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Abstract: The High Frequency (HF, 3-30 MHz) to Very High Frequency (VHF, 30-300 MHz) band is a critical
observational window in radio astronomy, playing a key role in the study of early-universe reionization, space weather
monitoring, and solar physics. We determine whether a genetic algorithm-optimized sparse configuration of a 64-
element planar radio antenna array can minimize the peak sidelobe level and enhance performance within the 10-90
MHz frequency range, compared with a regular configuration. The sparse-optimized array achieves a 1.04 dB reduction
in peak sidelobe level across the frequency band compared with the regular array. Sensitivity improves significantly at
all frequency points, with increases of up to 56% at 10 MHz and 45% at 50 MHz. At 90 MHz, the sensitivity matches
that of the regular array. At three representative frequencies (50 MHz, 60 MHz, and 70 MHz), grating lobe suppression
tests at different scan angles show that the regular array shows prominent grating lobes at specific scan angles (6 =
53° at 50 MHz, 6 = 30° at 60 MHz, and 6 = 15° at 70 MHz). By contrast, the sparse array shows no observable
grating lobes, confirming its superior suppression capability. At wide bandwidths, a sparse array optimized with a
genetic algorithm outperforms a regular array in peak sidelobe level, sensitivity, and scanning range, supporting its use
as a better technical solution for radio astronomical observations.

Keywords: HF-VHF band; Sparse array; Genetic algorithm; Peak side lobe level; Sensitivity

The High Frequency (HF, 3-30 MHz) to Very High
Frequency (VHF, 30-300 MHz) frequency range serves
as a vital observational window in radio astronomy!!, offer-
ing significant research value in various domains such as
space weather and solar physics studies!?3!, monitoring of
planetary burst activities within the solar system[*], tran-
sient source detection], and investigations of reioniza-
tion processes in the early universel®l. However, due to
the relatively long wavelengths in this frequency band,
large-aperture reflector antennas face limitations that can
prevent them from meeting observational requirements.

Consequently, high-gain antenna arrays, synthesized from
multiple radiating elements, have become the mainstream
solution for observations in this frequency regimel”l.

The spatial arrangement of antenna elements is a criti-
cal factor that determines the performance of an array sys-
tem. Antenna arrays are generally categorized into two
types: uniformly spaced arrays (regular arrays) and non-uni-
formly spaced arrays (sparse arrays). In wideband opera-
tional scenarios, to prevent grating lobes from appearing
in the radiation pattern at the upper end of the frequency
band, traditional regular arrays typically constrain the ele-
ment spacing to within half a wavelengthl®l. However, in
practical engineering applications, physical constraints on
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the antenna structure and mutual coupling effects between
elements often make it difficult to maintain such close
spacingl®l. As a result, the strict requirement of grating-
lobe-free performance at the upper operating frequency
becomes challenging to meet the relation,

/lmin ( 1 )

dyin < ——————
T 4 sinGmaxl”

where 6 is the scan angle in degrees, and Amin is the short-
est wavelength within the operational frequency band,
which corresponds to the upper frequency boundaryll.
When the inter-element spacing, din, is less than Apin/2,
the radiation pattern at the highest frequency does not pro-
duce grating lobes. When d exceeds Apin/2, grating lobes
emerge in the radiation pattern at the upper frequency,
and their intensity increases with element spacing. These
grating lobes may have amplitudes comparable to the
main lobe, complicating the ability to discern between the
main lobe and grating lobes. This phenomenon leads to a
substantial reduction in sensitivity and signal-to-noise
ratio (SNR) within the main beam. Sensitivity reflects the
capability of a radio telescope’s receiving system to
detect weak signals(!%, and serves as a critical perfor-
mance metric for evaluating radio telescopes. To mitigate
grating lobes, sparse arrays are commonly used. By disrupt-
ing the periodicity of the array factor, sparse arrays can
suppress grating lobes effectively. With this advantage,
the design and optimization of sparse arrays have become
a key research area in antenna array technology!!11.

Introducing sparse array technology into radio astron-
omy provides significant advantages. It enhances system
interference resistance, improves detection sensitivity, and
expands sky coverage for scanning beams. A key exam-
ple is the Low-Frequency Array (LOFAR), developed by
the Netherlands Institute for Radio Astronomy
(ASTRON). LOFAR pioneered sparse array design in its
Low-Band Antenna (LBA) system, which operates in the
10-80 MHz range. The LOFAR-LBA array uses a ran-
domly exponential distribution layout strategy!'2l. This
enables large-scale array deployment, effectively reduces
side lobe levels, and optimizes radiation pattern characteris-
tics. Fig. 1A shows the sparse array topology of the LBA
antenna layout. This design offers a valuable engineering
reference for later radio astronomy array optimizations.

Building upon earlier efforts, in the subsequent develop-
ment of the Long Wavelength Array (LWA), researchers,
including Leonid Kogan and Aaron Cohen, employed an
array configuration optimization algorithm designed to mini-
mize side lobes, enhancing the antenna layout of the
LWA-1 elliptical array!!3] as shown in Fig. 1B and
Fig. 1C.

