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Abstract: A weighting method is proposed for the correlation radiation measurement system based
on Mills cross array. The Mills cross array achieves high spatial resolution by the product of
two orthogonal fan beams. However, the product power pattern of the Mills cross array lacks
a square operation, resulting in sidelobe deterioration and the presence of negative sidelobes. There-
fore, a window function is necessary to improve beam performance. However, because of the negative
sidelobes, the antenna array is sensitive to the weighting function, and common window functions
such as Hanning and Hamming are not suitable for achieving optimal antenna performance. A
weighting method is proposed to fully utilize the feature that the received energy of positive and
negative sidelobes cancel each other out and to reduce the influence of antenna sidelobe errors in
radiation measurement. Such a weighting function can be obtained by combining the combined
cosine window function with the existing particle swarm optimization (PSO). The optimized window
function is evaluated through numerical simulation and compared with the typical window function
weighting results. The results show that this weighting method can minimize the impact of negative
sidelobes and reduce the loss of spatial resolution.
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1. Introduction

The Mills cross measurement system processes the received signals of two orthogonal
fan beams and achieves “pencil” beam observation at the intersection of the fan beams [1,2].
This system was first used in astronomy [3-5] and is a simple, small-area, low-cost an-
tenna system design solution. In recent years, advancements in digital signal processing
technology and microwave technology have led to their gradual application in the field of
microwave remote sensing [6-9]. Compared to a filled array antenna, this design ensures
resolution while significantly reducing the number of antenna elements and simplifying
antenna design. In contrast, compared to synthetic aperture radiometers using sparse
arrays, the measurement system significantly reduces the cost and system complexity,
making it sufficiently attractive for remote sensing observations.

The basic structure of the Mills cross array is a “cross”, which consists of two long
antennas arranged orthogonally in space, as illustrated in Figure 1. The array elements are
evenly distributed on the two antenna arms to form two orthogonal fan-shaped beams.
The coherence of the signals in the overlapping region of the beams is utilized to achieve
the observation effect of a “pencil” beam.

For the measurement model depicted in Figure 1, the correlation result of the output
signals of the two sector beams can be expressed as [10,11]:

U = H\/ G1G2If§2+n2§l N Z
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where k is the Boltzmann constant, Tz (¢, 77) is the brightness temperature distribution of the
scene, B is the receive bandwidth, F,; (¢, 7) and F; (¢, 77) are the normalized patterns of two
subarrays with gains G; and G, the components ¢ = sin(6)cos(¢) and 1 = sin(8)sin(¢)
are direction cosines (6 and ¢ are the traditional spherical coordinates). From (1), the
normalized power pattern of the Mills cross array, which is equivalent to the power pattern
of the conventional antenna array, can be obtained

*
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Figure 1. Observation model based on Mills cross antenna array.

It can be found that the power pattern of the equivalent pencil beam of the Mills cross
antenna array is directly obtained by multiplying the voltage patterns of the two subarrays,
which is one less squaring operation than that of the power pattern of the conventional
antenna array. As a result, the sidelobe of the equivalent product power pattern obtained
from (2) deteriorates, which can have a large impact on the radiometric measurements [7,8],
and a window function needs to be added to suppress the sidelobe level to improve the
beam performance. Additionally, due to significant differences in the voltage patterns
of the two sub-arrays, the phases of the two voltage patterns cannot be cancelled out
through conjugate multiplication. As a result, the product power pattern of Mills cross
antenna arrays will exhibit negative sidelobes [12], similar to the synthetic array factor of
the synthetic aperture radiometer [13,14].

It is also important to note that the “negative” energy received by the negative sidelobe
can cancel out some of the energy received by the positive sidelobe, or even make the overall
energy received by the sidelobe negative, which can have an effect on the radiometric
measurements. When the energy received by the positive and negative sidelobes is equal in
magnitude, the sidelobe will not affect the observation of the main lobe, which is expected.
Therefore, we aim for the weighted product power pattern to satisfy two main criteria:
(1) low sidelobe level, and (2) equal positive and negative sidelobe solid angles, or at least
a positive sidelobe solid angle greater than the negative sidelobe solid angle. Conventional
weighting schemes can be used for sidelobe suppression of Mills cross array, but they are
not optimal because they do not take into account the effect of the negative sidelobe of the
array. In other words, they do not achieve the optimal performance of the antenna array
under identical conditions.

