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Abstract: The traditional automotive corner radar antenna has the problem that the horizontal filled of view 
(FOV) is not large enough, which affects wide detection area capability and driving safety. In order to solve 
the problem, this paper proposes a wide-beam antenna design method for automotive corner radar based on 
improved particle swarm optimization (IPSO) algorithm. The mathematical model of comb-line antenna for 
77 GHz corner radar is established and combined with the IPSO algorithm to achieve wide beam. The 
algorithm avoids the search process falling into local optimum by introducing an adaptive shrinkage factor 
and chaotic disturbance when the non-superior particle position is updated. The computational results show 
that the convergence of the IPSO algorithm is significantly better than standard particle swarm optimization 
(SPSO) in wide beam forming under the same number of iterations.

Keywords: automotive corner radar; particle swarm optimization (PSO); comb-line antenna; beamwidth; 
wide-beam antenna

1. Introduction

In recent years, with the rapid development of the automotive industry, the improvement of vehicle 
safety performance has become an increasingly important issue. In vehicle safety systems, radar technology 
is widely used, of which corner radar is a common and critical sensor. Corner radar can detect the position 
and speed of objects in surrounding environment by sending and receiving electromagnetic wave, thus 
helping drivers to warn and avoid potential collision risks in time. As an important part of the millimeter 
wave radar system, antenna specifications affect critical performance of the radar, such as detection range, 
filled of view (FOV), and angular resolution. By improving the performance of antenna, the detection 
capability of the radar will also be improved. Automotive radar with different applications has different 
requirements on antenna gain and beamwidth [1–7]. For applications of short and medium range radars such 
as blind spot detection, lateral lane collision warning, lane change assistance, antennas with a large FOV to 
detect the target in a wide range is essential. FOV and blind zone of the corner radar is shown in Figure 1.

When automotive corner radar is used for lateral and rear range and angle measurement, it can be used 
to detect moving targets within a short range, which requires the antenna with a wide beam. This wide area 
detection can largely avoid traffic accidents. Usually, radar FOV requires the antenna to achieve a coverage 
of 6 dB horizontal beamwidth of 150°. However, the 6 dB beamwidth for the most radar antennas is generally 
less than 120° [8 – 11], which is poor performance for the detection of large FOV in the lateral and rear 
directions, and there are problems such as blind areas and insufficient detection range. Meanwhile, the 
vehicle radar antenna requires low cost, low profile and high integration characteristics.

Microstrip antenna, waveguide slot antenna and lens antenna are commonly used for automotive radar. 
In [12], a series-fed microstrip patch antenna array can realize the side lobe level (SLL) of −22 dB with half 
power beamwidth of 10 degree. In [13], antenna array with two columns shows the simulation gain of 
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17.2 dBi, SLL of 12.9 dB, and HPBW of 5.7°. In [14], a design of comb-line patch array with low side lobe 
level for automotive collision avoidance radar at 77 GHz is discussed and simulation results show that SLL of 
array is better than −21 dB and the final antenna gain is around 24.7 dBi. A single beam offset parabolic 
reflector antenna for a highly integrated module is designed [15]. In [16], a structure of the antenna, 
composed of three types of horn, lens, and prism antennas with different directivities, produces a radiation 
pattern that had both a narrow FOV at a long-range detection and wide FOV at short range detection. 
Different types of horn antennas for use in automotive radar are proposed, but these antennas are 
characterized by a larger footprint, high gain, and narrower beam [17–20]. A lens antenna for a wide scan 
angle of ±85° in azimuth plane has a maximum antenna gain of 15 dBi at 82.5 GHz and gain drop of less than 
2.75 dB for the edge feeds [21]. In [22], the antenna with wide bandwidth is designed, but the beam width is 
not enhanced. Ina two-layer broadband wide-beam microstrip antenna for 79 GHz automotive radar is 
proposed, which consists of microstrip lines, radiating patches and parasitic patches, to achieve low SLL of 
−19 dB at E-plane and −17 dB at H-plane, respectively. In [22], a substrate integrated waveguide (SIW) based 
broadband millimeter-wave slot array antenna is proposed for 79 GHz automotive radar applications. The 
simulated 10 dB impedance bandwidth of the designed antenna is from 75.6 to 81.4 GHz and the realized 
gain is 10.5–12 dB within 76–81 GHZ frequency band.

