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ABSTRACT High-frequency vibration of motion platform leads to paired echo for synthetic aperture
radar (SAR) imaging, especially in terahertz band due to its shorter wave length. Different from most
existing parameters estimation methods only considering single component high-frequency vibration, in this
paper a novel method considering multi-components vibration model is proposed based on fractional
Fourier transform (FrFT) with combination of quasi-maximum likelihood (QML) and random sample
consensus (RANSAC). Based on the model establishment of high-frequency vibration error in the echo,
its instantaneous chirp rate (ICR) is firstly estimated by FrFT in sliding sub-aperture, followed which the
vibration parameters are coarsely obtained through spectrum analysis and least square (LS) regression.
To further refine the parameters estimates, QML is developed for compensating the deviation both caused
by the frequency spectrum leakage and the error propagation effects by one-dimensional search over the
vibration frequency. Meanwhile, RANSAC is adopted for avoiding the outlier of the ICR estimates in
LS regression, especially at low signal-to-noise ratio (SNR). Thus, the refinement strategy based on the
combination of QML and RANSAC is developed, whose utilization improves the estimation accuracy of
vibration parameters. Finally, the paired echo in terahertz SAR (THz-SAR) imaging is effectively suppressed
by the proposed method, and the high-quality THz-SAR imaging results are achieved. Both simulations
of single component and multi-components high-frequency vibration are used to verify the validity of the
proposed method. The simulation results show that the proposed method has higher estimation accuracy
even at low SNR.

INDEX TERMS Fractional Fourier transform (FrFT), high-frequency vibration, quasi-maximum likelihood
(QML), random sample consensus (RANSAC), terahertz synthetic aperture radar (THz-SAR).

I. INTRODUCTION

Terahertz (THz) wave generally refers to the electromag-
netic wave with frequency ranging from 0.1THz (100 GHz)
to 10THz, which is the transition zone from electronics to
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photonics [1], [2]. Due to its special characteristics different
from microwave and infrared radiation, THz wave has been
used in many applications [3]-[8]. Among the numerous
applications of THz wave, THz radar imaging technique
has been receiving more and more attention in the modern
radar imaging fields. Compared to other radar imaging wave-
bands, THz wave is easier to achieve higher carrier frequency
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and larger absolute bandwidth, which provide a higher spatial
resolution and more details of targets. Besides, THz wave has
the ability of imaging at higher frame rates, which makes it
be utilized in video synthetic aperture radar (ViSAR) imag-
ing. These advantages make THz radar imaging technique
have promising application prospects in maneuvering target
surveillance and recognition in space and near space [9], [10],
and ground moving target detection and tracking [11], [12].

Synthetic aperture radar (SAR) imaging systems acquire
the target image through relative motion between the radar
and the target. Thus, motion is the basis of SAR imaging and
also the source of the problem. On the one hand, it means
that SAR uses the relative motion of radar and target to gen-
erate Doppler width band signals and achieve high resolution
image. On the other hand, the focusing quality of SAR image
is affected by unstable motion of platform due to the influ-
ence of factors such as air flow and engine vibration. More-
over, the motion error should not exceed the sub-wavelength
level to obtain a well-focused image. Therefore, the effect
of high frequency vibration error negligible in microwave
SAR due to small amplitude should be taken account into
THz-SAR imaging. In the absence of high precise measure-
ment for high-frequency vibration, one of the main problems
for THz-SAR imaging is the estimation and compensation of
high-frequency vibration.

Different from low-frequency motion error, high-
frequency vibration error does not affect the track of
THz-SAR due to its small vibration amplitude. However,
it influences the phase of radar echo signal and produces
paired echo in SAR imaging, which seriously affects the
image quality [13], [14]. Currently, various paired echo
suppression methods have been presented. Some methods
are to directly estimate and compensate the phase errors
induced by high-frequency vibration [15], [16]. Although
the phase errors are compensated, the specific information
about vibrations are still unknown. Thus, another kind of
methods are proposed based on parameters estimation. Their
main idea involves the estimation of high-frequency vibration
parameters, such as vibration amplitude, frequency and initial
phase, and the compensation of constructed phase errors with
the above estimated parameters. In [17]-[19], the phases of
vibration signal are directly utilized for parameter estimation.
However, their performance is seriously affected by signal-
to-noise ratio (SNR) due to phase unwrapping step. And if
the phase ambiguity is serious, the phase unwrapping process
is even unable to accurately recover the phase without the
prior information. In [20], an adaptive chirplet decomposition
method for parameter estimation of high-frequency vibration
is proposed. In [21], a novel THz-SAR high-frequency vibra-
tion estimation and compensation imaging algorithm based
on local fractional Fourier transform (FrFT) is proposed.
However, all these methods only consider single component
high-frequency vibration. In [22], the vibration parameter
estimation method based on discrete sinusoidal frequency
modulation transformation is proposed, which can deal with
multi-components vibration. However, it needs to search in

5486

multi-dimensional space, resulting in huge computational
burden. Thus, the global optimization techniques such as the
simulated annealing algorithm and the particle swarm opti-
mization algorithm are used for reducing the computational
load, but converging to a local minimum is inevitable when
they are used in practice, which results in a large error in the
parameter estimation results [23], [24].

