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A Two-Step Motion Compensation Method for Polar
Format Images of Terahertz SAR Based on Echo Data

Shaowen Luo
and Yiming Zhu

Abstract—Terahertz synthetic aperture radar (THz SAR) has
great potential in the field of remote sensing due to its high reso-
lution and high frame rate. However, THz SAR is very sensitive to
motion errors, making even small 2-D error caused by motion error
and polar format algorithm (PFA) seriously affect the image qual-
ity. Existing microwave SAR autofocusing methods only estimate
the error of a single dimension, which cannot meet the accuracy re-
quirements of THz SAR for 2-D error compensation. In this article,
a two-step motion compensation method for polar format images
of THz SAR based on echo data is proposed. First, by analyzing
the conversion model of polar coordinate format, the node where
the 2-D error coupling occurs is determined. On this basis, a coarse
compensation based on low-frequency fitting is proposed in front
of this node to reduce the influence of PFA on the error coupling
of 2-D signals. The method not only preserves the correction of the
inherent range cell migration by PFA but also eliminates the inter-
ference of PFA to the subsequent error compensation processing.
Second, to solve the problem that a single compensation method
cannot meet the accuracy requirements of THz SAR, the maxi-
mum contrast method after polar coordinate format conversion is
used for precision compensation. The effectiveness of the proposed
method is verified through simulation and actual measurement
data processing of 0.22-THz airborne spotlight SAR system.

Index Terms—Low-frequency fitting, maximum contrast, polar
format algorithm (PFA), range cell migration (RCM), terahertz
synthetic aperture radar (THz SAR).

I. INTRODUCTION

YNTHETIC aperture radar (SAR) is a sophisticated re-
mote sensing technology [1], [2], [3] that synthesizes large
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apertures by collecting data from mobile radar antennas. SAR
is capable of producing high-resolution images regardless of
adverse weather conditions or the absence of light, making
it a crucial tool in environmental monitoring, military recon-
naissance, Earth observation, and various other remote sensing
applications [4], [5]. With the advancement of SAR technology,
terahertz SAR (THz SAR), as a new branch of SAR technology,
has been widely concerned [6], [7], [8]. THz SAR offers remark-
able improvements over the traditional SAR, including higher
resolution and higher frame rates. These enhancements make
THz SAR highly promising in advanced remote sensing appli-
cations, such as ground-moving target detection and tracking,
and security inspections [9], [10].

However, the higher resolution images of THz SAR systems
also bring new challenges, especially in terms of motion error
compensation [11], [12]. In practical applications, the nonideal
motion of the moving platform leads to motion errors, resulting
in the phase errors and range cell migration (RCM) errors in echo
signal [13]. If these errors are not compensated, the resulting
echo signals will lead to ghosting, defocusing, and distortion of
imaging results, thus reducing the image quality and even mak-
ing the image unrecognizable [14]. Compared with microwave
SAR, THz SAR is very sensitive to motion errors. Even small
platform motion error can result in a significant reduction in
image quality. This puts forward higher requirements for motion
error compensation.

The motion error compensation methods in SAR imaging
can be divided into two categories: the error compensation
method based on difference global positioning system and
inertial measurement unit (DGPS/IMU) [15], [16] and the
autofocus method based on echo data [17], [18]. In general, the
compensation accuracy based on DGPS and IMU cannot meet
the imaging requirements of high-resolution SAR. Even after
compensation based on DGPS and IMU, there are still some
residual errors, which need to be compensated by autofocus
algorithms [19], [20]. Autofocus algorithms in microwave SAR
are mainly used to compensate 1-D azimuth phase error (APE),
which ignores the influence of residual RCM. When the residual
RCM is larger than the range resolution, the compensation
strategy will fail [21], [22]. However, in THz high-resolution
SAR imaging, the residual RCM often cannot be ignored, and
such a strategy that only compensates APE will reduce the accu-
racy of nonparametric autofocus methods [23]. Therefore, it is
crucial to compensate both APE and residual RCM in THz SAR
imaging.
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To date, most 2-D motion error compensation studies have
been based on microwave SAR. However, microwave SAR
has longer wavelengths and lower resolution than THz SAR,
making it more tolerant of 2-D motion errors. Therefore, the
2-D motion error compensation methods developed for mi-
crowave SAR systems often have some shortcomings and in-
adequacies when they are directly applied to THz SAR, such
as reduced resolution or neglecting the influence of 2-D error
coupling [24], [25].

Current research on the motion error compensation of THz
SAR primarily focuses on the high-frequency vibration errors
[26], [27], [28]. Due to the lack of THz SAR measurement data,
most of these studies are simulation-based research conducted
using laboratory data and have limited practical applications.
The actual motion errors in airborne THz SAR are very complex,
encompassing not only high-frequency vibration errors but also
low-frequency motion errors [29], [30].

Some errors not considered in microwave SAR compensation
methods will also affect the image quality of THz SAR, such as
2-D coupling errors caused by imaging algorithms. A novel 2-D
autofocusing algorithm is proposed for addressing the issue of
2-D defocusing in airborne strip map THz SAR imaging [31].
However, this method mainly compensates for range amplitude
and phase errors caused by nonideal THz devices, and does not
solve the 2-D coupling errors caused by the imaging algorithm
itself.

