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A Novel Parameter Estimation Method of Motion
Error in Terahertz SAR Imaging Based
on Viterbi and RANSAC Algorithms

Siyu Chen and Yong Wang

Abstract—Terahertz synthetic aperture radar (THz SAR) imag-
ing has gradually become one of the hotspots with the development
of THz technology. The wide bandwidth can provide satisfactory
resolution in the SAR imaging, whereas the small wavelength makes
the imaging system more sensitive to the platform vibration error
(VE), which may seriously affect its image quality. In this article,
a novel parameters estimation method of motion error in the THz
SAR imaging based on the Viterbi algorithm (VA) and random
sample consensus (RANSAC) algorithm is proposed. First, the VA
is employed to extract the instantaneous frequency (IF) introduced
by the platform VE. The VA is defined based on the generalization
of IF characteristics, and it further considers the relationship
between the frequency points at adjacent time points based on
the maximum value search in the time—frequency representation,
which makes it perform well in the IF extraction. Second, the
RANSAC algorithm in conjunction with the nonlinear least square
(NLS) algorithm and the minimum-entropy principle is proposed to
perform the VE parameters estimation. Due to the noise or the plat-
form velocity variation, there will exist the points that deviate from
the high-frequency VE, which can be mitigated via the combination
of the RANSAC algorithm and the NLS technique. Simultaneously,
the well-focused THz SAR imaging results can be acquired after
compensating via the best parameter estimation results selected
by the minimum-entropy principle. Finally, the validity of the
proposed method has been demonstrated through the simulation
and real-measured experiments.

Index Terms—Platform vibration error (VE) compensation,
random sample consensus (RANSAC) algorithm, terahertz
synthetic aperture radar (THz SAR), Viterbi algorithm (VA).

1. INTRODUCTION

ERAHERTZ (THz) technology has attracted more and

more attention due to its unique performance in various
fields currently. The THz wave lies between the millimeter
wave and the infrared wave, and its wavelength covers the
electromagnetic radiation region from 0.03 to 3 mm [1], [2]. The
THz technology has many unique advantages, such as narrow
beam, large bandwidth, strong penetration, and anti-interference
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characteristics, which make it have great application potential
[3], [4], [5], [6], [7]. Simultaneously, the ultrahigh resolution
radar systems are more and more widely used in the imaging
field [8], [9], [10], [11], [12], which can be achieved by the
THz technique more easily. Therefore, the THz technology is
commonly used in the field of synthetic aperture radar (SAR)
imaging [13], [14], [15].

However, the THz wave still has some limits. First, the ab-
sorption spectrum of water vapor, oxygen, and other substances
present in the troposphere in large quantities will cause seri-
ous attenuation of THz waves. Moreover, at lower altitudes,
the presence of large particles, such as sand and dust in the
atmosphere, will also cause scattering of THz waves and thus
cause non-negligible attenuation of THz wave transmission.
Second, the large bandwidth of the THz system needs to be
achieved via the frequency multiplication, so THz systems are
complex and difficult to implement. Third, the devices of the
THz system are expensive, which leads to the limitations in its
development.

Nevertheless, compared with the microwave SAR system,
the THz SAR system can achieve higher resolution and shorter
imaging period [16]. Furthermore, since the imaging system of
THz SAR has stronger penetration ability, it can still obtain
the imaging results normally in the environment with smoke or
haze. Hence, the imaging technology of THz SAR is a new radar
technology with great development potential.

There are still some problems to be solved in the THz SAR
imaging process. On account of the small wavelength, the plat-
form vibration error (VE) in THz SAR systems will blur the
images along the azimuth direction seriously [17]. Hence, the
research for the platform VE compensation is indispensable. It
has been demonstrated that this platform VE is modeled in the
form of the harmonic motion [18]. Therefore, the hybrid linear
frequency modulation—sinusoidal frequency modulation (SFM)
signal [19] is introduced to formulate the received signals of the
THz SAR system. Nevertheless, the instantaneous frequency
(IF) of the received signals includes the information of the plat-
form VE, but it cannot be used for compensation directly. Hence,
after the IF extraction, the vibration parameters, especially the
vibration frequencies, need to be further estimated for the com-
pensation. Due to the noise or the platform velocity variation,
the IF extraction and the parameter estimation accuracy will be
affected. Therefore, it is of great importance to investigate the
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high precision IF extraction and the VE estimation in THz SAR
imaging process.

At present, there have been many researches on platform VE
compensation. In [20], the parameter estimation approach based
on the inverse radon transform is proposed for the VE estimation.
Moreover, the wavelet reconstruction is introduced for THz
SAR imaging in [21]. Nevertheless, the wavelet-based method
is inapplicable to the conditions with complicated VE. In [22],
the local fractional Fourier transform (LFrFT)-based method
can be used for compensating in THz SAR imaging process.
However, the LFrFT-based method requires the existence of
dominant scattering points in the radar scenario, and is useful
for compensating the monocomponent VE. The above methods
are applicable to the compensation of THz SAR imaging with
simple VE. But in practice, there may exist more complex VE,
which should be further studied.

Currently, some scholars have discussed the compensation
algorithms in the case of complex VE. In [23] and [24], the dis-
crete sinusoid frequency modulation transform is proposed for
the parameter estimation of the SFM signal, and it is improved
via the optimization algorithm. In [25] and [26], the chirplet
decomposition method is introduced for compensating the VE.
Additionally, the SFM Fourier transform-based algorithm is
used to reconstruct the phase error of the THz SAR system in
[27]. And in [28], the linear chirplet transform and the empirical
mode decomposition are employed to focus the imaging results,
which can suppress the defocus along azimuth direction.

Based on the above analysis, many scholars have studied the
IF extraction and parameter estimation in the VE compensation
of the THz system, but there still exist many problems to
be studied. First, the IF of the radar return can be extracted
through the time—frequency (TF) analysis method, such as the
TF ridge extraction [29]. However, when there are multiple
point targets in the THz SAR imaging scene, the TF distribution
characteristics in the TF representation of the received signals
are more complex, which will reduce the accuracy of the IF
extraction in the case of noisolated strong scattering point. Based
on this issue, the Viterbi algorithm (VA) is introduced for IF
extraction in this article. The VA is defined by generalizing the
characteristics of IF in the TF representation, and it can extract
the IF in multipoint target imaging scenarios lacking isolated
strong scattering points.

Second, due to the noise, there will exist the frequency
points that are not belonging to the VE in the extracted IF,
which will reduce the accuracy. Moreover, when the platform
velocity varies, the frequency points in the extracted IF may
deviate from the high-frequency VE, which will also affect
the parameter estimation effect. Therefore, the random sample
consensus (RANSAC) algorithm combined with the nonlinear
least square (NLS) algorithm is introduced for the parameter
estimation after the IF extraction in this article. The RANSAC
algorithm can exclude the outliers introduced by the noise or the
platform velocity variation. Hence, the inliers belonging to the
high-frequency VE are selected for parameter estimation, which
improves the accuracy of parameter estimation.

Third, after the iteration of the RANSAC algorithm, we
should select the best fitting model for the compensation, so
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the judgment principle after the iteration is vital. Moreover, the
ultimate goal of high-frequency VE compensation is to obtain
the well-focused imaging results. Therefore, we introduce the
minimum-entropy principle to choose the best fitting model after
the iteration in this article. In this way, the most suitable VE
estimation model can be acquired, and the well-focused imaging
results can be obtained.

