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Abstract: The space-borne synthetic aperture radar (SAR) azimuth multi-channel system has exten-
sive applications because it can achieve high-resolution and wide-swath radar imaging. The thermal
noise generated by the radar receiver of each channel during operation will cause an imbalance
between channels. If the echoes of each channel are quantized with the same number of bits without
considering the influence of thermal noise, false targets will appear in the imaging consequences.
Considering that the thermal noise generated in the receiver will affect the quantization process of
the space-borne SAR azimuth multi-channel system, a new space-borne SAR azimuth multi-channel
quantization method is proposed to improve this problem. Firstly, the pure noise power of the
receiver is calculated without transmitting the radar signal. The signal power is estimated by sub-
tracting the pure noise power from the total power. Then, the average value of the radar echo signal
minus k times the standard deviation is used as the left endpoint of the original data amplitude
range, and the average value of the radar echo signal plus k times the standard deviation is used as
the right endpoint of the original data amplitude range. The original echo data after adjusting the
amplitude range is quantified. This method can effectively reduce the influence of thermal noise and
random outliers in the receiver on quantization and suppress the appearance of false targets. Finally,
simulation is used to confirm the viability of the suggested quantization approach.

Keywords: space-borne SAR; azimuth multi-channel; channel mismatch; thermal noise; quantization;
false target

1. Introduction

Synthetic aperture radar (SAR) transmits pulse signals to the ground and records
echo signals to generate images of ground targets. It is neither affected by weather nor
by day and night. SAR can follow, identify, and locate ground moving targets, and has
some penetrating capabilities. Therefore, SAR has shown extremely high application value
in military fields such as military reconnaissance, warning, and guidance, as well as in
civilian fields such as terrain surveying and mapping, marine environment monitoring,
and ship search and rescue [1]. The two most crucial performance indices of space-borne
synthetic aperture radar are geometric resolution and range swath. The azimuth multi-
channel SAR system transmits signals through a single transmitting aperture, and multiple
receiving apertures arranged linearly in the azimuth direction receive echo signals [2—4].
The number of azimuth sampling points in a pulse repetition interval (PRI) is increased
without increasing the pulse repetition frequency (PRF) of the system. It can effectively
solve the contradiction between the azimuth resolution and the distance mapping band to
achieve high-resolution wide-swath (HRWS) imaging.

However, because the space-borne SAR azimuth multi-channel system has multiple
receiving apertures, it is necessary to jointly process the echo signals received by each
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channel, which has high requirements for the conformance between channels. The space-
borne SAR azimuth multi-channel system inevitably has channel error problems. This
issue has attracted the attention of many scholars around the world. In order to improve
the performance of the signal reconstruction and imaging of the space-borne SAR azimuth
multi-channel system, scholars have proposed a variety of channel error correction methods.
In 2011, Gebert et al. proposed a channel correction method that has good practicability for
an airborne multi-channel X-band [5]. In 2013, Feng Jin et al. proposed a method to obtain
the phase mismatch by the phase of the cross-correlation function [6]. In 2016, Fang Chao
et al. proposed a method to estimate the channel error by optimizing the reconstructed
signal error [7]. In 2022, Zhou Liming proposed a minimum entropy reconstruction method
for local sub-image areas, which can achieve blur-free imaging for a multi-channel SAR
with various errors [8].

With the rapid development of science and technology and the deepening of the
application of remote-sensing images, the SAR system is required to provide not only
higher-resolution images, but also more abundant target-scattering information and sur-
face physical characteristics information. In order to reduce the storage requirements and
processing time of space-borne SAR data, reduce system costs, and improve the real-time
performance of the system, it is usually necessary to quantize and compress the received
radar echo data. Taking the German Terra SAR launched in 2007 as an example, the original
data rate of the satellite is about 2 Gbit/s, but the downlink capability of the data transmis-
sion system is only 600 Mbit/s [9]. Without data compression, the real-time requirements of
data transmission cannot be guaranteed. The SAR original data compression algorithms are
mainly divided into scalar quantization algorithms adapted to the statistical characteristics
of SAR data [10], and vector quantization algorithms that utilize the inherent correlation of
SAR data [11]. The coding method based on FFT transform proposed by Zheng Xiufang
et al. [12] and the sub-band coding method proposed by Shi Xiaoji et al. [13] are both
quantization compression methods in the transform domain. In 2017, Wang Qing et al.
proposed an adaptive scalar—vector quantization compression algorithm, which performs
scalar quantization on data blocks that meet Gaussian distribution characteristics and vec-
tor quantization on data blocks that do not meet Gaussian distribution characteristics [14].
In 2019, Ma Jinshuang improved the FPGA implementation method of the SAR original
data BAQ compression algorithm [15]. In 2021, Feng Lipeng and others proposed a BAQ
mean solution method suitable for hardware development. Through the summation and
accumulation of the frame data, the complexity of the mean solution is simplified, and the
problem of summation overflow is solved, making the BAQ algorithm more suitable for
hardware development [16].