In the proposed designs for subsequent arrays, such
as the Square Kilometer Array (SKA), both sparse and
dense configurations have been considered in optimizing
the array layout. Specifically, random distribution strate-
gies were employed to enhance the geometric configura-
tion in the sparse configuration scenariol!4-16],
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Fig. 1. Distribution map of typical sparse array formations.
(A) Sparse distribution diagram of 96 LBA antennas for LOFAR.
(B) Original regular array layout of LWA-1. (C) Sparse layout of
LWA-1 after optimization.

In recent years, numerous studies have been con-
ducted on the sparse layout optimization of radio antenna
arrays. Di et al.%! investigated the performance variation
characteristics of radio antenna arrays under different scan-
ning angles in wide-angle scanning scenarios and subse-
quently performed sparse layout optimization accordingly.
Battaglia et al.l'”] addressed the pattern synthesis requirem-
ents for the SKA in the low-frequency band (50-350 MHz),



employing a convex programming approach to optimize
the sparse array configuration while satisfying geometric
constraints, effectively suppressing sidelobe levels. The pro-
posed method was validated through full-wave simula-
tions. Dong et al.lll focused on the 30-300 MHz VHF
band, systematically analyzing the technical challenges asso-
ciated with sparse array deployment in this frequency
range. They proposed a structured technical framework com-
prising array element arrangement optimization followed
by signal processing system construction, and developed a
high-performance computing platform integrated with
Field-Programmable Gate Array (FPGA)-based System on
Programmable Chip (SOPC) architecture to enable real-
time computation and distribution of weighting parame-
ters. This work provides critical technical support for the
development of large-scale VHF radio astronomical
arrays.

The core objective of array layout optimization is to
adjust the inter-element spacing of antenna arrays to meet
specific radiation performance requirements. Typical goals
include optimization of beamwidth, peak sidelobe level
(PSLL), number of elements, and null placement. The aim
is to derive an optimal configuration of element positions
that satisfies these criteria. Among these parameters,
PSLL has the most significant impact on the sensitivity per-
formance of radio telescopes. PSLL is a nonlinear func-
tion of the element positions, and minimizing PSLL by opti-
mizing element placement is a nonlinear optimization prob-
lem, which is inherently complex to solve. To address
this challenge, extensive research has been conducted in
the field of sparse array layout optimization. Swarm intelli-
gence optimization algorithms, including Genetic Algo-
rithms (GAs)[!8:19] the Grey Wolf Optimizer (GWO)[20:21],
Particle Swarm Optimization (PSO)[2223] and Differen-
tial Evolution (DE)[24], have been successfully applied.

Among various intelligent optimization algorithms,
the GA! is a heuristic search method inspired by natu-
ral evolutionary processes in biological systems. Its
design is based on Darwin’s theory of natural selection
and genetic principles. As a powerful optimization tool,
GA is renowned for efficiency, practicality, and robust-
ness. These qualities make it well-suited for solving com-
plex, nonlinear, multimodal, and multi-objective optimiza-
tion problems. The theoretical foundation and application
of GA in array layout optimization have provided an effec-
tive approach for designing sparse antenna arrays. In
1994, Haunt et al.[26] were the first to apply GAs to the
sparse array domain. They optimized a uniformly excited
200-clement linear array and successfully reduced the
PSLL to —20 dB. Recently, Sun et al.[2’! conducted opti-
mization simulations on several types of single-frequency
linear arrays using a real-coded GA. They compared the
performance of this algorithm with several improved GA
versions under identical constraints. The results showed it
consistently achieved lower PSLL values than the alterna-
tives. Qin et al.?8 proposed an improved GA based on a
penalty function mechanism. This controlled the sparsity

rate and suppressed grating lobes by reducing the num-
ber of elements. Simulation results, under single-fre-
quency conditions, demonstrated that the proposed GA-
based sparse array improved the PSLL by 1.07-1.37 dB
over existing methods.

Our work differs from the traditional planar array
sparse distribution optimization and considers optimiza-
tion under wide bandwidth conditions. We investigate
sparse optimization of a 64-element planar radio antenna
array operating in the 10-90 MHz frequency band using a
GA based on real number coding. In contrast with tradi-
tional sparse array optimization design, we focus on analyz-
ing optimization performance across various frequency
points and scanning angles under high-bandwidth condi-
tions. Key performance parameters of the sparse array,
such as PSLL, gain, effective aperture, and sensitivity, are
systematically analyzed. The GA iteratively derives the opti-
mal element arrangement by minimizing the maximum
PSLL across the entire frequency band. A comparative anal-
ysis between the optimized sparse array and a regular
array, both with the same number of elements and band-
width, shows a significant reduction in PSLL across the
full frequency range for the sparse array. Sensitivity is
also improved at all frequency points. Statistical analysis
of grating lobe characteristics across various frequencies
and scan angles shows that the sparse array shows
markedly superior grating lobe suppression compared with
the regular array. These results confirm the effectiveness
and superiority of GA sparse distribution optimization in
improving the performance of radio antenna arrays under
wide bandwidth conditions.

