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Abstract—Microwave Staring Correlated Imaging (MSCI) is a high-resolution radar imaging modality,
whose resolution is mainly determined by the randomness of radiation source. To optimize the design
of random radiation source, a novel concept of temporal-spatial relative distribution entropy (TSRDE)
is proposed to describe the temporal-spatial stochastic characteristics of radiation source. The TSRDE
can be utilized as the optimization criterion to design the array configuration and signal parameters
by means of optimization algorithms. In this paper the genetic algorithm is applied to search for the
best design. Numerical simulations are performed and the results show that the TSRDE is an effective
method to characterize the randomness of radiation source, and the source parameters optimized by
this method can dramatically improve the imaging resolution.

1. INTRODUCTION

Radar imaging technology utilizes the electromagnetic wave to get object information and obtain
the images of the target [1,2]. Compared with optical imaging, microwave radar imaging has
many advantages, such as large coverage, strong permeability, and the capability of working at all
time and under all-weather conditions. In recent years, kinds of radar imaging methods [3-6] are
investigated. In [3], a microwave imaging method based on particle swarm algorithm for reconstructing
two-dimensional dielectric scatterers is presented. Donelli et al. [4] proposed a novel stochastic
microwave method based on evolutionary algorithm for the detection, location and reconstruction of
electric properties of breast cancer. An iterative multi-resolution method for the reconstruction of the
unmeasured components of the equivalent current density is investigated in [5]. An innovative two-step
methodology for the microwave imaging is mentioned in [6].

Different from these methods above, Microwave Staring Correlated Imaging (MSCI) is a newly
proposed high resolution radar imaging modality [7-10]. By transmitting temporal-spatial stochastic
radiation field (TSSRF) and correlating the received signals and TSSRF, MSCI could achieve high-
resolution imaging results while its platform remains stationary. The MSCI system can be carried on
the floating balloon and other air stationary platforms for continuous high-resolution staring observation,
and it has good potential applications in disaster monitoring, remote sensing, resource exploration and
other fields.

The resolution of MSCI depends on the orthogonality of TSSRF [9], thus to obtain high resolution
imaging results we should optimize the design of microwave random source. In recent years, several
efficient methods to construct the random microwave source are proposed. The pseudo-random gold
sequence is used as the emitting signals in [7-9]. The zero-mean Gaussian noise is utilized to modulate
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the frequency, phase and amplitude in [10-12]. The random frequency hopping signals are applied to
construct microwave source in [13]. But the methods to design the array geometry and signal parameters
are not involved. The researches in [14] investigate design method of array configuration based on the
effective rank theory. But this method is based on the randomness evaluation of radiation field, and
the computational complexity dramatically increases when we calculate the effective rank.

This paper focuses on the effective optimization method to design the array geometry and signal
parameters in order to construct high-performance random source. Different from traditional radar
system, in MSCI the array configuration and the signal parameters must be stochastic to radiate the
TSSRF. The methods to describe the randomness of stochastic radiation field have been deeply studied
in [9, 15]. However, to the best of our knowledge, the feasible method that can quantitatively characterize
the random performance of the radiation source have not been investigated. So we have to define an
effective quantity to evaluate the randomness of radiation source.

Entropy is an effective method to characterize the chaotic degree of a system. In information theory,
information entropy or Shannon entropy is used to characterize the uncertainty degree of the random
variables, and is widely used in radar system designing. In [16,17], mutual information is utilized to
design radar waveform. The researches in [18,19] apply relative entropy to select the waveform in the
point target model.

In this paper, we propose a new quantity named temporal-spatial relative distribution entropy
(TSRDE) to describe the randomness of stochastic radiation source. The TSRDE applies information
theory to calculate the probabilistic distribution of relative parameter vector, and utilizes the entropy
method to characterize the chaotic degree of relative parameter vector distribution in multi-dimensions
including the position of transmitters, emission frequency, amplitude, etc.. Thus the TSRDE can
quantitatively describe the random performance of the radiation source. Then utilizing TSRDE as the
optimization criterion, we can optimize the design of the array configuration and signal parameters
by means of optimization algorithms. As for such complex optimization problem, the traditional
optimization algorithms easily fall into the local optimum. Compared with the traditional optimization
algorithms, evolutionary algorithms [20] inspired by the biological evolution are global optimization
methods with high robustness and wide applicability. Genetic Algorithm (GA) is a kind of evolutionary
algorithm which has the property of fast global searching [21]. In [22,23], GA is used to design the
waveform and antenna of MIMO radar. In this paper we utilize the GA as the optimization algorithm
to search for the best design.