In this paper, a novel high-frequency vibration parameters
estimation method considering multi-components model is
proposed. The instantaneous chirp rate (ICR) of vibration
signal is estimated based on FrFT, which is robust to the
noise influence. In the following, the discrete Fourier trans-
form (DFT) is performed on the ICR estimates to obtain
vibration frequency. And least square (LS) regression is
used for the estimation of other parameters. Rough estimate
of high-frequency vibration parameters is done. However,
when the true frequency of high-frequency vibration is not
equal to the integer multiples of frequency resolution, the
estimated vibration frequency by DFT has deviation, which
increases estimation error of other parameters due to the
effects of error propagation. Thus, one-dimensional search
over the vibration frequency is performed to estimate the
optimal parameters, which is similar to the maximum likeli-
hood (ML) and referred to as quasi-ML (QML). Furthermore,
when performing LS regression, some of the ICR estimates
are outliers causing inaccurate estimate, especially at low
SNR. To avoid outliers in the LS regression, some alternative
sampling tools should be considered when the positions of
outliers are unknown. In this paper we achieve such goal
with the random sample consensus (RANSAC), which is
usually used for estimation of parameters in various signal
processing fields [25], [26]. In our application, it is possible
to find combination of samples without outlier for more
accurate parameters estimate when performing multiple ran-
dom selections of the ICR estimate samples. Thus, with the
combination of QML and RANSAC, the refinement strategy
can estimate the vibration parameters with high precision and
strong robustness. Simulation results validate the effective-
ness of the proposed method.

The remainder of this paper is organized as follows.
The model of high-frequency vibration error in the echo
is established in Section II. In Section III, the proposed
high-frequency vibration parameters estimation method
based on FrFT with combination of QML and RANSAC is
described in detail. In Section IV, the simulation analysis is
carried out to verify the effectiveness of the proposed method.
Conclusions are drawn in Section V.

Il. MODEL ESTABLISHMENT OF HIGH-FREQUENCY
VIBRATION ERROR IN THE ECHO

The helicopter SAR imaging geometry model is shown
in Fig. 1. Ideally, the radar platform flies horizontally along
the X direction with a constant velocity of v and a reference
height of H. For a point target P (vfp, yo, 0) in the imag-
ing region, the ideal instantaneous slant range r (#) can be
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FIGURE 1. SAR imaging geometry with high-frequency vibration error.

expressed as

r(t) =/rg +12(t — tp)? )

where ¢ is the slow time, ry is the nearest slant range of point
target, g is the zero doppler time.

However, in practical applications, affected by the rota-
tion of rotor blades, it is inevitable to introduce periodically
vibration error for the helicopter platform during the flight.
Different from traditional motion error, the vibration error
has high vibration frequency and small vibration amplitude.
And the high-frequency vibration error of aircraft platform is
close to a superposition of multiple normal sinusoidal signal
components. The vibration error model is established as

e(t) = 2;1 ei= 2;1 Aisin Qfit + ) (2)

where [ is the number of vibration components, e; is the ith
vibration component, A;, f; and ¢; are the vibration amplitude,
frequency, and initial phase of the ith vibration component,
respectively. Generally, A; is the centimeter-level or even
millimeter-level, which is far smaller than the range cells and
f; s usually within a few tens of Hz.

The high-frequency vibration leads to variations of the
instantaneous slant range from the radar to the scattering
point targets in the imaging scene. The actual instantaneous
slant range R (¢) is expressed as the sum of r () and the
projection dy ps () of the high-frequency vibration error e (¢)
on the line of sight of point targets. Thus, it is given as

R(®)=r @) +dpos () =r()+C-e) 3)

where ¢ = (e-7) < 1andis constant, and ¢ and 7 represent the
unit direction vectors of the high-frequency vibration error
and of the radar to point target P, respectively.

Supposed that the emitted signal by SAR antenna is linear
frequency modulation pulse signal and is given as

s (@) = wr () - exp | 2fer + jeK, 72 @)

where 7 is the fast time, w; (-) is the antenna pattern of range
direction, f, is the center frequency, and K is the chirp rate.
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After mixing demodulation, the echo signal of point target
received by SAR antenna is expressed as

2R (1)

s(t,t;r0,10) = wy (t - ) wg (I — 19)

A
- exp {—]TR (t)}

. 2R (1)
-exp yjn K, <r— A ) %)

where c is the light speed, > = ¢ / 'f. is the carrier wavelength,
and wy, () is the antenna pattern of azimuth direction.

Due to its small vibration amplitude, the high-frequency
vibration error does not affect the track of THz-SAR. And
the range cell migration caused by high-frequency vibration
error can be ignored. Thus, after range compression and range
cell migration correction, the echo signal is expressed as

. 2ro
s(t,t;rg,t0) =sinc| Bt —— ) )ws (t — t9)
c

A V2 (t —19)?
rexp =i ro—l—z—ro—l—C-e(t)

Q)

where B is the signal bandwidth.
Then, the dechirp operation and the residual video phase
compensation are performed [13], (6) is expressed as

. 2rg
s(t,t;rg,tg) =sinc|aB|lt—— ) |w, (t —10)
c
|4 ) 2v2t0t+47r C.elt)
-expy—j | —ro—2n —C-e
I I A R Y
@)

Finally, we can focus the azimuth signal in the Doppler
domain through applying fast Fourier transform (FFT) to (7).
However, due to the existence of high-frequency vibration,
it introduces the additional phase modulation to the ideal
echo, which exhibits a periodically sinusoidal characteristic
and gives rise to paired echo in the imaging result. And the
interval and intensity of paired echo depend on the vibra-
tion amplitude and frequency [13]. To eliminate the effects
of paired echo, the periodically modulation phase must be
compensated in the imaging procedure. Thus, the parameters
of high-frequency vibration should be estimated first.

