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Compensation for High-Frequency Vibration of SAR
Imaging in the Terahertz Band Based on Linear

Chirplet Transform and Empirical
Mode Decomposition

Siyu Chen, Yong Wang , Senior Member, IEEE, and Yun Zhang, Member, IEEE

Abstract—SAR in THz band is very important and valuable in
the field of radar signal processing, and it is much sensitive to the
high-frequency vibration of the platform due to the short wave-
length. In this article, the high-frequency vibration is characterized
as a multicomponent SFM signal, and the parameters estimation
method based on the linear chirplet transform and empirical mode
decomposition is proposed to compensate for the high-frequency
vibration errors. This method can extract the instantaneous fre-
quency of the received signal with high precision, and the focused
SAR image can be obtained consequently. Results of simulated and
real measured data are provided to illustrate the effectiveness of
the novel algorithm proposed in this article.

Index Terms—EMD, high-frequency vibration compensation,
LCT, Terahertz synthetic aperture radar (THz-SAR).

NOMENCLATURE

SAR Synthetic aperture radar.
LCT Linear chirplet transform.
EMD Empirical mode decomposition.
IF Instantaneous frequency.
THz Terahertz.
SNR Signal-to-noise ratio.
DSFMT Discrete sinusoid frequency modulation trans-

form.
PGA Phase gradient autofocus.
STFT Short-time Fourier transform.
LFM Linear frequency modulation.
SFM Sinusoidal frequency modulation.
APC Antenna phase center.
RCMC Range cell migration correlation.
IMF Intrinsic mode function.
V Velocity of platform.
H Height of platform.
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ΔRy(tm) High-frequency vibration along the Y-axis.
ΔRz(tm) High-frequency vibration along the Z-axis.
tm Slow time.
xp X-coordinate of target point P .
yp Y-coordinate of target point P .
RAp(tm) Slant range between the APC and a target point

P .
ΔR High-frequency vibration error of the platform.
ai ith vibration amplitude.
fi ith vibration frequency.
ϕi ith vibration initial phase.
Rp Shortest slant range between the platform and

the target point P .
rect(t) Window function.
Tr Chirp pulse duration.
s(τf , tm) Received signal.
τf Fast time.
σ′
p Signal amplitude.

c Velocity of light.
kr Frequency modulation rate.
B Bandwidth.
τp Pulse width.
λ Transmitted wavelength.
σp Signal amplitude after range compression.
ka Doppler frequency modulation rate.
ω(tm) Time-varying frequency of s(tm).
ωlinear(tm) Linear component of ω(tm).
ωsin(tm) Sinusoidal component of ω(tm).
S(τ, ω, ς) LCT of s(tm).
LCT[·] LCT operator.
τ LCT time.
ω LCT frequency.
ς LCT chirp rate.
P (tm) LCT kernel.
h(tm) Window function.
PRF Pulse repetition frequency.
res(tm) Residual signal.
imfi(tm) ith IMF signal.
ylinear Linear signal.
F(α0, α1) Linear fitting objective function.
‖‖2 2-norm.
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ysin Sum of sinusoidal signals.
I Number of sinusoidal signals.
F(βi, γi, δi) Curve fitting objective function.
Hr Vibration error compensation function.
Href Compensation function for dechirping.

I. INTRODUCTION

SAR is widely used in various fields since its capacity of
all-day and all-climate observation [1], [2], [3], [4], [5]. In

recent years, terahertz SAR (THz SAR) has attracted more and
more attention due to its high imagery resolution and strong
antijamming ability. The frequency range of the terahertz wave
covers from 0.1 THz to 10 THz, which is between the microwave
and infrared rays [6], [7], [8], [9], [10], [11]. THz SAR makes
it easier to obtain high-resolution imaging results but it is suf-
fering from the problem of the high-frequency vibration of the
platform, which can defocus the imaging results. For the conven-
tional SAR systems, the effect of the high-frequency vibration
is almost negligible because its wavelength is much greater than
the vibration amplitude. However, for the THz SAR imaging, the
tiny vibration of the platform will severely blur the image due to
the small wavelength [12]. Since the conventional SAR imaging
algorithm cannot compensate for the high-frequency vibration of
the platform, it is necessary to study the high-frequency vibration
compensation.

In recent years, there are many research works focusing on
the compensation of the high-frequency vibration. The wavelet
multiresolution analysis in conjunction with the Doppler key-
stone transform (DKT) and the parametric space projection is
presented to estimate the high-frequency vibration [13], [14].
The local fractional Fourier transform (LFrFT) is proposed to
estimate and compensate for the high-frequency vibration of
the platform [15]. In [16], the adaptive chirplet decomposition
is proposed to focus the image for the THz SAR system. The
method is effective and easy to be implemented. However,
these methods above are only applicable to the single-frequency
vibration estimation. In practice, the platform vibration may
be very complex, which may include multiple frequencies, so
it is necessary to further study the multifrequency vibration
estimation.

The fractional Fourier transform (FrFT) with a combination of
the quasi-maximum likelihood and the random sample consen-
sus is proposed to compensate for the high-frequency vibration
error [17]. The method can estimate the multicomponents vi-
bration error with high estimation accuracy even at a low SNR,
but it assumes that the low-frequency motion error has been
compensated. In [18] and [19], the vibration estimation method
based on the discrete fractional Fourier transform is presented to
estimate the instantaneous vibration accelerations and vibration
frequencies.

In [20], the DSFMT optimized by the simulated annealing
algorithm is used to compensate for the high-frequency vibration
of the platform. A method based on the sparsity-promoting
parameter estimation is proposed in [21]. This method can
reconstruct and compensate for the full aperture phase error
upon the single-range bin data. In [22], the method based

on the subaperture decomposition and the minimum entropy
theorem is used to compensate for the motion error of the
THz SAR systems. When there is no isolated strong scatterer
in the imaging scene, the method is superior to the PGA
algorithm.

The essence of the platform vibration error is the sinusoidal
modulation of the phase in the radar return. Therefore, the
precondition of the vibration estimation is the analysis of the
phase error. At present, some scholars have studied the extraction
method of the sinusoidal modulation phase error. In [23] and
[24], the time–frequency analysis method based on the STFT
is used to obtain the time-frequency representation of the re-
ceived signals for the estimation of the vibration frequency. But
the accuracy of the time–frequency analysis method depends
on the length of the short-time window [25]. In addition, the
correction method of the phase shift ambiguity is presented in
[26] and [27]. This method can extract the sinusoidal mod-
ulation phase error when the maximal phase shift between
adjacent samples is below π but it does not perform well at low
SNR.

To sum up, the main problems of the high-frequency vibra-
tion compensation are the multifrequency vibration estimation
and the vibration error extraction. To address the limitations
of the above method, the LCT in conjunction with the EMD
and the curve fitting algorithm is proposed to reconstruct and
compensate for the phase error caused by the high-frequency
vibration of the platform in this article. After the range com-
pensation, the form of the received signals can be expressed
as a hybrid LFM-SFM signal. Therefore, the LCT algorithm
is presented to extract the IF of the received signals, which
consists of the linear component and the sinusoidal component.
Then, the EMD algorithm and the linear fitting algorithm are
further used to extract the sinusoidal component, which is intro-
duced by the high-frequency vibration error. Finally, the curve
fitting algorithm based on the nonlinear least squares theorem
is employed to obtain the parameters of the high-frequency
vibration.