The biggest advantage of this design method is that it can make full use of the limited array
aperture and limited frequency bandwidth resources to construct the TSSRF as random as possible.
Another merit of this method is that the spatial arrangement and signal parameters of radiation sources
can be integratedly designed to guarantee the optimization results are global optimal. In the past,
these parameters are designed independently so the overall effect can not be ensured as the best. The
simulations verify the superiority of this method.

The rest of this paper is organized as follows. In Section 2, the mathematical model of MSCI is
established. The novel design method based on temporal-spatial relative distribution entropy (TSRDE)
is proposed in Section 3. In Section 4, the extensive numerical simulations are presented to evaluate
the performance of this method. In Section 5 we conclude this paper.

2. MATHEMATICAL MODEL OF MSCI

Consider the Microwave Staring Correlated Imaging system which contains L transmitters and a
receiver, as illuminated in Fig. 1.

Let (z,y, z) be the Cartesian coordinate with the origin O. The MSCI radar system is placed on a
stationary platform. The aperture of radar array is denoted as D, the imaging region is labeled as S.
7 is the position coordinate vector of the i-th transmitter. D; represents the antenna aperture of the
i-th transmitter. f;(¢) is the emission signal of the i-th transmitter. The receiver is located at 7. The
coordinate vector of the targets on imaging region is 7.

In MSCI model mentioned above, using the time-domain Green function, the stochastic radiation
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Figure 1. The imaging scenario of microwave staring correlated imaging (MSCI) system.
field Ered (t,7) generated by random radiation source is expressed as follows [8, 24]:
Erad Z/ Eape - |77_ ’F/| 7 di (1)
Amr|FF — c

where c is the speed of light, and Eape (t,7) is the aperture field of transmitter antenna.

Using the first-order Born approximation, the received echo signal E*“ (t) can be expressed as
follows [8]:

anli—r

prad (¢ |7 — 7| /e,F
Esca(t):/E (t ‘ 0|/ 7_> (—»)df» (2)

where o(7) denotes the backscattering coefficient distribution on the imaging region S. We define the
modified radiation field E%% (t,7) as:

Bred (1 — 7= %) .

E’radt —
c (f)) 47T|F_F(,)‘
(47T)2‘F_f6 i=1 |77 =7 ¢ 7

In this paper, we assume that the transmitter antennas are point sources, thus the aperture field
of the i-th transmitter antenna can be expressed as:

E(t,7) = 6(F — 7)) - fi(D) (4)
Further assumption can be made that the emission signal s;(t) is random frequency hopping pulse
signal [13] described as follows:

M t —mT
= Z rect < ’lfn ) exp {jQmeit} (5)
m=1
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where T is the period of pulse, and f,,; is the emission frequency of the i-th transmitter in the m-th
pulse. Substituting Eq. (4) and Eq. (5) into Eq. (3), we can get the specific expression of radiation field:

B, t—mT P |-
B 0) = ZZ et exp {2 (1= OO g

r0|z 1 m=1

Therefore, the received echo signal can be rewritten as:

B () = [ Bt ol ™

S
Equation (7) is the imaging equation of integral type. To solve it by numerical computation, Eq. (7)
should be discretized as a matrix equation [7]. The time domain is discretized as {t1,ta,...,tm, ..., tar}
and the imaging region is discretized as {7, 72,...,7n,..., PN}, Tn is the position vector of the center

of the n-th imaging grid cell. The imaging region is divided into N imaging grid cells according to the
minimum unit to be resolved. Let o, = o(7,) which stands for the backscattering coefficient of the n-th
imaging grid cell. The scattering coeflicient vector is expressed as:

o=[01,00,...,00,...,0n]" (8)
Then Eq. (7) can be discretized as:
Leet(ty) Erod (ty,m) B (ty,7) - Bt Py) o1
Esce (tg) Erad Erad 2 . Erad (o0}
— (t27 Tl) ¢ (t27 TQ) (t27 TN) . (9)
E5 (tyy) Bred (g, 7) EE (g, 7) - BT (tyy, ) o