Ill. PROPOSED PARAMETERS ESTIMATION METHOD

In this section, we propose a novel method to estimate the
parameters of high-frequency vibration signal. First, the FrFT
is adopted for ICR estimation. The following step is to obtain
the rough estimation by spectrum analysis and LS regression.
Finally, to refine the rough estimation, the ML function is
evaluated with the random selection of vibration frequency
and ICR estimation instants, and the estimate results with
the largest value of the ML function are adopted as final
estimates.
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A. FRFT-BASED ICR ESTIMATION
According to (7), the phase error signal caused by high-
frequency vibration in each range bin is expressed as

= 20 2SS asine 8
g(l)—exp{—J == ,~sm<nﬁr+go,~>} @®)

From (8), itis clear that the phase error signal is an example
of nonstationary signals, which can be analyzed by means
of using sliding small-time windows. In a short-time inter-
val [ty, to + At], dros () is approximated by second-order
polynomials, namely

1
dios (1) = C - e (1) = x (t0) + v (t0) 1 + 5a (10) ()

where x (fp) is the initial vibration displacement, v (fg) is
the initial vibration velocity and a (7o) is the initial vibration
acceleration.

Therefore, in the short-time interval [#g, tg + At], (8) can
be expressed as

B o [2 2 1 o
g(t)—exp{—J T [XX(IO)+XV(t0)t+Xa(Io)t “( )

When At¢ is much less than the vibration duration,
the second-order approximation in (9) is fairly accurate.
From (10), g () in a short-time window is approximately a
chirp signal. According to the definition of FrFT, the FrFT of
a chirp signal y (¢) with the matched order pg is an impulse
function at the fractional domain frequency ug. And the
matched order py and the fractional domain frequency ug are
estimated by solving the optimal equation [27], i.e.,

{Po. fio} = argmax |7 {y (1) (1

where F? {y(t)} is the pth FrFT of the signal y (¢).
Thus, the chirp rate k (fp) is determined by the matched
order po, i.e.,

i (10) = — cot (%,30) (12)

Performing FrFT on (8) in successive sliding short-time win-
dow, the ICR £ (¢) is estimated.

B. ROUGH ESTIMATE

In the above section, the ICR & () is estimated and contains
information on all vibration parameters since the ICR of (8)
is given by

k() = % S AiQuf)sinQufi+g)  (13)

The LS regression is used for estimating the vibration
parameters, and the details are shown as follows. First, using
the sampling time Ar = 1/fprp, where fpgr is the pulse
repetition frequency, (10) is sampled as discrete. And the
discrete ICR k (n) is denoted as

k(n) =k (nAt)

2C ! 5 .
= - - A; 2rf;)” sin QufinAt + ¢;),
ne[—-N/2,N/2) (14)

where N is the number of samples.
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The ICR in (14) is rewritten as

1
km=Y" 1 [Ao.isin 2rfinAt)+Bo icos 2rfnAt)]  (15)
=
where
2 2
Ag,i = —C 2nf;)" Aicos ¢;
A
5 (16)
Boi=C Qrf)* Aising;
Equation (13) shows that the frequency of ICR is identical
to the vibration frequency. Both of them are obtained by

applying DFT to the estimated ICR. That is to say, the vibra-
tion frequency f; is obtained with

F=arg max ‘DFT {k (n)H (17)

where DFT {IQ (n)] is the DFT of the signal k (n).

Then, with the estimated fi, the other vibration parameters
are estimated from the ICR estimates using the LS regression:

(@ @)el) @i o

where
X = [Ao,1. Bo,1,A0.2. Bo2, - - ,Ao,l,Bo,z]T
A [n . T
k=[km.- kO]
o0)~[+(3) <))< ).,

()]
S (f,) = [sin (ZnﬁAt) ,e, Sin <2nf,-QAt)]T
c (f,) = [cos (ZnﬁAt) , -+ ,COS (2nﬁQAt>]T
And Q is the number of instants. Finally, the parameters
[Ai, (ﬁ,-] are obtained as

s VRQI-D+RQ) . X(20)

= gy (s@n)
A ]

(20)

On the one hand, vibration frequency is estimated mainly
through direct observation of spectrum maximum position.
Due to the existence of window truncation and fence effect,
it makes the sinusoid signal frequency spectrum leakage
and results in the problem of insufficient estimation preci-
sion. That is to say, the DFT frequency estimation accuracy
depends on the sampling length [28], [29]. On the other hand,
at low SNR environment some of ICR estimates are outlier
causing inaccurate estimate in LS regression. Owing to these
two factors, when compensating direct the phase error with
the above estimated parameters, the SAR image quality will
be influenced by residual phase error. Fortunately, we can
adopt some technique for the refinement of the rough results.
In this way, we are able to obtain results that are more robust
to noise, while making the SAR image well-focused.
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C. REFINEMENT STRATEGY