In this paper, we propose a weighting method based on a combination of the cosine
window function and the particle swarm optimization (CosW-PSO), which aims to fully
utilize the negative sidelobe characteristic of the antenna power pattern in order to minimize
the impact of antenna sidelobe errors.

2. Theoretical Analysis

Without considering the effect of antenna gain loss and antenna efficiency, the lossless
antenna temperature of the Mills cross array can be expressed in terms of the main lobe
mean brightness temperature T'; and the sidelobe mean brightness temperature T'g; [15]:
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where T yy is the lossless antenna temperature and “S” denotes the observation space
&2 + 7% < 1. When analyzing the negative energy effects received by the negative sidelobe
of the Mills cross array in detail, (3) is inappropriate because it treats all sidelobes as a
single term. For this reason, the sidelobes are divided into two categories, positive and
negative sidelobes, according to phase, and (3) is modified to be:

Tpry = Tr Jfur Prc(Em) A+ Tsr Jp y Puc(§11)dQ+Tsr— ffs;  Puc(E7)dQ
Y _ _ Hs Pue(6,)dQ2 (4)
_ Tmremi+Tspaspq+Tsr—asp—
ML &SRS —

where SL+ and SL— denote the sets of positive and negative sidelobes, respectively,
am, agp+ and agp_ are main beam solid angle, positive sidelobe solid angle, and negative
sidelobe solid angle, respectively, which can be expressed by the normalized product power
pattern Py,.(&, 1) as

wx =[] Puc(&m)dQ (5)

X € {ML,SL+,SL—}, and note that ag; _ is negative. The pattern solid angle of Pyc(¢, 1)
is expressed by ag, which satisfies as = amp + asp+ + s Ta,xy can be obtained directly
by radiometer measurement, and the estimate T, can be analytically obtained by (4).

= &s Tspyaspy + Tsp sy
Tmr = —Taxy — (6)
ML &ML

The second term of Equation (6) is the measurement error term ATg; generated by the
sidelobe.

AT = Tspyaspy + Tspasr— @)
&ML

The restriction of ATg; can be achieved by adding window functions. When there is a
high demand for ATy, a window function with strong suppression of the sidelobe level
(SLL) is required. However, the more the SLL is suppressed by the window function, the
greater the loss of the 3 dB beamwidth, which leads to a deterioration in spatial resolution.
For antenna arrays with negative sidelobes, the energy received by the positive and negative
sidelobes can cancel each other, and for this reason, we consider exploiting this property
to reduce the beamwidth degradation by lowering the limit on SLL while ensuring the

requirement of ATs;. Doing a deformation of (7),

ATsy, = M‘Tsu + %'(TSL— —Tspy) (8)
CML XML

In Equation (8), the measurement error caused by sidelobes is divided into two terms.
The first term on the left represents the measurement error due to the difference in solid
angle values between positive and negative sidelobes, and since ag; _ is negative, this
term is zero when agy; = |agy_|. The second item on the left represents the measurement
error caused by the difference in the average brightness temperature of the positive and
negative sidelobe observation scenes, with a slope (asy_ /apr) that is affected by the
sidelobe level. Thus, we will find an interesting phenomenon that for antenna arrays with
negative sidelobes, ATs; = 0 when the two conditions ag; y = —agy— and Ty~ = Ty
are fulfilled, even though ag; , , # 0. Among all the influence factors of ATsy, T, and
Tsp 4 are variables related to the observation scene that are not controlled. However, ag; |
and ag;_ are determined by the sidelobes of the antenna array, which can be adjusted by
the window function. Therefore, the restriction on SLL can be reduced by designing the
window function so that the antenna array satisfies the condition ag; . = —agy_, which
makes the first term error zero.

In the next section, we will discuss the feasibility of optimizing Equation (8) from
two perspectives: the sidelobe distribution characteristics of the Mills cross array and the
implementation of the array window function.
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3. Negative Sidelobes and Window Function Design
3.1. Sidelobes Distribution Characteristics of Mills Cross Array

In order to achieve the positive and negative sidelobe solid angle equality by window
function, the distribution characteristics of negative sidelobes in Mills cross array need to
be known first [11].