Within a planar array boundary of size L x H, the
antenna elements are regularly distributed. There are M
array elements along the x-axis direction and N array ele-
ments along the y-axis direction. The total number of
array elements, O = M x N. A diagram of the array ele-
ment distribution is shown in Fig. 2.

Fig. 2. Diagram of the two-dimensional planar distribution of
a regular array.
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In Fig. 2, d, and d, are the row spacing and column
spacing of the array respectively. There exists a far field
point P(6,¢), and the positions of all array elements fall
within the planar array area. To meet the aperture design
requirements of the array antenna, the position of the Q-
th array element is fixed as the lower right corner vertex,
(L,H), of the planar array. If the position of the QO-th
array element is (x,,,y,), then

Xp=md, m=0,1,2,....M-1 )
Yn = ndy n=0,12,....N—-1 ’ )

Based on the aforementioned element distribution and
position constraints, the radiation pattern function of the pla-
nar array (assuming that all elements are ideal isotropic
point sources, with no mutual coupling effects and uni-
form excitation amplitudes) can be expressed as the prod-
uct of the element pattern EP(6,¢) and the array factor
AF(0,¢), as given by

At this point, a signal incident on the array, from the
direction (6,¢), is received by each antenna element and
coherently summed to form a synthesized signal. The coher-
ently summed array factor, AF (6,¢), is expressed as
shown as

AF(0,¢) =

M N
ej [( % XmSinfcosp+ %yn sianin¢)—( 2—{“ XmSinbycospo+ aly,, sinfy sin¢0)]
§ § s

m=1 n=1

“4)

where AF(6,¢) is the array factor, A1 is the wavelength
(in meters), (6,¢) gives the incident angles, and (6y, @) is
the beam scanning direction of the array.

In this study, we focus on the performance compari-
son of sparse array optimization, using a simplified model
for analysis purposes. Individual differences among
antenna elements are disregarded by assuming all ele-
ments are omnidirectional antennas. Thus, the element pat-
tern remains constant and equal to 1 across the entire angu-
lar rangel’). Complex factors, such as mutual coupling
between elements, are also omitted. With these simplify-
ing assumptions, substituting Equation (4) into Equation
(3) and carrying out the derivation leads to a simplified
expression for the synthesized radiation pattern, shown as

e][(% X Sinfcosg+ 27“)/,, siné)sina&)—( alxmsineocos¢0+ 27"ynsin€0 sinq&o)]

®)

In radio astronomical observations, sensitivity serves
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as a core metric for evaluating the performance of tele-
scope, directly determining the receiving system’s ability
to detect weak celestial signals. Sensitivity is quantita-
tively determined by the minimum detectable radio source
flux density, Sminl”). This parameter defines the mini-
mum flux density in units of watts per square meter per
hertz (W m~2 Hz™!). A common astronomical unit of sensi-
tivity is the Jansky (Jy), where 1 Jy = 10726 W m2 Hz L.
A lower value of S, indicates a stronger capability of
the radio telescope to detect weak signals, signifying bet-
ter sensitivity performancel®]. The calculation of sensitiv-
ity is given by

o KTy
min Ae '\/I_B’

where Ty is the system temperature, B is the observa-
tion bandwidth, and ¢ is the integration time. These three
parameters are closely related to the antenna elements and
the backend receiver. Because this study focuses on the
impact of antenna array configuration on sensitivity, the
term Tys/ ViB is treated as a constant C , Ae is the effec-
tive aperture area, and k is the Boltzmann constant.
Together, these parameters play critical roles in both the
derivation of the formula and the sensitivity analysis.

The effective aperture A, can be calculated from the
array gain, using the relation

S

(6)

Ae = —
€ 41_[ G07 (7)

where A is the wavelength, and Gy is the array gainl’l
The gain Gy is, in turn, calculated as

2
Go - 4nF> (6,9) , ®

2n m
[ [ F2(6.¢)sin6dod¢

00 max

where F(6,¢) is the array radiation pattern function, as
defined in Equation (5).

We simulate a regular array, consisting of 64 ele-
ments arranged in an 8 x § grid, setting the operating band-
width from 10-90 MHz, with an element spacing of
d = Anin/2 (where Ay, is the wavelength at 90 MHz).
The array aperture measures 3.5 Ayin-3.5 Amin, and the scan-
ning angles are fixed at § = 0°, ¢ = 0°(see Fig. 3). The
maximum PSLL (PSLLy.) across the entire frequency
band is —12.80 dB.

As shown in Fig. 3, the regular array is arranged with
equal spacing. However, due to inherent constraints associ-
ated with fixed array apertures and the periodic distribu-
tion of element positions, such arrays are prone to generat-
ing PSLLs during the beamforming process. This limita-



tion is not exclusive to rectangular regular arrays. Another
configuration, the LWA hexagonal regular array dis-
cussed in Section 1, shows improved uniformity in field-
of-view coverage, but similarly suffers from inadequate
sidelobe suppression resulting from the periodic properties
of isometric configurations. In the following sections, we
will solve this problem by optimizing the array position.