When the DFT is used for estimating the frequency of (14),
the estimated value fl has the following relationship with the
true value f;, namely

fi=fi+8-Af 1)

where Af is the frequency resolution and Af = fpgr / N;§
is the estimate error and |6| < 0.5. To summarize, the true
value f; belongs to the set of F; = f, — O.SAf,fi + 0.5Af |-
Therefore, the improved ML approach is used for the determi-
nation of the optimal vibration frequency. For each vibration
frequency f; € Fj, other vibration parameters {A;, ¢;} are
obtained through (18)-(20). Then, evaluate the ML function

J ()= ‘Zn g (n)-exp {err ZTC Zj:l Aisin (27Tﬁt+g?),-) }
(22)

where g (n) is the discretization of the phase error signal g (¢).
Here we use g (n) instead of k (n). It is due to the fact that we
estimate the signal parameters to eliminate the phase of g (n)
as much as possible.

The optimal value of vibration parameters maximizes the
ML function

Vio A @i} = argmax J (f) (23)

In this way, instead of 3/ times search over the parameter
space in classical ML, we only need [ times search over the
set of vibration frequency. That is why the improved ML
approach is referred to as the QML method.

However, the error of ICR estimates has an effect on the
QML. Large percentage of the ICR estimates samples k (n)
are outlier when the noise influence is emphatic. As noise
level increases, percentage of outliers rapidly increases. How-
ever, we do not know where are the positions of outliers,
so the outliers are inevitable when performing the LS regres-
sion on such data. Here, RANSAC is the good choice
for avoiding outliers in the procedure of QML. Therefore,
here we propose the QML approach with combination of
RANSAC for the refinement of the rough estimates. In the
refinement procedure, random selections of both vibration
frequency and ICR estimates instants are employed in the LS
regression. These random selections are performed multiple
times and the final estimates are signal parameters that obtain
the largest ML function value. The refinement algorithm is
summarized as follows.

Step 1: Initialize the vibration frequency set F; and the
iterations number M.

Step 2: Set the rough estimate values in Section B as
initialization vibration parameters estimate and the current
criterion function J is evaluated through (22).

Step 3: Select randomly in uniform manner vibration fre-

quency fi,p € F;, and instants nﬁf), qg = 1,2,---,2I.
We assume that ni,?) < nﬁ,ﬁﬁ_l) < Q. Corresponding ICR
estimates are:

f((m):{/G(q.m),qzl,z,---,zl} (24)
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Step 4. LS regression is used for parameter estimates, namely

&0 = (ATA>_1 ATk™ (25)
where
A =Is1,c1, -, 51,¢1]
S = [sin <2nﬁ,mAt) , sin (2nﬁ,m2At) AR
sin (2nf,,m21m)]T 26)
¢ = [cos (2nﬁ,mAt) , cos (Znﬁ,mZAt) AR
cos (Znﬁ,mZIAtﬂT

~

Then, the parameters [Ai,m, @i,m} are obtained
through (20).

Step 5. Calculate the ML function J (m) with the estimated
parameters by (22). If J (m) > J, set J = J (m) and the
corresponding parameters as the current estimates.

Step 6. If m < M, repeat Step3 to StepS. Otherwise, the
current estimates are adopted as the signal parameters.

After perform the above refinement strategy, the effects of
vibration frequency estimation precision and ICR estimates
outliers are reduced as much as possible. The estimates with
the largest ML function value are considered as the optimal
results. According to the optimal estimates, the vibration
error compensation function is constructed to compensate
for the vibration phase error in (7). The paired echo in SAR
images will be suppressed perfectly.

The phase error signal caused by
high-frequency vibration e e e 5|
g —%
e ‘ Initialize the vibration frequency set ‘

and the iteration number
| ‘ ICR estimation based on FrFT in ‘ 31

sliding subaperture

| Calculate the current ML function J ‘

Select randomly in uniform manner
vibration frequency and instants

l ain parameters with least square

regression

| Calculate the current ML function J;

| Apply DFT to the estimated ICR and
I obtain the vibration frequency

Perform least square regression and
obtain the other vibration parameters

Rough estimate
ez ]

I
I
I
I
I
I
| Precise estimate

FIGURE 2. Flow chart of the proposed parameters estimate method.

In summary, the proposed parameters estimate method
mainly involves three procedures: a) ICR estimation based
on FrFT; b) Rough estimate with spectrum analysis and LS
regression; ¢) Precise estimate with combination of QML and
RANSAC. The flow chart of the proposed method in this
paper is shown in Fig. 2.
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IV. SIMULATIONS RESULTS

In order to verify the validity of the proposed method based
on FrFT with the combination of QML and RANSAC, numer-
ical simulations of single component and multi-component
high-frequency vibration parameters estimation with differ-
ent SNR are given. The corresponding THz-SAR imaging
results with the above vibration error are also presented.
The simulation parameters of THz-SAR system are given
in Table 1.

TABLE 1. System parameter.