Fourth, the procedures of the VE compensation in this article
include the IF extraction and the VE estimation. Therefore,
the VA and the RANSAC algorithm are combined for the VE
compensation in this article. After the IF extraction via the VA,
the RANSAC algorithm can further reduce the impact of noise,
as well as the estimation error of the previous step algorithm,
namely, the IF extraction. Hence, the combination of these
two algorithms can further reduce the impact of the noise on
the compensation and improve the accuracy of the parameter
estimation.

To sum up, in this article, the VA and the RANSAC algorithm
are introduced to extract IF and estimate VE for compensation in
THz SAR imaging process. The VA can extract the IF with high
precision in multipoint target imaging scenarios lacking isolated
strong scattering points. Additionally, the RANSAC algorithm
can mitigate the interference of the points that are not belonging
to the high-frequency VE, so we combine both the RANSAC
method and NLS algorithm to estimate the vibration parameters
accurately in the presence of noise or platform velocity variation.
Meanwhile, since the purpose of vibration parameter estimation
is to obtain the well-focused imaging results, the minimum-
entropy principle is combined with the RANSAC algorithm
to select the best estimation of the vibration parameter. Based
on the best parameter estimation result, the defocus along the
azimuth direction can be further restrained by constructing the
compensation function.

The main contributions are as follows.

1) When there exist multiple point targets but no isolated
strong scattering point in the THz SAR imaging sce-
nario, the accuracy of the IF extraction will be affected.
Therefore, the VA algorithm is introduced for the VE
compensation of THz SAR, which is defined based on
the generalization of IF characteristics, so it can extract
IF with noise or in multipoint target imaging scenarios
lacking isolated strong scattering points.

2) Due to the noise or the platform velocity variation, there
will exist points in the extracted IF that deviate from
the high-frequency VE, which will affect the parameter
estimation accuracy of the VE in THz SAR. Therefore,
the RANSAC algorithm is introduced in combination
with the NLS algorithm, which can exclude the outliers
introduced by the noise or the platform velocity variation,
and select the inliers belonging to the high-frequency VE
for the parameter estimation. So the RANSAC algorithm
can accurately estimate the platform high-frequency VE
of THz SAR even in the presence of noise or platform
velocity variation.

3) Since the best fitting model needs to be selected for com-
pensation after the iteration, and the purpose of the VE
compensation for THz SAR is to obtain the well-focused
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Fig. 1. Overview of our main work.

imaging results, the minimum-entropy principle is intro-
duced into the RANSAC algorithm as the judgment prin-
ciple. Through the minimum-entropy principle, the best
fitting model can be selected for the VE compensation, and
the focused THz SAR imaging results can be obtained.

4) Aiming at the VE compensation of the THz SAR imaging,

our proposed method combines the VA with the RANSAC
algorithm for the IF extraction and the VE estimation.
After the IF extraction via the VA, the RANSAC algorithm
can further reduce the impact of noise and the error of the
IF extraction. Hence, combining these two algorithms can
further suppress the defocus of the imaging results in the
presence of noise.

Fig. 1 describes our main work. The rest of this article is
organized as follows. In Section II, we establish the signal
model of the THz SAR with high-frequency VE. Section III
discusses the proposed VE compensation method in detail.
The effectiveness and performance advantages of the method
are investigated by both the simulation and real-measured ex-
periments in Section IV. Finally, Section V concludes this
article.

II. THz SAR IMAGING MODEL WITH HIGH-FREQUENCY
VIBRATION ERROR OF THE PLATFORM

In order to study the VE compensation in the THz SAR
imaging process, the corresponding geometric model is estab-
lished at first. Due to the small wavelength of THz SAR, the
imaging scene width of THz SAR is typically small. As shown in
Fig. 2, the solid blue line represents the real platform movement
track, while the red dotted line corresponds to the ideal platform
movement track. The THz SAR system works at the vertical
side-looking mode, moving along the X-axis at velocity V' and
height H.

Assume that the transmitted signal is a chirp signal. After
demodulating, the echo signal for a point target N is formulated
by
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Fig. 2. Geometric model of THz SAR imaging.

where 75 = QRNicstm), t,, means the slow time, 7 represents the
fast time, Ry (t,,) indicates the slant range from target N to
the actual antenna phase center, C' is light speed, ¢,, represents
zero doppler time, the frequency modulation rate K, indicates
the ratio of the bandwidth B to the pulsewidth, and X is the
transmitted wavelength.

Then, the range compression is performed on the received
signal, which is shown as

5 (bmy 7) = Wa (f — t) X sinc [ﬁB ( _ mw)]

C
4
mmhfmmﬂ. )

On account of the small wavelength of THz SAR, the platform
VE cannot be ignored. The actual VE satisfies the Dirichlet
conditions, hence, the VE is established as harmonic motion
[30], which is denoted as

J
AR, = " d/jsin (2mnt, + ¢;) 3)
j=1
where j = 1,2,...,J, o/j, 7;, and ¢; are the vibration ampli-

tude, frequency, and initial phase, respectively.

Currently, the research in [31] demonstrates that the imaging
quality is barely influenced by the platform VE along the plat-
form movement direction (namely the X-axis). Moreover, the
uneven sampling errors along the platform movement direction
can be eliminated through the devices like GPS [28]. Hence,
we mainly consider the VE of the other two axes in this article.
Therefore, the VE in (3) can be decomposed as

ARy = AR, sin (9) @)
ARz = AR, cos (9)

where 0 is the angle between the VE and Z-axis.
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For the point target N (X, Yy, 0), the slant range Ry (¢,,)
is indicated as

Ry (tm) = |(Vim — Xn)? + (ARy — Yy)?

"
(AR + H)Q} . (5)

Then, the Taylor expansion is performed on (5), and the slant
range is rewritten as follows:

2 2 1/2
Ryo = (Y2 + H?) (6)
(Vtm)®  XyVt, X%
Ry (t,) =~ R — AR
N (tm) NOF 2RNo Ryo 2RNo *
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+
Ryo
Vtn)? XVt X2
_ RNO + ( m) _ N 1 N
2RNoO Ryo 2RNo
J
+ > asin (2mn5tm + ¢;) - (7)
j=1

After the range compression, the range cell migration (RCM)
needs to be further compensated. On the one hand, related
studies in [31] and [32] demonstrate that the amplitude of the
high-frequency VE in the THz SAR is typically millimetric.
On the other hand, H/Ryo < 1 and Yn/Rno < 1. Conse-
quently, the amplitude of the term AR in the RCM introduced
by the high-frequency VE is only a few millimeters. Moreover,
in the simulated and real-measured THz SAR system of this
article, the range resolution p,. is 3.75 and 3.125 cm, respectively.
Therefore, the amplitude of AR is less than p,. /4. Additionally,
due to the millimetric VE, 2AR/C ~ 0, so the RCM intro-
duced via the high-frequency VE can be ignored in the sinc
function envelope of (2). Therefore, the RCM caused by the
high-frequency VE can be neglected. Then, the compensation

function exp {jﬂ'fgff/Kaff [ 17(%)2] - jﬂfffr/Kafc}
is constructed for the range cell migration correction (RCMC),
where f, is the Doppler frequency, f, means the range fre-
quency, and f. represents the carrier frequency. After multi-
plying with the compensation function in the range-Doppler
domain, the RCMC is finished and the radar return is indicated
as

S (b, T) = Wq (L, — ty,) X sinc |:7TB (7’ - QRgo)]

XNV X2
X exp {j (ﬂ'Kat?n + 471'Ltm N

MRyo B 71-)VRNO
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A
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Then, by multiplying with the compensation function in (9),
we can obtain (10).

denotes the Doppler frequency modula-

Stet (tm) = exp (—jmK,t2) )
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From (10), we can see that the VE introduces the phase
4

error — = ;-]:1 o sin(27n;t,, + ¢;) into the received signals.
Hence, the effect of the phase error on the received signals
depends mainly on the ratio of a; to A. The amplitude of the
platform VE in the THz SAR system is common only to a few
millimeters. Moreover, the wavelength of the THz SAR is from
0.03 to 3 mm. From the above, it can be seen that the amplitude of
the platform VE is usually in the same order of magnitude as the
wavelength of the THz SAR. Therefore, in the THz SAR system,
the high-frequency VE of the platform cannot be neglected, and
its compensation should be carefully considered.

