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Antenna
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Abstract: To meet the demand for high gain and low sidelobe levels of array antennas in radar systems, hydrological
monitoring, and next-generation wireless communication systems, this paper proposes a 24 GHz microstrip array antenna based
on a series—parallel hybrid feeding network. The proposed design combines the advantages of both series and parallel feeding
structures to optimize array performance while maintaining a compact configuration. Simulation results show that the antenna
achieves a reflection coefficient better than —10 dB over the frequency range of 23.9-24.3 GHz, with a maximum gain of 19.58
dBi and a sidelobe level close to —20 dB. The results indicate that the proposed antenna can basically meet the design
requirements for high gain and low sidelobe performance in radar systems.
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1. Introduction

Microstrip antennas have the advantages of low profile,
lightweight structure, and good conformability. They can be
easily integrated with RF circuits and active devices, and are
suitable for mass production, offering significant benefits in
reducing system cost[1-3]. Therefore, they have been widely
used in radar systems, satellite navigation, mobile
communications, and next-generation wireless
communication systems. However, conventional microstrip
antennas still suffer from narrow bandwidth, limited radiation
efficiency and gain, as well as significant surface wave losses,
which to some extent restrict their applications in broadband
and high-performance systems[4]. Under the premise of
maintaining these structural advantages, achieving effective
sidelobe suppression through structural design and array
synthesis has become an important research direction in the
field of array antennas. The sidelobe level directly affects
system anti-interference capability, angular resolution, and
target detection performance, and is a key parameter in high-
performance radar systems[5-8].

Due to their flexible structure and ease of array integration,
microstrip antennas are commonly used as array elements to
construct low-sidelobe antenna systems[9]. However, limited
by the size and radiation mechanism of a single element, their
gain and directivity are often insufficient to meet practical
requirements. To address this issue, multiple antenna
elements are typically arranged into a linear array with
specific spacing and excitation, where coherent addition of
radiated fields enhances the main lobe while suppressing
sidelobes. On this basis, the structure can be further extended
to a planar array, enabling two-dimensional beam control,
higher gain, and flexible beam scanning. Therefore, planar

arrays have significant application value in phased array radar,

high-resolution imaging, and advanced communication

systems[10-12].
2. Fundamentals of Array Antenna
Theory

(1) Pattern Multiplication Theorem
The radiation performance of antenna arrays is closely
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related to several factors, including the type and number of
array elements, element spacing, array configuration, as well
as the amplitude and phase distribution of each element.
Taking the simplest two-element array as an example, it
consists of two closely spaced antenna elements with identical
orientation, and can serve as a basic model for analyzing the
radiation characteristics of antenna arrays.

Let the excitation current of element 1 be I;, and that of
element 2 be[13]:

L=mlI, ei® (1)

where m is the amplitude ratio and & is the phase
difference.

Under far-field conditions, the radiation directions of the
two elements are approximately identical, and the electric
fields can be expressed as:

E1=8)j " F1 (0.9)eT™ )
E,= éeJﬂFz(e ek 3)
where:
cos(klcos0)-cos(kl
F, (0.0)=F, (0,¢)=tco0cosid) )

sinf
Using the far-field approximation r,~r;-dsinfcosd, we
obtain:
60mIle F (6 ¢)e_|k(r1 dsmecosq))_mE iV (5)
y=kdsinfcos¢p+§  (6)
The total electric field at the observation point p is given
by[13]:
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where F;(0,6) is the elernent pattern  factor, and

£,(0,0)=(1+m>+2mcosy)'/? is the array factor. Equation (8)
shows that the total radiation pattern of an antenna array can
be expressed as the product of the element pattern and the
array factor, which is known as the pattern multiplication
theorem. This conclusion applies not only to two-element
arrays but also to linear and planar arrays composed of
identical or similar elements.

(2) Chebyshev Synthesis Method

In antenna array design, the main-lobe beamwidth and
sidelobe level are generally in a trade-off relationship:



reducing the main-lobe beamwidth usually leads to an
increase in sidelobe levels, while suppressing sidelobes may
result in beam broadening. Therefore, a compromise
optimization is required in engineering design to achieve the
desired main-lobe beamwidth while minimizing the sidelobe
level. The Chebyshev synthesis method can achieve an
optimal weighting distribution under a specified sidelobe
level constraint.

For a linear array consisting of N equally spaced elements,
the array factor under Chebyshev weighting can be expressed
as:

AF(w)=Y\L; I cos[(2n-1)u] (9)

(10)

where Mzg (for even-numbered arrays), I, is the

kd
u=— cos

weighting coefficient, and d is the element spacing. The
formulation for odd-numbered arrays is similar. Through
polynomial expansion, the array factor can be expressed as a
function of cos(u) , and then mapped to Chebyshev
polynomials.