Here Eg“d(tm,fr_"n) is the radiation field located at 7, and at the time t,,, corresponding to the
matrix element at the m-th row and n-th column. Eq. (9) can be written as matrix form:

B = Erad . 5 (10)

Equation (10) is called the imaging equation of MSCI. It is the mathematical model that describes
the relationship among received echo signal, backscattering coefficient and modified radiation field.
Target reconstruction can be achieved by solving Eq. (10) using various correlation algorithms.

3. TEMPORAL-SPATIAL RELATIVE DISTRIBUTION ENTROPY

The concept of temporal-spatial relative distribution entropy (TSRDE) is inspired by the entropy in
thermodynamics. The entropy in thermodynamics is utilized to describe the disorder degree of the
molecules system. In MSCI, we can find that a given stochastic radiation source can be thought as a
set of discrete points of parameter vectors in a multidimensional space which includes space, time and
other parameters. The more chaotic the distribution of the point set of parameter vectors, the better
the performance of stochastic radiation sources will be. So it is feasible to utilize the concept of entropy
to describe the chaotic degree of the radiation source.

The main idea of TSRDE is to regard the relative parameter vectors as a random vector and then
compute the probabilistic distribution of relative parameter vectors. Thus we can obtain the entropy
of relative parameter vectors, we define it as temporal-spatial relative distribution entropy because the
relative parameter vector includes both the array geometry in spatial domain and the signal parameters
in temporal domain.

The calculation flow of the TSRDE is described as follows:

Step 1: Calculate the relative parameter vectors of any different time slices and antennas according
to the position coordinates, frequency, phase and amplitude.

Step 2: Make equispaced division to the range of each dimension of the relative parameter vectors.

Step 3: Work out the normalized probabilistic distribution of each dimension of the relative
parameter vector.

Step 4: Calculate the distribution entropy of each dimension according to the normalized
probabilities.
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Step 5: Make weighted summation of each dimensional distribution entropy to get the TSRDE
which quantitatively describes the randomness of the radiation sources.

In practice, the transmitters, whose positions are not changed with time, are usually distributed
in a plane. What’s more, the polarization and phase modulation are generally not considered, and the
amplitude modulation lacks effectiveness in the process of designing the stochastic radiation sources.
Therefore, in this paper, we only consider the optimization of transmitter position and emission
frequency of the random frequency hopping signal.

The parameter vector of random radiation source is defined as:

Uij:(a;i,yi;fij) izl,...,N;jzl,...,M (11)

N is the number of transmitters, M the number of time slices, and z; and y; are x coordinate and
y coordinate of the i-th transmitter. f;; is the emitting frequency of the i-th transmitter and j-th time
slice. All of the parameter vectors make up a set labeled as V.

V =A{vi; = (zi,yi; fij)| i=1,...,N;j=1,..., M} (12)
Calculate the relative parameter vector set U based on the parameter vector set.
U = {tijrr = (Ti — Try Yi — Y5 fij — frt) |
i=1,...,N;5=1,....M;k=1,...,N;l=1,... ., M;i #* korj #1}
Decompose each dimension of the set U into sub-set.

Upg={Ax,;li=1,...,N;k=1,... ,N;i#k}
Uy={Ay,li=1,...,N;k=1,...,N;i #k} (14)
Uf:{Afijkl\z':1,...,N;j:1,...,M;k:1,...,N;l:1,...,M;i7ékorj7él}

Make equispaced division to the range of U, Uy, Uy. Ay is the ¢g-th sub-interval of the range of
Uz, Uy. By is the g-th sub-interval of Uy.