Polar format algorithm (PFA) realizes 2-D decoupling of SAR
images through 2-D resampling in the wavenumber domain [32],
[33]. This resampling results in a 2-D coupling of APE and
residual RCM [34]. Considering the error sensitivity of THz
SAR, this type of coupling leads to severe defocusing of 2-D
images. Additionally, due to the high resolution of THz SAR,
such 2-D defocusing greatly interferes with the selection of the
main scatterers, reducing the accuracy of autofocus algorithms
that depend on the scatterer’s selection. Therefore, 2-D error
compensation of THz SAR requires more detailed and specific
attention.

To solve the above problems, this article proposes a two-step
motion compensation method for polar format images of THz
SAR based on echo data. The main contributions of this article
to THz spotlight SAR autofocus are as follows.

1) The causes of motion error coupling in the PFA algorithm

are analyzed theoretically, and the node where the motion
error coupling occurs is determined, which provides a
theoretical basis for the subsequent improvement of the
motion error compensation method.

2) A two-step motion compensation approach, consisting
of coarse compensation and fine compensation, is pro-
posed for terahertz PFA images based on echo data.
The proposed coarse-compensation method based on low-
frequency fitting is adjusted to be performed before the
keystone transformation step, which minimizes the 2-D
coupling of motion errors caused by PFA while retaining
its ability to eliminate inherent RCM. Then, after coarse
compensation and intrinsic RCM correction (RCMC),
the maximum contrast algorithm (MCA) is used for fine
compensation to meet the high compensation accuracy

16861

7
Nomianl Trajectory N

Actual Trayjectory

Gr.ound Target
(xp' yr)

L e

Fig. 1. Geometric model of spotlight SAR echo acquisition.

requirements of THz SAR, so as to obtain high quality
images.

3) The effectiveness of the proposed method is verified
through simulation and actual measurement data process-
ing of 0.22-THz airborne spotlight SAR system.

The rest of this article is organized as follows. Section Il estab-
lishes the model of 2-D errors for PFA. Based on the established
model, Section III proposes an estimation and compensation
method to eliminate the effects of 2-D errors on the imaging
results of THz SAR. Section IV validates the effectiveness of
the proposed method through simulation experiments and actual
measurement results. Section V presents the discussion. Finally,
Section VI concludes this article.

II. SIGNAL MODEL
A. Polar Format Algorithm

The geometric model of THz spotlight SAR for collecting
echo signal data is illustrated in Fig. 1. To mimic the real-world
application scenarios, the radar platform is assumed to move
along a nonuniform trajectory that deviates from an ideal straight
line. The XYZ coordinate system is established with scene center
O as the origin and the X-axis, Y-axis, and Z-axis represent
the range, azimuth, and height directions, respectively. The
instantaneous position of the phase center of the radar antenna
in this coordinate system is denoted as (x4, ¥4, 24), and the
corresponding instantaneous pitch angle and azimuth angle are
denoted as ¢ and 0, respectively. When taking the moment of
the synthetic aperture center as the origin of azimuth slow time,
the corresponding instantaneous pitch angle can be regarded
as the reference pitch angle, denoted as ¢y.¢. For a point target
(zp,yp) in the scene, the instantaneous range from the phase
center of the radar antenna to the point is denoted as R,
R. represents the instantaneous slant range between the radar
platform and the scene center, and R, is the reference slant
range between the reference point of radar platform and the
scene center.

When the radar emits a wideband signal to the detection scene,
the signal can be represented as follows:

Sy (1) = A-exp (j2n for + jnK,7°) (1)
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where f, is the center frequency of transmitted linear frequency-
modulated signal, K, is the frequency modulation rate, 7 rep-
resents the fast time, and A denotes the amplitude value of the
transmitted signal.

The signal that returns after interacting with the target and
undergoes dechirping can be represented as follows:

Sd(t’fT):A'eXp J%(fc"‘fr)AR(t) (2

where ¢ is the azimuth slow time, f, is the signal frequency in the
range direction, AR is the difference range between the radar to
the corresponding target point and the scene center target point,
and AR (t) = R. — R, = Ry (t) + Re(t). Rp(t) is the baseline
term in the difference range. And R, (t) is the range error term
and can be expressed as

R.(t) = AR(t) — Ry (¢)

= \/(Rrefsinwref + aL‘p)2 + (Vat + yp)2 + H?

(RrefSiHQDref +zp + E, (t))2
— | 4 (Vat+yp + By (1) 3)
+(H + E. (1))?

where E,(t), E,(t), and E(t) represent the offsets of radar
antenna along the X-axis, Y-axis, and Z-axis, respectively. H
denotes the height of the platform, and V, represents the ideal
velocity of the platform in the azimuth direction.