By specifying the main-to-sidelobe ratio Ry, in dB and
converting it into its linear form, the following condition is
obtained:

Tn-1(x0)=Ryg (11)

where Ty () denotes the Chebyshev polynomial of order
N-1, and X, is the corresponding boundary parameter. By
introducing the variable substitution cos(u)=%, the array

factor can be transformed into the standard Chebyshev form:

AF(w)=Ty, (x) (12)

Finally, the excitation amplitudes I,, of each element can

be obtained by coefficient matching, thereby achieving the

desired array weighting distribution that satisfies the target
sidelobe level requirement.

3. Simulation Design of Microstrip
Patch Antenna

(1) Antenna Element Design

The performance of a microstrip patch antenna is primarily
determined by the geometry of the patch and the parameters
of the dielectric substrate. After determining the substrate
thickness and relative permittivity, the patch dimensions can
be designed according to the target operating frequency to

achieve good impedance matching and radiation performance.

The initial formula for the patch width is given as:
1

¢ [gT1\2
W_p=-() (13)
where c is the speed of light, f; is the target operating
frequency, and ¢, is the relative permittivity of the substrate.
Considering the hybrid propagation of electromagnetic
waves in both the dielectric substrate and air, an effective
dielectric constant and fringing length correction are

introduced as follows:
1
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Thus, the actual patch length can be expressed as:
L p=L.-2AL=—X 2AL=S—2AL  (16)

Jeerr 26 feefr

Under the operating frequency of 24.125 GHz, the initial
patch dimensions are calculated using the above equations.
Based on this, an inset-fed structure is introduced to construct
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the antenna element. Subsequently, an initial electromagnetic
model is established in ANSYS HFSS, with appropriate
boundary conditions and excitation settings. The antenna
element model is shown in Figure 1.
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Figure 1. Microstrip antenna element model

The simulation results are shown in Figures 2 and 3. The
antenna element exhibits a reflection coefficient better than
—10 dB over the frequency range of 23.9-24.3 GHz,
indicating good impedance matching and radiation
performance within the target band. At 24.125 GHz, the
maximum gain of the element is 5.70 dBi, which meets the
design requirements. Based on this, through proper array
configuration and feeding network design, the array
superposition effect can be utilized to further enhance the
overall antenna gain, thereby satisfying the high-gain
requirements of the array system.
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Figure 2. Simulated S11 Curve of the Antenna Element

Theta (dog)

Figure 3. 3D Radiation Pattern of the Antenna Element

(2) Array Design

In the feeding network design, the Dolph-Chebyshev
weighting model is adopted. By applying Barbil’s formulas
(17) and (18) and using MATLAB for calculation, the
excitation amplitude coefficients of each array element are

obtained.
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where [; is the excitation amplitude of the i-th element,
N is the number of elements in half of the array, and q is the
index parameter in the weighting distribution. This method
enables the array radiation pattern to satisfy the prescribed
Chebyshev sidelobe level constraint.
To avoid grating lobes, the element spacing must satisfy:

2o (19)
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where 0, is the maximum scanning angle and A, is the
free-space wavelength at the operating frequency.

In this design, beam scanning is not required; therefore, the
element spacing only needs to satisfy the grating-lobe-free
condition. The characteristic impedance of the microstrip feed
line is set to a fixed value, and impedance transformation
sections are introduced at the front of each element to achieve
impedance matching and power division, ensuring accurate
amplitude and phase excitation for each element and thus
guaranteeing overall array performance. Through optimized
design of the feeding network parameters, the power
distribution is properly controlled so that the excitation
amplitudes follow the Chebyshev weighting distribution.
Considering the symmetry of the array structure, only half of
the feeding network needs to be analyzed to derive the
performance of the entire array. Based on the Chebyshev
synthesis method with a sidelobe level of —20 dB, the
excitation current ratios of each port are calculated, and the
corresponding microstrip line impedances are derived
inversely to determine the geometrical dimensions of the feed
network. A 1-to-8 power divider network is thus designed, as
shown in Figure 4. Similarly, a 1-to-4 power divider structure
is obtained, as shown in Figure 5.
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Figure 4. 1-to-8 Power Divider Network Structure and Dimensions
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Figure 5. 1-to-4 Power Divider Network Structure and Dimensions
(Half Structure)

Based on the simulation analysis of the single-row linear
array, the array structure is further extended by increasing the
number of rows of microstrip arrays to form a planar array.
Meanwhile, the connection scheme between different rows of
the main feed line and the corresponding impedance matching
structures are optimized to achieve a co-optimized design of
the array structure and feeding network. As a result, a 4x8
microstrip patch array model is obtained, as shown in Figure
6.