In this section, we establish the THz SAR imaging model with
the high-frequency VE. Specifically, the platform VE is modeled
as the harmonic motion, thus introducing the phase error into the
radar echo in the form of sinusoidal modulation. Furthermore,
the VE cannot be ignored in the THz SAR imaging because of
its small wavelength. Thus, the VE needs to be reconstructed to
focus the images via the VE compensation.

III. PLATFORM VIBRATION ERROR RECONSTRUCTION METHOD
A. Viterbi Algorithm

The high-frequency VE of the platform can introduce the si-
nusoidal modulation phase error into the received signals. So the
extraction of the phase error is key for compensation. Through
taking the logarithm, the phase error can be extracted, but it
may lead to the phase-shift ambiguity. Hence, the VE cannot
be obtained accurately from the phase in this case. Since the
IF, namely the derivative of phase, also contain the information
of the VE, we extract the IF instead of the phase to obtain the
accurate VE information. Through the VA, the IF including the
VE information can be extracted, and then the VE parameters can
be estimated via the RANSAC algorithm. Based on the above
processing, the VE can be reconstructed without phase-shift
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ambiguity, then the defocus in the THz SAR imaging can be
suppressed.

From (10), we can see that the IF of the received signal is
sinusoidal modulated, which is represented as

Apreal (tm
Wreal (tm) = %
XNV dr <
N

(1)

where @rea (¢, ) means the phase of (10).

In order to acquire IF via VA, the short-time Fourier transform
(STFT) is employed for obtaining TF representation at first. The
STFT-based TF representation can be indicated as STFT(m, w),
where m is the discrete slow time and w denotes the
frequency.

Then, we arrange the TF representation STFT(m,w) in the
nonincreasing order based on its amplitude. wy, is the discrete
frequency point in the TF representation at the time m, r =
1,2,..., R, and R represents the number of frequency points
at the time m. After sorting via the nonincreasing order, the
position of w), in the nonincreasing sequence is denoted by a,-.

For the THz SAR VE compensation, VA is introduced with
the purpose of extracting the IF from TF representation. The
TF representation contains the IF information, where these IF
points manifest as distinct and relatively large points. Due to
the noise or other interference, the IF points may not be the
absolute maximum points but are one of the maximum values
in the TF representation. Additionally, the IF in the echo signal
varies continuously with the slow time, so in the discrete TF
representation, the IF between two consecutive slow time points
changes a little. The IF extraction is to find a continuous path
in TF representation, which passes through these relatively
large points. Based on the above analysis, to accurately extract
the IF, it is necessary to ensure continuity between the points
while finding these relatively large points in the TF represen-
tation. To solve the above problem, we establish the following
two hypotheses to generalize the IF characteristics for the con-
struction of the VA.

1) At time m, the corresponding IF value should be one of

the maximum values in the TF representation.

2) The IF corresponding to the two consecutive slow time

points have little change.

These two hypothesis conditions generalize the character-
istics of IF in the TF representation. Thus, by meeting these
conditions, IF can be accurately extracted via the VA. Based on
the above two hypotheses, the nonincreasing penalty function
() and the nondecreasing penalty function y(z, y) are defined
to form the VA, shown as follows:

9 (STFT (m,w!)) = a, — 1
cle—yl=4), [z—y[>A

X (z,y) = (12)

where ¢ means the weight of the penalty function and A repre-
sents the threshold.
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Hence, the VA-based IF estimation [33] can be represented
as the sum of ¥(z) and x(z,y), which is expressed via

West (M) = argmin 9 (STFT (m, g (m
(m) g(;gn)eG{ > o (m, g (m)))

m=mi

s x(g(m),g<m+1>>} (3)

m=m1
where m = mq, mo,...,my,..., my, denotes the discrete slow
time, L is the number of the discrete time, g(m) means the path,
and G represents all paths between m and my,.

In the VA-based IF estimation process, the penalty function
() ranks the discrete TF distribution based on the amplitude,
primarily aiming to achieve the first hypothesis. ¢(x) can acquire
the extreme points in the TF representation, which are the most
likely IF points. Furthermore, based on the second hypothesis,
the penalty function y(z,y) is constructed with the aim of
ensuring the continuity of the extracted IF, thereby mitigating
the impact of noise or other interference. When A — oo, the IF
estimation can be equivalent to the STFT maximum search, that
is, the TF ridge extraction. By selecting the appropriate value of
c and A, IF can be extracted with better accuracy. Since the VA
further considers the relationship between the frequency points
at adjacent time points based on the maximum value search, it
can perform well in the IF extraction.

According to (13), the IF estimation problem can be equiva-
lently considered as the optimal path selection problem on the
discrete TF representation. The VA-based IF extraction process
is composed of the following steps.

1) Initialization Steps: Initialization Processing:

a) Initialization step one: time—frequency analysis of the
received signal: The STFT is performed on the received sig-
nal, and the TF representation STFT(m,w) that indicates the
relationship between TF can be obtained.

b) Initialization step two: penalty function construction:
The TF representation STFT(m,w) is arranged in the nonin-
creasing order to construct the nonincreasing penalty function
¥(x) in (12), and the nondecreasing penalty function x(z,y) is
also defined in (12).

c) Initialization step three: partial optimal path selection
at the time mgy: The rth frequency point at the time mo
is denoted as wy, , r=1,2,..., R, and R is the number
of frequency points at time mo. The partial optimal path
of each frequency point wy, —at the time my should be
found out and recorded. Specifically for each frequency
point w;, . we add x(z,y) and ¥(x) to calculate their
sum between time mo and previous time m;j, and the
paths with the minimum values of the sum are recorded as
the partial optimal paths at the time mo. The above requirements
are satisfied by the following equations (14) to (16):

Y (g (Wi, 1wy lwry)

_ { 100%.9 (win, [winz) = g (@i, [,

_ (14)
0,9 (Wi, [win,) # 9 (Wi, [win)

where g(w}, |w),,) represents the path from the frequency

point wy, to the frequency point wﬁnl, 1=1,2,..., R, and
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Fig. 3. Diagram for the partial path selection at the time ms.