The amplitude error, phase error, and time delay error between channels in the trans-
mission process are often considered by scholars. But the influence of the difference in the
receiver itself between channels on the echo is often ignored. In a space-borne azimuth
multi-channel SAR system, thermal noise will be generated during the operation of each
channel receiver. The radar echo signal received by each channel receiver will be superim-
posed with the thermal noise generated by the corresponding channel receiver as radar
echo data to be further processed. If the thermal noise generated by the operation of each
channel receiver is negligible, then the characteristics of the radar echo data of each channel
are consistent and only differ in time by one delay. However, in the actual application of
the space-borne azimuth multi-channel SAR system, when receivers of different channels
are working, affected by environmental factors, hardware differences, and working condi-
tions, they will produce varying degrees of thermal noise, including background noise and
outliers. These thermal noises are superimposed on the echo signals of each channel, which
will cause a large difference in the amplitude range of the echo signals of each channel.
Without dealing with the effects of thermal noise and individual outliers in the receiver
on space-borne SAR multi-channel quantization, the echo signals in all amplitude ranges
of each channel are quantized with the same number of bits. Then, the radar echo data
information will be lost. The resulting channel mismatch will cause false targets in the
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imaging results. However, the current multi-channel quantization methods rarely consider
the impact of thermal noise generated by the operation of the receiver itself on quantization.
In this paper, the influence of the receiver thermal noise on the space-borne SAR azimuth
multi-channel quantization is analyzed, and an optimized multi-channel quantization
method is proposed. Firstly, the pure noise power of the receiver is calculated without
transmitting the radar signal. The total power subtracts the pure noise power to obtain the
signal power estimation. In the subsequent quantization process, the dynamic range of
the quantizer is adjusted according to the obtained signal power. Then, we determine the
original data amplitude range that is about to enter the quantizer. The synthetic aperture
radar echo signal obeys the zero mean Gaussian distribution. When the number of points
is large enough, the real part signal (I) and the imaginary part signal (Q) of the radar echo
obey the Gaussian distribution and are not correlated with each other [15]. Therefore, about
99% of the echo data will be included in the range of the mean of the echo signal plus or
minus three times the standard deviation. Therefore, using the mean and standard devia-
tion to limit the original data amplitude range of the echo can better filter out the outliers,
reduce the influence of the superposition of the receiver noise on the echo quantization,
and avoid the occurrence of false targets. In the practical application of the space-borne
azimuth multi-channel SAR system, this method can reduce system errors and improve the
accuracy of target recognition.

The following is the main chapter structure of this article. In the second chapter, the
main features of the thermal noise of each channel receiver are analyzed. In the third
chapter, the influence of the receiver thermal noise on azimuth multi-channel quantization
is studied. The main reasons for the false target generated by multi-channel quantization
are analyzed, and the expressions of the location and size of the false target are given.
In the fourth chapter, a quantization method suitable for the azimuth multi-channel of
space-borne SAR is proposed, which use the mean and standard deviation to limit the
original data amplitude range of echoes and avoid the appearance of false targets. Finally,
the feasibility of the method is verified by MATLAB simulation experiments.

2. Thermal Noise Characteristics of Receiver

In the space-borne SAR azimuth multi-channel system, the characteristics of the
echo signal received by each channel are consistent. However, the receivers of different
channels will have different amplitudes of thermal noise due to the heating of the device
or the change of working state. The thermal noise generated by each channel receiver is
superimposed on the radar echo signal, which will increase the background noise of the
echo signal and enhance the echo power. At the same time, it is also possible to cause some
outliers in the echo, which will lead to a larger echo range. There is a big difference in the
thermal noise superimposed on the radar echoes of different channels, which leads to false
targets due to channel mismatch when each channel signal is quantized with the same bits.

This chapter takes the space-borne SAR azimuth three-channel system as an example.
We assign thermal noise with different signal-to-noise ratios to the receiver of each channel,
and add several outliers in the 1 and 3 channels to analyze the influence of receiver noise
characteristics on the original echo.

2.1. Influence of Background Noise in the Receiver on the Echo Signal

This article sets up three sets of normally distributed random noise with different
SNRs in three receiving channels to simulate the thermal noise generated by different
channel receivers. In an actual space-borne SAR azimuth multi-channel system, a certain
channel receiver may be damaged or the working status may be abnormal. A damaged or
abnormally functioning receiver may produce significant thermal noise. In order to more
intuitively reflect the impact of thermal noise of different amplitudes on the echo signal, the
thermal noise of the receivers of the three channels set up in this article is quite different.

The receiver thermal noise of the three channels is illuminated in Figure 1. It can be
seen that there is a large difference in the thermal noise of the receiver within the three
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channels. Figure 1a is the thermal noise in channel 1, and the signal-to-noise ratio is —6 dB.
Figure 1b is the thermal noise in channel 2, and the signal-to-noise ratio is 0 dB. Figure 1c is
the thermal noise in channel 3, and the signal-to-noise ratio is 15 dB.
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Figure 1. Thermal noise of receiver: (a) channel 1; (b) channel 2; and (c) channel 3.

The characteristics of the original radar echo signals received by the three channels
are the same. Figure 2 shows the echo signal of 30 point targets after superposition. The
echo amplitude scope is within [-10,10]. The mean value is about 0, and the variance is
approximately 11.4.
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Figure 2. Radar echo signal.