{ Aq = ((q_ 1)a7qa]7 g=1,...,N (15)
B, = ((g — 1)b, gb], qzl,...,C?VM

where a is interval of Ay, and b is the interval of B,. Denote that the number of elements of U, U,, Uy
that fall in the g-th sub interval is g,:

g[(]w:p{m;ikeAq|z':1,...,N;k:1,...,N;z’;«ék}
9¥ = p{Ayy € Agli=1,...,N;k=1,...,N;i # k} (16)
g = p{Afm€eBgli=1,... ,N;j=1,...,M;k=1,...,N;l=1,...,M;i # kor j #}

where p{e} is the operator that numerates the number of elements in a set. The normalized probabilities
of each dimension can be calculated as:

(13)

(@ _ @, NR? o
Py =9q / Zl gm'sq=1,...,(N = 1)N/2
(N=1)N/2
) =g/ > g, q=1,....(N-1)N/2 (17)
(NM—1)NM/2
P =g/ Zl ¢ g=1,...,(NM - 1)NM/2

The distribution entropy of each dimension can be obtained from the respective normalized
probabilities:

(N—-1)N/2 () ()
H, =— Zl Pq Ingq
q:
(N—1)N/2
Hy=- 3 pi log p{” (18)
q:
(NM—1)NM/2
Hp== 2 pi log p{/)
\ 9=
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where H,, H,, H; are the distribution entropies of the dimensions. Assume that the weights of the
dimensional distribution entropies are w,, wy, wy. The TSRDE is defined as:

H=w,H, +wyH,+wsHy (19)

The larger value the TSRDE has, the more random the distribution of source parameters is. Thus
the TSRDE quantitatively describes the stochastic performance of radiation sources.

Utilizing the TSRDE as the optimization criterion, we can design the array geometry and signal
parameters by means of optimization algorithm. The optimization problem can be described as:

Uj; = arg maxH(W) (i=1,....Nj=1,...,.M)
. v (20)
st. Vij € [xminyl‘maX] U [ymin7Ymax] U [fmina fmax]

where the [Zmin,Zmax] [Ymin,Ymax) [fmin,fmax] are the ranges of z;,y;, fi;. The genetic algorithm (GA),
which has the property of fast global searching, will be utilized under the principle of maximizing the
TSRDE.

The algorithm flow of optimization is described in detail as follows:

Step 1: Parameter initialization. Initial the aperture area of random radiation source s, the
diameter of array element d, the number of array elements N,, the frequency range, the number of
individuals in a population N4, the number of generations N, the probability of crossover p., and the
probability of mutation p,,.

Step 2: Individual coding. Denote I, = vi1v12...V1pm ... UN1UN2 ... Un)M @S a individual. One
individual represents a certain parameter setting of the radiation source, then generate N, individuals

randomly to constitute the initial population Ty = {I,go)|k =1,...,Ng}.
Step 3: The TSRDE of individual H (1) is denoted as its fitness, and calculate the fitness of initial
population according to the definition of TSRDE.

Step 4: Crossover operation. Generate a random number ¢ between [0,1]. If § < p,
the crossover point didy is confirmed by the roulette wheel selection method [25]. Assume that
the father individual is [(father) — v%{)vg)...v%ﬁ...v%iv%%...v%}vp the mother individual is
J(mother) — ng’)vgﬂ e vg?\}) ... v](\?ql’)v](\%) ... v%&[, the new individual after crossover operation is (5% =
v%{) . ..vé{ ZQUST&Z 1) v](\qfn]& The other individuals are generated in the same way, finally a new

population T, = {I,gq)|k =1,..., Ny} is constructed.

Step 5: Mutation operation. Generate a random number 1 between [0, 1]. If < p,,, the mutation
point w is randomly selected, and the value of the w — th element of the individual I}, is assigned a new
random number.

Step 6: Calculate the fitness of each individual in the new population 7.

Step 7: Determine whether the maximum generation number is reached. If the termination criterion
is satisfied, the algorithm is stopped, the individual whose fitness is maximal is the final result. Else
return to Step 4.

4. NUMERICAL SIMULATIONS

In this section, we present several numerical simulation results to evaluate the performance of the
proposed method. Firstly, the verification simulations that apply the proposed method to optimize the
array configuration are done. Then we deeply investigate the relationship between the TSRDE and
the number of effective singular value of TSSRF [14] which characterizes the randomness of radiation
field. Finally, we simulate the imaging results of different radiation source design methods to test the
effectiveness of the proposed radiation source optimization method.