R is the number of possible frequency points at time mj.
For the frequency point wy,,, the policy probability function
Y(g(wiy, [wh,, ) |wn,, ) in (14) is formulated to select the partial
optimal path with 100% probability, which is a deterministic
greedy policy with no randomness. The partial optimal path
g(w;,, lwy,, ) for the frequency point wy,,, is described as

9 (Wi, lwrn,) =

arg min {q (w:ngag (w:nl |w:n2))}

{9(whn lwmy) e,
(15)

which indicates that the partial optimal path g(w;, |w;,,)
can be found by minimizing the combined penalty function
q(w},,, 9(w;,, |wr,,)), denoted as

q (W 9 (Wi, [0,))

where v, (mq,wl, ) = ﬂ(STFT(ml, W)

The formulated q(wy,,,9(w;,,|w;,,)) combines the first
penalty function (STFT (11, w;,,, )) for reaching the frequency
point w;,, [as the first formula in (12)] and the second penalty
function X( wh, swh,,) corresponding to the path g(w}, |w),))
[as the second formula in (12)]. This combined penalty function
is acquired when moving from the frequency point wy,, to
the frequency point w!, by selecting the path g(w?, [wr,. ).
The first penalty function ﬂ(STFT(ml, ',.)) is represented by
the value function v, (m1,wy, ) for the purpose of consistency
with the following iteration steps

Fig. 3 shows the diagram for the partial path selection
at the time mo. The left half of Fig. 3 represents the par-
tial optimal path g(w;;, |w77'.n2>|7‘:172,..47  selection of each fre-
quency point wy, \T 12,1 the time my. The black dotted
line shows all of the possible path from the frequency point
Wi, |r:1,2,...,  to its previous time. For each frequency point
:’nz |r:1,2,...,R
path g(w:fn |w;12)‘r:1,2,...,R
with a solid pink line.

Additionally, the detailed instruction for a certain fre-
quency point w;, ~at the time msg is shown in the

= X (Whny @) + 0y (M1, 07,
(16)

at the time meg, the corresponding partial optimal
can be found, which is highlighted
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right half of Fig. 3. At the time m;, the value function
”v(mlﬂwﬁ1)|i:1,27,,,,R can be indicated as the form of the
penalty function ¥(STFT(m, w:nl))|i:1,2,.“,R’
in green. On basis of the penalty function ¥(STFT(my,w}, ))
and x(wy,, ,ws,, ). the partial optimal path g(w;, |w;,,) in (15)
can be acquired by minimizing the combined penalty function
q(w),,,> 9(wy, |wr,,)) in (16). Then, the partial optimal path of a
certain frequency pomt Wy, atthe time my is acquired, indicated
as a solid pink line. Moreover, the meanings of the different
formulations are shown at the bottom of Fig. 3.

After the three initialization steps mentioned above, the fol-
lowing two iteration steps are proposed to find the partial op-
timal paths for the other time after the time ms. For exam-
ple, in the time m;,[ > 3, the corresponding partial optimal
path g(w;,, ,|wy,,) can be found by sequentially performing
the following two iteration steps, obtained by Fig. 4. The left
half of the diagram briefly shows the total iteration process,
while the right half describes the two iteration steps in de-
tail, that is, the value function update and the policy function
update.

2) Iteration Steps: Partial Optimal Path Selection:

a) Iteration step one: value function update: In the time
my, the combined penalty function q(wh,, sgwh, lwn, )
and the policy function y(g(wy,, ,|wy,, ,)lw,, ) for the fre-
quency point wy, . at the previous time m;_; are already
acquired. Based on the above two functions, the value function
of the frequency point wy,,  can be updated by

as represented

= ’19 (STFT (mlflv w:nlfl))

{'Y( ( Winy_y mzfl) |W:nl,1)

vy (mics, )

+ >
o

X q (W:nl,pg (w:’nz&'w;ﬂnzfl))} :

The calculation process of (17) in the value function update
step is formally described by the middle part of Fig. 4. Addi-
tionally, take [ = 3 as an example, for the frequency point wy, ,
r=1,2,..., R, its value function v.(ms,w mz)can be com-
puted by (17) based on the policy function ( g( Wiy [ Wiy )| Winy )
in (14) and the combined penalty function g(wy,,,, g(w;,, [wr,,))
in (16).

b) Iteration step two: policy function update: Based on
the updated value function v, (17,1, wy,,, , ), the partial optimal
path g(w;,,  |wy,,) for the frequency point wy, at time m; can
be found by

a7

Y (9 (Wi, Jwm,) lwm,)

{100%79( ml1|w )_g( :n11| :nl)
0.9 (i ,[wh,) £ 9 (i , o
where r = 1,2,..., R, R is the number of frequency points at

time m;, and g( |wy,,) is the partial optimal path denoted
as

(18)

mll

{a (@9 (@ i) }

19)

arg min

) NV R
{o(whiilor)} i,
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Fig. 4. Diagram of the two iteration steps.

r
my

obtained when moving from wy, to w
g(wh,,  |wr,,), described by

)) is the combined penalty function
‘ by selecting path

mi-1

where Q(w:nl 5 g(winl—l ‘w

q (w:nﬂg (w"’inl,—l ‘w":’“)) =X (w;;nl,—l’w:nl) +U’Y (ml*hw?iﬂlfl) :

(20)

The calculation process of (18) to (20) in the policy up-
date step is formally described by the right part of Fig. 4.
Additionally, take [ =3 as an example, for the frequency
point wy, . its partial optimal path g(w},,, |wy,,) can be found
by computing g(w},,, 9(wy,,|wr,,)) based on the penalty
functiony(w;,,,,wy,,) corresponding to the path g(wy,,|w;,.)
and the value function v., (ma, wy,,, ) in (17).

Note that the equations in (14) to (16) are similar to the
equations in (17) to (20), the difference is that the value
function v (mhw}'m) serves as a value function initialization
without considering its partial optimal path selection in our
realization.

3) Termination Steps: Final Optimal Path Determination:

a) Termination step one: optimal frequency point selection
at the time my: By analogy, the two iteration steps perform
repeatedly at each time point until reaching the time my. At
the time m ., the penalty function ¥(z) at the time m, should
be considered extra. Therefore, the combined penalty function
q(w),, ,g(wh,,  |wr,, ) at the time my, can be written as

q (wTTVLL’g (w':;nL—l |w7rnL)) =X (win«L—l’w:‘nL)
+v“/ (mLfl’wan 1)

+ v, (mL,wfnL) 21
where v, (mp,wy,, ) = V(STFT(mg,w;, )).

Finally, the optimal frequency point wy, =~ at the time m, can
be obtained by finding the minimum value from the combined
penalty function set in

{q (w:nwg(w;‘nblw:m)% 7= 1,2,...,R} (22)

where q(wy,, ., g(wy,, , |wy,, )) represents the combined penalty
function of the partial optimal path g(w;,, .  |wy,, ) at the fre-
quency point wy, , namely

(Wi 9 (@i, 00n,))
{g(winL,l \WLA,L)}L
9 (wfanl ‘WLL))} :

b) Termination step two: final optimal path determination
via backward recursion: Based on the optimal frequency point
wy,, obtained above, the final optimal path can be acquired via
backward recursion from the partial optimal path g(w;,,,  |wy,,)
acquired above. Finally, the IF estimation result @eg(m) is
obtained in terms of the final optimal path.

The diagram of the backward recursion process is shown
in Fig. 5. The distribution of all partial optimal path in the
STFT-based TF representation is described by the solid pink
lines in Fig. 5. From the time my to the time my, each fre-
quency point has only one partial optimal path connected with
its previous time. On the basis of the optimal frequency point
Wy, » the IF estimation of its previous time my, 1 can be found
along the partial optimal path corresponding to the optimal
frequency point wy, ~represented by the solid red line. Then,
by the backward recursion along the direction of the red arrow
shown in Fig. 5, we can arrive at the final optimal path, which
is highlighted with the bold red line. Additionally, the final IF
estimation can be acquired through the frequency point on the
final optimal path.