As shown in Figure 2, the two subarrays of the Mills cross array are zero-baseline but
completely independent. Each subarray has an even number of antenna elements which
are uniformly distributed on the antenna arms. When each array element is considered to
isotropic source, the array factor of the Mills cross array is:

N-1 e (oma ) dx N-1 - 0y *
AFR(g ) = ) CmDEC Y e ©)
m=—N He—N

where 2N is the number of antenna units on each arm, d , is the antenna unit spacing on
the corresponding arm, and k = 27t/ A.
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Figure 2. Mills cross antenna array. The x and y coordinates have been normalized by dx/2 and d; /2.

Equation (9) corresponds to the power, but the subarray patterns of the two multi-
plying beams have large differences, so the conjugate multiplication does not zero out
the phase of the product result. The product array factor of a Mills cross array can be
approximated as the product of two sinc(-) functions. It is clear that for each sinc(-) func-
tion, starting from the main lobe, the phase of the sidelobes alternate between 0° and 180°
in a striped pattern. According to (9), the phase distribution of the product array factor
AF. is obtained from phase difference in the voltage patterns of the two subarrays, with
two phase values of 0° and 180° (—180°), which are alternately distributed in a grid pattern
around the main lobe as the center, as shown in Figure 3.
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Figure 3. Amplitude and phase of product array factor of the 30 + 30 Mills cross array.

It is obvious that since the positive and negative sidelobe of the Mills cross array are
alternately distributed centered on the main lobe, it is feasible to make the first term in
(8) zero by adding a window function. At the same time, the alternating distribution of
positive and negative sidelobe also greatly reduces the difference between the observed
scene average brightness temperature Ts; . and Ty, offering the possibility of relaxing
the requirement of slope agy_ /apr.

When the radiation patterns of individual array elements are identical, the product
power pattern of a Mills cross array can be expressed as the product of the product array
factor and the antenna element power pattern. Considering the array windowing at the
same time, (9) becomes,

Z Wy e]k(2m+1 dx(;r < Z w, e]k(2n+1) ) |f(§177)|2 (10)

where wy y is the array weighting coefficient and f(¢,7) is the element antenna voltage
pattern. However, the commonly used weighting functions are not fully applicable to
achieve the antenna beam characteristic requirements described above. This is because the
commonly used windowing functions are more concerned with the degree of suppression
and the rate of decline of the sidelobe level without considering the energy ratio between
the positive and negative sidelobes. Figure 4 shows the variation image of antenna sidelobe
error ATs; with Tsp, and Tsy_ after weighted by several common window functions,

where Y-+ = XSL—,+ /ZXML.
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Figure 4. Variation in ATs; with Tsy, and Ts;_, when the antenna array is added with (a) Hamming
window, (b) Hanning window, and (c) Blackman window. The number of Mills cross array elements
is set to 30 + 30, and the subarray element spacing is set to v/2A /2. Without loss of generality, the
element pattern is replaced with normalized Gaussian functions.
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As expected, when weighted by several common window functions, the absolute
values of positive and negative sidelobe solid angles as; ;. and ag;_ are not equal. This
causes the optimal solution of the sidelobe error in Figure 4 to deviate from the centerline
Tsry = Tsp_. As can be seen from the beam characteristics of the Mills cross array, the
values of Ts; , and Ty are similar. Therefore, we prefer that the optimal solution of ATs;
occursat Ty, = T .

In Figure 4c, the sidelobe error is less than 1 after Blackman weighting, but this is
only the result of strong suppression of SLL, which results in a significant loss of spatial
resolution. However, the above analysis shows that the first term on the right-hand
side of (8) can be made zero by choosing an appropriate window function. At this time,
there is no need for stronger suppression of the SLL to achieve the same or even smaller
sidelobe error as when the Blackman window is added. And better spatial resolution than
Blackman weighting can be obtained. This window function can be derived using particle
swarm optimization.

3.2. Particle Swarm Optimization Algorithm

Particle swarm optimization (PSO) is a nonlinear optimization algorithm [16,17],
which has been successfully applied to antenna array design problems [18-21]. In the PSO
algorithm, each particle represents a candidate solution to the optimization problem and
adjusts its position in the search space according to its own experience and the experience
of the particle population. At each iteration, the particle swarms are evaluated by their
fitness function to find the optimal solution for themselves and the population, and the
process is repeated until the population is found to converge to the global optimum. The
two basic equations for particle swarm position iteration are as follows:

V(t+1) = wV(t) + c171(Ppest — X(t)) + c272(gpesr — X(1)) (11)

X(t+1) = X(t) + V(t+1) (12)

where V is the particle velocity matrix, X is the current particle solution matrix, Py, and
Spest are the best position of the individual particle and the best position of the group that
has been found, respectively, w is the inertia weight, c; and ¢, are acceleration constants,
r1 and rp the uniformly generated random numbers in the range of [0, 1] used to simulate
the unpredictability of the group behavior.