The echo diagram of each channel after superimposing the thermal noise of the receiver
shown in Figure 1 is illuminated in Figure 3. It can be seen that the thermal noise of the
receiver makes a large difference in the echo amplitude range of the three channels. The
means are all near 0, but the variances are quite different. After superimposing the noise,
the amplitude range of the echo in channel 1 is raised to [—40,40], and the variance becomes
101.6, as shown in Figure 3a. The amplitude range of the echo in channel 2 becomes [—25,25],
and the variance is about 33.5, as shown in Figure 3b. It can be seen from Figure 3c that the
thermal noise of the receiver in channel 3 is small, and the echo amplitude is still around
[—10,10]. The variance is around 12.
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Figure 3. Echo superimposed background noise: (a) channel 1; (b) channel 2; and (c) channel 3.
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2.2. Influence of Random Outliers in the Receiver on the Echo Signal

The SAR echo after superimposing the outliers in the receiver is shown in Figure 4.
Channel 2 is set as the reference channel, and there will be no outliers in the receiver of this
channel, as shown in Figure 4b. At this time, it is assumed that the receiver background
noise of the three channels has the same SNR. The influence of outliers in channel 1 and
channel 3 on the echo signal is analyzed. Although the number of outliers is not large, the
echo amplitude range of channel 1 is extended to [—25,25], as shown in Figure 4a. The echo
amplitude range of channel 3 is raised to [-35,35], as shown in Figure 4c.
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Figure 4. Echo superimposed random outliers: (a) channel 1; (b) channel 2; and (c) channel 3.

3. Influence of Thermal Noise in Receiver on Azimuth Multi-Channel Quantization
3.1. Quantization Principle

The echo data of multi-channel space-borne SAR system are huge. Therefore, a
large amount of resources may be consumed in the process of the data transmission and
storage of SAR echo signals. By quantizing and compressing signals, the efficiency of
data transmission and storage can be improved [17-19]. The signal quantization and
compression process also helps to improve the real-time requirements of the system. In
the space-borne SAR azimuth multi-channel system, when faced with limitations in data
transmission, storage, real-time processing, or cost, the echo data may be quantized and
compressed with a relatively low number of bits while ensuring data quality. This reduces
the storage requirements and processing time, reducing system costs. When performing
low-bit quantization, the thermal noise and noise outliers generated by each channel
receiver cannot be ignored.

Quantization means that countless continuous values are represented by a finite
number of discrete values near them. The difference between the two will produce a
quantization error, which can also be called quantization noise. The existing quantization
methods generally do not deal with the influence of the receiver thermal noise on the SAR
echo, and quantize the SAR echo signal in all amplitude ranges after the superposition
of thermal noise. Then, the quantization interval of the kth channel can be expressed
as follows:

X — min
q = M@ (Sk(ﬂ))m min (s (17)) 1)
where k = 1,...,N, and N represents the number of azimuth receiving channels. sy (1) is
the total signal superimposed by the radar echo signal in the kth channel and the thermal
noise of the corresponding channel, and vy is the number of quantization bits.

Next, we perform three-bit quantization processing on the two channels with large
thermal noise differences, and analyze the impact of the thermal noise generated by the
receiver on quantization. As shown in Figure 5, the principle of three-bit quantization of
the echo signal is given. If the working status of the channel 1 receiver is abnormal, several
noise outliers may be generated that exceed the amplitude of the radar signal by more
than three times. As shown in Figure 5a, the blue signal in the figure represents the radar
echo data after the thermal noise and noise abnormal value generated by the receiver in
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the channel 1 are superimposed on the radar echo signal. Due to the existence of thermal
noise and noise outliers, the amplitude range of the radar echo data of channel 1 is [-35,35].
Assuming that the thermal noise generated by the receiver of channel 2 is small, as shown
in Figure 5b. After superimposing the thermal noise and the noise abnormal value, the
amplitude range of the radar echo data of channel 2 is [-10,10]. Without solving the impact
of the thermal noise and noise outliers generated by the receiver on the radar echo signal,
the radar echo data of each channel is quantized equidistantly with three bits, and the
quantized echo data are analyzed.

T I S S e tats 1 a1 I AT AR T PO (i 70/7 (10)
————————————————————————— 25 -+ - 50/7
20 sor7 31
——————————— i e S - i T 307
10 20/7
ot - 5 o4 10/7
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A — + _____ ____ 15 _zgjzi -30/7
- - I
) P P SRR i - 507
U T S 35 - AR - -70/7 (-10)
(@) (b)

Figure 5. The schematic diagram of echo 3-bit quantization: (a) channel 1; and (b) channel 2.

As can be seen from Figure 5, the echo amplitude values in the two adjacent level
ranges on the left side are quantified as their midpoints, that is, the level values on the right
side. The radar echo data in the channel 1 are quantized equidistantly with three bits. The
radar echo data in the range [—-10,10] are quantized into two discrete level values, which
are —5, 5. The radar echo data within the range [—10,0] are quantized as a discrete level
value —5, and the radar echo data within the range [0,10] are quantized as a discrete level
value 5. The radar echo data in channel 2 are quantized equidistantly with three bits. The
radar echo data in the range [-10,10] are quantized into eight discrete level values, which
are —10, —50/7, —=30/7, —=10/7,10/7,30/7,50/7, and 10. It can be seen that not processing
the thermal noise and noise outliers generated by the receiver will cause a large loss of
radar echo data information, so that there is a big difference between the channels and false
targets appear in pulse compression.