From (11), we can see that the IF of the received signal
contains the constant term besides the VE. For further process-
ing, the constant term should be removed. Hence, the Fourier
transform is employed for removing the constant term, and the
estimation of the constant term is acquired as

T T

{7 (g (wfnL—l ‘me) |w7TVLL) q (me7

(23)

D= 00 (24)
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where amp means the amplitude of the zero-frequency compo-
nent in the Fourier transform result.

After subtracting @y, the IF including the VE can be repre-
sented as

Werror (m) = West (m> — Wy (25)

The IF Weror(m) is introduced via the VE, and the parame-
ters need to be estimated for the compensation. Therefore, the
RANSAC algorithm with the NLS technique and minimum-
entropy principle is used for further processing, which will be
discussed next.

B. RANSAC Algorithm Combined With NLS Technique and
Minimum-Entropy Principle

In the process of the THz SAR imaging, there may exist noise
or platform velocity variation. These factors above lead to the
appearance of outliers in the parameter estimation. Moreover,
the commonly used parameter estimation method, such as the
least square method, uses the distance between all the estimated
points and actual points as the criterion. Therefore, the outliers
will decrease the estimation precision. Based on the above anal-
ysis, the RANSAC algorithm [34] is chosen for the parameter
estimation.

The RANSAC algorithm is an iterative algorithm which can
correctly estimate the parameters from the data including out-
liers. For the data to be estimated, it consists of the inliers and the
outliers. The former is the data that makes up the model, while
the latter does not belong to the model. Moreover, all inliers
are determined by a deterministic model.

By repeatedly selecting the data, the RANSAC algorithm
iteratively estimates the model until acquiring a satisfying result.
Specifically, the NLS technique is introduced for VE estimation
in each iteration, whose objective function can be indicated as

L 1.
f (aqa Ure ¢q> = 5 ||Werr0r (m) - ymodeng (26)
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where |||, indicates the two-norm, ¢ = 1,2, ..., Q, Ymodel is the
VE parameter estimation model, which is superimposed via )
sinusoidal signals. Furthermore, &, 134, and ¢§q represent the gth
amplitude, frequency, and initial phase in parameter estimation
model Ymodel, respectively. By minimizing f (¢, g, ¢q), We can
obtain the vibration parameter estimation result (&, g, ng).

In THz SAR imaging process, the parameter estimation aims
to acquire the well-focused imaging results. Therefore, after
the iteration in the RANSAC algorithm, we use the minimum-
entropy principle to select the optimal solution. The specific
implementations of the RANSAC algorithm are decomposed
into five steps.

1) Iteration Step One: Initial Fitting Model Construction
via K Random Points: First, we select K random points from
Werror(m), and the NLS technique is performed on the K points
to acquire the initial fitting model, shown as

Wmodel = NLS [WK] (27)

where wpodel means the fitting model, NLS|-] indicates the NLS
operation, and wg is composed of the K random points from
d)error(m)

2) Iteration Step Two: Inlier Selection: Second, all points in
Werror () are tested via the initial model fitted in Step 1. As
shown in (28), if a point in Wewor(m) fits the initial model, it is
denoted as an inlier. Additionally, the other points are indicated
as the outliers, denoted as follows:

(28)
(29)

Winlier = {‘f:}error (m) |a)error (m) S Wmodel}
Woutlier = {‘Ijerror (m) |werror (m) ¢ wmodel}

where wipjier and woygier are the inliers and outliers, respectively.

3) Iteration Step Three: Fitting Model Update: Third, all
inliers are refitted via the NLS technique, and the fitting model
is updated, expressed as follows:

Wmodel = NLS [Winlier] . (30)

4) Iteration Step Four: Image Entropy Computation: Fourth,
the updated fitting model is used to construct the compensation
function. After the compensation, the image entropy defined as
follows is calculated, which is used as the judgment criterion:

o —Zi [ s (p, )|

P T 2
p=1v=1 szl > =118 (p, V)]

x1n< s () )]
S pe1 Lo Is (p,0)°

where |s(p, V)| represents the discrete image.

5) Termination Step: Best Fitting Model Selection: Fi-
nally, the iteration from Step [ to Step 4 contin-
ues until the maximum number of the iteration is met,
and the minimum-entropy principle is employed to choose the
best model, as denoted in (32). The final parameter estimation
result is obtained via the model that minimizes the image en-

tropy.

(€19}

(dq7 Tgs ng)best = argmin {Eransac} (32)

bg.Mq,0q)
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Fig. 6. Flow chart of the parameter estimation process for THz SAR imaging.
where Eransac denotes the image entropy set that calculates 20
using the updated fitting models in RANSAC iterations, and 15 [
(Grgs Mgy Dq)pesy Means the best parameter estimation result se- 10
lection. g s PY PY
Each iteration (that is, Step I to Step 4) produces a fitting £,
model with two outcomes. One is that the model is discarded k- P ° ®
since the image entropy obtained via the model is higher than < o
that of the last iteration, and the other is that the model is % °
selected because itis better than the existing models. Through the 7
iterations, the RANSAC algorithm can exclude the interference 2 0 o 10 20
factors, such as the noise or the platform velocity variation, Range (m)
and select the inliers belonging to the high-frequency VE for
. . L Fig. 7. Scatter point model in the imaging scene.
parameter estimation, which improves the accuracy of parameter
estimation.
After the parameter estimation via the VA and the RANSAC TABLE I
algorithm, the VE compensation is finished by compensa- SUMMARY OF SIMULATION PARAMETERS
tion function construction, and the azimuth image defocus > - v - - v
is inhibited. Moreover, the flow chart of the parameter es- .arame l aue ramerer aue
timation process for the THz SAR imaging is shown in Carrier frequency 220 GHz PRE 2300 Hz
Fio 6 p gmng Bandwidth 4 GHz Sampling rate 4.8 GHz
18- 0. Pulse width Lus || Synthetic aperture time ~ 0.4724 s
Platform height 3000 m Range resolution 3.75 cm
IV. EXPERIMENTAL RESULTS Platform speed 100 m/s Azimuth resolution 5cm

A. Simulation Experiment Results

Through the proposed method in this article, the simulation
experiments for the VE compensation at different signal-to-
noise ratios (SNRs) will be discussed as follows.

1) Case 1: The Simulation Experiment for VE Compensation
Under 10 dB SNR: In the simulation experiment, the echo signal
of the THz SAR system is modeled by setting eight identical

scattering points in the imaging scenario, and their reflection
coefficients are set to the same value, which is shown in Fig. 7.
Moreover, the corresponding simulation parameters are shown
in Table I.

In this case, the echo signal with the platform high-frequency
VE is modeled under 10 dB SNR, which is defined in the data
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TABLE I
NRMSE BETWEEN THE EXTRACTED IF AND THE REAL IF
UNDER 10 DB SNR

Methods
NRMSE

TF ridge
0.4243

VA
0.0866

after the range compression. To compensate the VE and obtain
the focused images, the IF of the echo signal should be extracted
atfirst, and its extraction accuracy directly affects the accuracy of
the subsequent VE compensation. Therefore, we use the TF ridge
extraction algorithm for comparison to prove the superiority of
our proposed algorithm in IF extraction. The IFs extracted via the
STFT-based TF ridge and the VA are displayed in Figs. 8 and 9,
respectively. From Fig. 8, we can see that in multipoint target
imaging scenarios lacking isolated strong scattering point, the
IF extracted via the TF ridge exhibits some relatively noticeable
errors compared to the real values under 10 dB SNR. However,
the VA can avoid this problem to some extent, and extract the
IF with high precision.