There are not many references on the wide-beam performance of vehicle radar antennas, especially in 
the 77 GHz. In [23–29], low-band antennas with wide-beam are proposed. In [23], the concept of a self-
mixed antenna array operating at 34–39 GHz was proposed to obtain a wide beam coverage with the required 
gain. However, the high gain is obtained by increasing the spacing between the elements and using devices 
such as amplifiers, so the antenna system is complex and not applicable to vehicle mounted radar with wide-
beam antennas. In [24], the authors proposed a dual-polarized antenna consisting of four differentially fed 
patches, four short-circuited vias and a square metal cavity. The beamwidth measured in the E-plane is 
greater than 116°. a multi-resonant patch antenna fed by a coupling slot is explored in [27]. The beamwidth of 
this structure can reach 125°. An SIW-based slot antenna was proposed in [28]. By integrating the structures 
of magnetic and electric dipoles, a wide beamwidth of 140° was observed in both E- and H-planes. In [29], a 
24-GHz horizontally-polarized 1 × 8 patch antenna array is developed for automotive radar applications and 
exhibits a wide beamwidth of 150° and a high gain of 11.1 dBi. However, for the 77 GHz frequency band, the 
addition of parasitic patches between adjacent patches will be a technical problem, due to the limited spacing 
and the enhancement of coupling effect. In [30], a planar array with wide main-beam scanning range is 
proposed. The measured results show that it is able to scan its main beam from −75° to +75° in both xoz- and 
yoz-planes. In [31], a SIW probe coupling method was proposed to widen the beamwidth, but the feed net is 
complex and occupies a large area, which is difficult to meet the small size requirement of automotive radar. 
A sector beam transmitting antenna for 79 GHz automotive short range radar (SRR) applications was 
proposed in [32]. The antenna has three channels with different beam directions to cover a wide 

Figure 1.　FOV of corner radar.
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detection area.
In order to overcome the limitations of the horizontal FOV is not large enough, this paper proposes a 

new wide beam antenna design method. Because the optimization of antenna is a highly nonlinear problem, 
there are commercial electromagnetic simulation software such as ANSYS, CST can do electromagnetic 
simulation optimization, but the time of electromagnetic simulation of antenna array is so long. It is difficult 
to optimize the impedance matching characteristics and gain pattern of the antenna array, so necessary to use 
optimization algorithms. The application of intelligent algorithms [33–37] has achieved good results.

Particle swarm optimization (PSO) algorithm is an adaptive global optimization heuristic algorithm, 
which originated from the study of the movement behavior of groups of organisms such as flocks of birds and 
schools of fish. Through more than decade development, PSO has been widely used in neural network 
training, fuzzy system control, electromagnetic engineering and array synthesis. Although similar to genetic 
algorithm, both are stochastic optimization algorithms, but in comparison, PSO is more simple, easy to 
implement, fast search speed, and contains fewer parameters, so it has received wide attention. The standard 
PSO, like other algorithms, suffers from the problems of low search range and easy convergence to local 
optimum. Therefore, various improvement algorithms, such as inertia factor, shrinkage factor, and hybrid 
particle swarm algorithm, have been developed to improve the convergence accuracy and search success rate 
of the algorithm.

In this paper, we use an improved particle swarm optimization (IPSO) algorithm with chaotic 
disturbance of the non-superior particles update to avoid the search falling into local optimum. Adaptive 
shrinkage factor and fitness function weighting factor are used to optimize characteristics of traditional comb-
line antenna. A wide beam is achieved to verify the efficient feasibility of this method. At boresight, the gain 
obtained by IPSO algorithm is increased 2.5 dB and the horizontal FOV of 6 dB beam width is increased 20°. 
In order to compare with the FOV of traditional antenna, rectangular series-fed antenna and comb-line 
antenna with the same length are simulated respectively. The horizontal FOV of comb-line antenna is 162°, 
which is larger than previous antenna beamwidth of 102° and 109° . The gain is increased 3 dB at ±45°of 
antenna pattern, which is used to improve the radar detection performance in rear cross traffic alert (RCTA) 
and rear collision warning (RCW). Especially at ±75°, the gain is increased nearly 8 dB, which has a greater 
improvement on the blind spot detection (BSD) and helps driver to improve the driving safety.