For the sparse design process of planar antenna
arrays using a GA, first, an initial population is generated,
where each individual represents an initial array configura-
tion, with a population size of NPl The gene sequence
of each individual is then sorted. In this study, the genes
of an individual correspond to the inter-element spacings,
and each individual represents a specific array element lay-
out. The population thus represents a collection of these lay-
out schemes.

Next, fitness values are calculated using a function tai-
lored to the optimization goal, evaluating each array lay-
out. Iterative adjustments follow: if the set number of
generations is not reached, selection, crossover, and muta-
tion are applied. Gene sequences are converted into actual
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Fig. 3. Element distribution diagram and normalized radiation
pattern of a regular array, with scanning angles of 6 = 0° and
¢ = 0°. (A) Element distribution. (B) Radiation pattern at 90 MHz.
(C) Radiation pattern at 50 MHz. (D) Radiation pattern at 10 MHz.

element positions, and fitness is recalculated. This cycle
repeats until the generation limit is met. When the termina-
tion criterion is reached, the algorithm outputs the array
configuration with the highest fitness. The overall proce-
dure is shown in Fig. 4.

The initial population is generated based on a regu-
lar planar array with an aperture of Lx H. Here, L and H
represent the array aperture lengths in the x- and y- direc-
tions, respectively. The number of antenna elements
matches that of the regular array, and all elements are
located on the x-y plane. The element positions are repre-
sented by a two-dimensional complex matrix G, of size
M x N. Each matrix value corresponds to the position of
an element, expressed as dx+jdy. Here, dx,, and dy,,
are the inter-element spacings in the x- and y- directions,
respectively, for an element at position (m,n). This is
given by the relation

dx11 d)C12 dxlN
dxy;  dx»n dxon

G = . . . +
dle dxMz dXMN
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dy,; dy, dy,y

. dyy  dyy dyn
il . ©)

dyyy Ay dyyn

Each gene, representing the inter-element spacing,
must satisfy the spatial constraint conditions,

5.t.0<dx,, <L,0<dy,, <H

dx,, —dxi| = d

|dx, Xl = de .0
|dymn _dylk| > dC

mnlLkeZ 1<Im<M1<kn<N

where d. is the minimum inter-element spacing con-
straint. Based on the above constraint conditions, the spac-
ing dx,, is decomposed into two parts, X,,+(m—1)d.,
and similarly, dy,,, is expressed as yu, +(n—1)d.. By sort-
ing the spacing values in each row and column in ascend-
ing order, we obtain the expressions,

X1 X12 XIN
X211 X22 o X2N
dx=| . . . +
XML Xm2 XMN
0 0 0
d. d. d.
(11)
M-1)d. (M-1)d. (M-1)d.
and
yir Yz Yin
Y21 Y22 YN
dy=| . ) RS
M1 Ym2 YMN
0 d. (N-1)d,
0 d. (N-1)d,
. (12)
0 d. (N-1)d,

This ensures that, after satisfying the minimum inter-
element spacing constraint, the remaining available length
in the x-direction is L—(M —1)d., and in the y-direction
is H—(N-1)d.. Consequently, the search space in the x-
direction is reduced from [0,L] to [0,L— (M -1)d.], and
in the y-direction from [0,H] to [0,H—(N-1)d.]. Com-
pared with the original array layout algorithm, this reduc-
tion in the search space makes it easier to find an opti-
mal solution.

If constrained element position matrix is f, and the
constraint matrix is C, where f(m,n) = X, +j* Y, and
C(m,n)=m-1)d.+j*(n—1)d., then, the final element
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Fig. 4. Flowchart of sparse distribution optimization using a GA.

position matrix, G, must be the sum of f and C. There-
fore, during genetic operations, it is only necessary to
manipulate the intermediate individual matrix f, which
effectively reduces the search space and accelerates the opti-
mization process.

Additionally, since the array aperture is fixed, bound-
ary constraints must also be applied to the array layoutl®],
as defined by

dx;1=0
dxiy=0
(13)
dxyn =L
dxyny =L
and
dy;; =0
dy;y=0
(14)
dyyn =H
dyyy =H



This approach ensures that each of the four corners
of the initialized array contains at least one element,
thereby maintaining a constant array aperture throughout
the subsequent optimization process.

During initialization, the array element positions of a
regular array are used as the initial configuration. The popu-
lation consists of NP individuals, with a number of genera-
tions, g. Each intermediate individual in the population is
represented as

fji:xji"'j'yji(j: 1,2,"' ,MXN,iZ 1,2,"',NP), (15)

where NP is the total number of individuals in a popula-
tion, i is the index of an individual within that popula-
tion, and j is the index of an antenna element within the
individual.

For planar antenna array optimization, especially in
the design of wideband arrays, it is essential not only to
ensure that the radiation pattern at the upper operating fre-
quency is free from grating lobes, but also to minimize
the PSLL across the entire operating frequency band. There-
fore, in this study, the fitness function is defined as the
maximum value of the peak sidelobe level of the array radi-
ation pattern in the 10-90 MHz frequency range, which
can be expressed as

fit; = PS LLmax , (16)

where fit; is the fitness value of the i-th individual in the
population, and PS LLy,x is the maximum peak sidelobe
level of the array radiation pattern within the 10-90 MHz
frequency band. Different to other single-objective optimiza-
tion problems, this is a multi-objective optimization prob-
lem, with the objective of minimizing the PSLLy,x over
the full 10-90 MHZ frequency band.