Compared to other optimization algorithms, such as genetic algorithm (GA) and
simulated annealing (SA), PSO is easier to understand and implement and does not require
much preprocessing. Only a minimal amount of fitness evaluation is needed to construct
the product power pattern of the Mills cross array with equal positive and negative side-
lobes solid angles. And the detailed optimal configuration scheme is presented in the
following subsection.

3.3. Window Function Optimization Based on Particle Swarm Algorithm

As described in Section 2, the optimization of ATg; in (8) lies in the two factors: the
sum of the positive and negative sidelobe solid angles (ag; + ag;—) and the ratio of
the negative sidelobe solid angle to the main lobe solid angle (as;_ /apr) of the array
pattern, which is a bi-objective optimization problem with two fitness functions that can be
modeled as:
agr—
&ML

fi=

aspy + sy ‘fz _
XML

+ 70’ (13)

where g = ATs /max(|Tsp— — Tsp|) is the optimization objective for the slope of the
second error term in Equation (8), determined by the maximum possible positive and
negative sidelobe average brightness temperature difference in the observation scene and
the maximum antenna sidelobe error, ATs;, that the measurement system can tolerate.
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agry, asr— and app are defined by (5). In fact, when f, /o < 0.01, the error introduced by
it is then less than 0.01-ATs;, so the fitness function f, can be further modified as:

0

ngr—
+ 1‘ <0.01
f2 —_ XMLYO (14)

ngr—
XML

+ ’)’0‘ other

The use of the fitness Function (14) can speed up the optimization convergence by re-
ducing the requirement of f, while satisfying the bias requirement. Next for the bi-objective
optimization problem described in (13) and (14), we simply use the conventional weighted
aggregation (CWA) method to deal with it, forming a single-objective optimization by
weighting the factors

f=B1fitB2f2 (15)

In the equation, the weight coefficients f; and , are two real numbers between [0, 1],
which satisfy 81 + B2 = 1. In this case, f; = 0.6 and B, = 0.4 are used. In addition, it
is worth discussing that the CWA method is used here instead of vector-evaluated PSO
(VEPSO) [22] or MOPSO (d-MOPSO) [23], because the level of importance for the two
factors in (13) is clear. Therefore, the determination of the weighting coefficients 51, 82
is simpler, and the optimal solution meeting the requirements can be obtained [15]. The
d-MOPSO method greatly increases the complexity of the algorithm because it introduces
the concept of Pareto dominance [24].

For the Mills cross array depicted in Figure 2, the optimization of (15) is achieved
by iterating over the weighted window functions of the two subarrays. Considering
that the two subarrays have the same antenna configuration, the same window function
(wy = wy = w) can be used, reducing the dimension of the search space of the particle
swarm optimizer to half of the original size. The specific implementation of particle swarm
optimization has two routes:

(1) Particle swarm optimization weight function value: The PSO algorithm directly imple-
ments iterations on the weighting values [25], and the search space has a dimension
of 2N, which is the length of the window function on each arm. This approach has
a wider solution space but does not guarantee the sidelobe characteristics of the
optimized pattern, such as sidelobe distribution spacing and sidelobe level decline
characteristics, which may cause large tail lobes.

(2) Particle swarm optimization of the combined term coefficients of the combined cosine
window: The PSO algorithm iteratively combines term coefficients of the combined
cosine window, and then calculates the weighting function value of the array using
the updated combined term coefficients. The dimension of the search space is reduced
from 2N to P + 1 (where P is the number of the terms in the function of the combined
cosine window, generally 2 or 3). This optimization scheme can effectively leverage
prior knowledge of the combined cosine window to expedite the optimization process.
At the same time, the optimized window function can inherit the favorable perfor-
mance of the combined cosine window, so the optimized pattern tends to exhibit good
sidelobe performance.