3.2. Quantization Process

Figure 6 is the system signal model of a radar echo from entering the receiver to
realizing pulse compression. For simplicity of analysis, only the azimuth signal is consid-
ered. si(7) is the received radar echo signal by the kth channel, and ny(#) is the receiver
thermal noise of the kth channel. It is assumed that the receiver thermal noise of each
channel is not correlated with each other. The sum of the echo signal and the thermal
noise of the receiver is represented by s, ’(77), and s;/(17) enters the quantizer as the original
echo signal. Both the echo signal and the thermal noise obey the Gaussian distribution,
which can be expressed as N (0, 7 2), Nn (0, 0 2). The quantization noise generated by the
analog—digital converter (ADC) is represented by Qi (7). The variance is 0q 2. The radar
echo signals of each channel are divided into I and Q signals for quantization.

sk'(ﬂ) s ADC Sk,q(ﬂ)\l Directional 3 pulse N sout(’])

S a .
Sk (77 ) ’g’g ’ “| reconstruction compression

n, (n) Q. (n) ()

Figure 6. Azimuth multi-channel echo signal quantization model.
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Sout(U) =B,

N-1

If the amplitude error of the kth channel is ay, and the phase error is ¢, the azimuth
echo signal after quantization of the kth channel is expressed as follows:

sq(1) = round( (acexpipe) x n() x exp (2 =) o)) ) x @

where round(-) denotes the rounding of the results in parentheses, and w, (77) is the azimuth
envelope. ny(7) is a random variable, which is related to the operating characteristics of
the receiver at this time, including background noise and outliers. Ry, (77) represents the
two-way slant range from the target to the radar, which can be expressed as follows:

Reota (1) = /Ro 2+ (v)* + /Ry 2 + (vi] — x1)? )

where the shortest slant range is Ry, and the radar’s speed is v. 77 represents the azimuth
slow time. The distance between the transmitting aperture and the kth receiving aperture
is symbolized by xj.

For simplicity of expression, j is used to represent the influence factor of the quantiza-
tion process on the amplitude of the echo signal. {y is a variable related to the quantization
interval, quantization bits, and echo signal. The smaller the value, the greater the attenua-
tion of echoes caused by quantization. ¢y represents the product of {y and ay. Then, the
quantized azimuth echo signal of the kth channel can be rewritten as follows:

Skiq(1) = Gn (A explign) x waly) x exp( =2 X5 ) 4 ny (7))

4
= e exp(jox) X wa(n) X exp( ]2nRt°‘al(’7)> + (ke x ng (1) @
Add N-1 zeros after each sampling point of the quantized echo of each channel, and
then add them together, where N represents the number of channels. Perform pulse
compression on the equivalent sampling sequence after zero padding and superposition.
According to [20], the pulse compression expression of the reconstructed signal is directly
given as follows:

—j27tn .
sinc(Bary) Z exexp(jpx) + Z Z foy (1) ) eXP( ]N y)fkeXP(Jfl’k) ©)
0

x=0 y=1 k=

wherex =0,1;y=1,2...N—1; and fx,y(n) is a function introduced to simplify writing.
B is the signal bandwidth.

When the quantization leads to an inconsistency in the characteristics between the
channels of the space-borne multi-channel SAR system, there will be some false targets.
The location of these false targets is expressed as follows:

POSyy = (xpt — yp/N)Ta (6)

where u represents the oversampling rate, and T, is the Doppler pulse width. The ratio
of the false target level to the real target level is defined as the false target—peak ratio,
represented by PGRyy. False targets appear in pairs on both sides of the real target. Then,
the false target-peak ratio corresponding to the POSy , position is:

PGRyy = 20Ig [ =2

& _7611(
T s ()]

round( sic (1) ) y ((maX(SL(n))

N-1 .
¥ ecexp(jgx)

Ba

I exexplipw) exp(—j2rky/N) e DR DR 2 BuPEE
+201g<( 1)*(y - PRE/N — x - PRF) + Bat] > -

where the expression of gy is:

= ®)

— min(s'(7)))
(max(sy/ (7)) — min(s’(17))) /27
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Therefore, the amplitude of the false target is related to the quantization interval,
quantization bits, and echo signal. The smaller the quantization interval and the larger the
number of quantization bits, the smaller the magnitude of the false target.