4.1. Simulation 1

In simulation 1, we apply the proposed method to optimize the array configuration. The aperture area
is 1.6m x 1.6 m, the number of transmitters is 25. Firstly we work out the TSRDE of uniform array
configuration, that is 3.1368, shown in Fig. 2(a), then we utilize the genetic algorithm to calculate the



Progress In Electromagnetics Research M, Vol. 63, 2018 201

Transmitting Configuration(H = 3.1368) Transmitting Configuration(H = 7.2391)
L] [ ] L] L]
o L]
067 0.6 . . °,
° ° L4
0.4¢ o ° [ o 04+t °
L] L]
= 0. —~ 021 o
E % E
(2] (2]
(% 0e . . ° . (;é 0 R e °
>.0.2 >.0.2f .
L[]
0.4¢ o ° . ° 0.4 . .
° ° L4
-0.61 0.6 °
L]
-0.8 : . : -0.8 * * *
-0.5 0 0.5 -0.5 0 0.5
x axis(m) x axis(m)
(@) (b)

Figure 2. The optimization of position configuration based on TSRDE. (a) The uniform array
configuration, whose TSRDE is 3.1368. (b) The optimal array configuration, whose TSRDE is 7.2391.

optimal transmitter position configuration, the optimal results are shown in Fig. 2(b). The TSRDE of
optimal result is 7.2391. After optimization the TSRDE is greatly promoted.

4.2. Simulation 2

In MSCI radar system, the stochastic characteristics of radiation sources determine the orthogonality of
random radiation field. In this subsection, we aim to verify the effectiveness of TSRDE by investigating
the relationship between TSRDE and the orthogonality of radiation field. Here the number of effective
singular value of TSSRF [14] is utilized to quantitively characterize the orthogonality of radiation field.

In simulation 2, firstly we apply the proposed method to optimize the design of radiation source
in three different source configuration strategies under various time slices number, aperture length and
bandwidth. Then we calculate the number of effective singular value of the radiation field constructed
by the optimal source configuration. Finally by comparing the relationship between the TSRDE and
number of effective singular value, we can evaluate the effectiveness of TSRDE.

The three strategies to configure the source parameters are described as follows:

Strategy A: All of the transmitters emit the same frequency in the same time slice, while the
emission frequencies are stochastic in different time slices. The array geometry is uniformly arranged.

Strategy B: Generate M different subintervals in given bandwidth as the frequency interval of
each time slice. The length of subintervals are determined by Fibonacci sequence. And then select N
different frequencies randomly in each subinterval as the emission frequency of the transmitters. The
array geometry is randomly distributed.

Strategy C: In each time slice, select N random frequencies in total bandwidth as the emission
frequency of the transmitters. That is to say the frequency intervals of each time slice are the total
bandwidth. The array configuration is randomly arranged.

The aperture length and total bandwidth of the three strategies are all the same.

Figure 3 shows the TSRDE and the effective singular value number under various time slices
number, aperture length and bandwidth. The number of transmitters remains 25. The number of
time slices changes from 200 to 2000. The aperture length ranges from 1m to 4m. The bandwidth
ranges from 100 MHz to 1 GHz. Fig. 3(a), Fig. 3(c) and Fig. 3(e) show the TSRDE curve of the three
strategies under various time slices number, aperture length and bandwidth. Fig. 3(b), Fig. 3(d) and
Fig. 3(f) show the curve of effective singular value number of the three strategies under various time
slices number, aperture length and bandwidth.