The initial population particles of the standard PSO algorithm are randomly assigned,
ignoring the available prior knowledge and resulting in the optimization converging too
slowly or falling into a local optimum. To address this, we aim to optimize the initial value
and the space range of constraint solutions by utilizing existing experience of window
functions, so as to obtain the optimal solution that meets the requirements. The combined
cosine window functions are flexible and diverse and can generate excellent cosine window
functions [26], such as the Hanning window, Hamming window, Blackman window, and
so on. Therefore, we use the combined cosine window function in the PSO algorithm to
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speed up the optimization solution. For a linear subarray with 2N antenna elements, the
general expression for the combined cosine window function can be expressed as:

P-1
w(n) =Y axcos (27Tk'p”> (16)

=0 Pmax

where P is the number of terms of the combined cosine window function; a; is a real
constant coefficient not less than 0; p, = (2n + 1)dx,y/2, n=-N,-N+1,---,N—1,
denotes the distance between the nth antenna element and the center of the array; and
Pmax > (2N —1)d y /2, which is generally taken to be equal, i.e., the distance between the
furthest antenna unit and the center of the array.

It can be found that the array weighting coefficient w(#n) is jointly constrained by
the number of cosine terms P, coefficients a; and p;ax. The combined term coefficient
optimization is to optimize P, a; and p;;qax by particle swarm optimization algorithm, and
then obtain the optimal solution of the weighted coefficient w(n) by (16). It should be noted
that before PSO optimization, we need to determine the number of cosine terms P, and
afterward the iteration coefficient dimension

X = [ﬂl,ﬂz, e raP/Pmax] (17)

Ateachiteration, a; ~ ap are the results after dividing their sum to satisfy 211::_01 ap =1
After bringing (17) into (16), if a particle i have w;(n) < 0, to ensure that the array weighting
factor is greater than 0, the following substitution is made

X;=Xo and w; = w, (18)

where X, are the classical coefficients of the P-order combinatorial cosine window and w,
are the weighting coefficients obtained by bringing the classical coefficients X, into (16).

The particle swarm optimization flowchart using the proposed optimal combination
of cosine window coefficients strategy is shown in Figure 5. The optimization scheme of
the particle swarm algorithm using this strategy can be described as:

e  Step 1: Determine the value of the combined cosine term P and initialize the particle
swarm using the existing P-order cosine window function according to the desired
Yo value;

e  Step 2: For each particle use (16) to calculate the weighting function value w; of the
array (when w;(n) < 0, let X; = X,, w; = w,), bring in (10) to obtain the product
power pattern of Mills cross array;
Step 3: Evaluate the fitness of each particle, using fitness Function (15);
Step 4: Compare the fitness of each particle to its best fitness. If f(w;) < f(wWpest;), then
f(Wpesti) = f(wi), Poesti = Xi;

e Step 5: Compare the fitness of each particle with the global optimal particle. If

fw;) < f(wgbest)/ thenf(wgbest) = f(wi), Pgbest = Xi;
e  Step 6: Update the velocity and position of all the particles;

e  Step 7: Repeat steps 2 to 6 until f (wgbgst) satisfies the design requirements, output the

global optimal solution Pgy,s;, then compute the optimized solution of the weighted
window function from (16).



Remote Sens. 2024, 16, 1245

9of 16

Initialize population
(using the p-order cosine
window experience)

Calculate the array weighting PSO algorithm
functions w and array < (Update velocity and
patterns position X of population)

|

Evaluate the fitness of
array patterns

A
Get global best Py, and

local best Py

Pgbcst Satisfy

requirements?

Output the optimal
solution

Figure 5. Particle swarm optimization flow diagram with the proposed strategy.

4. Numerical Simulation

In order to verify the performance of the above PSO and combined cosine window
function (CosW-PSO) algorithm and evaluate the improvement of the optimized antenna
pattern with respect to the sidelobe error, two experiments are conducted in this section. The
first is to compare the antenna pattern optimization capabilities of the CosW-PSO scheme
proposed in Section 3.3 with the traditional PSO scheme using cosine window initial value
optimization (Con-PSO). The second is to test the optimized pattern performance using
common natural scenarios and compare it with the observed performance of the traditional
weighted pattern.

4.1. Pattern Optimization Using CosW-PSO

For Mills cross array with given array elements of 30430, the PSO strategy shown in
Figure 5 was used to optimize the antenna pattern. The subarray element spacing was set
to v/2A/2, and the element pattern was replaced by a normalized Gaussian function with a
value of —15 dB at § = 90°.