The signal-to-quantization-noise ratio (SQNR) reflects the influence of the quantization
process on the signal and is an important index to measure the quantization method. The
signal-to-quantization-noise ratio is defined as the ratio of the signal power to the quantized
noise power, which is expressed as follows:

L NNa N 2
NN, & o ’Si,j(t/7)|
i=1 j=1

SQNR = 10lg n 5 (dB) ©)

A
N-Nla.Nr '21 Zl sij(t77) — Si,j(tfﬂ)‘
i=1 j=

where |s;;(17)| is the original signal and @i/j (1) is the quantized echo signal. Nj is the
number of azimuth samples of a single channel, and N; is the number of range samples.
The quantized signal-to-noise ratio is as follows:

052 052 1

SNR:0-2+0-Q2: 2 (752+0-n220.n2 1 1
n n T TSONR- o7 (1 + 7SQNR) T sONR

(10)

4. Space-Borne SAR Azimuth Multi-Channel Quantization Optimization Method
4.1. Method Optimization Ideas

In the space-borne SAR system, a fraction of the electromagnetic wave emitted by
the radar returns to the radar receiver after being scattered by the ground object. After
AD conversion and quadrature demodulation, the echo signal of the in-phase (I) and
quadrature (QQ) components can be obtained. The thermal motion inside the radar receiver
will produce the thermal noise of the receiver, which will have a great impact on the quality
and reliability of the radar echo signal. Especially when each channel is quantized by the
same number of bits, the difference of the thermal noise between channels will lead to
the imbalance of each channel after quantization. Firstly, when the radar does not emit
electromagnetic waves, a section of the data without the target echo is statistically analyzed,
and the output of each channel receiver is recorded. We estimate the power of pure thermal
noise. Then, after the radar transmits the electromagnetic wave, the total power containing
the signal and the thermal noise is calculated. Then, the pure thermal noise power is
subtracted from the total power to estimate the pure signal power. Finally, the dynamic
range of the quantizer is adjusted according to the signal power obtained closer to the actual
echo power, thereby reducing the influence of thermal noise on the quantization process.

The signal received by the radar receiving antenna at any time is the vector sum of the
backscattered signals of multiple scattering points in the coverage area, which obeys the
Gaussian distribution of zero mean [15]. When the number of points is large enough, the I
and Q signals obey the Gaussian distribution and are not related to each other. Therefore, I
and Q signals can be quantified separately. More than 99% of the data points of the radar
echo are within the range of the mean value of the echo signal plus or minus three times
the standard deviation. Therefore, in order to prevent the influence of individual outliers
on the quantization of the whole echo, it is proposed that we use the mean value plus or
minus k times the standard deviation to limit the original data amplitude range. This can
filter out outliers that enlarge the echo range.

4.2. Quantization Steps

Figure 7 shows the flow chart of the azimuth multi-channel quantization method for
space-borne SAR.
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Figure 7. Azimuth multi-channel quantization method flow chart.

The specific steps of space-borne SAR azimuth multi-channel system quantization are

given below:

1.  Let the receivers of each channel be in working condition, but do not transmit radar
signals. The thermal noise power generated by the operation of each channel receiver

is calculated. The thermal noise power of each channel is expressed as follows:

Pox = E|Ini(t, )]

(11)

wherek = 1,...,N, E[] represents taking the mean, and |-| means taking the absolute
value. ny(t, 77) is the receiver thermal noise of the kth channel, and t and # represent
the range fast time and azimuth slow time, respectively.
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The radar signal is transmitted, and the total signal power after the superposition of
the echo signal of each channel and the thermal noise generated by the receiver of the
channel is calculated as follows:

2

] (12)

where sy (t,77) is the time domain radar echo signal of the kth channel, T, is the pulse
duration, and T, is the azimuth time bandwidth;

The total power subtracts the noise power to obtain the power of the radar echo signal.
In the subsequent quantization process, only the signal energy is considered without
considering the noise part.

The radar echo signals of each channel superimposed with thermal noise are divided
into I and Q signals, and represented by wy(t,77) and vy (t, 7), respectively:

Pk:E[

(st 1) +nk<t,n>>rect(;r)rect(ga)

wi(t,77) = real(si(t, 7)) (13)

vi(t,17) = imag(sk(t,17)) (14)

where real(-) means taking the real part of the signal, and imag(-) means taking the
imaginary part of the signal.

The mean value Ey 1 and Ey g and the standard deviation ¢y 1 and oy g of the I and Q
signals of each channel radar echo are calculated, respectively:

Na Np

Eir= ). ) Wiij(t7)/(Na-Ny) (15)
i=1j=1
Na Np

Exo = Z ZVk,i,j(tf 1)/ (Na - Nr) (16)
i=1j=1

Ny N, , 1/2
01 = <Z Z(Wk,i,j(tr’?) - Ek,I) /(Na - Nr)) (17)

i=1j=1

1/2

N, N )
okQ = <Z Z(Vk,i,j(t/’?) - Ek,Q) /(Na 'Nr)> (18)

i=1j=1

The dynamic range of the echo amplitude entering the quantizer is determined to be
(E-1-0,E+1-0).

Determine the value of 1. The value of 1 ranges from 1 to 3, which is related to the
variance of the echo signal after the thermal noise is superimposed on each channel.
When the variance is large, the number of outliers is large. In order to filter out the
influence of most outliers, the value of 1 should be small. When the variance is small,
the value of 1 can be larger to retain more echo data and make the quantization result
more accurate.