The contributions of this article are as follows.
1) The IF extraction method based on the LCT algorithm

is employed for the received signals in the THz SAR
system, which can accurately extract the IF for the further
estimation.

2) Since the received signals after the range compression
in the THz SAR system can be expressed as the hybrid
LFM-SFM signal, the EMD algorithm and the linear fitting
algorithm are used for dechirping the received signals after
the range compression to further estimate the vibration
parameters.

3) The curve fitting algorithm is applied for the vibration
parameter estimation, which can estimate the vibration pa-
rameters precisely. Then, after the vibration error compen-
sation using the estimated parameters, the well-focused
images can be obtained.

4) Compared with the STFT-based method in [24] and the
DSFMT-based method in [20], it can be seen that the
proposed algorithm in this article has higher accuracy and
computational efficiency.
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Fig. 1. Main work of this article.

Fig. 2. THz SAR imaging geometric model.

The main work of this article is shown in Fig. 1. In the
remainder of this work, we first establish the signal model of the
radar return with the high-frequency vibration of the platform
in Section II. Then, the LCT algorithm in conjunction with the
EMD algorithm and the curve fitting algorithm is proposed in
Section III. In Section IV, the simulated and real measured data
illustrate the effectiveness of the proposed method in this article.
Finally, the conclusion to this article is drawn in Section V.

II. IMAGING MODEL OF THZ SAR WITH HIGH-FREQUENCY

VIBRATION ERROR

The imaging geometric model of the THz SAR is shown in
Fig. 2, which works at the vertical side-looking strip mode with
the velocity of V and the height H . The dotted line along the
X-axis represents the ideal trajectory of the platform, and the red
line shows the real trajectory.

Due to the short wavelength of the THz SAR, the high-
frequency vibration of the platform cannot be ignored. The plat-
form vibration in practice usually contains multiple frequency
components. Since the actual vibration all meet the Dirichlet
condition, the high-frequency vibration of the platform can be
expressed as the Fourier series [26]. At present, some research
works have analyzed the effect of the high-frequency vibration
in the SAR imaging. The global positioning system and the
inertial measurement unit (IMU) can adjust the pulse repetition
frequency according to the platform speed and eliminate the
unequal sampling error [27]. Therefore, the vibration error along
the azimuth direction has little effect on the final imaging results
and only the high-frequency vibration along the Y and Z axes

will be considered [28], which can be expressed as

ΔRy (tm) =

I∑
i=1

ayi sin (2πfitm + ϕyi) (1)

ΔRz (tm) =

I∑
i=1

azi sin (2πfitm + ϕzi) (2)

where i = 1, 2, . . . , I , tm represents the slow time. ayi and azi
are the vibration amplitude of the Y and Z axes, respectively,
fi indicates the vibration frequency, ϕyi and ϕzi denote the
initial phase of the platform vibration along the Y and Z axes,
respectively.

From Fig. 2, we can see that the real location of the actual APC
is (V tm,ΔRy,ΔRz +H). Therefore, the slant range between
the APC and a target point P at (xp, yp, 0) can be expressed as

RAp (tm) =

√
(V tm − xp)

2 + (ΔRy − yp)
2 + (ΔRz +H)2.

(3)
The amplitude of the high-frequency vibration is usually

several millimeters [29], so ΔR2
y ≈ 0 and ΔR2

z ≈ 0. After the
Taylor expansion, (3) can be rewritten as

ΔR = − ypΔRy

Rp
+

HΔRz

Rp
=

I∑
i=1

ai sin (2πfitm + ϕi)

(4)

RAp (tm)

≈
√

R2
p + V 2t2m − 2ypΔRy + 2HΔRz + x2

p − 2V tmxp

≈ Rp +ΔR+
V 2t2m
2Rp

+
x2
p

2Rp
− V tmxp

Rp
(5)

where ΔR means the high-frequency vibration error of the

platform, Rp =
√
y2p +H2 is the shortest slant range between

the platform and the target point P (xp, yp, 0). ai and ϕi are the
amplitude and the initial phase of the vibration, respectively.

In THz SAR systems, the chirp signal is commonly used as
the transmitting signal. For the target pointP , the received signal
after demodulation can be expressed as

rect (t) =

{
1, |t| ≤ 0.5Tr

0, else
(6)

s (τf , tm) = σ′
prect

(
τf − 2RAp (tm)

c

)

× exp

{
jπkr

(
τf − 2RAp (tm)

c

)2

− j
4π

λ
RAp (tm)

}
(7)

where rect(t) denotes the window function, Tr is the chirp
pulse duration, τf is the fast time, tm means the slow time, σ′

p

represents the signal amplitude, c is the velocity of light, λ de-
notes the transmitted wavelength. kr = B

τp
means the frequency

modulation rate, B is the bandwidth, and τp represents the pulse
width.



1430 IEEE JOURNAL OF SELECTED TOPICS IN APPLIED EARTH OBSERVATIONS AND REMOTE SENSING, VOL. 16, 2023

After performing the range compression, the received signal
can be expressed as

s (τf , tm) = σp sin c

[
πB

(
τf − 2RAp (tm)

c

)]

× exp

{
−j

4π

λ
RAp (tm)

}
(8)

where σp is the signal amplitude after the range compression.
Substituting (5) into (8), we can obtain

s
(
τf , tm

)
= σp sin c

[
πB

(
τf − 2RAp (tm)

c

)]

× exp

[
j

(
πkat

2
m +

4πV xp

λRp
tm − 2πx2p

λRp
− 4πRp

λ
− 4πΔR

λ

)]

(9)

where ka = − 2V 2

λRp
indicates the Doppler frequency modulation

rate.
After the range cell migration correlation, the received signal

can be rewritten as

s (τf , tm) = σp sin c

[
πB

(
τf − 2Rp

c

)]

× exp

[
j

(
πkat

2
m +

4πV xp

λRp
tm − 2πx2

p

λRp
− 4πRp

λ

)]

× exp

[
−j

4π

λ

(
I∑

i=1

ai sin (2πfitm + ϕi)

)]
. (10)

From (10), we can see that platform vibration error introduces
the sinusoidal modulation phase error in the received signals.
Moreover, it is obvious that the amplitude of the phase error
is mainly determined by the ratio of the vibration amplitude to
the transmitted wavelength. Since the high-frequency vibration
amplitude is commonly several millimeters, the wavelength of
the conventional SAR is much greater than the vibration am-
plitude. Therefore, the high-frequency vibration of the platform
can be negligible in the conventional SAR systems. However, for
the THz SAR systems, its wavelength is equal or even smaller
than the high-frequency vibration amplitude. Consequently, the
platform vibration error will seriously affect the imaging quality
in the THz SAR systems.

In order to compensate for the high-frequency vibration er-
ror, the sinusoidal modulation phase error 4πΔR/λ needs to
be reconstructed first. Therefore, the vibration parameters are
estimated by the proposed method in this article; then, the
compensation function is constructed. Through the matched
filtering, the high-frequency vibration error can be compensated
for and the focused images can also be obtained finally.