Parameter Value
Center frequency 220 GHz
Platform height 2000 m
Platform speed 50 m/s
View angle 30°
Pulse width 1.5 ps
Signal bandwidth 2.0 GHz
Sample frequency 2.5 GHz
Pulse repetition frequency 1000 Hz

A. SIMULATION ANALYSIS OF SINGLE COMPONENT
VIBRATION

Considering the single component high-frequency vibra-
tion signal with the form of (8) and supposing that fj =
8.3Hz,A; = 2.5 x 1073m and 01 = n/4. In real THz-SAR
imaging applications, the dominant scatter point is first cho-
sen by the intensity of range bins. Then, a coarsely focused
SAR image is achieved by azimuth FFT, and the strongest
response is circularly shifted to the SAR image center. After
that, the azimuth windowing is implemented to cut out all the
energy of dominant point, and the intercepted image segment
is processed by the inverse FFT. And the data sequences used
for vibration error estimation is obtained. However, the data
sequences extracted from dominant scatter point are affected
by other scatter points and noises in the same range bin. Here,
the clutter and noise are both modeled as Gaussian white
noise.

<0t . ) . . . . 1400

! Y1264

1000

800

ICR (Hzls)

600

Spectrum amplitud

400

N 200 L

02 015 -01 005 0 005 01 015 02 0 100 200 300 400 500
Slow time (s) Frequency(Hz)

(a) (b)

FIGURE 3. (a) True and estimated ICR of single component vibration at
SNR = 20dB, (b) Frequency spectrum of the estimated ICR.

Therefore, we assume that the signal is corrupted with
Gaussian white noise of 20dB. In order to demonstrate the
excellent performance of the proposed method, the estimate
results based on the LS method and the QML method are
also given here, respectively. First, the signal ICR estimated
by FrFT and its spectrum are shown in Fig. 3. From the
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TABLE 2. Estimates of single component vibration at SNR = 20dB.

Parameters Ay(mm) fi(Hz) ¢, (rad) Ji
True Values 2.5000 83000 0.7854  400.3053
LS method 2.6534  8.0645 0.8075 249132
QML method 2.5333 83074 0.7935 385.8171
Proposed method ~ 2.5003  8.3004  0.7885  399.8326

Vibration error(mm)

D02 045 01 005 0 005 01 015 02
Slow time (s)

FIGURE 4. True and estimated vibration displacement of single
component vibration at SNR = 20dB.

comparison between the estimated ICR and the true ICR,
it can be found that the ICR estimation errors are larger at
the extreme value points. It is due to the fact that the approxi-
mation error is larger when the second order approximation is
adopted. It is obvious from the frequency spectrum diagram
that the ICR frequency is 8.0645 Hz. Compared to the true
vibration frequency value, there is a considerable estimate
error. With the estimated vibration frequency, the other vibra-
tion parameters are obtained, and all parameters estimates
and ML function values are listed in Table 2. Fig. 4 shows
the estimated vibration displacement constructed with the
estimated parameters. It is clear from the Table 2 that the
estimated values by the LS method deviate from the true
values due to the error propagation effects from the vibra-
tion frequency towards vibration amplitude and initial phase,
which makes the estimated vibration displacement deviate
from the true vibration displacement, as shown in the blue
line of Fig. 4. The ML value also shows that the LS method
is poor. In the QML method and the proposed method, the
error propagation effects are both suppressed, which makes
the parameters estimate values be almost consistent with the
theoretical values. Fig. 4 also does confirm this. Meanwhile,
from Table 2, we find that the proposed method is slightly
better than the QML method.

The THz-SAR system parameters in Table 1 and the single
component high-frequency vibration error in the above sim-
ulation are used to generate the echo signal for multi-point
targets. Firstly, the range-Doppler (RD) algorithm is used
for focusing on imaging, as shown in Fig. 5(a). It can be
seen that the imaging results have many paired echoes and
the SAR image quality seriously degrades. Then, with the
estimated vibration parameters based on the above methods,
the vibration error compensation functions are constructed to
compensate for the vibration phase error, respectively. After
phase error compensation, the imaging results are shown
in Fig. 5(b)-(d). Fig. 6 shows the phase estimate error between
the true phase and the estimated phase. Compared to Fig. 5(a),
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Azimuth(m)
Azimuth(m)

Azimuth(m)
Azimuth(m)
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Range(m) Range(m)

(c) (d)

FIGURE 5. Imaging results of point targets with single component
vibration error at SNR = 20dB. (a) No compensation; (b) Compensation
based on LS method; (c) Compensation based on QML method;

(d) Compensation based on proposed method.

Estimated phase e

2
2 015 01 005 0 005 01 o015 02
Slow time (s)

FIGURE 6. Phase estimate error.

Amplitude(dB)

o 100 200 300 400 500
Azimuth bin(pixel)

FIGURE 7. Azimuth-dimensional amplitude profiles.

the image quality in Fig. 5(b) is improved, but there are still
some paired echoes in the image. It is due to the fact that
the residual phase errors are much larger than /4, as shown
in the blue line of Fig. 6. However, the residual phase errors
estimated by the QML method and the proposed method are
smaller than 7 /4, as shown in the green line and red line of
Fig. 6. Thus, we see from Fig. 5(c)-(d) that the paired echoes
are completely suppressed.