Determine the quantization interval. The real part quantization interval q; ; and the
imaginary part quantization interval qy ¢ of the radar echo signal of the kth channel
are expressed as follows:

(Ex1+k-owy) — (Br — k- o)

Qi1 = X (19)

(Exg +k-okq) — (Exg —k-0kq)
Qo = —2 S Q 20)

where 1 represents the number of quantization bits.




Electronics 2024, 13, 1102

110f18

9.  Quantization. Establish a loop to determine whether the echo signal amplitude is
greater than the mean minus k times the standard deviation and less than the mean
plus k times the standard deviation. If so, the echo signal is quantized. If not, points
greater than the mean plus k times the standard deviation are assigned to the mean
plus k times the standard deviation, and points less than the mean minus k times the
standard deviation are assigned to the mean minus k times the standard deviation.
Then, the assigned sampling points are quantified.

10.  All sampling points of each channel radar echo signal are quantized. The real part
matrix wy q and the imaginary part matrix vy 4 of the radar echo signal of the kth
channel after quantization are expressed as follows:

Wll PEEErY le PR WlNr
Wiq= | Wit "0 Wij 0 WiN, (21)
WNal e WNaj e wNaNr N, XN,
V11 .. V1] .. VlNr
Vig= | Vit 0 Vij o ViN (22)
VNal e VNaj N VNaNr N, XN,

11. Combining the real part and imaginary part matrix of the radar echo signal of each
channel, the radar echo signal of the kth channel is expressed as follows:

Skq = Wkq T]Vkq

wir+jvir o0 WiV o WaIN, TVING
- - - 23
= Wit +jvit o0 Wi jtgvijor WiN, TIViN, @)
WNal +]VN31 e WNaj + jVNaj e WNaNr +jVNaNr NaXNr

where the quantized echo sampling points in row i and column j of the kth channel
are expressed as follows:

Sijk = Wij+jvij

real sy ;5 (t,77) imag( sy i;(t7) (24)
= round (%ki)) X qy 1+ round ((th’)> X gk Q NaxN;

12.  The quantized total radar echo signal is obtained by combining the echo signals of
each channel.

4.3. Hardware Requirements and Computational Complexity
4.3.1. Hardware Requirements

First, large-capacity storage devices are needed to store the raw data generated by
multi-channel SAR systems, such as solid-state drives or high-speed solid-state memories.
Then, a high-performance signal processor with sufficient computing power and storage
resources is needed to process a large amount of raw data received from the radar, including
the calculation of the mean and standard deviation. Then, high-speed data interfaces and
reliable communication capabilities are needed to communicate with ground base stations
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or other satellites to transmit raw data and processing results to ensure the timeliness and
reliability of data transmission.

4.3.2. Computational Complexity

Assuming that the multi-channel SAR system has N channels, each channel contains
N, azimuth sampling points and N; range sampling points; the SAR echo data received
by each channel is a matrix of N, x N;. Firstly, the data of all sampling points of the
radar echo received by each channel are divided into I and Q signals, and the operation of
N X N, x N; virtual and real partial separation is needed. Then, the mean and standard
deviation of I and Q signals are calculated, respectively. In the calculation of the mean
and standard deviation, a total of N(6 x N, x N; — 4) addition and subtraction operations,
2N(N, x Ny + 2) multiplication and division operations, and 2 N square operations are
required. In order to simplify the computational complexity, based on the fact that the
SAR signal obeys the Gaussian distribution, the standard deviation can be obtained by
looking up the table according to the calculated amplitude mean. In this way, the addition
and subtraction required to calculate the mean and standard deviation are simplified to
2N(N; x N; — 1) times, and the multiplication and division are simplified to 2 N times,
without the need for the square root; after obtaining the mean and variance of each channel
echo signal, the sampling points of each channel are input into the loop for judgment.
The total number of judgments is related to the signal amplitude of each sampling point.
Judge at least 2(N x N, x Ny) times, up to 4(N x N, x N;) times. Finally, the echo signal
is quantized.

Compared with the existing quantitative methods, the proposed method increases
the process of calculating the mean and standard deviation, as well as loop judgment.
Although the number of operations increases, the quantization method proposed in this
paper performs operations on the basis of dividing the echo signal into I and Q signals.
The operation process is relatively simple. The existing space-borne SAR signal processor
can simply implement the calculation process. This method reduces the influence of the
receiver thermal noise on quantization on the basis of meeting the cost requirements.

5. Simulation Verification
5.1. Simulation Environment Settings

e  Hardware environment and software selection Simulation instrument—high-performance
computer; Simulation software—MATLAB;
e  Simulation noise settings

This article uses the built-in function randn() of the MATLAB software to generate
pseudo-random numbers that obey normal distribution to simulate the thermal noise
generated by each receiver. Pseudo-random numbers are actually a series of numbers
generated by a deterministic algorithm from an initial value called a random number seed.
In the setting of this article, the thermal noise in each receiver varies greatly. In order
to make the generated pseudo-random numbers independent, we set different random
number seeds in the simulation code. At the same time, the generated pseudo-random
numbers are weighted to varying degrees to obtain thermal noise with different SNRs.