III. HIGH-FREQUENCY VIBRATION ERROR

COMPENSATION METHOD

After the range compression, the received signal is a hybrid
LFM-SFM signal. For a range gate, the received signal can be
expressed as a hybrid LFM-SFM signal [30], which is shown in

(11)

s (tm) = σ (tm)× exp {jp (tm)}

= σ (tm)×exp

[
j

(
πkat

2
m+

4πV xp

λRp
tm − 2πx2

p

λRp
− 4πRp

λ

)]

× exp

[
−j

4π

λ

(
I∑

i=1

ai sin (2πfitm + ϕi)

)]

= σ (tm)× exp

{
j

[
A0t

2
m +B0tm − 2πx2

p

λRp
− 4πRp

λ

]}

× exp

[
j

(
−4π

λ

I∑
i=1

ai sin (2πfitm + ϕi)

)]
(11)

where tm is the slow time, σ(tm) and p(tm) are the time-varying
amplitude and phase of the signal, respectively. A0 = πka
means the chirp rate of s(tm), B0 =

4πV xp

λRp
is the initial fre-

quency of s(tm), fi is the modulation frequency, and ϕi means
the modulation initial phase.

Therefore, the time-varying frequency ω(t) of the hybrid
LFM-SFM signal can be expressed as

ω (tm) =
dp (tm)

dtm
= 2A0tm +B0 − 2π

× 4π

λ

I∑
i=1

aifi cos (2πfitm + ϕi)

= ωlinear (tm) + ωsin (tm) (12)

where ωlinear(tm) = 2A0tm +B0 is the linear component of
ω(tm), ωsin(tm) = −2π × 4π

λ

∑I
i=1 aifi cos(2πfitm + ϕi) is

the sinusoidal component of ω(tm).

A. IF Reconstruction Based on LCT Algorithm

The LCT algorithm in [31] can represent the energy dis-
tribution of the signal in the time–frequency plane. For the
time-domain signal s(tm), the LCT can be defined as

S (τ, ω, ς) = LCT [s (tm)]

=

∫ +∞

−∞
s (tm + τ)h (tm)P ∗ (tm) dtm (13)

where LCT[·] means the LCT operator. τ is the time, ω means
the frequency, and ς denotes the chirp rate, P ∗(tm) means the
complex conjugation of the LCT kernel, h(tm) is the window
function centered at time tm = 0. The integral of the window
function over the entire time domain is 1, which can be expressed
as ∫ +∞

−∞
h (tm) dtm = 1. (14)

The LCT kernel P (tm) can be defined as

P (tm) = exp

[
j

(
ωtm +

1

2
ςt2m

)]
. (15)
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In a short period of time tm ∈ [τ − T/2, τ + T/2], we can
consider that the amplitude σ(tm) of the signal is a constant
equal to σ(τ). Therefore, (11) can be rewritten as

s (tm) = σ (τ) exp {jp (tm)}

= σ (τ) exp

{
j

[∫
ω (tm) dtm

]}
. (16)

Then, we perform the Taylor expansion on the frequency
ω(tm) at time tm = τ , which can be represented as

ω (tm) ≈ ω (τ) + ς (τ) (tm − τ) , tm ∈
[
τ − T

2
, τ +

T

2

]
(17)

where ς(τ) = dω(τ)/τ is the instantaneous chirp rate and T is
the window length.

Therefore, the time-varying phase of the signal can be rewrit-
ten as

p (tm) = ω (τ) (tm − τ) +
ς (τ)

2
(tm − τ)2

+ p (τ) , tm ∈
[
τ − T

2
, τ +

T

2

]
. (18)

Based on (13), (16), and (18), the LCT of the signal s(tm)
can be represented as

S (τ, ω, ς) = σ (τ) ejp(τ)

×
∫ +∞

−∞
exp

{
j

[
(ω (τ)− ω) tm +

1

2
(ς (τ)− ς) t2m

]}

× h (tm) dtm. (19)

As shown in (19), when ω = ω(τ), ς = ς(τ), the LCT
of the signal reaches the maximum value in the ω−ς
plane. The domain of ω and ς is ω ∈ [0, 2πPRF/2] and ς ∈
[−2πPRF/T, 2πPRF/T ], where PRF is the pulse repetition
frequency. According to the Nyquist–Shannon sampling the-
ory, to avoid aliasing, the domain of the frequency ω is ω ∈
[0, 2πPRF/2]. However, the value of the frequency may be less
than 0, so there is a preprocessing process ahead of applying the
algorithm. As shown in (20), the time-domain signal s(tm) is
multiplied with exp[j(2πKtm)], then, the LCT algorithm and
the maximum likelihood method are applied to estimate the IF.
After that, the final estimation of ω can be obtained by (21)

(ω̂′ (τ) , ς̂ ′ (τ)) = argmax
ω,ς

|LCT {s (tm)× exp [j (2πKtm)]}|
(20)

ω̂ (τ) = ω̂′ (τ)− 2πK (21)

where ω̂′(τ) and ς̂ ′(τ) are the estimation of ω and ς , ω̂(τ) is the
final estimated result of the frequency. K is a constant, which
can usually take the value PRF/4.

It is obvious that the time-varying frequencyω(tm) consists of
the linear component ωlinear(tm) and the sinusoidal component
ωsin(tm). Hence, in order to extract the sinusoidal modulation
phase error, the EMD algorithm and the linear fitting algorithm

are used to further process the reconstructed frequency ω̂(tm),
which will be discussed next.

B. Vibration Error Extraction Based on EMD Algorithm and
Linear Fitting Algorithm

In 1998, the EMD algorithm is first proposed by Huang
et al. [32]. This method can decompose the signals without
the basis function, so it has obvious advantages in the signal
decomposition, especially in the nonstationary and nonlinear
signal decomposition.

The aim of the EMD algorithm is to decompose the signal
into a few IMFs. An IMF satisfies the following two conditions.

1) The number of the extreme points and the zero-crossings
must be equal or differ by at most one in the entire dataset.

2) At any point, the mean value of the upper envelope defined
by the local maxima and the lower envelope defined by the
local minima is zero.

For the reconstructed frequency ω̂(tm) mentioned above, the
EMD algorithm flow is as follows.

1) We first initialize the input signal, just as follows:

x (tm) = res (tm) = ω̂ (tm) (22)

where res(tm) is the residual signal.
2) The ith IMF can be obtained via circling from 2) to 5). We

search for the local extreme point of the input signal to get
the upper envelope ymax and the lower envelope ymin of
x(tm) via the cubic splines interpolation.