Since the PSLL value will indirectly affect the full fre-
quency band gain, effective area and sensitivity, the opti-
mization of this fitness function can also improve these
three aspects (see Section 4.2).

In this study, we use the roulette wheel selection
method, wherein the probability of an individual being
selected is proportional to its fitness value,

NP
Pi= fity) ) fit, .

i=1

an

This mechanism ensures that individuals with higher
fitness values are more likely to be chosen, promoting the
optimization of the algorithm. The selection operation is
performed according to Equations (16) and (17). During
the algorithm implementation, the PSLL at each fre-
quency point within the 10-90 MHz band is obtained by
identifying the highest value in the sidelobe region of the

corresponding radiation pattern. By traversing all fre-
quency points across the entire operating band, we can
determine PS LL .

To prevent the GA from premature convergence,
crossover and mutation operations are applied to the
selected individuals. The crossover rate and mutation rate
are P, and P, respectively. Instead of traditional binary-
coded operations, real coded operations are used. In the
crossover operation, each selected odd-indexed individual
is paired with a corresponding even-indexed individual.
For each pair, a portion of their genes, representing the
inter-element spacing of the array, is exchanged with a
probability of P.. Specifically, for each odd-indexed
gene, a random number is generated within the range
[0, 1] and compared with the crossover probability, P.. If
the random number exceeds P, a random position in the
gene sequence is selected, and the gene at this position in
the odd-indexed individual is swapped entirely with a corre-
sponding gene in a subsequent even-indexed individual.
This process achieves gene recombination through posi-
tional exchange.

The mutation process is initiated based on a prede-
fined mutation probability, Py,. The primary objective is
to adjust the array spacing parameter by replacing certain
genes within the chromosome. First, the intermediate popu-
lation, generated after crossover, is sequentially evaluated,
and for each individual, a random number, € € [0, 1], is gen-
erated. This value is then compared with the mutation prob-
ability Py,. If € < Py, the individual is selected for muta-
tion, and the gene, g;;, corresponding to the (j,i)-th array
element is randomly chosen as the mutation target.

For the selected gene g;;, the parameter is updated
using a random reset method, where the new gene value
is computed using the relations,

)ijl'=t9'[L_(M_1)dmin] (18)

and

yj,iZS'[H_(N_l)dmin]v (19)

where dyi, is the minimum inter-element spacing con-
straint, while L and H are the dimensions of the planar
array along the x-axis and y-axis, respectively. M and N
are the numbers of array elements distributed along the x-
axis and y-axis, respectively.

To ensure an orderly and reasonable element distribu-
tion, the inter-element spacing genes of all individuals in
the new population are sorted in ascending order. As a
result, we obtain the updated intermediate individual, g}’i,
which satisfies the requirements for subsequent iterations.

Following the completion of selection, crossover, and
mutation operations, the processed genetic information is
reorganized to form a new population. Concurrently, the
best individual from the previous generation is preserved
and incorporated into the new population, to ensure that
evolutionary progress consistently aligns with the optimiza-
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tion objective. By iteratively evaluating and comparing
the fitness values according to Equation (16), and repeat-
ing the genetic operations until the predefined termina-
tion criterion is met, we achieve the optimal configura-
tion for the planar sparse array antenna, resulting in the
minimization of the sidelobe level in the radiation pattern.

A GA was applied to sparsely optimize the initial
regular array. The operating bandwidth was set from
10-90 MHz, with 64 elements and an array aperture of
7 Amin-7 Amin. The scanning angles were fixed at 6 = 0°,
¢ = 0°. The population size was set to 50, the crossover
rate to 0.8, the mutation rate to 0.08, and the number of
generations to 100. The optimized array is shown in
Fig.5. PSLLy.x over the entire frequency band was
reduced to —13.84 dB.

The fitness evolution curves of the sparse optimiza-
tion are shown in Fig. 5E, where black is the real-coded
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Fig. 5. Element distribution diagram and normalized radiation
pattern of the sparse array, with scanning angles of 6 = 0° and
¢ = 0°. (A) Element distribution diagram. (B) Radiation pattern at
90 MHz. (C) Radiation pattern at 50 MHz. (D) Radiation pattern
at 10 MHz. (E) Fitness evolution curves for the sparse
optimization.

GA used in this paper, and red and blue are the binary
real-coded GA and DE using the same fitness formula
and related parameters. The fitness value of the proposed
algorithm, after sparse distribution optimization, is signifi-
cantly better than that of the most basic GA, and it is an
improvement over the DE. For the evolution curve opti-
mized by our algorithm, before the 54t generation, the fit-
ness value continued to increase, and the optimal solu-
tion had not been found. After the 54th generation, the fit-
ness value reached its optimum. This optimal array configu-
ration was then retained for all subsequent generations
until the 100th, when the GA terminated.