Compared with the TF ridge extraction algorithm which di-
rectly searches for the maximum value from the frequency points
corresponding to each time point, the VA algorithm further
considers the relationship between frequency points at adjacent
time points based on the maximum value search, which are also
the hypotheses that VA needs to satisfy. Since the VA is defined
based on the characteristics of the IF, it can accurately extract
IF in multipoint target imaging scenarios lacking isolated strong
scattering point. Through choosing the appropriate values of ¢
and A, the VA can select the optimal path between the frequency
points at adjacent time points. Then, the IF containing the VE
information is extracted from the TF representation via the VA
for the subsequent VE compensation.

In order to further prove the superiority of the proposed
algorithm numerically, the normalized root mean square error
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Fig. 12. Reconstructed IF via our proposed method under 10 dB SNR.

(NRMSE) is introduced to measure the error between the ex-
tracted IF and the real IF, as shown in Table II. Obviously, the
smaller NRMSE further proves numerically that our proposed
algorithm has higher accuracy than the TF ridge extraction in
the IF extraction.

The Fourier transform is then performed on the extracted
IF, and the constant term is removed. The significance of re-
moving the constant component is to remove the direct current
component from the IF signal, retaining the alternating current
component containing the VE information, thereby preparing
for the subsequent parameter estimation. After subtracting the
constant term, the IF acquired via the VA is shown in Fig. 10.
Then, we further estimate the VE through the RANSAC al-
gorithm. Additionally, the NLS technique is performed on K
random points of the extracted IF to estimate the parameters in
each iteration, and the minimum-entropy principle is used for
the best model selection. The inliers and the outliers that the
RANSAC algorithm chooses are shown in Fig. 11. It is clear
that the RANSAC algorithm excludes the outliers introduced by
the noise, besides, it selects the points that are suitable for the
model from Weror(m) as the inliers for the parameter estima-
tion. The parameter estimation using the inliers will reduce the
interference of the noise, and obtain the higher precision. The
reconstructed IF after the parameter estimation via our proposed
method is displayed in Fig. 12.
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Fig. 13.  SAR images acquired via the proposed method and the other two

comparison methods under 10 dB SNR. (a) SAR image without the VE com-
pensation. (b) SAR image acquired via the PSP-based method. (c) SAR image
acquired via the NLS-based method. (d) SAR image acquired via our method.

In this article, we use two algorithms for comparison. The
first comparison method combines the STFT with the parameter
space projection (PSP). As for the PSP-based method, the STFT
is used for the TF ridge extraction to estimate the vibration
frequency via the Fourier transform, and the PSP is then used for
the estimation of the vibration amplitude and the vibration initial
phase. Another comparison method is based on the STFT and the
NLS technique. In the NLS-based method, the NLS technique is
used to estimate the parameters of the STFT-based TF ridge, then
the VE parameters can be estimated. The two comparison meth-
ods aim to illustrate the superiority of the VA and the RANSAC
algorithm combined with the NLS technique and the minimum-
entropy principle. Compared with the STFT-based TF ridge
extraction, the VA-based IF extraction has better performance.
Furthermore, compared with the direct parameter estimation
via the NLS technique, we combine the RANSAC algorithm
with the NLS technique and the minimum-entropy principle
in this article, which can obtain the more accurate parameter
estimation results and the better antinoise performance. The
parameter estimation results via different methods are displayed
in Table III. From the parameter estimation results in Table III,
it can be seen that our proposed method can obtain the accurate
estimation results, and it has better estimation performance than
the other two methods.

After the vibration parameter estimation, the compensation
function is constructed, and the VE can be compensated. Fig. 13
provides the corresponding imaging results about the VE com-
pensation. Fig. 13(a) displays the SAR image without the VE
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TABLE III
PARAMETER ESTIMATION RESULTS VIA DIFFERENT METHODS
UNDER 10 DB SNR
Parameters Methods Real Estimated Absolute
values values error
PSP 0.7813 0.0454
4 NLS 0.8267 0.8474 0.0207
(mm) Pro d
pose
Vibration othod 0.8171 0.0096
amplitude PSP 0.2387 0.1206
a NLS 0.1181 0.1347 0.0166
(mm) Pro;
posed
method 0.1105 0.0076
PSP 42.1389 0.1389
/i NLS 4 42.0975 0.0975
(Hz) Pro;
posed
Vibration mefhod 41.9973 0.0027
frequency PSP 87.9444 0.0556
1 NLS 88 87.9682 0.0318
(Hz)
Proposed 88.0334 0.0334
method
PSP 0.4538 0.1047
@ NLS 0.5585 0.6324 0.0739
vibration "9 [ Proposed 0.5558  0.0027
. method ) )
initial
phase PSP 1.2915 0.1047
12 NLS 1.1868 1.1608 0.0260
(rad)
Proposed 12125 0.0257
method

Amplitude (dB)

Before compensation
After compensation

-100 . *
-1000 -500 0 500

Azimuth bin

1000

Fig. 14. Profiles along the azimuth direction processed by our proposed
method under 10 dB SNR.

compensation, and it is seriously defocused along the azimuth
direction, which can be suppressed through the following VE
compensation. The imaging results after the PSP-based method
and the NLS-based method are, respectively, shown in Fig. 13(b)
and (c), which are still defocused along the azimuth direction.
Furthermore, as shown in Fig. 13(d), the scattering points are
clear to be distinguished by using the proposed method. Hence,
the proposed method performs better in IF extraction and param-
eter estimation of the THz SAR VE compensation under 10 dB
SNR.

Additionally, the image entropy of the SAR images above
is provided in Table IV for the further comparison. Obviously,
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TABLE IV

IMAGE ENTROPY OBTAINED VIA DIFFERENT METHODS UNDER 10 DB SNR

17,2024

Figs

Fig. 13 (a)

Fig. 13 (b)  Fig. 13 (c) | Fig. 13 (d)

Image entropy

9.1627

7.6775 6.3184 5.4174
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Fig. 20. SAR images acquired via the proposed method and the other two
comparison methods under 0 dB SNR. (a) SAR image without the VE com-
pensation. (b) SAR image acquired via the PSP-based method. (c) SAR image
acquired via the NLS-based method. (d) SAR image acquired via our method.
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Fig. 21. Profiles along the azimuth direction processed by our proposed
method under 0 dB SNR.

Fig. 22. X-band SAR imaging results of the real ground scene.

the performance of the proposed method in this article is sur-
passed by the other two comparison methods. Finally, Fig. 14
displays the profiles along the azimuth direction processed by
our method, where the defocus caused by VE is significantly
inhibited.
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Fig. 24.  SAR images acquired via the proposed method in the semiphysical
simulation experiment. (a) SAR image without the VE compensation. (b) SAR
image acquired via our method.

Fig. 25.  Scenario description of the imaging experiment.

2) Case 2: The Simulation Experiment for VE Compensation
Under 0 dB SNR: In this case, in order to further investigate the
performance of the VA and the RANSAC algorithm, we conduct
the simulation experiment for VE compensation under 0 dB SNR
using the scatter point model in Fig. 7 and the simulation param-
eters in Table I, and the SNR is defined in the data after the range
compression. Similarly, the IFs extracted via the STFT-based TF
ridge and the VA are shown in Figs. 15 and 16, respectively. It
is obvious that there exist some relatively noticeable errors in
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Fig. 26. Result of IF extraction by the VA. (a) Extracted IF in the digit 8 case.
(b) Extracted IF in the digit 6 case. (c) Extracted IF in the digit 3 case.