3) Calculate the mean of the upper and lower envelopes,
which can be expressed as

m (tm) =
1

2
(ymax + ymin) . (23)

4) The kth sifting result vk(tm) can be obtained by (24)
(v0(tm) = x(tm))

vk (tm) = vk−1 (tm)−m (tm) . (24)

5) In order to ensure the enough physical sense of each IMF,
we use the standard deviation SD to stop the circle, which
can be set between 0.2 and 0.3. The standard deviation SD
can be calculated by the two consecutive sifting results,
just as follows:

SD =

T∑
t=0

[
|vk−1 (tm)− vk (tm)|2

v2k−1 (tm)

]
. (25)

If SD is out of the threshold, x(tm) = vk(tm), k = k + 1
and we return to 2) to continue executing the algorithm. If
SD satisfies the presetted threshold, the component vk(tm) is
designated as an IMF imf(tm), that is

imfi (tm) = vk (tm) . (26)

6) Calculate the residual signal, which is shown in

res (tm) = x (tm)− imfi (tm) . (27)
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7) If the residual signal res(tm) is monotonic, the EMD
algorithm can end and the signal can be finally expressed
as

ω̂ (tm) =

I∑
i=1

imfi (tm) + res (tm) . (28)

Otherwise, x(tm) = res(tm) and we return to 2) to extract the
(i+ 1)th IMF.

From the above, we can know that the EMD algorithm
can decompose the reconstructed frequency ω̂(tm) into sev-
eral IMFs, and the monotonic signal is left as the residual
signal finally. The IF of the received signals consists mainly
of two components, namely the sinusoidal component and the
linear component. Since the EMD algorithm can extract all
the components that meet the above conditions as IMFs, and
the sinusoidal component meets the two conditions of the IMF,
the sinusoidal component can be obtained via the IMFs. Then,
the information of the linear component can be obtained via the
residual signal. Nevertheless, the residual signal is monotonic
but not necessarily linear, so the linear fitting algorithm is used to
further extract the linear component via the monotonic residual
signal res(tm). Then, by subtracting the linear component, the
sinusoidal component can be obtained for the vibration error
compensation. We set a linear signal model as shown in

ylinear = α1tm + α0 (29)

where α0 and α1 mean the intercept and the slope of the linear
signal model, respectively.

The linear least squares theorem is used to fit the linear signal,
and the corresponding objective function can be defined as

F (α0, α1) = ‖res (tm)− ylinear‖22 (30)

where ‖‖2 means the 2-norm.
By finding the minimum of F(α0, α1), we can obtain the

optimal solution of (α0, α1), that is

(α̂0, α̂1) = argmin
α0,α1

F (α0, α1) (31)

where α̂0 and α̂1 are the estimation of the intercept and the slope,
respectively.

Finally, the estimated linear component can be expressed as

ω̂linear (tm) = ŷlinear = α̂1tm + α̂0 (32)

where ω̂linear(tm) is the estimation of the linear component.
Then, the estimation of the sinusoidal component introduced

by the high-frequency vibration error can be obtained via

ω̂sin (tm) = ω̂ (tm)− ω̂linear (tm) (33)

Through the sinusoidal component estimation ω̂sin(tm), the
high-frequency vibration parameters can be estimated based on
the curve fitting algorithm, which will be discussed next.

C. Vibration Error Estimation Based on Curve
Fitting Algorithm

In this section, the curve fitting algorithm based on the non-
linear least squares theorem is used to estimate the parameters of

the high-frequency vibration error. In order to fit the sinusoidal
component ω̂sin(tm), a sinusoidal signal model is established at
first, which can be expressed as a sum of sinusoidal signals as
shown in

ysin =

I∑
i=1

βi sin (2πγitm + δi) (34)

where βi, γi, and δi are the amplitude, frequency, and initial
phase of the ith sinusoidal signal, and I means the number of
sinusoidal signals.

It is worth noting that I can be determined by the number
of peaks after the Fourier transform. For the THz SAR sys-
tems, the sinusoidal signals with larger amplitudes have greater
influence on the imaging results. After the Fourier transform,
the more peaks we select, the higher the accuracy of parameter
estimation will be. However, the vibration error can also be well
compensated by selecting only a few dominant peaks with large
amplitudes, and the vibration error compensation accuracy will
not be greatly improved if we select more peaks with smaller
amplitudes. Therefore, we select the dominant peaks with large
amplitudes to determine the number I of the sinusoidal signals in
this article. Then, the nonlinear least squares theorem is used to
fit the sinusoidal curve, and the corresponding objective function
can be defined as

F (βi, γi, δi) =
1

2
‖ω̂sin (tm)− ysin‖22 . (35)

Through the iterative calculation, we find the minimum of the
objective function F(βi, γi, δi) and the parameters (βi, γi, δi)
corresponding to the minimum are the estimated results, that is(

β̂i, γ̂i, δ̂i

)
= argmin

βi,γi,δi

F (βi, γi, δi) (36)

where β̂i, γ̂i, and δ̂i are the estimation of βi, γi, and δi, respec-
tively.

Finally, the vibration error compensation function is estab-
lished to perform the motion compensation, which is shown in

Hr = exp

[
−j

(
I∑

i=1

β̂i

γ̂i
sin
(
2πγ̂itm + δ̂i − π

2

))]
. (37)

The flowchart of the proposed method in this article is shown
in Fig. 3.

IV. EXPERIMENTAL RESULTS

A. Results of Simulated Data

In this section, we carry out the simulations based on the
point scatters to illustrate the performance of the proposed
method. The model of the seven-point scatters is shown in
Fig. 4. In addition, the simulation system parameters are shown
in Table I. Since the high-frequency vibration in practice may
include one or more frequency components, we establish the
single-frequency and multifrequency vibration model, respec-
tively, which will be discussed as follows.
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Fig. 3. Flowchart of the proposed method in this article.

Fig. 4. Model of the seven-point scatters.

TABLE I
SIMULATION SYSTEM PARAMETERS

Case 1: Platform Vibration With Single Frequency

Due to the small wavelength of the THz SAR, the high-
frequency vibration error cannot be negligible. Hence, we dis-
cuss the platform vibration with the single frequency at first.
From (10), we can see that the Doppler rate of the received
signals after the range compression is proportional to the square
of the platform velocity and inversely proportional to the wave-
length and Rp. Due to the large Doppler rate of the received

Fig. 5. IF extracted via the LCT algorithm.

Fig. 6. IMFs and the residual signal extracted via the EMD algorithm. (a) First
IMF signal. (b) Second IMF signal. (c) Residual signal.

signals, the range of the IF is also large, which will decrease
the accuracy of the LCT-based IF extraction. Therefore, the
received signals should be dechirped to narrow the range of
the IF at first. After dechirping, the range of the IF is deter-
mined by the amplitude of the platform vibration. Since the
high-frequency vibration of the platform is usually small, the IF
can commonly be extracted precisely via the LCT algorithm after
dechirping.

Therefore, we perform the LCT algorithm on a part of the
received signal to extract the IF at first. Then, the parameters of
the linear component are estimated to construct the compensa-
tion function through the EMD algorithm and the linear fitting
algorithm. The IF extracted via the LCT algorithm is shown in
Fig. 5. The IMFs and the residual signal extracted via the EMD
algorithm are shown in Fig. 6, and the linear component fitted
via the linear fitting algorithm is shown in Fig. 7.
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Fig. 7. Linear component fitted via the linear fitting algorithm.

Fig. 8. IF extracted via the LCT algorithm after dechirping.

Fig. 9. Fourier transform result of the IF in Fig. 8.

Then, the compensation function shown in (38) is constructed,
and the received signal after range compression is dechirped by
multiplying it with

Href = exp

[
−j2π

(
α̂1

2
t2m + α̂0tm

)]
(38)

where tm is the slow time, α̂0 and α̂1 are the intercept and the
slope estimation of the residual signal, respectively.