In the numerical simulation, the basic parameters of the PSO algorithm are set as
B1 = 0.6, B = 0.4 and P = 3, which are used to perform the PSO optimization of
two g values: (1) yo = 0.02; (2) 79 = 0.01, increasing the requirement of antenna sidelobe
error ATgy. Each optimization was performed for 300 iterations using 30 populations. The
convergence curves of the fitness Function (15) for two values of 7y are given in Figure 6
and compared with the convergence curves using the conventional PSO scheme. It is clearly
shown that although both schemes can reach the global optimum, CosW-PSO converges at
80 iterations, while Con-PSO requires at least 250 iterations to reach convergence. That is to
say, the CosW-PSO scheme greatly improves the convergence characteristics, especially the
convergence speed.

The combined cosine window coefficients obtained from the CosW-PSO optimization
are shown in Table 1, and the corresponding optimization window function and Con-PSO
optimization window function are compared in Figure 7. Although both optimization
schemes result in globally optimal solutions, it is clear that their weighting factors are
completely different. In contrast, the window function curves obtained by CosW-PSO are
much smoother, and the performance of the multiplicative beams obtained by them will be
dramatically different, as shown in Figure 8.
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Figure 6. Fitness values of two optimization strategies for (a) yg = 0.01 and (b) 9 = 0.02. The
average global best of 10 independent trials increases the persuasiveness of the comparison.

Table 1. Combined cosine window coefficients obtained by the CosW-PSO scheme.

Yo ai az as P max! dx,y
0.01 0.3992 0.4976 0.0773 18.04
0.02 0.4450 0.5125 0.0551 17.93
| Window Function
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Figure 7. The optimization window function of two optimization strategies when vy = 0.01 and
7o = 0.02.

Figure 8 shows the optimized patterns of CosW-PSO and Con-PSO schemes when
Yo = 0.01. It can be obviously found that the sidelobes of the product power pattern
obtained from the CosW-PSO optimization are equally spaced in the ¢ — 5 space, and
thus are reflected in the observation space as densely and uniformly distributed sidelobes,
which is the desired characteristic of the pattern optimization. Because of the alternating
distribution of positive and negative sidelobe s, the denser and more homogeneous their
distribution in the observation space, the smaller will be the difference between the average
positive and negative sidelobe brightness temperatures Ts;  — Ts;  during measurement.
According to (8), when the first term on the right is zero and the requirement of sidelobe
error ATs; is unchanged, the average brightness temperature difference (Ts;— — Tsy 1)
in positive and negative sidelobes becomes smaller, and the requirement on the slope g
decreases, which allows relaxing the suppression of the SLL by the array weighting and
decreasing the loss of spatial resolution due to the weighting. Meanwhile, it can be found
that the sidelobe optimized by CosW-PSO decreases with the increase in 8, and has a good
decay rate, which can effectively reduce the influence of the temperature source in the
region of a large observation angle. The optimized antenna directional map obtained by
using the Con-PSO scheme has an uneven distribution of positive and negative sidelobes,
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and larger sidelobes appear at large observation angles, which is not the desired result of
the optimization.

|P:(€,m)/Pe(0,0)|2n=30

1 @[H(Svﬁ)/Pﬁ{oaO)hN:SU

180
é L BN - .':' b
= 05| A S, | | {90
= wm
T T S | L
= R
= —0.5 5 : 90
B e s
| R —Ce -180
-1 05 0 05 1
5 3
(a)
|Pe(& )/ Pe(0, 0)|2v-50 L L&)/ Pe(0,0)]on—s0
é v . — s >
= 05 AR e, 90
= LR e R B,
]
00 Y i o = oljl{kl e
W L | )] ',-
= —0.5 | S -'%‘* -90
= =
-1 — -180
-1 -05 0 05 1
£ §
(b)

Figure 8. The amplitude and phase of the product power pattern weighted by (a) CosW-PSO and
(b) Con-PSO optimized window functions when vy = 0.01.

In contrast, the optimization results of CosW-PSO are fully consistent with the optimal
solution of the expected product power pattern. This is because the array weighting values
obtained by the CosW-PSO strategy are computed by (16), which is a combined cosine
window function under the optimization of a specific objective, and thus can inherit the
properties of the combined cosine window function in terms of the suppression of the
sidelobes and sidelobe decay speed, as well as specification of the location of the zero point
of the patterns. The Con-PSO strategy, on the other hand, does not have the ability to
constrain this feature during the optimization process because it is directly searching in a
larger weighting function solution space, which is large but does not add the optimization
objectives of the sidelobe decay rate and the zero position during the optimization. Thus,
for the fitness Function (13), the newly proposed CosW-PSO strategy has good performance
in terms of convergence speed and optimization results.