TABLE V
NRMSE BETWEEN THE EXTRACTED IF AND THE REAL IF
UNDER 0 DB SNR

Methods
NRMSE

TF ridge
0.5255

VA
0.1441

the IF extracted via the TF ridge compared to the real value in
Fig. 15. Additionally, the NRMSE between the extracted IF and
the real IF is shown in Table V. The smaller NRMSE in Table V
proves that the VA algorithm can extract the IF more accurately.
Therefore, compared with the TF ridge-based IF extraction, the
VA has a better performance of the IF extraction in multipoint
target imaging scenarios lacking isolated strong scattering point
under 0 dB SNR.

Then, after removing the constant term via the Fourier trans-
form, the IF extracted via the VA is shown in Fig. 17. Based on
the extracted IF in Fig. 17, the RANSAC algorithm is employed
for further process. In each iteration, the NLS technique is used
to fit the K randomly selected points in the extracted IF, and
the minimum-entropy principle is finally used to choose the best
model in all iteration results. The inliers and the outliers acquired
via the RANSAC algorithm are shown in Fig. 18. Obviously,
the RANSAC algorithm can mitigate the interference of the
errors introduced via the noise and the IF extraction from the
previous step. Due to the presence of higher noise, the RANSAC
algorithm excludes more outliers at the SNR of 0 dB than at the
SNR of 10 dB. Through getting rid of these outliers, the precise
parameter estimation results can be obtained by using the inliers
for the parameter estimation, which is shown in Fig. 19.
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Fig. 27. Result of IF extraction by the VA after removing the constant term.
(a) IF extracted via the VA after removing the constant term in the digit 8 case.
(b) IF extracted via the VA after removing the constant term in the digit 6 case.
(c) IF extracted via the VA after removing the constant term in the digit 3 case.
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Fig. 28. Both the inliers and outliers acquired by RANSAC. (a) Inliers and the
outliers acquired via the RANSAC algorithm in the digit 8 case. (b) Inliers and
the outliers acquired via the RANSAC algorithm in the digit 6 case. (c) Inliers
and the outliers acquired via the RANSAC algorithm in the digit 3 case.
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Fig. 29.  IF reconstruction via our proposed method. (a) Reconstructed IF by
our proposed method in the digit 8 case. (b) Reconstructed IF by our proposed
method in the digit 6 case. (c) Reconstructed IF by our proposed method in the
digit 3 case.
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Fig. 30. Imaging results acquired via the proposed method and the other
two compensation methods in the digit 8 case. (a) SAR image without VE
compensation. (b) SAR image acquired via the PSP-based method. (¢) SAR
image acquired via the NLS-based method. (d) SAR image acquired via our
method.
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Fig. 31. Imaging results acquired via the proposed method and the other
two compensation methods in the digit 6 case. (a) SAR image without VE
compensation. (b) SAR image acquired via the PSP-based method. (c) SAR
image acquired via the NLS-based method. (d) SAR image acquired via our
method.

Homoplastically, the PSP-based method and the NLS-based
method are employed for comparison. Table VI summarizes
the corresponding vibration parameter estimation results. Com-
pared with the other two methods, the RANSAC algorithm can
estimate the parameters with higher precision.

We can further compensate the VE based on the parameter
estimation results above. Through different methods, the imag-
ing results after the VE compensation are shown in Fig. 20.
Fig. 20(a) shows the imaging result without the compensa-
tion. Fig. 20(b) and (c), respectively, describe the SAR images
through the PSP-based and the NLS-based compensation meth-
ods. Fig. 20(d) corresponds to the SAR image acquired by our
method. The defocus is still not completely compensated in
the SAR images processed by the two comparison methods.
However, by compensating using our proposed method, the
scattering points in the imaging results are distinct. The results
above demonstrate that our proposed method provides higher
precision and better performance even under 0 dB SNR.

Additionally, the image entropy of the SAR images in Fig. 20
is provided in Table VII for further explanation. Compared with
the other two compensation methods, our proposed method can
provide the best focused SAR image. Finally, Fig. 21 displays
the profiles along the azimuth direction acquired via our method.
The focusing effect is obviously improved after compensating
by our proposed method.

3) Case 3: The Semiphysical Simulation Experiment for VE
Compensation: To better align with practical conditions and
further validate the effectiveness of the proposed algorithm in
complex scenarios, we conducted the semiphysical simulation
experiment based on the actual X-band SAR image in Case 3.
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Fig. 32. Imaging results acquired via the proposed method and the other
two compensation methods in the digit 3 case. (a) SAR image without VE
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Fig. 33. Final SAR images after compensating VE by our method and the
PGA method. (a) Final SAR image in the digit 8 case. (b) Final SAR image in
the digit 6 case. (c) Final SAR image in the digit 3 case.

Specifically, the X-band SAR imaging result of the real ground
scene is shown in Fig. 22. To reconstruct the scatter points
model of the actual ground SAR image in Fig. 22, we establish
a corresponding scatter point for each pixel in Fig. 22 within
the scatter points model and convert the gray value of each
pixel to the amplitude value of the corresponding scatter point.
Then, based on this scatter points model, we reconstruct the
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Fig. 34.

Imaging results of the additional set of data segments. (a) SAR image without VE compensation in the digit 8 case. (b) SAR image acquired via our

method in the digit 8 case. (c) SAR image acquired via our method and the PGA algorithm in the digit 8 case. (d) SAR image without VE compensation in the
digit 6 case. (¢) SAR image acquired via our method in the digit 6 case. (f) SAR image acquired via our method and the PGA algorithm in the digit 6 case.
(g) SAR image without VE compensation in the digit 3 case. (h) SAR image acquired via our method in the digit 3 case. (i) SAR image acquired via our method

and the PGA algorithm in the digit 3 case.

echo signal model containing the platform VE in the THz
band and apply our proposed algorithm for compensation and
imaging.

By using our proposed algorithm, the platform VE parameters
can be estimated and the IF can be reconstructed to construct the
compensation function, as shown in Fig. 23. Using the compen-
sation function, the phase error caused by platform VE can be
removed, and the image defocus along the azimuth direction can
be suppressed.

As shown in Fig. 24(a), due to the influence of VE, the THz
SAR imaging results without VE compensation are severely
defocused along the azimuth direction, leading to significantly
blurred SAR images. Fig. 24(b) shows the imaging results ob-
tained after the VE compensation using the proposed algorithm.
It can be seen that the defocus caused by the platform VE is
suppressed, and the clearly focused THz SAR image of the
ground scene is obtained.

Finally, Table VIII shows the entropy of the THz SAR images
in Fig. 24 before and after the VE compensation. The reduction
in entropy further demonstrates the effectiveness of the proposed
algorithm.