In order to quantitatively evaluate the focus quality of the
point target, a rectangular window is used for intercepting the
center point target of Fig. 5(b)-(d). After up-sampling eight
times, the resulting azimuth-dimensional amplitude profiles
are shown in Fig. 8. And the imaging quality indices of
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FIGURE 8. True and estimated ICR of single component vibration at
SNR = 5dB, (b) Frequency spectrum of the estimated ICR.

TABLE 3. Imaging quality indices of point target with single component
vibration error at SNR = 20dB.

Parameters IRW (cm) PSLR (dB) ISLR (dB)
Theoretical values 5.02 -13.28 -30.68
LS method 6.62 -0.83 -20.73
QML method 5.10 -12.73 -26.13
Proposed method 5.10 -13.74 -26.34

point target, such as impulse response width (IRW), peak
sidelobe ratio (PSLR) and integral sidelobe ratios (ISLR), for
different parameters estimation methods are listed in Table 3.
As can be seen from the azimuth profiles and the imaging
quality indices, the LS method is too poor to suppress the
paired echoes well. In the contrary, the QML method and the
proposed method are both better and the paired echoes are
suppressed well. The PSLR of the QML method is slightly
higher than that of the proposed method. It is because that the
residual phase error of the QML method is slightly larger than
that of the proposed method, as shown in Fig. 6. This suggests
that the performance of the proposed method is slightly better
than that of the QML method at high SNR.

In the following, we consider the single component high-
frequency vibration with the same parameter values, but it is
corrupted with Gaussian white noise of 5dB. First, the signal
ICR estimated by FrFT and its spectrum are shown in Fig. 8.
From the comparison between the estimated ICR and the true
ICR, most points are almost consistent with the theoretical
values, but some points deviate from the true values. Com-
pared to Fig. 3 at high SNR, there are some outliers affecting
the parameters estimate performance. Then we obtain that
the ICR frequency is 8.0645 Hz, which is the same as the
estimated value at SNR = 20dB. However, the spectrum
of the estimated ICR has been affected by noise. With the
estimated vibration frequency, the other vibration parameters
are obtained, and all parameters estimates and ML function
values are listed in Table 4. Fig. 9 shows the estimated
vibration displacement. It is clear from the Table 4 that the
estimated values by the LS method and the QML method
both deviate from the true values. On the one hand, it is
due to the error propagation effects mentioned in the above
simulation. On the other hand, the outliers of the estimated
ICR have aggravated the estimate error. Although one dimen-
sional search for optimal vibration frequency is adopted in
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TABLE 4. Estimates of single component vibration at SNR = 5dB.

Parameters A;(mm) fi(Hz) ¢,(rad) ]
True Values 2.5000 8.3000 0.7854  392.1323
LS method 33517  8.0645 -0.3582  9.8338
QML method 32167  7.1594 -0.4078  79.5222
Proposed method  2.5070  8.2954  0.7863  391.1656

Vibration error(mm)

02 015 01 005 0 005 01 015 02
Slow time (s)

FIGURE 9. True and estimated vibration displacement of single
component vibration at SNR = 5dB.

the QML method, the estimates are still no improving. The
ML values also show that these two methods are poor. For-
tunately, the proposed method not only suppresses the error
propagation effects, but also eliminates the effects of outliers,
making the parameters estimate values be consistent with
the theoretical values, as shown in Table 4. The estimated
vibration displacement in the red line of Fig. 9 also does
confirm this.

Azimuth(m)

Range(m)

(b)

Azimuth(m)

-10 5 5 10
Range(m) Range(

(c) (d)

FIGURE 10. Imaging results of point targets with single component
vibration error at SNR = 5dB. (a) No compensation; (b) Compensation
based on LS method; (c) Compensation based on QML method;

(d) Compensation based on the proposed method.

Similarly, we use the THz-SAR system parameters
in Table 1 and the single component high-frequency vibra-
tion error to generate the echo signal for multi-point tar-
gets. Fig. 10 gives the imaging results of point targets.
Fig. 11 shows that the phase estimate error between the true
phase and the estimated phase. Because of no compensation
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FIGURE 11. Phase estimate error.

for vibration error, Fig. 10(a) shows that the SAR image
quality is affected by paired echoes and seriously degrades.
After phase error compensation by the LS method and the
QML method, the image quality in Fig. 10(b)-(c) are no
improving. It is due to the fact that the residual phase errors
are much larger than / 4, as shown in the blue line and green
line of Fig. 11. The exciting part is that the paired echoes are
completely suppressed after phase error compensation by the
proposed method. It is obvious from Fig. 11 that the phase
estimate error by the proposed method is much smaller than
that by the LS method and the QML method.

Amplitude(dB)

}w

FIGURE 12. Azimuth-dimensional amplitude profiles.

b

500
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The resulting azimuth-dimensional amplitude profiles
after up-sampling eight times are shown in Fig. 12. And the
imaging quality indices of point target for different methods
are listed in Table 5. As can be seen from the azimuth profiles
and the imaging quality indices, only the proposed method
can greatly suppress the paired echo and obtain the image
quality equal to that in the ideal case.

TABLE 5. Imaging quality indices of point target with single component
vibration error at SNR = 5dB.