2. Antenna Design

Microstrip antennas are widely used by vehicle radar manufacturers due to their simple structure, light 
weight, easy integration and suitable for mass production. Compared to series-fed patch antenna [38–40], the 
microstrip comb-line array antenna has the advantages of wider beam, smaller occupied area and easy to 
achieve lower SLL. There are two types of the comb-line array, traveling wave array and standing wave array. 
Traveling wave array is loaded with matched load at the terminal, the spacing between elements need not be 
equal to half of the wave length λe/2, the power is radiated by each comb element and finally consumed in the 
load. Standing wave array is open circuit at the terminal, the spacing between elements should be equal to 
λe/2. The antenna designed in this section is a standing wave antenna, and the specifications of the antenna are 
as follows:

(1) Center frequency at 76.5 GHz
(2) Antenna gain ≥ 11 dB
(3) SLL < −17 dB
(4) Bandwidth > 1 GHz (S11 < −10 dB)
(5) FOV (6 dB beam width in azimuth) > 150°
The structure diagram of comb-line array is shown in Figure 2, with the number of element N = 10, 

width Wi, length Li, spacing di and feed line width b. The antenna is printed on the Rogers RO3003                   
s(εr = 3 tanδ = 0.001) with a thickness of 0.127 mm.

The array with Taylor amplitude taper shows a radiation pattern whose first several sidelobes close to 
the main beam are at the same level while the rest of lobes decay monotonically. The weighted distribution 
(unit voltage), is expressed as I1:I2:I3:I4:I5:I6:I7:I8:I9:I10 = 0.29:0.39:0.59:0.83:1:1:0.83:0.59:0.39:0.29, with 
an SLL of −20 dB, which is presented in Equation (1) [10].
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[V ] = [Zi ][ Ii ] = I (1)

Zi is the normalized characteristic impedance of each comb to the main feeder, and I is the unit matrix, 
so the above equation can be converted to

[V ][ Ii ]
-1
= [Zi ][ Ii ][ Ii ]

-1
(2)

[Zi ] = [ Ii ]
-1

(3)

The width of each comb Wi can be calculated by the following equation.
When Zi <(44 - 2εr )Ω, there are:
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εr is effective dielectric constant.
When Zi ³(44 - 2εr )Ω, there are:
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Using the above equation, it calculates the width of the element corresponding to the excitation 
distribution, and calculates the length of the element Li by the following equation.

Each comb is a T-joint at the feed and the T-joint effect needs to be taken into account. The length Li can 
be calculated by the following equation

Li =
λei
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The empirical equation of Dli is as follows:
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λe i is the equivalent waveguide wavelength of each comb, and Dli can be calculated from Equation (9). b 
is the width of the main feed line, and ni is the correction factor determined from Equation (10).
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Figure 2.　Structure diagram of comb-line array.
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d =
120πh

Zb εr

(11)

In Equation (10), Zb is the impedance of feed line with width b and Zwi is the impedance of comb.

3. Improved Particle Swarm (PSO) Algorithm

3.1. Standard PSO Algorithm

In PSO algorithm, the solution of each optimization problem is considered as a bird (i. e., particle) in 
search space. All particles have an adaptation value determined by the optimized function and a speed that 
determines the direction and rate of their flight. The particles follow the current optimal particle in the 
solution space. The algorithm initializes a group of random particles and then finds the optimal solution by 
iteration. In each iteration, the particles update their velocity and position by tracking two “extremes”, i.e., 
the individual extremes and the global extremes. In the N-dimensional target search space, a particle swarm is 
composed of particles with population n. The position of the i particle in the j dimension is Xij, its velocity is 
Vij, the current optimal position of the particle is pbestij, and the current optimal position of the whole swarm 
is gbestj. For the kth iteration, the velocity and position are updated as follows.

V k + 1
ij =ωV k + 1

ij + c1r1 (pbestij -X k
ij )+ c2r2 (gbestj -X k

ij ) (12)

X k + 1
ij =X k

ij +V k + 1
ij (13)

where ω is the inertia factor, c1 and c2 are acceleration factors, and r1 and r2 are random numbers uniformly 
distributed between [0~1].

3.2. Adaptive Inertia Factor

In order to improve the global search capability of the PSO algorithm, a nonlinear dynamic inertia factor 
ω is used, whose expression is as follows:

ω =
ì

í

î

ïïïï

ïïïï

ωmin　 -
(ωmax -ωmin )( f - fmin )

( favg - fmin )
　　f £ favg

ωmax　　　　　　　　　　　　　f ³ favg

(14)

where ωmax, ωmin denote the maximum and minimum values of ω, respectively, f denotes the current objective 
function value of the particle, and favg and fmin denote the average and minimum objective values of all the 
current particles, respectively. In the above equation, the inertia factor adaptively changes with the target 
function value of the particle.