Then, the received signal after dechirping is reused as the
input signal s(tm) in the LCT algorithm to extract its IF, which
is shown in Fig. 8. It is obvious that the EMD algorithm and the
linear fitting algorithm can dechirp the received signal perfectly,
and the LCT algorithm can extract the IF introduced by the
vibration error accurately.

Then, the Fourier transform is performed on the extracted IF
in Fig. 8 to determine the number I of the extracted sinusoidal
signals, which is shown in Fig. 9. It is clear that the number of
sinusoidal signals mainly contained in Fig. 8 is 1. Hence, the
number I of the extracted sinusoidal signal is 1.

After the Fourier transform, the curve fitting algorithm is
used to estimate the vibration error. The estimated vibration
parameters are shown in Table II, and the reconstructed IF is

TABLE II
VIBRATION PARAMETERS ESTIMATED VIA THE CURVE FITTING ALGORITHM

Fig. 10. IF reconstructed via the curve fitting algorithm.

shown in Fig. 10. It is worth noting that the vibration parameters
shown in Table II are the parameters of ΔR. Nevertheless,
the amplitude of the real IF shown in Fig. 10 is calculated by
4π
λ
a1f1, which is the amplitude of ωsin(tm)/2π. In addition,

the normalized root-mean-square error (NRMSE) defined in the
following equation is employed to illustrate the precision of the
proposed method

NRMSE =
‖x (tm)− xreal (tm)‖2

‖xreal (tm)‖2
(39)

where x(tm) is the reconstructed IF, and xreal(tm) denotes the
real IF.

The NRMSE of the reconstructed and real phase error is
0.0157. Obviously, the curve fitting algorithm can estimate
the vibration parameters precisely, and the phase error can be
reconstructed to construct the compensation function defined in
(37).

To further illustrate the effectiveness of the proposed method,
we used two methods for comparison. The first method is the
DSFMT algorithm optimized by the simulated annealing algo-
rithm in [20], and the second method is the STFT algorithm in
conjunction with the parameter space projection in [24]. For the
second method, instead of using the STFT-based spectrogram for
vibration frequency estimation, we extract the time–frequency
ridge via the STFT-based spectrogram after dechirping. Then,
the Fourier transform is performed on the time–frequency ridge
for the vibration frequency estimation, and the parameter space
projection is adopted to estimate the vibration amplitude and the
vibration initial phase.

The imaging result without the high-frequency vibration com-
pensation is shown in Fig. 11(a), which is defocused in the
azimuth dimension. After the vibration error compensation, the
imaging results obtained through the STFT-based method in [24]
and the DSFMT-based method in [20] are shown in Fig. 11(b)
and (c), respectively. The final imaging result obtained through
the proposed method is shown in Fig. 11(d). In Fig. 11, the
imaging results obtained via different methods are in decibels.

Obviously, the phase error introduced by the platform vibra-
tion can be removed via the proposed method in this article



CHEN et al.: COMPENSATION FOR HIGH-FREQUENCY VIBRATION OF SAR IMAGING IN THE TERAHERTZ BAND 1435

Fig. 11. Imaging results obtained via different methods. (a) Imaging result
before the high-frequency vibration compensation. (b) Imaging result after the
high-frequency vibration compensation via the STFT-based method in [24].
(c) Imaging result after the high-frequency vibration compensation via the
DSFMT-based method in [20]. (d) Imaging result after the high-frequency
vibration compensation via the proposed method in this article.

Fig. 12. Azimuth profiles before and after the high-frequency vibration com-
pensation via the proposed method in this article.

and the performance of the proposed method is superior to the
STFT-based method in [24] and the DSFMT-based method in
[20]. After the vibration error compensation, the azimuth profiles
obtained via the proposed method are shown in Fig. 12. It is clear
that the well-focused image is obtained and the defocus along the
azimuth dimension is suppressed through the proposed method
in this article.

Moreover, the image entropy is defined in (40) to further illus-
trate the performance of the proposed method in this article. The
image entropy of Fig. 11 is shown in Table III. Compared with
the STFT-based method in [24] and the DSFMT-based method
in [20], the proposed method in this article performs better
in the high-frequency vibration compensation. In addition, the
reduction of the image entropy demonstrates the effectiveness

TABLE III
IMAGE ENTROPY OF FIG. 11

Fig. 13. IF extracted via the LCT algorithm.

of the proposed method

E = −
N∑

n=1

M∑
m=1

D (n,m) · ln [D (n,m)] (40)

where D = |s(n,m)|2
Es

, Es =
∑N

n=1

∑M
m=1 |s(n,m)|2, s(n,m)

means the discrete image.

Case 2: Platform Vibration With Multiple Frequencies

Then, the high-frequency vibration with multiple frequencies
is modeled to further demonstrate the validity of the proposed
method. Similarly, we process a part of the received signal at
first. The IF obtained via the LCT algorithm is shown in Fig. 13.
After the LCT algorithm, the IMFs and the residual signal can
be obtained via the EMD algorithm, which is shown in Fig. 14.

The EMD algorithm can be used to distinguish several major
sinusoidal signals. However, it may be accidental, that is, the
EMD algorithm does not always separate several sinusoidal
signals independently. Therefore, the linear fitting algorithm is
used to compensate for the linear component to further estimate
the vibration parameters.

Then, as shown in Fig. 15, the linear fitting algorithm is
employed to fit the residual signal. Through the linear fitting
algorithm, the parameters of the linear component are obtained
to construct the compensation function defined in (38) for
dechirping. Then, the LCT algorithm is reused to extract the
IF after dechirping, which is shown in Fig. 16. It is clear that
the LCT algorithm can extract the IF with multiple frequencies
precisely.

After the IF extraction, the Fourier transform is performed
on the extracted IF in Fig. 16 to determine the number I of the
extracted sinusoidal signals, which is shown in Fig. 17. Hence,
the number I of the extracted sinusoidal signals is 2.

Then, the curve fitting algorithm is used to estimate the
parameters of the vibration error, which are shown in Table IV.
In addition, the reconstructed IF is shown in Fig. 18. Similarly,
the vibration parameters shown in Table IV are the parameters
of ΔR, and the amplitudes of the real IF shown in Fig. 18
are calculated by the amplitude of ωsin(tm)/2π. Moreover, the
NRMSE of the reconstructed and real phase error is 0.0206.
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TABLE IV
VIBRATION PARAMETERS ESTIMATED VIA THE CURVE FITTING ALGORITHM

Fig. 14. IMFs and the residual signal extracted via the EMD algorithm. (a)
First IMF signal. (b) Second IMF signal. (c) Third IMF signal. (d) Residual
signal.

It is obvious that the curve fitting algorithm can estimate the
vibration error accurately. Through the parameter estimation, the
compensation function defined in (37) can be constructed and
the sinusoidal modulation phase error can be removed through
the matched filtering.

As shown in Fig. 19(a), the imaging result without the
high-frequency vibration compensation is defocused in the az-
imuth dimension. Then, the two methods mentioned above are

Fig. 15. Linear component fitted via the linear fitting algorithm.