e  Multi-channel SAR model assumptions and parameter selection

The simulation experiment is established in the space-borne azimuth three-channel
SAR system. Figure 8 shows the space-borne azimuth three-channel SAR model diagram. A
single base station radar is used here. The middle channel Ty, is used as a reference channel
to transmit electromagnetic waves with a wavelength of 32 m. The three channels R,
Ry2, and Ry3 receive radar echo signals simultaneously. The three channels are arranged
uniformly and linearly, and the distance d,, between adjacent channels is set to 1.65 m.
Assuming that the SAR flies uniformly along the navigation direction at a speed of 7560 m/s,
the corresponding Doppler bandwidth B, is 6245.4 Hz. First, a simulation experiment is
performed on a scene containing a point target P. The point target position is (600 km, 0,
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0), and the shortest slant range Ry of the SAR from the point target is 600 km. The specific
simulation parameters are shown in Table 1.

Figure 8. Three-channel SAR model diagram.

Table 1. System simulation parameters.

Parameter Symbol Value (Unit)
Carrier frequency fo 9.6 (GHz)
Number of channels N 3
Sub-aperture length la 1.65 (m)
Adjacent sub-aperture spacing daz 1.65 (m)
SAR heading velocity v 7560 (m/s)
Doppler bandwidth Ba 6245.4 (Hz)
Ideal pulse repetition frequency PRFqpt 3054 (Hz)
Actual pulse repetition frequency PRF 3100 (Hz)
Number of azimuth samples Na 15,650
Number of range samples N, 6000
Range bandwidth B 20 (MHz)
Range sampling rate Fr 24 (MHz)
Pulse width T, 24 (ps)

The echo signal of the space-borne SAR azimuth multi-channel is simulated. Gaus-
sian white noise with different signal-to-noise ratios and random outliers with different
amplitudes are added to each channel as the thermal noise of the receiver. The SNR of the
Gaussian white noise of each channel and the amplitude of the outliers are adjusted to
simulate the quantization under different conditions.

5.2. Point Target Simulation

It is assumed that the space-borne SAR azimuth multi-channel system has three
receiving channels. Thermal noise with an SNR of 8 dB and several random abnormal
values are added to channel 1. No noise is added to channel 2. Thermal noise with an SNR
of 0 dB is added to channel 3. The signal after superimposing thermal noise in each channel
receiver is quantized with two bits, and then the signal is reconstructed. Figure 9 shows
the results of the equivalent single-channel signal pulse compression. Figure 9a shows the
pulse compression results obtained without processing the thermal noise of the receiver,
and there are two obvious false targets. This is because the thermal noise and outliers in
each channel receiver amplify the echo amplitude, so that the dynamic range of the echo
signal entering the quantizer is different when each channel is quantized with the same
number of bits. Channel mismatch occurs between channels, resulting in false targets. The
method proposed in this article can greatly improve this situation and reduce the impact of
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the receiver thermal noise to a large extent. As shown in Figure 9b, there is no false target
in the pulse compression result.
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Figure 9. The quantized pulse compression result: (a) before dealing with thermal noise; and (b) after

dealing with thermal noise.

In the following, considering the azimuth and range directions at the same time,
the sinc interpolation imaging processing is performed on the two-bit quantized two-
dimensional point target, and the azimuth section is given. The simulation parameters are
shown in Table 1. Figure 10 shows the two-dimensional imaging results of SAR echo data
quantization before and after processing the receiver thermal noise. Figure 10a,b are the
results before processing the thermal noise, and Figure 10c,d are the results after processing
the thermal noise.
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Figure 10. Two-dimensional point target imaging of echo after quantization: (a) before dealing with
thermal noise; (b) azimuth section before thermal noise processing; (c) after dealing with thermal
noise; and (d) azimuth section after thermal noise processing.



Electronics 2024, 13, 1102

150f18

As shown in Figure 10a, the echo of each channel is quantized without processing the
thermal noise in the receiver, and there are two false targets in the point target imaging.
Figure 10b shows the azimuth section of the two-dimensional imaging of the quantized
echo signal without processing the thermal noise. It can be seen from the figure that the
amplitude of the false target is about —20 dB. If the quantization method proposed in this
paper is adopted, that is, the dynamic range of the echo signal is limited to the range of the
mean plus or minus k times the standard deviation, the influence of the thermal noise can
be well suppressed. As shown in Figure 10c, there is no obvious false target in point target
imaging. In the azimuth section shown in Figure 10d, the pulse compression amplitude is
significantly lower than that in Figure 10b, and there is no obvious false target.

Taking channel 1 as an example, it is assumed that the thermal noise generated by the
receiver of channel 1 makes some outliers appear in the radar echo signal. The radar echo
before and after processing the thermal noise in channel 1 is quantized, and its quantization
performance is analyzed. It can be seen from Figure 11 that, as the quantization bit increases,
the SQNR generally shows an upward trend, and the increase gradually tends to be gentle.
When there are multiple outliers in the channel, the SQNR can be improved by at least 1 dB
by using the quantization method proposed in this paper. Especially in the case of low-bit
quantization with quantization bits ranging from two bits to six bits, the quantization
method proposed in this paper can better reduce the error caused by quantization.
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1 2 3 4 5 6 7 8
Quantization bits (bit)

Figure 11. Quantization performance comparison.

