microstrip antenna achieves an S11 value of -40 dB around 78.5 GHz, indicating good
impedance matching. The gain characteristics of the antenna over the frequency range of 76.5 GHz
to 81 GHz are also presented, showing that the maximum gain occurs near 78.5 GHz, with a gain
value exceeding 15 dB.At the same time, Figure 4 (b) shows that the uniform-width slotted antenna
exhibits a clear suppression effect on sidelobe levels compared to conventional antenna. The first
sidelobe level is reduced to below -20 dB, and all sidelobe levels are maintained below -18 dB.
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Figure 4. Performance of uniform-width slotted microstrip array antenna.(a) Antenna S11 Parameters and
Gain;(b) Antenna side lobe level.

3. Analysis of the Layout of Uniform-Width Slotted Microstrip Array
Antenna(78.5GHz)

A single-antenna design exhibits inherently limited gain capability and lacks the flexibility to
adapt beam patterns to diverse radar detection requirements, thereby failing to satisfy the multi-
target detection demands of vehicle-mounted mmWave radar systems. The antenna layout
configuration plays a pivotal role in radar performance optimization.As shown in Figure 5, this study
conducts layout simulation analysis of both the proposed non-uniform slotted array antenna and the
conventional Chebyshev low-sidelobe array antenna based on the antenna architecture of the Texas
Instruments AWR2944 millimeter-wave radar chip. The AWR2944 employs a 4x4 MIMO (Multiple-
Input Multiple-Output) RF front-end configuration, comprising four transmit (TX) and four receive
(RX) antenna elements. To ensure phase coherence of signals arriving at each antenna, the
transmission lines connecting the chip to the antenna array are meticulously designed with equal
electrical lengths. Furthermore, the spatial arrangement of transmit antennas is optimized to achieve
two critical objectives: (1) maintaining perfect synchronization between TX and RX antenna pairs,
and (2) avoiding both excessive element spacing that leads to area inefficiency and virtual array
duplication that degrades spatial resolution. Specifically, the intervals between TX1-TX3 and TX1-
TX4 are set to four half-wavelengths (4A/2), while TX2 is strategically positioned to facilitate elevation
angle estimation through phase difference measurement.

Chip
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= H N N RO
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Figure 5. 4-transmit 4-receive array antenna layout.(a)Uniform-width slotted array layout;(b)Chebyshev array
layout.

In order to ensure effective signal transmission between the chip and the antenna, impedance
matching between the transmission line connected to the antenna and the RF circuit is very important.
Figure 6 (a) shows the relationship between transmission line width and reflection coefficient. As
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the transmission line width increases, impedance matching improves, but at the same time, the
sidelobe suppression of the antenna becomes worse. Therefore, a transmission line width of 0.4mm
is chosen to ensure good impedance matching while maximizing the suppression of the antenna's
SLL. Additionally,Figure 6 (b) shows that the SLL on the left side of the antenna are noticeably
higher than those on the right side, which is caused by some energy radiating from the transmission
line on the left side of the antenna.
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Figure 6. Impact of Transmission Line Width on Antenna Performance. (a) The impact of transmission line

width on the antenna reflection coefficient; (b) The impact of Transmission Line Width on Antenna SLL.

Figure 7 shows the overall antenna gain when RX1 is excited alone versus when both RX1 and
RX2 are excited simultaneously. It can be seen that when both ports are excited at the same time, the

antenna gain increases, and the antenna beamwidth becomes narrower, resulting in better antenna
directivity.
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Figure 7. Single-port excitation and dual-port excitation antenna gain.

Figure 8 shows the curves of the S21 parameters of the two antennas versus frequency. It can be
seen that the slotted low-sidelobe array antenna designed in this paper has an S21 parameter that is
on average more than 5 dB lower in the 76-79 GHz range compared to the traditional Chebyshev low-
sidelobe array antenna, and the isolation between antennas is better.This is because the maximum
unit size of the array patch designed in this paper is only 1 millimeter, which is approximately 40%
smaller than the maximum width of 1.7 millimeters of the Chebyshev array patch.With the spacing
between the two antennas kept equal, the patches in the Chebyshev array are closer together,
resulting in stronger coupling effects between adjacent antennas.

© 2026 by the author(s). Distributed under a Creative Commons CC BY license.
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Figure 8. Comparison of isolation between Uniform-width slotted antenna and Chebyshev array antenna.

4. Implementation and Measurement

Due to the high cost of manufacturing 77GHz array antennas and the stringent requirements of
the testing equipment, in order to verify the feasibility of the above design scheme, we conducted a
fabrication test on a 24GHz array antenna. The finished antenna array is shown in Figure 9(a), and
the comparison results between simulation and actual measurements are shown in Figure 9(b) and
Figure 9(c).From the simulation and test results, It can be seen that this antenna mainly operates in
the 24 GHz frequency band, with a return loss coefficient below -15dB at 24 GHz.. With the design of
an equal-width non-uniform slotted structure, the antenna exhibits good sidelobe suppression, with
overall sidelobes suppressed below -17 dB. The simulation and test results show a high degree of
correlation, but there are some fluctuations. This is because millimeter-wave antennas are small in
size and may have certain dimensional errors during fabrication, and the antenna is relatively thin,
making it prone to bending and other unstable factors that cause errors.

Normalized Gain(dB)

~H-plane, sim
50 b [— measure 7 ] sop KA ~-E-plane, sim
- - - simulation, ’ fi-plane, meas|
——E-plane, meas

i H . 1 H 1 1 .
23 24 25 -200 -150 -100 -50 0 50 100 150 200
Frequency (Glz) Theta [deg]

(b) (c)

Figure 9. Antenna physical model and test results.(a)Antenna physical model;(b)5111;(c)Normalized Gain.

5. Conclusions

This paper proposes a novel design method for high-gain, low-sidelobe microstrip uniform-
width array antennas.The antenna adopts a non-uniform slot structure, with deep slots in the middle
patch elements and shallow slots in the side elements, effectively regulating the antenna current
distribution, thereby better focusing energy on the main beam and achieving efficient suppression of
sidelobe levels. Additionally, for the last three patch elements, an impedance matching structure is
designed to better direct energy into the terminal patch element. Based on this method, an antenna
was designed that achieves good impedance matching in the 78.1 GHz to 79.5 GHz frequency band,
with a gain of 15 dB and overall sidelobe levels suppressed below -18 dB. This paper also conducts a
layout analysis of the designed antenna. Compared with a single antenna, reasonably increasing the
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number of antennas and adopting a proper layout method can further enhance antenna gain. Due to
the unique uniform-width structure of the antenna patches, compared with traditional Chebyshev
low-sidelobe array antennas, the maximum width is smaller, allowing for larger spacing between
antennas and improving inter-antenna isolation. Simulation results show that the uniform-width
array antenna with added slots achieves an average improvement of about 5dB in isolation compared
with the Chebyshev array antenna from 76GHz to 79GHz.

Finally, an array antenna operating at 24 GHz was fabricated using the same equal-width
grooved design method. The antenna's sidelobe levels were suppressed below -17 dB, verifying the
effectiveness of the antenna design method.
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