Here, we evaluate the performance improvements
from sparse optimization in radio antenna arrays, conduct-
ing a computational analysis of the radiation patterns of a
64-clement planar antenna array optimized by a GA. We
use a regular array with element spacing d = A/2 as a refer-
ence model. This regular design theoretically prevents grat-
ing lobes and serves as a performance baseline. Through
quantitative comparison of metrics like PSLL, sensitivity,
and grating lobe suppression, we assess the effectiveness
of sparse optimization in enhancing array performance.



Based on the simulated radiation pattern data for both
the regular and sparse arrays, the PSLLs at selected fre-
quency points within the operating band are compared in
Table 1. A statistical analysis of the maximum PSLL
across the bandwidth is conducted using Equation (16).
The results indicate that within the 10-90 MHz operating
band, the maximum PSLL of the 64-clement planar regu-
lar array is —12.80 dB, whereas after GA-based sparse opti-
mization, the PSLLy.x decreases to —13.84 dB, giving a
reduction of 1.04 dB compared with the regular array.

Table 1. PSLLs of regular arrays and sparse arrays

Frequency/MHz Regular array/dB Sparse array/dB
36 —12.80 —13.84
42 —12.80 —13.84
48 —12.80 —13.84
54 —12.80 —13.84
60 —12.80 —13.84
66 —12.80 —13.84
72 —12.80 —13.84
78 —12.80 —13.86
84 —12.80 —13.85
90 —-12.80 —13.84

Although the defined fitness function is only numeri-
cally related to PSLL, its value also indirectly affects
Gy, Ae and S nin.

When PSLL decreases, the amplitude of far-area inter-
ference signals (such as strong source radiation or ground
noise) received by the array decreases, and the system
equivalent noise temperature, Ty, decreases accordingly.
According to Equation (6), when the effective area, A,
observation time, 7, and other parameters are unchanged,
the reduction of Ty, will directly reduce the minimum
detectable flow rate, Suin, 1.., the sensitivity will be
improved.

The optimized sparse array can reduce PSLL and
avoid the effective area loss caused by excessively sparse
array elements, Using Equation (7), the array gain, G,
increases as PSLL decreases and the beam energy is con-
centrated. This in turn increases 4., and finally the sensitiv-
ity, S min, 1 inversely increased according to Equation (6).

Therefore, this section proves the correctness of the
sparse layout optimization mentioned in this paper from
the three aspects of full-band gain, effective area improve-
ment, and sensitivity improvement.

The gain was calculated using Equation (8). Table 2
lists the gain values at 10 MHz intervals.

From the simulation results of the array gain, within
the 10-90 MHz bandwidth, the 64-element planar antenna

array optimized through sparse configuration demon-
strates a significant gain improvement compared with the
regular array. Specifically, the regular array shows
notable gain fluctuations across this frequency range,
whereas the sparse array, by optimizing element layout,
effectively suppresses gain variations caused by mutual cou-
pling and spatial interference among elements. Such an
improvement in gain performance not only enhances the
antenna array’s ability to receive weak radio signals but
also substantially improves its observational stability in
the complex electromagnetic environment of the HF-VHF
band. This validates the effectiveness of the sparse optimiza-
tion strategy in enhancing the overall performance of
antenna arrays and adapting to the demands of astronomi-
cal observations within the HF-VHF frequency range.

Table 2. Comparison of gain between regular arrays and
sparse arrays

Frequency/MHz Regu/lar aray Spar/sgff o Pierizf:z:zeg )

10 1.8 5.4 200%
20 6.8 11.7 2%
30 10.6 14.9 41%
40 12.7 17.0 34%
50 14.9 17.5 17%
60 16.2 18.6 15%
70 17.7 19.0 7%

80 18.6 19.7 6%

90 19.7 19.7 0%

Following the gain comparison between the sparse
and regular arrays, we further investigate the perfor-
mance of the antenna arrays by calculating the effective
aperture based on Equation (7). The effective aperture
data, obtained at 10 MHz frequency intervals, are detailed
in Table 3. These data provide crucial support for an in-
depth analysis of the impact of sparse optimization on the
effective aperture of the antenna array, facilitating an
evaluation of its contribution to the overall observational
performance.

The effective aperture of the sparse array remains
higher than that of the regular array across the entire band-
width. Overall, the effective aperture decreases as the fre-
quency increases, converging to the same value as the
regular array at 90 MHz. Since the effective aperture is a
critical parameter affecting sensitivity, it plays a vital role
in determining the array’s overall sensitivity performance.

After obtaining the effective aperture data of the
antenna arrays, we substituted these values into Equation
(6), to calculate the sensitivity. Based on this calculation
procedure, we conducted a systematic analysis on the
sensitivity performance of both the regular and sparse
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Table 3. Comparison of effective areas between regular arrays
and sparse arrays

Frequency  Regular array  Sparse array Percentage
/MHz /m? /m? increase
10 109.3 247.6 127%
20 85.4 266.4 212%
30 91.5 245.9 169%
40 84.1 225.7 168%
50 88.8 161.3 82%
60 82.8 144.1 74%
70 86.4 115.4 34%
80 81.4 104.2 28%
90 83.3 82.7 0%

arrays across the 10-90 MHz bandwidth. Table 4 gives
detailed sensitivity S i, values at 10 MHz intervals. Com-
bining these data allows an accurate comparison of the
capabilities of the antenna arrays in detecting weak sig-
nals before and after sparse optimization. This offers criti-
cal evidence for comprehensively assessing the observa-
tional performance enhancements of the sparse array and
further validates the effectiveness of sparse optimization
in improving antenna array sensitivity.