Fig. 16. IF extracted via the LCT algorithm after dechirping.

Fig. 17. Fourier transform result of the IF in Fig. 16.

employed for comparison. The imaging results obtained via the
STFT-based method in [24] and the DSFMT-based method in
[20] are shown in Fig. 19(b) and (c), respectively. In addition, the
proposed method is used to perform the vibration error compen-
sation and the well-focused imaging result is shown in Fig. 19(d).
In Fig. 19, the imaging results obtained via different methods are
in decibels. Obviously, compared with the STFT-based method
in [24] and the DSFMT-based method in [20], the proposed
method has higher precision for high-frequency vibration error
compensation.

After the high-frequency vibration compensation, the azimuth
profiles obtained via the proposed method are shown in Fig. 20,
from which we can see that the defocus along the azimuth
dimension is depressed via the proposed method in this article.
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Fig. 18. IF reconstructed via the curve fitting algorithm.

Fig. 19. Imaging results obtained via different methods. (a) Imaging result
before the high-frequency vibration compensation. (b) Imaging result after the
high-frequency vibration compensation via the STFT-based method in [24]. (c)
Imaging result after the high-frequency vibration compensation via the DSFMT-
based method in [20]. (d) Imaging result after the high-frequency vibration
compensation via the proposed method in this article.

TABLE V
IMAGE ENTROPY OF FIG. 19

Finally, the image entropy of Fig. 19 is used to further illustrate
the performance of the proposed method, which is shown in
Table V. Compared with the STFT-based method in [24] and the
DSFMT-based method in [20], the proposed method has better
performance in the vibration error compensation. Apart from
that, the decrease in the image entropy demonstrates the supe-
riority of the proposed method in the high-frequency vibration
error compensation.

In addition, for the platform vibration with multiple frequen-
cies, we construct 50 Monte Carlo simulations under different
SNRs to verify the performance of the proposed algorithm. The
average NRMSEs of the reconstructed and real phase error are
shown in Table VI. It is clear that the proposed method in this

Fig. 20. Azimuth profiles before and after the high-frequency vibration com-
pensation via the proposed method in this article.

TABLE VI
AVERAGE NRMSES AND COMPUTATIONAL TIME AT DIFFERENT SNRS

Fig. 21. Imaging results obtained via the proposed method at the SNR of 0 dB.
(a) Imaging result before the high-frequency vibration compensation at the SNR
of 0 dB. (b) Imaging result after the high-frequency vibration compensation at
the SNR of 0 dB.

article has high precision. Moreover, we evaluate the computa-
tional efficiency of the proposed algorithm and other algorithms.
The specifications of the computer for the simulations are Intel
i7-12700 2.11GHz CPU, 32GB RAM. Since the STFT-based
method in [24] and the DSFMT-based method in [20] deal with
the received signal after dechirping, we list the average com-
putational time at different SNRs after dechirping in Table VI.
Obviously, the computational efficiency of the proposed method
in this article is higher than that of the STFT-based method in
[24] and the DSFMT-based method in [20].

Furthermore, at the SNR of 0 dB, the imaging result before
the vibration error compensation is shown in Fig. 21(a). Then,
after the vibration error compensation via the proposed method
in this article, the well-focused image is shown in Fig. 21(b). The
image entropies for Fig. 21(a) and (b) are 12.3035 and 9.6142,
respectively. It is obvious that the defocus caused by the vibration
error is well eliminated, and the proposed method still performs
well even at a low SNR.
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Fig. 22. IF extracted via the LCT algorithm when the observation targets
encounter the perturbation of random motion.

Fig. 23. IMFs and the residual signal extracted via the EMD algorithm when
the observation targets encounter the perturbation of random motion. (a) First
IMF signal. (b) Second IMF signal. (c) Third IMF signal. (d) Residual signal.

Case 3: Observed Targets With Perturbation of Random Motion

In practice, the observed targets may encounter the perturba-
tion of random motion. Therefore, we add the random motion
to T2 and T5 in Fig. 4 to prove the effectiveness of the proposed
method in this case. In addition, the settings of other simulation

Fig. 24. Linear component fitted via the linear fitting algorithm when the
observation targets encounter the perturbation of random motion.

Fig. 25. IF extracted via the LCT algorithm after dechirping when the obser-
vation targets encounter the perturbation of random motion.

Fig. 26. Fourier transform result of the IF in Fig. 25 when the observation
targets encounter the perturbation of random motion.

experiment parameters in Case 3 are consistent with those of
Case 2.

As shown in Fig. 22, the LCT algorithm is performed on a
part of the received signal to obtain the IF at first. Then, the
EMD algorithm is used to estimate the parameters of the linear
component, and the IMFs and the residual signal are shown in
Fig. 23.

After the EMD algorithm, the linear fitting algorithm is used to
fit the residual signal, which is shown in Fig. 24. Then, the com-
pensation function defined in (38) is employed for dechirping,
and the IF after dechirping is extracted via the LCT algorithm,
which is shown in Fig. 25. Obviously, the LCT algorithm can
still extract the IF when the observed targets encounter the
perturbation of random motion.

Then, the Fourier transform is performed on the extracted IF
in Fig. 25 to determine the number I of the extracted sinusoidal
signals, which is shown in Fig. 26. Obviously, the number of
sinusoidal signals mainly contained in Fig. 25 is 2. Therefore,
the number I of the extracted sinusoidal signal is 2.

After the Fourier transform, the parameters of the high-
frequency vibration are estimated via the curve fitting algorithm,



CHEN et al.: COMPENSATION FOR HIGH-FREQUENCY VIBRATION OF SAR IMAGING IN THE TERAHERTZ BAND 1439

TABLE VII
VIBRATION PARAMETERS ESTIMATED VIA THE CURVE FITTING ALGORITHM WHEN THE OBSERVATION TARGETS ENCOUNTER THE PERTURBATION OF

RANDOM MOTION

Fig. 27. IF reconstructed via the curve fitting algorithm when the observation
targets encounter the perturbation of random motion.

Fig. 28. Imaging results obtained via the proposed method when the obser-
vation targets encounter the perturbation of random motion. (a) Imaging result
before the high-frequency vibration compensation. (b) Imaging result after the
high-frequency vibration compensation.

Fig. 29. Azimuth profiles before and after the high-frequency vibration com-
pensation via the proposed method in this article when the observation targets
encounter the perturbation of random motion.

Fig. 30. Actual measured scene.

TABLE VIII
REAL MEASURED SYSTEM PARAMETERS

Fig. 31. IF extracted via the LCT algorithm. (a) IF of the radar return in scene
1 extracted via the LCT algorithm. (b) IF of the radar return in scene 2 extracted
via the LCT algorithm. (c) IF of the radar return in scene 3 extracted via the
LCT algorithm.

which are shown in Table VII. Moreover, the reconstructed IF is
shown in Fig. 27, and the NRMSE of the reconstructed and
real phase error is 0.0310. Then, the compensation function
defined in (37) is constructed for the high-frequency vibration
compensation.