The variation in the sidelobe error ATs; with Ts; . and Tsy_ for the product power
patterns obtained by the CosW-PSO optimization for two values of 7 is given in Figure 9.
And 7y, is the newly defined main beam efficiency in [27]. Compared to Figure 4, the
optimal solution of the sidelobe error ATsy of the optimized product power pattern coin-
cides exactly with the line Ts; . = Ts;_ and has a value of 0 on this line. With the PSO
optimization method, we can achieve the control and optimization of the sidelobe error
ATsy by adjusting the ¢ value according to the average brightness temperature difference
in the usage scenarios, thus improving the radiometer system performance.
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Figure 9. Variation in the sidelobe error ATs; with Ts;, and Ts; _ for the product power patterns
obtained by CosW-PSO optimization for (a) g = 0.01 and (b) 9 = 0.02.

4.2. Natural Scene Observation Simulation

When observing a natural scene, the positive and negative sidelobe mean brightness
temperatures Ts; , and Ts;  change with the transition of the observed scene, and thus the
sidelobe errors generated by antenna observations in different scenes will be different. The
optimized antenna array product power pattern is used for natural scenario observation to
verify its performance, and the observation results are compared with those of traditional
weighted patterns.

The original scene image, shown in Figure 10, is a brightness temperature image of an
estuarine coast, derived from optical remote sensing imagery with a pixel size of 501 x 1841.
Each irradiation of the antenna beam can obtain an observed bright temperature in the field
of view located in the center region of the y-axis, and when the observation platform is
moved along the x-dimension, the observation results of the scene temperature in the center
strip (the region shown by the black dashed box in Figure 10) of the y-axis can be obtained.

0 250
100 § 200
200 £
~ e 150
300 S
400 100
500 EESE SR 50

400 600 800 1000 1200 1400 1600 1800
X

Figure 10. The brightness temperature distribution of the original scene used for numerical simulation.
Obtained from optical remote sensing image of estuarine coast.

The observed result here is the antenna temperature T 4 corresponding to (3), and
the ideal measured temperature is the main lobe average brightness temperature Ty
obtained by irradiating the main beam alone. The sidelobe measurement errors generated
by the antenna array are obtained by (8). It should be noted that here we are concerned
with the measurement error caused by antenna sidelobe under different weighted window
functions, rather than the difference between the antenna temperatures, because the an-
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gular resolutions of the antennas are significantly different at different weighted window
functions, which will make their “ideal” temperature Ty, different.

Figure 11 shows the comparison of the Hanning window, Blackman window, and
CosW-PSO optimized windows at g = 0.01 and ¢ = 0.02, as well as the corresponding
Mills cross product power patterns on the # = 0. Then the weighted antenna array was,
respectively, used to simulate the observation of the scene shown in Figure 10.
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Figure 11. The window functions and corresponding array patterns used in numerical simulations.
Observations of the brightness temperature of the strip in the center of the Y-axis
at different weightings of the antenna array are given in Figure 12. The corresponding
antenna array parameters are shown in Table 2. Figure 12a shows the numerical simulation
results with rectangular windows, as a comparison, demonstrating the necessity of adding
a window function to the Mills cross antenna array, otherwise, its sidelobes will introduce
intolerable measurement errors.
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Figure 12. Antenna temperature T 4 and main lobe average brightness temperature Ty, as well as
sidelobe error ATgy for the Mills cross antenna array with (a) rectangle window, (b) Hanning window,
(c) Blackman window, and CosW-PSO optimization windows at (d) ¢ = 0.01 and (e) ¢ = 0.02.
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Table 2. Performance parameters and sidelobe errors of Mills cross antenna array with different
window functions.