B. Real-Measured Experiment Results

In the real-measured experiment, the existence of the platform
velocity variation may cause points to deviate from the real IF,
leading to the decrease of the parameter estimation accuracy.
Therefore, in Section IV-B, the real-measured data are used to
further demonstrate the effectiveness of our proposed algorithm
under platform speed variation. The bandwidth and the carrier
frequency of the real-measured system are 4.8 and 216 GHz,
respectively. The radar transmits the signals with the pulse
repetition frequency of 2000 Hz. Moreover, with the range
resolution of 3.125cm and the azimuth resolution of 3.2 cm,
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TABLE VI
PARAMETER ESTIMATION RESULTS VIA DIFFERENT METHODS
UNDER 0 DB SNR

Parameters Methods Real Estimated = Absolute
Values Values error
PSP 0.7813 0.0454
4 NLS 0.8267 0.8156 0.0111
(mm) Pro,
posed
Vibration method 0.8229 0.0038
amplitude | PSP 0.2387 0.1206
(mm) NLS 0.1181 0.1196 0.0015
Proposed
method 0.1155 0.0026
PSP 42,1111 0.1111
h NLS 42 42,0631 0.0631
(Hz) Pro,
posed
Vibration e 419922 0.0078
frequency PSP 87.9722 0.0278
1 NLS 88 87.9728 0.0272
(Hz)
Proposed 87.9931 0.0069
method
PSP 0.4538 0.1047
# NLS 0.5585 0.6201 0.0616
Vibration | %9 ["Proposed 0.5582 | 0.0003
. method ) )
initial
phase PSP 1.2915 0.1047
?> NLS 1.1868 1.0438 0.1430
(rad) prg
posed
method 1.1677 0.0191
TABLE VII
IMAGE ENTROPY OBTAINED VIA DIFFERENT METHODS UNDER 0 DB SNR
Figs Fig. 20 @)  Fig. 20 (b)  Fig. 20 (c) | Fig. 20 (d)
Image entropy 12.9710 11.9007 10.8959 10.5262
TABLE VIII
IMAGE ENTROPY OF FIG. 24
Figs Fig. 24 (a) Fig. 24 (b)
Image entropy 12.0903 11.5500

the radar images the scene shown in Fig. 25 on the trolley at the
speed of 0.35m /s. Additionally, the vertical distance from radar
to the scene and the height of the antenna is 4 and 1.2 m, and
the synthetic aperture time is 0.26 s.

In the real-measured imaging scene, there exist three digits,
thatis, digit 8, digit 6, and digit 3. After the systematic amplitude-
phase error compensation, the echo data are further processed
to compensate the VE based on our proposed method. First, the
VA is employed for the IF extraction, which is shown in Fig. 26.
Then, the IF above is further processed by the Fourier trans-
form, and the IF after removing the constant term is shown in
Fig. 27.
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TABLE IX
IMAGE ENTROPY OBTAINED VIA DIFFERENT METHODS

Scenes Image entropy
Fig. 30 (a) 9.5175
Digt § Fig. 30 (b) 9.2419
Fig. 30 (c) 8.3008
Fig. 30 (d) 8.3068
Fig. 31 (a) 9.9938
Digit 6 Fig. 31 (b) 9.3335
Fig. 31 (c) 8.9133
Fig. 31 (d) 8.9114
Fig. 32 (a) 9.8776
Digit 3 Fllg. 32 (b) 9.1942
Fig. 32 (c) 8.7777
| Fig 32 () 8.7742 |

In the real-measured system, due to the uneven platform
velocity or the platform motion trajectory deviation, there will
exist errors caused by platform velocity variation in the IF. The
error introduced via the platform velocity variation will affect the
subsequent estimation of the platform high-frequency VE. Thus,
the RANSAC method is used for further processing to remove
the points that do not belong to the high-frequency VE model.
Then, the best model is selected based on the minimum-entropy
principle after the parameter estimation via the NLS technique
in each iteration, and the final inlier and outlier selection via the
RANSAC algorithm is shown in Fig. 28. As shown in Fig. 28,
only a part of the points, namely, the inliers, are selected for
the parameter estimation, and the points that do not belong
to the high-frequency vibration model, such as the deviation
points caused by the platform velocity variation or the noise,
will be removed from the final parameter estimation. Based on
the estimated parameters, the reconstructed IF result is shown
in Fig. 29.

Based on the reconstructed IF in Fig. 29, the compensation
function can be constructed to remove the VE. Similarly, the
PSP-based method and the NLS-based method are used for com-
parison. The SAR image without any compensation in Fig. 30(a)
is seriously defocused. In the digit 8 case, the SAR images with
the VE compensation by using the two comparison methods
and the proposed method are shown in Fig. 30(b)—(d). In the
same way, the imaging results of the digit 6 and the digit 3
obtained via different methods are shown in Figs. 31 and 32,
respectively.

Additionally, Table IX provides the image entropy of
Figs. 30-32 for further comparison. This table demonstrates that
our proposed method can acquire the best focused SAR image
among the three VE compensation methods.

The SAR images in Figs. 30-32 are still defocused on account
of the platform velocity variation. Consequently, the phase grade
autofocus (PGA) algorithm is employed for further compen-
sation. Fig. 33 displays the final SAR images after VE com-
pensation through our proposed method and the PGA method.
For the SAR images in Fig. 33(a)—(c), the corresponding image
entropies are 7.4189, 7.3939, and 7.3876. The SAR images in
Fig. 33 are well-focused and its defocus can be inhibited well.
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TABLE X
IMAGE ENTROPY OF FIG. 34

Scenes Image entropy
Fig. 34 (a) 9.6882
Digit 8 Fig. 34 (b) 8.5043
Fig. 34 (c) 7.3230
Fig. 34 (d) 9.9020
Digit 6 Fig. 34 (e) 8.8210
Fig. 34 () 7.2756
Fig. 34 (g) 9.6699
Digit 3 Fig. 34 (h) 8.5087
Fig. 34 (i) 7.3315

It is worth noting that since the digit 8 and the digit 6 are next to
each other in the imaging scenario of the real-measured system,
the extra point on the right side of the digit 8 in Fig. 33(a) is the
leftmost point of the digit 6. Additionally, the two extra points
on the left side of the digit 6 in Fig. 33(b) are the two rightmost
points of the digit 8.

In order to further prove the validity of our proposed method,
we choose an additional set of data segments from the real-
measured data and process them. In the case of the digit 8, the
digit 6, and the digit 3, the SAR images without any compen-
sation is shown in Fig. 34(a), (d), and (g), respectively. Further-
more, after the VE compensation via our proposed method, the
SAR images in these three scenarios are shown in Fig. 34(b),
(e), and (h), respectively. Finally, after the PGA algorithm, the
three final SAR images are shown in Fig. 34(c), (f), and (1),
respectively. Additionally, the image entropy of Fig. 34 is shown
in Table X. Through the additional set of data segments in the
real-measured data, we further demonstrate the effectiveness of
our proposed method.

V. CONCLUSION

First, the THz SAR echo signal model including platform
high-frequency VE is established. In the proposed signal model,
the platform VE can be formulated in the form of the harmonic
motion, resulting in introducing the phase error into the received
signal. Second, the proposed method is introduced for com-
pensation in the THz SAR imaging, which consists of the VA
and the RANSAC algorithm combined with the NLS technique
and the minimum-entropy principle. Specifically, the following
conditions hold.

1) The VA defined based on the IF characteristics is used
for the IF extraction, and it further considers the rela-
tionship between the frequency points at adjacent time
points based on the maximum value search. Hence, it
can extract the IF accurately with noise or in multipoint
target imaging scenarios lacking isolated strong scattering
points.

2) Then, the RANSAC algorithm is employed for parame-
ter estimation, which can select the inliers and remove
the outliers in the estimation process. The NLS tech-
nique is performed on the inliers in each iteration of the
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RANSAC algorithm, and the minimum-entropy princi-
ple is used for the best model selection. The RANSAC
algorithm combined with the NLS technique and the
minimum-entropy principle can reduce the interference
of the noise or the platform velocity variation in the pa-
rameter estimation process and then obtain focused SAR
images.

Finally, the simulation and real-measured experiments ex-
plain the performance superiority and validity of our proposed
algorithm by contrast with the other two methods (i.e., PSP and
NLS).
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