When the objective value of each particle tends to be the same or tends to be locally optimal, it will 
increase the value of inertia weight. When the objective value of each particle is more dispersed, it will 
decrease the value of inertia weight. For the particle whose objective function is better than the average 
objective value, the corresponding inertia weight factor is smaller in order to protect the particle. Conversely 
for the particle whose objective function value is worse than the average objective value, the corresponding 
inertia weight factor is larger, making the particle move towards closer to the better search area.

3.3. Adaptation Function Weighting Factor

The mathematical model for fitness function of the particles can be described by the following equation.

min f = f (X )
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M

max( || F(Xθm ) - || AF(θm ) 0)2 + S11 θ < θ1　or　θ > θ2

(15)

where: X = ( x1 x2 ... xN ), M denotes the number of angular sampling points defined in the formula; θm is 

the m th sampled angular, F(Xθm ) is the optimal radiation pattern obtained from the simulation software, 
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AF(θm ) is the target radiation pattern, S11 denotes the return loss of the antenna array at 76.5 GHz frequency 

extracted from the simulation software, β is the weighting factor of the fitness function, which can adjust the 
convergence speed of the particle swarm in the region from θ1 to θ2. Because the wide beam performance is 
more difficult to achieve, fitness function can more easily obtain a smaller value of S11, it can avoid problem 
that the S11 value is small, while difference of antenna pattern is large.

3.4. Chaotic Disturbance

Chaos is a common phenomenon in nonlinear systems, which is characterized by ergodicity and 
intrinsic randomness, and can traverse all states without repetition in a certain range according to its 
own laws.

The logistic chaos mapping relationship is as follows:

yi + 1 = μyi (1 - yi ) (16)

where yÎ (01), μÎ ](24 , and when μ = 4, the mapping is completely in a chaotic state, when the chaotic 

sequence of (0, 1) is generated with better ergodicity. The introduction of chaotic disturbance in PSO can 
improve the quality of the initial particles and make the initial particle distribution more uniform. The chaotic 
disturbance of the positions of non-superior particles in each iteration effectively avoids algorithm falling into 
local optimality too long to jump out, which improves the convergence speed very well.

Chaotic variation is applied to some non-superior particles with poor adaptation, and their chaotic 
disturbance positions are updated as

X k + 1
ij =X k

ij + η(2yij - 1) (17)

where: η is the radius of the chaotic search region, yij is calculated from Equation (15).
In summary, the IPSO algorithm is implemented as follows:
Step 1: initialize the velocity and position of the particle according to Equations (12) to (14);
Step 2: introduction of weighting factors to calculate the fitness of the particles;
Step 3: Chaotic disturbance of non-superior particles according to Equation (17) and obtaining 

new positions;
Step 4: update the individual optimum pbest of each particle and the global optimum gbest of 

the population;
Step 5: If the convergence condition is satisfied, the operation terminates, otherwise skip to the 

second step.

4. Optimization Results

In this paper, we add branches to the traditional comb-line antenna and increase the beam width by 
beamforming, because the corner radar is usually installed at an angle of 45° to the body of car, and the 
rearward and lateral directions are related to the detection range of RCTA and RCW, so the target gain pattern 
at ±45° is improved as shown in Figure 3.

 

Figure 3.　E Plane of Target Pattern.
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As shown in Figure 4, the size of comb and spacing between elements will affect the radiation pattern 
and the standing wave matching for comb-line antenna. In order to reduce the optimization time and design 
complexity, the size of antenna elements according to the theoretical Equations (4), (6), (8) is calculated. 
Because the excitation of the comb-line array has been determined, so the width of the comb will not be 
changed. The length and the spacing of the comb need to be optimized. The phase error of series feed is easy 
to accumulate gradually among the array elements, eventually accumulating a large deviation. Due to the 
phase error caused by the shortening effect of the microstrip boundary and the accumulation of offsets, a 
distribution of unequally spaced line array is used to ensure that each element is distributed in the same 
phase. Total number of 29 parameters need to be optimized in the algorithm for Di, Li, Lsi and Wsi. Because 
the excitation of antenna array is symmetrically distributed using Taylor weighting and Di, Li also use 
symmetric length, only L0~L4 D0~D4 need to be optimized. In order to further reduce the variables, Lsi can be 
counted as a single variable, so that the total number of optimized parameters is reduced to 16. The range of 
values for each parameter of the antenna significantly affects the convergence time and the convergence 
results. The range of values for D is set to [1.29 mm, 1.40 mm], for L set to [1.10 mm, 1.20 mm], for Ls set to 
[1.10 mm, 1.20 mm], and for Ws set to [0.23 mm, 0.45 mm].