Parameters IRW (cm) PSLR (dB) ISLR (dB)
Theoretical values 5.02 -13.28 -30.68
LS method / / /
QML method 5.94 -0.22 -3.46
Proposed method 5.10 -13.44 -26.43

B. SIMULATION ANALYSIS OF MULTI-COMPONENTS
VIBRATION

In this section, we consider the multi-component high-
frequency vibration with the form of (8) and I = 2. Sup-
posing that the first component vibration parameters are the
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FIGURE 13. (a) True and estimated ICR of two components vibration at
SNR = 20dB, (b) Frequency spectrum of the estimated ICR.

TABLE 6. Estimates of two component vibration at SNR = 20dB.

Parameters Ay(mm) _f, (Hz) 9y(rad) ]
Ay(mm) fi(Hz)  ¢(rad)
25000 83000 0.7854
True values 03000 15.0000 0.7854 3994876
27541 8.0645 0.8204
LS method 01920 161290 0.7412  107.5089
25209 83104 0.7961
QMLmethod (5716 149549 0.7998 380.7411
24981 83154  0.7900
Proposed method 0.2924 14.8679  0.7763 388.3053

Vibration error(mm)

7702 -0.15 -0.1 -0.05 0 0.05 0.1 0.15 02
Slow time (s)

FIGURE 14. True and estimated vibration displacement of two
components vibration at SNR = 20dB.

same as that of simulation in section A and the second com-
ponent vibration parameters are that f, = 15.0Hz,A, =
0.3 x 1073 m and v = n/4. In addition, we assume that
the signal is corrupted with Gaussian white noise of 20dB.
The signal ICR estimated by FrFT and its spectrum are shown
in Fig. 13, respectively. It can be seen from Fig. 3 and 13,
similar to the ICR estimation results of single component
vibration, the ICR estimations are also consistent with the true
values. Then we obtain that the signal ICR frequencies are
8.0645 Hz and 16.1290 Hz. Compared to the true vibration
frequency, there are considerable estimate errors. With the
estimated vibration frequency, the other vibration parameters
are obtained, and all parameters estimates and ML function
values are listed in Table 6. Fig. 14 gives the estimated vibra-
tion displacement. It is clear from the Table 6 that the esti-
mated values based on the LS method deviate from the true
values because of the error propagation effects, which makes
the estimated vibration displacement deviate from the true
vibration displacement, as shown in the blue line of Fig. 14.
The ML value also shows that the LS method is not ideal.
However, in the QML method and the proposed method, the
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error propagation effects are both suppressed, which makes
the parameters estimate values are almost consistent with the
theoretical values, as shown in Table 6.

Azimuth(m)
Azimuth(m)

Range(m)

(a)

Azimuth(m)
Azimuth(m)

Range(m) Range(m)

(c) (d)

FIGURE 15. Imaging results of point targets with two components
vibration error at SNR = 20dB. (a) No compensation; (b) Compensation
based on LS method; (c) Compensation based on QML method;

(d) Compensation based on proposed method.

Estimated phase error (*ra

FIGURE 16. Phase estimate error.

The THz-SAR system parameters in Table 1 and the
two components high-frequency vibration error are used
to generate the echo signal for multi-point targets. Firstly,
the RD algorithm is used for focusing on imaging, as shown
in Fig. 15(a). It can be seen that the SAR image have
many paired echoes and the image quality seriously degrades.
Then, with the estimated vibration parameters by the different
methods, the vibration phase errors are compensated respec-
tively, and the imaging results are given in Fig. 15(b)-(d).
Fig. 16 shows the phase estimate error between the true phase
and the estimated phase. Compared to Fig. 15(a), the image
quality in Fig. 15(b) is improved, but there are still some
paired echoes in the image. It is due to the fact that the
residual phase errors are much larger than 7 / 4, as shown
in the blue line of Fig. 16. However, since the residual
phase errors compensated by the QML method and the pro-
posed method are smaller than / 4, it can be seen from
Fig. 15(c)-(d) that the paired echoes are completely
suppressed.
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TABLE 7. Imaging quality indices of point target with two components
vibration error at SNR = 20dB.

Parameters IRW (cm) PSLR (dB) ISLR (dB)
Theoretical values 5.02 -13.28 -30.68
LS method 6.58 -2.06 -11.52
QML method 5.10 -14.44 -2591
Proposed method 5.14 -12.72 -26.64

Amplitude(dB)

0 100 200 300 400 500
Azimuth bin(pixel)

FIGURE 17. Azimuth-dimensional amplitude profiles.

Similarly, the resulting azimuth-dimensional amplitude
profiles after up-sampling eight times are shown in Fig. 17.
And the imaging quality indices of point target for differ-
ent parameters estimation methods are listed in Table 7.
As can be seen from the azimuth profiles and the imaging
quality indices, the LS method is too poor to suppress the
paired echoes well. In the contrary, the QML method and the
proposed method are both better and the paired echoes are
suppressed well. The PSLR of the QML method is slightly
higher than that of the proposed method. It is because that the
residual phase error of the QML method is slightly larger than
that of the proposed method, as shown in Fig. 16. It suggests
that the proposed method is slightly better than the QML
method at high SNR.
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(a) (b)

FIGURE 18. (a) True and estimated ICR of two components vibration at
SNR = 5dB, (b) Frequency spectrum of the estimated ICR.