Rectangle CosW-PSO Blackman Hanning
AOyF 3.2548° 5.2731° 5.0092° 5.7951° 5.0494°
MBE ! 0.7832 1 1 0.9995 0.9767
MSLL (dB) —6.67 —25.80 —21.45 —29.24 —15.80
fy+2 \ 0.01 0.02 0.003 0.015
7,2 \ —0.01 —0.02 —0.002 —0.039
Max ((I|<A)T5L|) 71 0.052 0.118 0.106 5.828
Mear(‘é)ATSL) 41 0.0004 0.0028 0.0721 3.6234
1 MBE = app/ (apr + |asrs +asp_|), computed by using the new definition in [27]. 2 yg, = asiy/amr
and yg— = agr—/apg are the ratio of positive and negative sidelobe solid angles to the main lobe solid

angles, respectively.

When the Mills cross antenna array is under the Hanning window, the difference
between positive and negative sidelobe solid angles is significant. As a result, the first term
in (8) becomes the main influencing factor, leading to a large measurement error in antenna
sidelobes during numerical simulations (Max(]ATs|) = 5.828 K), as shown in Figure 12b.
This suggests that when the power pattern has negative sidelobes, the traditional window
functions are no longer applicable and will introduce large measurement errors unless the
SLL is suppressed to a very low level, such as the Blackman window, but this will result in
a significant loss of spatial resolution.

As expected, the antenna array has better performance when the CosW-PSO optimized
window function is applied, not only in terms of its reduction of the sidelobe error, but also
in terms of its improvement in angular resolution (Table 2). As shown in Figure 12d, the
CosW-PSO optimized window function with the sidelobe constraint g = 0.01 improves the
spatial resolution by 11% compared to the simulation results with the Blackman window,
while the maximum measurement error due to the antenna sidelobe is reduced by half.
Figure 12e relaxes the SLL requirement, g = 0.02, yet has a similar maximum sidelobe
measurement error as the Blackman window, but with a 15.7% improvement in spatial
resolution, which is comparable to the beamwidth as the Hanning window.

Numerical simulation results for natural scenarios demonstrate the improvement
of Mills cross antenna performance by the CosW-PSO optimized window function. It is
proved that the feasibility of using the positive and negative sidelobe received energy
to cancel each other to reduce the effect of sidelobe error in radiometric measurements
when there is a negative sidelobe in the antenna power pattern. This also benefits spatial
resolution. It should also be mentioned that the optimization effect of the CosW-PSO
window function will increase with the increase in array size. Because the larger the
antenna array size, the more the number of sidelobes, so the distribution of positive and
negative sidelobes will be closer and more uniform, resulting in the actual observation of
the positive and negative sidelobes of the average brightness of the temperature difference
being smaller, reducing the antenna sidelobe measurement error.

5. Conclusions

The correlation radiation measurement system based on the Mills cross array uses
the coherence of the overlapping region of the cross beams and the multiplicative signal
processing for radiometric measurements. This measurement mode produces deterioration
in the sidelobe of the power pattern of the antenna array and the presence of negative
sidelobes. On the one hand, a high sidelobe introduces a large sidelobe error, and therefore
a windowing function of the antenna array is necessary. On the other hand, the “neg-
ative” energy received by the negative sidelobe cancels out the energy received by the
positive sidelobe, reducing the overall energy leakage from the sidelobe. In this case, the
measurement error caused by the sidelobes is affected by both the sidelobe level and the
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positive-to-negative sidelobe received energy ratio, which may result in a high sidelobe
level but a small sidelobe error. This problem is illustrated in the article through the sidelobe
characteristic analysis and numerical simulation of Mills cross array.

In this case, a weighting method based on the combined cosine window function
algorithm and particle swarm optimization (CosW-PSO) is proposed for Mills cross array
weighting. The theoretical analysis and simulation results demonstrate that this optimiza-
tion method can make full use of the prior knowledge of the cosine window function and
reduce the dimension of optimized particles to improve the convergence performance of
the optimizer. Compared with the traditional PSO scheme, the window function generated
by this method can inherit the excellent performance of the cosine window function and
obtain the desired power pattern.

The simulation results of the natural scene show that the sidelobe energy leakage can
be reduced by utilizing the cancellation of positive and negative sidelobes receiving energy
from the Mills cross array. Additionally, the optimized CosW-PSO window function can
improve the beam performance of the antenna array compared to conventional window
functions. This is reflected in the fact that the CosW-PSO optimized window function
has the least restriction on SLL for the same sidelobe error requirement, or that the use of
the CosW-PSO optimized window function minimizes the sidelobe error uncertainty and
improves the measurement accuracy for the same spatial resolution requirement.
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