5.3. Comparison with Existing Methods

Block adaptive quantization (BAQ) divides the input signal into several blocks, and
adaptively quantizes the signals in each block. It is a commonly used quantization method
for space-borne SAR echo data. In the following, the proposed quantization method and
the BAQ quantization method are used to perform three-bit quantization processing on the
space-borne SAR azimuth three-channel data, and the advantages and limitations of the
proposed method are verified by comparison. Assuming that channel 1 contains thermal
noise with an SNR of —8 dB and several random outliers, the simulation parameters are
shown in Table 1.

Figure 12 shows the point target pulse compression results after quantization using
the proposed quantization method and the BAQ quantization method. Figure 12a shows
the results of quantization using the BAQ method. It can be seen that the pulse compression
amplitude is about —30 dB. At the same time, several false targets can be seen in the pulse
compression results. Figure 12b shows the pulse compression results quantized by the
quantization method proposed in this paper. The pulse compression amplitude is below
—40 dB, and there is no false target.
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Figure 12. Pulse compression results of point target quantized by different quantization methods:
(a) BAQ quantization method; and (b) the proposed quantization method.

5.4. Real SAR Data Simulation Verification

In order to further verify the effectiveness of the proposed quantization method, the
influence of the proposed method on real SAR data is studied below. Figures 13 and 14 are
the simulation images of the experiment using the focused SAR images of two different
scenes published on the Internet, respectively.

¥
false targets
‘-

Figure 13. Distributed target simulation experiments of the focused Sentinel-1 SAR image 1: (a) orig-

inal SAR image for simulation; (b) before dealing with thermal noise; and (c) after dealing with
thermal noise.

(b)

Figure 14. Distributed target simulation experiments of the focused Sentinel-1 SAR image 2: (a) orig-
inal SAR image for simulation; (b) before dealing with thermal noise; and (c) after dealing with
thermal noise.
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Figures 13a and 14a are the original SAR images for simulation. As shown in
Figures 13b and 14b, if the thermal noise generated by the receiver is not processed during
the quantization process, false targets will appear in the imaging results. The quantization
method proposed in this paper can well suppress the occurrence of false targets and obtain
well-focused SAR images, as shown in Figures 13c and 14c. The simulation of real SAR data
further verifies the suppression effect of the proposed quantization method on false targets.

6. Conclusions

The existence of thermal noise and outliers in the radar receiver will have a certain im-
pact on the quantization of SAR echo data. Specifically, each channel receiver will produce
different amplitudes of thermal noise and outliers when it works. These thermal noises and
outliers are superimposed on the radar echo signal, which will lead to a large difference in
the dynamic range of the echo signal amplitude of each channel. The existing quantization
methods rarely consider the influence of thermal noise on quantization. Therefore, when
the radar signals of each channel are quantized, the superposition of different thermal
noises in the channel will lead to channel mismatch and false targets. According to the
statistical characteristics of the radar echo signal, a new multi-channel space-borne SAR
quantization method is proposed in this paper. Firstly, without transmitting radar signals,
calculate the receiver thermal noise power generated by its own operation. Then, the radar
signal is transmitted to calculate the total signal power after superimposing the thermal
noise. The radar echo characteristics are analyzed by subtracting the thermal noise power
from the total signal power. Next, it is proposed that we use the mean plus or minus k
times the standard deviation to limit the dynamic range of the original echo amplitude that
is about to enter the quantizer. This can reduce the influence of thermal noise and outliers
on quantization and make the echo reconstruction more accurate. Finally, the proposed
method is used to simulate the point target and real SAR data. There is no false target in
the one-dimensional pulse compression result, the two-dimensional point target imaging is
well-focused, and the distributed target imaging is also clear. Compared with the existing
quantization methods, the proposed method can greatly reduce the influence of thermal
noise on quantization and improve the quantization performance.

The quantization method proposed in this paper is suitable for SAR systems with
multiple receiving channels in the azimuth direction. Since the quantization method
proposed in this article only processes radar echo signals whose signal amplitude is within
the range of the mean plus or minus k times the standard deviation, there will be a small
amount of data loss. Therefore, the application of this method has limitations in systems
that require extremely high precision, such as military intelligence collection and natural
disaster monitoring. In applications such as crop detection, environmental protection, and
resource management, due to the need for long-term continuous detection, the receiver in
the multi-channel SAR system is likely to work abnormally. At this time, the quantization
method proposed in this article has good applicability.

In the subsequent research, the design of the quantizer and the signal-processing
process can be jointly optimized to further reduce the quantization noise and improve the
signal fidelity. Firstly, before quantization, noise suppression algorithms, such as wavelet
de-noising, noise reduction filter, etc., are used to de-noise the multi-channel SAR signal.
Then, deep-learning technology can be used to analyze the characteristics and dynamic
range of the collected space-borne SAR signal, and the parameters of the quantizer can be
adjusted adaptively according to the signal characteristics and processing complexity, so
as to minimize the quantization error and improve the signal fidelity. Based on the above
improvements, it is believed that the method proposed in this paper will be applied to a
wider range of practical scenarios.
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