The imaging results before and after the high-frequency vi-
bration compensation via the proposed method in this article are
shown in Fig. 28(a) and (b), respectively. Moreover, the image
entropies for Fig. 28(a) and (b) are 9.0320 and 5.7631, respec-
tively. As shown in (b), the point targets without the random
motion are clearly visible, and the defocus along the azimuth
dimension that still exists after the vibration compensation is
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Fig. 32. Residual signals obtained by the EMD algorithm. (a) Residual signal
obtained by the EMD algorithm in scene 1. (b) Residual signal obtained by the
EMD algorithm in scene 2. (c) Residual signal obtained by the EMD algorithm
in scene 3.

Fig. 33. Linear components fitted by the linear fitting algorithm. (a) Linear
component fitted by the linear fitting algorithm in scene 1. (b) Linear component
fitted by the linear fitting algorithm in scene 2. (c) Linear component fitted by
the linear fitting algorithm in scene 3.

caused by the random motion of the point targets. Moreover, the
azimuth profiles obtained via the proposed method are shown
in Fig. 29. Therefore, when the observed targets encounter the
perturbation of random motion, the proposed algorithm can
still compensate for the high-frequency vibration error of the
platform well.

Fig. 34. Sinusoidal components introduced by the high-frequency vibration
error. (a) Sinusoidal component introduced by the high-frequency vibration error
in scene 1. (b) Sinusoidal component introduced by the high-frequency vibration
error in scene 2. (c) Sinusoidal component introduced by the high-frequency
vibration error in scene 3.

Fig. 35. Fourier transform results of the sinusoidal components in Fig. 34.
(a) Fourier transform result of the sinusoidal component in Fig. 34(a). (b) Fourier
transform result of the sinusoidal component in Fig. 34(b). (c) Fourier transform
result of the sinusoidal component in Fig. 34(c).
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Fig. 36. IFs reconstructed via the curve fitting algorithm. (a) IF reconstructed
via the curve fitting algorithm in scene 1. (b) IF reconstructed via the curve
fitting algorithm in scene 2. (c) IF reconstructed via the curve fitting algorithm
in scene 3.

TABLE IX
IMAGE ENTROPY OF FIG. 37

B. Results of Real Measured Data

In this section, the real measured data are used to validate
the proposed method in this article. The actual measured scene
shown in Fig. 30 is composed of corner reflectors, and the system
parameters are shown in Table VIII. The radar is placed on the
trolley, which works at the vertical side-looking mode, and the
vertical range from the scene to the radar is 4 m. Moreover, the
measurement is in the chamber.

Due to the different response of the frequency source and
other components in the signal bandwidth, the amplitude-phase
errors are introduced into the received signals, which will
severely affect the system performance. Therefore, the compen-
sation method in [33] is used to compensate for the systematic
amplitude-phase errors at first.

In this article, we process the three scenes “8,” “6,” and “3,”
respectively. Since the Doppler rate of the real measured data is
small, the complete IF can be extracted via (20) and (21) directly.
After the extraction of the IF, the EMD algorithm and the linear
fitting algorithm are used to estimate and reconstruct the linear
component of the IF. By subtracting the linear component, the si-
nusoidal component of the IF introduced via the high-frequency
vibration error can be reconstructed.

Fig. 37. Imaging results obtained via different methods. (a) Imaging result of
scene 1 before the high-frequency vibration compensation. (b) Imaging result
of scene 1 after the high-frequency vibration compensation via the STFT-based
method in [24]. (c) Imaging result of scene 1 after the high-frequency vibration
compensation via the DSFMT-based method in [20]. (d) Imaging result of scene
1 after the high-frequency vibration compensation via the proposed method in
this article. (e) Imaging result of scene 2 before the high-frequency vibration
compensation. (f) Imaging result of scene 2 after the high-frequency vibration
compensation via the STFT-based method in [24]. (g) Imaging result of scene 2
after the high-frequency vibration compensation via the DSFMT-based method
in [20]. (h) Imaging result of scene 2 after the high-frequency vibration compen-
sation via the proposed method in this article. (i) Imaging result of scene 3 before
the high-frequency vibration compensation. (j) Imaging result of scene 3 after
the high-frequency vibration compensation via the STFT-based method in [24].
(k) Imaging result of scene 3 after the high-frequency vibration compensation
via the DSFMT-based method in [20]. (l) Imaging result of scene 3 after the
high-frequency vibration compensation via the proposed method in this article.
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Fig. 38. Doppler rate estimation after the high-frequency vibration compensa-
tion. (a) Doppler rate estimation after the high-frequency vibration compensation
in scene 1. (b) Doppler rate estimation after the high-frequency vibration
compensation in scene 2. (c) Doppler rate estimation after the high-frequency
vibration compensation in scene 3.

After the compensation of the amplitude-phase errors, the
proposed method is employed for the compensation of the
high-frequency vibration error. As shown in Fig. 31, the IFs
of the radar return in the three scenes are extracted via the
LCT algorithm, which include the linear components and the
sinusoidal components.

Then, the EMD algorithm is performed on the IFs, and the
residual signals obtained by the EMD algorithm are shown
in Fig. 32. After the EMD algorithm, the linear components
fitted by the linear fitting algorithm are shown in Fig. 33.
After estimating the linear components of the IFs via the linear
fitting algorithm, the sinusoidal components introduced by the
high-frequency vibration error can be obtained via subtracting
the linear components from the IFs.

As shown in Fig. 34, the sinusoidal components introduced by
the high-frequency vibration error are obtained by subtracting
the estimated linear components from the IFs. It is obvious
that the sinusoidal components are periodic and include multiple
frequency components. Hence, the multicomponent sinusoidal
model is further used for the reconstruction of the vibration error.

As shown in Fig. 35, the Fourier transform is performed on
the sinusoidal components in Fig. 34 to determine the number I
of the extracted sinusoidal signals. Hence, for the real measured
data, we mainly select 2 sinusoidal signals for the vibration error
compensation.

Then, the curve fitting algorithm is performed to estimate the
parameters of the vibration error, and the reconstructed IFs are

TABLE X
IMAGE ENTROPY OF FIG. 40

shown in Fig. 36. After the parameter estimation of the vibration
error, the compensation function defined in (37) is constructed
to compensate for the high-frequency vibration error.

The imaging results of the real measured data without the
high-frequency vibration compensation are shown in Fig. 37(a),
(e), and (i), respectively. Similarly, the two methods mentioned
above are used for comparison in this section. The imaging
results obtained via the STFT-based method in [24] are shown
in Fig. 37(b), (f), and (j), respectively. In addition, the imaging
results obtained via the DSFMT-based method in [20] are shown
in Fig. 37(c), (g), and (k), respectively. After the high-frequency
vibration compensation via the proposed method in this arti-
cle, the imaging results are shown in Fig. 37(d), (h), and (l),
respectively. In Fig. 37, the imaging results are all in decibels.
It is obvious that the defocus along the azimuth dimension is
depressed via the proposed method in this article. Compared
with the STFT-based method in [24] and the DSFMT-based
method in [20], the proposed method has higher precision.

In addition, the image entropy shown in Table IX is used to
further illustrate the performance of the proposed method in this
article. As shown in the image entropy of scene 1, the first line
shows the image entropy before the high-frequency vibration
compensation, the second and third lines show the image entropy
after the STFT-based method in [24] and the DSFMT-based
method in [20], respectively. Furthermore, the last line shows the
image entropy after the proposed method in this article, which
is the smallest. Compared with the STFT-based method in [24]
and the DSFMT-based method in [20], the proposed method
in this article performs better in the high-frequency vibration
compensation.