In the following, we consider the two components high-
frequency vibration with the same parameter values, but it is
corrupted with Gaussian white noise of 5dB. First, the signal
ICR estimated by FrFT and its spectrum are given in Fig. 18,
respectively. From the comparison between the estimated
ICR and the true ICR, most points are almost consistent with
the theoretical values, but some points deviate from the true
values. Compared to Fig. 13(a) at high SNR, there are some
outliers, which affect the parameters estimate. Although the
frequency spectrum of estimated ICR is affected by noise,
we still obtain that the signal ICR frequencies are 8.0645 Hz
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TABLE 8. Estimates of two component vibration at SNR = 5dB.

Parameters A,(mm) _f(Hz) @y (rad) ]

A,(mm) fi(Hz) ¢, (rad)
2.5000 8.3000 0.7854
2.9277 8.0645 -0.1796

LS method 05845 16.1290 -0.5973  23.0008
1.8798 9.4004 -0.0832

QML method (4850 16.5249 -0.6968  90-2384
2.4578 8.3094 0.7727

and 16.1290 Hz, which are the same as the estimated values
at SNR = 20dB. With the estimated vibration frequency,
the other vibration parameters are obtained, and all param-
eters estimates and ML function values are listed in Table 8.
Fig. 19 shows the vibration displacement constructed with
the estimated parameters. Similar to the single component
vibration at low SNR, the estimated values based on the LS
method and the QML method both deviate from the true
values due to the two factors explained in the section of the
single component vibration at low SNR. The ML values also
do confirm this. However, as shown in Table 8, the parameters
estimate values by the proposed method are almost consistent
with the theoretical values, which suggests that the proposed
method can suppress both the effects of the two factors. The
vibration displacement in the red line of Fig. 19 also does
confirm this.

Vibration error(mm)

02 015 01 005 0 005 01 015 02
Slow time (s)

FIGURE 19. True and estimated vibration displacement of two
components vibration at SNR = 5dB.

Similarly, Fig. 20 gives the imaging results of point targets
with two components vibration error. Fig. 21 shows the phase
estimate error between the true phase and the estimated phase.
When direct imaging without vibration error compensation,
the SAR image quality is affected by paired echoes and seri-
ously degrades, as shown in Fig. 20(a). After vibration error
compensation based on the LS method and the QML method,
the image quality in Fig. 20(b)-(c) are still no improving. It is
due to the fact that the residual phase errors are much larger
than / 4, as shown in the blue line and green line of Fig. 21.
The exciting part is that the paired echoes are completely sup-
pressed after phase compensation by the proposed method,
as shown in Fig. 20(d).

Finally, the resulting azimuth-dimensional amplitude pro-
files after up-sampling eight times are shown in Fig. 22.
And the imaging quality indices of point target with two
components vibration for different parameters estimation
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FIGURE 20. Imaging results of point targets with two components
vibration error at SNR = 5dB. (a) No compensation; (b) Compensation
based on LS method; (c) Compensation based on QML method;
(d) Compensation based on proposed method.

Azimuth(m)
Azimuth(m)

02 045 01 005 0 005 01 015 02
Slow time (s)

FIGURE 21. Phase estimate error.
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TABLE 9. Imaging quality indices of point target with two components
vibration error at SNR = 5dB.

Parameters IRW (cm) PSLR (dB) ISLR (dB)
Theoretical values  5.02 -13.28 -30.68

LS method \ \ \

QML method 10.52 -3.19 -10.18
Proposed method ~ 5.11 -11.14 -27.01

methods are listed in Table 9. As can be seen from the azimuth
profiles and the imaging quality indices, the LS method and
the QML method are both too poor to suppress the paired
echoes well. In the contrary, the imaging quality indices of
point target are almost consistent with the theoretical values,
which shows that the proposed method is good at low SNR.
Remark: In the estimation of single component and two
components high-frequency vibration, no matter the SNR is
high or low, the LS method is not ideal, but the proposed
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method is good. Only when the SNR is high, the QML
method can obtain ideal estimation results, but its estimation
performance is still worse than that of the proposed method.

V. CONCLUSION

In this paper, a high-frequency vibration parameter estima-
tion method based on FrFT with combination of QML and
RANSAC was proposed to effectively suppress the paired
echo in THz-SAR imaging. The proposed method not only
can deal with the multi-components vibration error but also
has high estimation accuracy. No matter the SNR is high or
low, based on the proposed method, the parameters estima-
tion accuracy can fulfill image well-focused requirements.
Both simulation results of single component and multi-
components high-frequency vibration for different SNR are
presented to verify the validity of the proposed method.
The method also can be extended to solve the problem of
high-frequency vibration error for other wavebands, such as
the microwave band. Until now, the premise of the proposed
method is that there are dominant scatter points in the imag-
ing scene. Otherwise, the proposed method will fail. Thus,
the case where there is no dominant scatter point is worth
studying in future work. Furthermore, the existing paired
echo suppression algorithms assume that the low-frequency
motion error has been compensated. The next step is to study
the simultaneous compensation of low-frequency motion
error and high-frequency vibration error.
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