Table 4. Comparison of sensitivity between regular arrays and
sparse arrays (Tss/ VB is a constant C)

Frequency Regular Sparse Percentage
/MHz array/Jy array/Jy increase
10 12.6*C 5.6*%C 56%
20 16.2*C 5.2*%C 68%
30 15.1*C 5.6*%C 63%
40 16.4*C 6.1*C 63%
50 15.5*C 8.6%C 45%
60 16.7*C 9.6*%C 43%
70 16.0*C 12.0*C 25%
80 17.0*C 13.3*C 22%
90 16.6*C 16.7*C 0%

The calculated data indicate that within the 10-90 MHz
frequency band, the sparse array’s sensitivity perfor-
mance consistently surpasses that of the regular array,
as evidenced by its lower minimum detectable radio
source flux density (S min) values. This advantage is particu-
larly pronounced in the low to mid-frequency range of
1050 MHz: at 10 MHz, the sparse array’s sensitivity
improves by 56% compared with the regular array; at 50
MHz, the improvement remains substantial at 45%, and
as the frequency increases towards 90 MHz, the sensitiv-
ity of the sparse array gradually decreases (with S iy val-
ues rising), ultimately converging to parity with the sen-
sitivity of the regular array at 90 MHz. Comparison
curves of the regular array and the sparse array in full fre-
quency band gain, effective aperture, and sensitivity are
shown in Fig. 6.

The sparse array shows unique frequency response char-
acteristics in terms of full-band gain, effective area, and sen-
sitivity when considering the requirements of wideband

244 www.sciengine.com/ATI

— Regular array
—— Sparse array

50 70 90
Frequency/MHz

0 A
10 30

B 300

—— Regular array

250
—— Sparse array

200 |

50t

Ae/m?

00

50r

0 1 1 1
10 30 50 70 90
Frequency/MHz

16 |

12 f

Sl Iy

—— Regular array
— Sparse array

0
10 30 50 70 90
Frequency/MHz

Fig. 6. Comparison of regular arrays and sparse arrays. (A)
Gain comparison curves of regular arrays and sparse arrays. (B)
Comparison curve of the effective areas between regular arrays
and sparse arrays. (C) Sensitivity comparison curves of regular
arrays and sparse arrays.

operation and grating lobe suppression. This provides an
important reference for the subsequent optimization
design of radio antenna arrays.

Sparse arrays shows excellent grating lobe suppres-
sion. To validate this in a wideband context, we con-
ducted a comparative analysis, comparing a sparse array
against a regular array with the same aperture size and
number of elements (aperture of 7Auyin-7Amin and 64 ele-
ments). Using Equation (1), we calculated the scan angle,
0, for grating lobe occurrence at operational frequencies
for the regular array, then evaluated the sparse array’s



radiation pattern at these angles to assess suppression.
Our analysis focused on three frequency points, 50 MHz,
60 MHz, and 70 MHz, using these to verify the effective-
ness of grating lobe suppression.

To further validate the grating lobe suppression capabil-
ity of the sparse array, Fig. 7 shows the normalized radia-
tion patterns at 50 MHz across a scanning angle, 6, rang-
ing from 10° to 60°. Based on results derived from Equa-
tion (1), the regular array generates a distinct grating lobe
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when the scan angle reaches 6 = 53°, as evident in its radia-
tion pattern at this angle. In contrast, the sparse array, opti-
mized through a GA, shows no grating lobe under identi-
cal scanning conditions. This confirms that optimized ele-
ment placement in the sparse array suppresses grating
lobe interference associated with scan angle variations.
The sparse array maintains main beam integrity and low-
ers sidelobe levels, offering a robust solution for wide-
angle scanning observations.
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Fig. 7. Normalized radiation patterns at S0 MHz at different scanning angles, 6, of 10°, 20°, 30°, 40°, 53°, and 60° from left to
right. (A) PSLL variation for a sparse array. (B) PSLL variation for a regular array.

Fig. 8 shows the normalized radiation patterns at
60 MHz for scan angles, 6, ranging from 10° to 60°.
According to calculations based on Equation (1), the regu-
lar array begins to show grating lobes when the scan ang-
le increases to 8 = 30°, as seen in the radiation pattern of
the regular array at this angle, where a pronounced grat-
ing lobe appears. In contrast, the sparse array does not show
any grating lobes under the same scanning condition.