Since a large estimation range will increase the computational
burden, the STFT-based method in [24] and the DSFMT-based
method in [20] need to estimate the approximate range of
vibration parameters in advance, and set a small and accurate
parameter estimation range. The advantage of the proposed
method in this article is that it can directly estimate the vibration
parameters without setting the parameter estimation range, and
it has high estimation accuracy and fast calculation speed. Fur-
thermore, the STFT-based method in [24] and the DSFMT-based
method in [20] estimate the vibration parameters via processing
the received signals and finding the extreme value, which cannot
obtain high estimation accuracy due to the influence of the noise
and the amplitude of the received signals. For the proposed
method in this article, the IF introduced by the high-frequency
vibration is extracted at first, then the vibration parameter esti-
mation is performed. Therefore, it has higher precision.

Moreover, if the platform is not moving at a constant speed or
the platform movement track deviates from the ideal track, the
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Fig. 39. Imaging results after the high-frequency vibration compensation via the proposed method in this article and the PGA algorithm. (a) Final imaging
result of scene 1 after the high-frequency vibration compensation via the proposed method in this article and the PGA algorithm. (b) Final imaging result of scene
2 after the high-frequency vibration compensation via the proposed method in this article and the PGA algorithm. (c) Final imaging result of scene 3 after the
high-frequency vibration compensation via the proposed method in this article and the PGA algorithm.

Fig. 40. Imaging results of the first set of data segments. (a) Imaging result of scene 1 before the high-frequency vibration compensation via the proposed method
in this article. (b) Imaging result of scene 1 after the high-frequency vibration compensation via the proposed method in this article. (c) Final imaging result of
scene 1 after the high-frequency vibration compensation via the proposed method in this article and the PGA algorithm. (d) Imaging result of scene 2 before the
high-frequency vibration compensation via the proposed method in this article. (e) Imaging result of scene 2 after the high-frequency vibration compensation via
the proposed method in this article. (f) Final imaging result of scene 2 after the high-frequency vibration compensation via the proposed method in this article and
the PGA algorithm. (g) Imaging result of scene 3 before the high-frequency vibration compensation via the proposed method in this article. (h) Imaging result
of scene 3 after the high-frequency vibration compensation via the proposed method in this article. (i) Final imaging result of scene 3 after the high-frequency
vibration compensation via the proposed method in this article and the PGA algorithm.
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Fig. 41. Imaging results of the second set of data segments. (a) Imaging result of scene 1 before the high-frequency vibration compensation via the proposed
method in this article. (b) Imaging result of scene 1 after the high-frequency vibration compensation via the proposed method in this article. (c) Final imaging result
of scene 1 after the high-frequency vibration compensation via the proposed method in this article and the PGA algorithm. (d) Imaging result of scene 2 before
the high-frequency vibration compensation via the proposed method in this article. (e) Imaging result of scene 2 after the high-frequency vibration compensation
via the proposed method in this article. (f) Final imaging result of scene 2 after the high-frequency vibration compensation via the proposed method in this article
and the PGA algorithm. (g) Imaging result of scene 3 before the high-frequency vibration compensation via the proposed method in this article. (h) Imaging result
of scene 3 after the high-frequency vibration compensation via the proposed method in this article. (i) Final imaging result of scene 3 after the high-frequency
vibration compensation via the proposed method in this article and the PGA algorithm.

phase error induced by the velocity variation will occur, which
will blur the imaging results. As shown in Fig. 38, the received
signals after the high-frequency vibration compensation are di-
vided into eight subaperture signals along the azimuth dimension
for the estimation of the Doppler rate. The solid lines show the
Doppler rate estimation, and the red dotted lines represent the
Doppler rate for the ideal motion of the platform. Therefore, due
to the velocity variation of the platform, the imaging results in
Fig. 37 are still defocused, which will be further compensated
via the PGA algorithm.

After the high-frequency vibration compensation via the
proposed method in this article and the PGA algorithm, the
well-focused imaging results in decibels are shown in Fig. 39.
The image entropies for Fig. 39(a)–(c) are 7.3191, 7.3503, and
7.3511, respectively. Obviously, by using the sinusoidal model
with two dominant components to reconstruct the vibration
error, the platform vibration error can be compensated and the
well-focused images can be obtained. In addition, the defocus

along the azimuth dimension is depressed completely, and the
images of the three scenes are clearly visible after the proposed
method in this article and the PGA algorithm.

For the three scenes in the real measured data, we selected
two additional sets of different data segments to further illustrate
the effectiveness of the proposed method, respectively. For the
first set of data segments, the imaging results of the three
scenes are shown in Fig. 40, respectively. The original imaging
results without any compensation are shown in Fig. 40(a), (d),
and (g), respectively. As shown in Fig. 40(b), (e), and (h),
the high-frequency vibration error is compensated via the pro-
posed method in this article, and the defocus along the azimuth
dimension is significantly depressed. Finally, the well-focused
images are obtained via the PGA algorithm, and the digits are
clearly visible, which are shown in Fig. 40(c), (f), and (i),
respectively. Moreover, the decrease in the image entropy proves
the validity of the proposed method in this article, which is shown
in Table X.
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TABLE XI
IMAGE ENTROPY OF FIG. 41

Similarly, for the second set of data segments, the imaging
results of the three scenes are shown in Fig. 41, respectively. The
imaging results before the high-frequency vibration compensa-
tion are shown in Fig. 41(a), (d), and (g), respectively. After
the high-frequency vibration compensation via the proposed
method in this article, the defocus along the azimuth dimension
is significantly depressed, which are shown in Fig. 41(b), (e),
and (h), respectively. As shown in Fig. 41(c), (f), and (i), the
PGA algorithm is employed to obtain the well-focused image,
and the digits are clearly visible. In addition, the image entropy
is shown in Table XI to further demonstrate the improvement of
the image quality.

V. CONCLUSION

In this article, the LCT algorithm in conjunction with the EMD
algorithm and the curve fitting algorithm is proposed to compen-
sate for the high-frequency vibration error of the platform. Due
to the small wavelength of the THz SAR, the high-frequency
vibration of the platform is considerable. Hence, the study for
the high-frequency vibration compensation is necessary. The
proposed method in this article can estimate and reconstruct
the phase error introduced by the high-frequency vibration of
the platform. Through the construction of the vibration error
compensation function, the vibration error can be compensated
and the well-focused imaging results can be achieved. Compared
with the STFT-based method in [24] and the DSFMT-based
method in [20], the proposed method in this article has better
performance. Results of simulated and the real measured data
demonstrate the effectiveness and the precision of the proposed
method in this article.

Furthermore, the range of the LCT-based IF extraction is
limited by the pulse repetition frequency. Since the amplitude
of the high-frequency vibration error is usually small, the LCT
algorithm can generally extract the IF well. However, if the am-
plitude of vibration error is too large, the accuracy of LCT-based
IF extraction will be affected. Therefore, the range improvement
of the LCT-based IF extraction can be studied in the further work.
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