The optimization algorithm is executed in Matlab software, and the macro command Ansys-Matlab-API 
is used to control the electromagnetic simulation software Ansys through the Matlab program to 
automatically complete the antenna modeling, simulation and other operations. The results are brought into 
the optimization program written in Matlab for optimization. The values of the antenna parameters obtained 
after optimization are listed in Table 1.

A Low SLL in the elevation plane and wide beam in the horizontal plane are presented through the 
optimized branches. In Figure 5a, the simulation result of −10 dB bandwidth is 1.9 GHz (75.5~77.4 GHz). 
Figure 5b shows the E-plane and H-plane radiation pattern of the modified comb-line antenna, and the 
simulation result of the SLL is −19 dB, which meets the requirement of automotive radar. The maximum gain 
of the antenna at 77 GHz is 12 dBi, the boresight gain is 10.9 dB, the azimuthal FOV of 6 dB beamwidth is 
162°, and the elevation FOV of 6 dB beamwidth is 24°. Figure 6 shows the comparison between the target 
pattern and the optimized radiation pattern, which shows that the gain difference within ±75° FOV is less 
than 2 dB.

Figure 4.　Structure diagram of beamforming comb-line array.
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Table 1.　Values of the Design Parameters of comb-line antenna.

Parameter

W0

W1

W2

W3

W4

W5

W6

W7

W8

W9

Ws0

Ws1

Ws2

Ws3

Ws4

L0

L1

L2

L3

L4

Value (mm)

0.23

0.32

0.48

0.65

0.75

0.75

0.65

0.48

0.32

0.23

0.26

0.32

0.41

0.3

0.23

1.20

1.18

1.14

1.11

1.10

Parameter

L5

L6

L7

L8

L9

Ls0

Ls1

Ls2

Ls3

Ls4

D0

D1

D2

D3

D4

D5

D6

D7

D8

Fw

Value (mm)

1.10

1.11

1.14

1.18

1.20

1.22

1.22

1.22

1.22

1.22

1.29

1.32

1.36

1.38

1.39

1.38

1.36

1.32

1.29

0.31

 

(a)　Reflection coefficient magnitude;.
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(b)　Gain pattern in principal radiation planes.

Figure 5.　Simulation results of beamforming comb-line array.

In order to compare with FOV of traditional corner radar antenna, the rectangular series-fed antenna 

with the same length in Figure 7 and the comb-line microstrip antenna in Figure 2 are simulated.

In Figure 8, the horizontal beam width of the comb-line antenna array is wider than series-fed antenna 

array. The horizontal FOV of the beamforming comb-line antenna array proposed in this paper is 60° larger 

than these two traditional vehicle-mounted radar antennas, and the gain is enhanced 3 dB at ±45°, which is 

used to improve the detection performance of RCTA and RCW, especially at a large angle ±75°, the gain is 

enhanced by nearly 8 dB. The performance of BSD could be greatly improved.

Figure 9 shows the comparison of horizontal beamwidths between improved PSO and standard PSO. 

The convergence result of IPSO is significantly better than the standard particle swarm optimization (SPSO) 

under the same number of iterations. The gain of SPSO is 2.5 dB lower compared with the IPSO at boresight 

 

Figure 6.　Comparison of target pattern and beamforming pattern.

Figure 7.　Structure diagram of Series-fed antenna array.
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and beam width is narrower 20°.

5. Conclusions

In this paper, a wide-beam antenna design method for automotive corner radar is proposed to improve 
performance of BSD and RCW. By adding branches to the conventional comb-line antenna and adopting an 
IPSO algorithm with adaptive inertia factor and chaotic disturbance, it is successfully used for beamforming 
on radiation pattern of array antenna. SLL of the comb-line antenna on the H-plane is 19 dB and the gain at 
45° area is enhanced 3 dB. FOV of 162° and a gain of 10.9 dB are observed at 77 GHz. Especially the corner 
radar is usually installed at a 45° angle to the body of the car, the gain of antenna has poor performance in 
large FOV, after beamforming the gain enhanced 8 dB at ±75° compared with the traditional automotive 
radar antenna.
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Figure 8.　Horizontal beamwidths of different antennas.

 

Figure 9.　Comparison of horizontal beamwidths between improved PSO and standard PSO.
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