Fig. 9 shows normalized radiation patterns at 70 MHz

for scan angles, 6, ranging from 10° to 60°. Based on calcu-
lations using Equation (1), the regular array shows grat-
ing lobes when the scan angle increases to 6 = 15°, evi-
dent from the radiation pattern of the regular array at 6 =
15°, where a significant grating lobe appears. By contrast,
the sparse array, under the same scanning condition,
shows no signs of grating lobes, highlighting its effective-
ness in suppressing grating lobe formation at higher fre-
quencies and tighter scan angles. Table 5 shows PSLL
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A Pattern Pattern Pattern

Fig. 8. Normalized radiation patterns at 60 MHz at different scanning angles, 6, of 10°, 20°, 30°, 40°, 50°, and 60° from left to
right. (A) PSLL variation for a sparse array. (B) PSLL variation for a regular array.

variations for regular and sparse arrays at each scanning From the perspective of scan angle variation, the regu-
angle at 50, 60 and 70 MHz. lar array shows significant grating lobe phenomena follow-

A Pattern Pattern Pattern
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Fig. 9. Normalized radiation patterns at 70 MHz at different scanning angles, ¢, of 10°, 15°, 30°, 40°, 53°, and 60° from left to
right. (A) PSLL variation for a sparse array. (B) PSLL variation for a regular array.

ing scan adjustments. Under the ideal assumption that the sparse array.

element radiation pattern maintains a constant value of 1 Owing to the strategically optimized element distribu-
across all angles, the grating lobe intensity can become tion, the sparse array effectively mitigates grating lobe inter-
comparable to that of the main lobe, severely interfering ference and substantially broadens the observable scan-
with effective signal reception and accurate target localiza- ning region. Compared with a regular array, it shows
tion. By contrast, the GA-optimized sparse array consis- greater adaptability and improved observational perfor-
tently avoids the appearance of grating lobes within the mance in complex scanning scenarios, thereby offering a
same range of scan angle variation, directly demonstrat- more robust technical solution for wide-angle, multi-direc-
ing the superior grating lobe suppression capability of the tional observations in radio astronomy.

Table 5. Comparison of PSLLs between regular and sparse arrays at different scanning angles, at 50, 60, and 70 MHz

Scanning The PSLL The PSLL of  Scanning  The PSLL of The PSLL of Scanning The PSLL of The PSLL of

angle 6/(°) oftheregular  the sparse angle 6/(°)  the regular the sparse  angle 6/(°) the sparse the sparse

at 50 MHz array/dB array/dB at 60 MHz array/dB array/dB at 70 MHz array/dB array/dB
10 —12.80 —13.84 10 -12.81 —13.84 10 —8.49 —13.84
20 —12.80 —13.84 20 —12.80 —13.85 15 —13.84 —13.84
30 —12.80 —13.84 30 0 —13.84 30 0 -11.32
40 —8.54 —13.84 40 0 —13.78 40 0 —10.60
53 -0.32 —13.84 50 0 -11.32 50 0 -7.51
60 0 —13.84 60 0 -11.31 60 0 —=7.50

For PSLL, the normalized radiation pattern of the sparse
array achieves a PSLL reduction from —12.80 dB, as seen
in the regular array, to —13.84 dB, giving a 1.04 dB
improvement. In terms of sensitivity, the sparse array out-
performs the regular array across all frequency points.
The minimum detectable flux density, Smin, generally

In radio astronomy within the HF-VHF frequency
range, performance optimization of planar antenna arrays
is essential for enhancing observational quality. Depart-
ing from conventional sparse array optimization
approaches, focused on single frequency points, this study | X T e i
targets the critical HF-VHF astronomical band and adopts ~ NCreases with frequency, indicating a sensitivity dechn.e.
a broadband optimization strategy. The primary objective HoWwever, the sparse array shows a marked advantage in
is to minimize the maximum PSLL across the entire fre- the low-frequency range. Sensitivity improves by 56% at
quency band. A GA is employed to perform sparse opti- 10 MHz and by 45% at 50 MHz. At 90 MHz, the sparse
mization of the wideband radio antenna array, resulting in  and regular arrays have equal sensitivity. Directional scan-
an optimal element distribution scheme. ning tests were performed at three representative frequen-

We have conducted an empirical study on a 64-ele- cies of 50 MHz, 60 MHz, and 70 MHz, conducted at varying
ment planar radio antenna array operating within the scan angles. These tests confirm the superiority of the
10-90 MHz frequency range. Simulation results show that sparse array in sidelobe suppression. When the scan
the sparse array shows notable performance advantages. angle, 0, reaches 53° at 50 MHz, 30° at 60 MHz, and 15°
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at 70 MHz, the regular array shows pronounced grating
lobes, while the sparse array consistently maintains excel-
lent grating lobe suppression.

These findings demonstrate that the GA-optimized
sparse antenna array outperforms the conventional regu-
lar array with a lower PSLL, higher sensitivity, and a signif-
icantly broader observable scanning range. These improve-
ments provide a more advanced technical solution for astro-
nomical observations in the HF-VHF frequency band, offer-
ing important implications for enhancing observational capa-
bilities at these critical frequencies. Future work will
explore the application of more advanced algorithms,
address practical deployment challenges such as mutual cou-
pling among sensors, and extend the scope to more compre-
hensive objective optimization problems.
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