It is obvious that the TSRDE rises with the increase of time slices number, aperture length and
bandwidth. This result is coincident with the theory. And the TSRDE of Strategy C is the highest
among all of the strategies, which means the best stochastic performance, because the frequency intervals
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of each time slices are the biggest in the three strategies. The number of effective singular value also
rises with the increasing of time slices number, aperture length and bandwidth, the variation trends are
almost the same as that of the TSRDE under different conditions, that is to say TSRDE can effectively
reveal the orthogonality of random radiation field. These simulation results prove that the TSRDE is
an effective quantity to describe the randomness of radiation source.
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Figure 3. The TSRDE and the number of effective singular value under different conditions. (a) The
TSRDE under different time slices number. (b) The number of effective singular value under different
time slices number. (c¢) The TSRDE under different aperture length. (d) The number of effective
singular value under different aperture length. (e) The TSRDE under different bandwidth. (f) The
number of effective singular value under different bandwidth.
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4.3. Simulation 3

In simulation 3, we investigate the effectiveness of the optimization method based on TSRDE by
comparing the imaging performance of different radiation source design methods. Theoretically
speaking, the radiation source with better randomness can achieve higher imaging resolution. In this
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Figure 4. The imaging results of different design methods. (a) The imaging object. (b) The imaging
result of design method 1. (c) The imaging result of design method 2. (d) The imaging result of design
method 3. (e) The imaging result of design method 4. (f) The imaging result of design method 5.



204 Meng et al.

subsection we utilize the normalized mean square error (NMSE) to evaluate the imaging resolution.
NMSE denotes the differences between the recovery result and the true object. Thus the lower NMSE
represents the better imaging performance. The random source design methods include:

Method 1 [13]: The transmitters emit random hopping frequency signal, the signal frequency obeys
uniform distribution. The array geometry is uniformly arranged.

Method 2 [7]: The transmitters emit pseudo-random gold sequence signal. The array geometry is
randomly arranged.

Method 3 [10]: The frequency of emitting signal is modulated by zero-mean Gaussian noise. The
array geometry is randomly arranged.

Method 4 [14]: The transmitters emit random hopping frequency signal, the signal frequency obeys
uniform distribution. The array configuration is optimized based on the effective rank theory, the
optimization algorithm is GA.

Method 5: The transmitters emit random hopping frequency signal. The emitting frequency and
array geometry are integratedly designed by optimization method based on TSRDE.

Figure 4 shows the recovery images of the five design methods using CGLS algorithm [26]. The
radiation source parameters of these design methods are all the same. The signal bandwidth is 1 GHz
and carrier frequency is 10 GHz. The SNR is 20 dB. The number of time slices is 2000 and the number
of transmitters is 25. The aperture area is 1.6 m x 1.6 m. The imaging object is given in Fig. 4(a), the
recovery results of design method 1, design method 2, design method 3, design method 4 and design
method 5 are respectively shown in Fig. 4(b), Fig. 4(c), Fig. 4(d), Fig. 4(e) and Fig. 4(f). The NMSE
of recovery results obtained from 20 Monte-Carlo trials are listed in Table 1.

Table 1. The NMSE of different design methods obtained from 20 monte-carlo trials.

Design Method | NMSE
Method 1 1.2135
Method 2 0.7256
Method 3 0.6993
Method 4 1.1976
Method 5 0.5188

It can be seen that the imaging result of design method 5 achieves the best resolution performance,
whose NMSE is the lowest of all. The reason is that the randomness of radiation source is effectively
characterized by TSRDE and the frequency and array geometry are integratedly optimized. The
recovery result of design method 4 is slightly better than that of design method 1, because the array
configuration is designed by the method proposed in [14]. The results of design method 2 and 3 are not
as good as that of design method 5, because the frequency and array geometry are randomly generated
without optimization process. These simulation results verify the effectiveness of the radiation source
optimization method based on TSRDE.

5. CONCLUSION

In this paper, a novel concept of temporal-spatial relative distribution entropy (TSRDE) is proposed to
describe the temporal-spatial stochastic characteristics of radiation source in the microwave staring
correlated imaging system. We can utilize it as the optimization criterion to design the array
configuration and signal parameters by means of optimization algorithms. Numerical simulations are
performed and the results show that the TSRDE is an effective method to characterize the randomness of
radiation source, and the source parameters optimized by the proposed algorithm dramatically improve
the imaging resolution. In this paper we only consider the optimization of the array geometry and the
frequency modulation. In the future we will take more parameters into consideration to realize the joint
optimization of frequency, phase, amplitude and polarization, thus the spatial resolution can be further
increased.
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