Figure 6. Overall Antenna Structure

(3) Planar Array Optimization Analysis

ANSYS HFSS is used to perform parametric optimization
of the array antenna. The main variables include the patch
element length, the main feed line width W1, and the element
spacing d.

Variations in patch length affect the effective electrical
length of the antenna, thereby causing a shift in the resonant
frequency: as the length increases, the resonant frequency
shifts toward lower frequencies. Meanwhile, this parameter
also influences the radiation pattern of the element, which in
turn affects the overall radiation performance of the array,
including the main-lobe beamwidth and sidelobe distribution.
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figures 7 and 8 present the variations of S-parameters and
radiation patterns under different patch lengths. The
simulation results show that when the patch length is set to
3.1312 mm, the array antenna achieves the best impedance
matching performance, with a reflection coefficient better
than —30 dB, while also obtaining the maximum gain.
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Figure 7. Effect of L p on S11
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Figure 8. Effect of L_p on the Antenna Radiation Pattern

Through parameter sensitivity analysis, it is found that
among the key structural parameters, the main feed line width
W1 has a significant impact on antenna performance,
primarily reflected in variations of the reflection coefficient
and the depth of the resonant response. Figure 9 shows the
parameter variations under different values of WI.
Considering both impedance matching performance and
design margin, the main feed line width W1 is finally
determined to be 0.63 mm to achieve improved impedance
matching characteristics and stable operating performance.
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Figure 9. Effect of Main Feed Line Width W1 on Antenna
Performance

In the process of extending the linear array to a planar array,
the element spacing d has a significant impact on the
performance of the planar array antenna, and its value should
be determined according to the design requirements. First, an
initial spacing is determined based on Ay=c/f;, and then
further optimized through simulations. figures 10 and 11
show the effects of different element spacing values d on the
antenna reflection coefficient and radiation pattern,
respectively.
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Figure 11. Effect of d on the Antenna Radiation Pattern

Variations in the element spacing d affect the antenna input
impedance through mutual coupling between array elements,
thereby influencing the reflection coefficient. Under the
condition of avoiding grating lobes, simulation results show
that appropriately increasing the element spacing can improve
impedance matching at the operating frequency, resulting in a
lower reflection coefficient and reduced power reflection,
while the variation in array gain remains relatively small.
Considering both impedance matching and radiation
characteristics, the element spacing is finally selected as
d=7.6 mm.

(4) Simulation Results Analysis

The 4x8 microstrip array antenna is designed, simulated,
and optimized using ANSYS HFSS to ensure that its center
frequency, operating bandwidth, gain, and sidelobe
suppression performance meet the requirements of wireless
transmission systems. The simulation results are shown in
Figures 12 and 13.
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Figure 12. S11 Curve of the 4x8 Microstrip Array Antenna
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Figure 13. Radiation Patterns of the Array Antenna: (a) E-plane,
(b) H-plane

The results indicate that within the frequency range of 23.9-
24.3 GHz, the array antenna exhibits a reflection coefficient
better than -10 dB, reaching -36 dB at 24.125 GHz, which
demonstrates good impedance matching performance. In
addition, the radiation pattern shows that the maximum gain
of the array is 19.58 dBi, and the sidelobe level is close to -20
dB. These results confirm that the proposed antenna meets the
high-gain and low-sidelobe requirements of radar systems,
thereby validating the rationality and feasibility of the
designed array structure and feeding network.

4. Conclusion

This paper focuses on the requirements of 24 GHz radar
applications and designs a 4x8 microstrip patch array antenna
based on a series—parallel hybrid feeding network. By
analyzing the fundamental theory of array antennas, the
pattern multiplication theorem and the Chebyshev synthesis
method are introduced to optimize the amplitude distribution
of the array. Meanwhile, the structural parameters of the
microstrip patch antenna element and electromagnetic
simulations are combined to systematically optimize key
dimensional parameters and the feeding network. The array
performance is improved while maintaining a compact
antenna structure.Simulation results show that within the
target operating frequency band, the antenna exhibits a
reflection coefficient better than -10 dB, a maximum gain of
19.58 dBi, and a sidelobe level close to -20 dB. The results
indicate that the proposed array antenna meets the design
requirements and can enhance the overall performance of
radar systems.
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