Based on the plane wave assumption, Rp(t) in (2) can be
simplified as follows:

Ry, (t) = sing (z,sind + y,cos6). 4
Subsequently, the signal in (2) can be represented as follows:
A
Sd (t, fr) =A- eXp {jc (fc + fT)

X [sing (zpsind + ypcos8) + R. (t)]} 5)

According to Mao and Zhu [34], PFA 2-D format resampling
can be interpreted as frequency modulation of range dimension,
RCM linearization, and Keystone transformation. In (5), the
frequency modulation of range dimension is defined as

fT:(STfT+fc(6T_1) (6)

where §, = singr/(sinpcosf) is the frequency modulation

factor in range dimension, and f.(d, — 1) is the corresponding

offset of the signal Sy(¢, f,). Therefore, after range resampling,

the signal in range dimension can be expressed as follows:

A

j—
c

Sr1(t, fr) ZA'CXP{ (fe+ fr)

X 8inger [(xptand + y,) + € (t)]} @)

where €(t) = R.(t)/(sinpcosh).
Then, the format transformation of the signal in the azimuth
dimension is divided into two steps: RCM linearization and
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Keystone transformation. RCM linearization does not involve
any change in range frequency. It is just a pure transformation
of the azimuth angle with time, thatis, ¢ = 9, (¢).

The signal simplified expression after RCM linearization is

Sar(t, fr) = A-exp{j 4m (fe + fr) sinprer/C
X [prt T Yp TN (t)]} (®)

where ) =V, /R, represents the angular velocity of the radar
platform motion, and 7 (t) = €[, (¢)].

Let t = ’;‘ t, complete the Keystone transformation of
(8), and obtain the decoupled 2-D signal, which is denoted as
follows:

ATSIN ef

Sz (6, ) = A - exp {J fo, 0t

+ (fe+ 1r) yp] +‘1)} (€))
where & = % (fe+ fi)n( fcﬁf 1) is the remaining 2-D
phase error in the spatial frequency domain.

The above is the complete process of PFA. To facilitate the
observation variable relationships, through introducing X =
dmsinger f Ot and Y = 202t (f 4 f,), (9) can be simplified
as follows:

s enl v ()}
(10)

where x(X) = n(3) and @ = Y x ().

By performing a 2-D fast Fourier transform (FFT) on (10),
the compressed 2-D image can be obtained. However, the 1-D
motion error in the echo signal is not compensated, and the 2-D
coupling of the error occurs during the polar coordinate trans-
formation, resulting in serious 2-D defocusing and distortion of
the image. Because the traditional motion error compensation
methods are usually processed after the 2-D error coupling, it
will make the traditional error compensation methods ineffec-
tive.

B. 2-D Error Modeling

As canbe seen from (8), the error term 7)(¢) still appears in 1-D
form. However, after the Keystone transformation, r(¢) is trans-
formed into n(f.t/(f. + f»)), where the error term becomes the
& state of range—azimuth 2-D coupling. In order to facilitate the
analysis of the change of motion error, we decompose the 2-D
phase error in (9) as follows:

P (X) = ¢o (X) + 1 (X) - fr

A SinQrer fe >
X) = . t
o (x) = 220y (e
_ 4TSNyt

o0 = 00 ()

where ¢ (X)) represents the APE after 2-D coupling, and ¢4 (X)
denotes the residual RCM after 2-D coupling.

(11)
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Fig.2. Illustration of 2-D error visualization for different carrier frequencies.
(a) APE. (b) Residual RCM.

It can be seen from (11) that the azimuth error and range error
change dramatically with the increase of the carrier frequency of
SAR system. For SAR systems of different bands, Fig. 2 gives
the variation of azimuth error and range error in 2-D space after
processing by PFA. In Fig. 2(a), the left side shows the APE
for 35-GHz SAR system, while the right side shows the APE for
220-GHz SAR system. In Fig. 2(b), the left side shows the resid-
ual RCM for 35-GHz SAR system, while the right side shows
the residual RCM for 220-GHz SAR system. When the platform
motion errors are the same, the magnitude of APE increases
proportionally with the increase of the carrier frequency f., but
the residual RCM does not change. Moreover, both errors are
scaled to a certain extent in range direction. As shown by x( %),
this phenomenon becomes less pronounced when the difference
between carrier frequency and range frequency is large.

Hence, it is evident that PFA introduces additional spatially
varying errors at a certain ratio. Although the spatial change rate
decreases with the increase of carrier frequency, it is well known
that the higher the carrier frequency, the larger the amplitude
of APE, where the amplitude change ratio of APE is Sypnp =
f cl / f c2-

In addition, PFA also has the effect of scale transformation
on the error. According to the Keystone transformation of ¢ =
fci“ 7 t performed by (9), the maximum azimuth scale difference
between the nearest and furthest slant range for different carrier
frequency systems after PFA treatment is shown as follows:

. fcl fcl
Linl . = —
" fa—Br/2 fa+ B2
B
— 2fcl T2 (12)
fcl - B’r' /4
: fc2 fc2
Lin2,. = —
e fc2*B7’/2 fc2+Br/2
2B
- JaBr L. (13)
ch _Br /4

Therefore, the scale scaling ratio S¢, between two carrier
frequency systems is

Linl .
cal = .
Lin2 0
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_ & f022 - BT'2/4

= —_ 14
fCQ fcl2_Br2/4 ( )

Observe that the product of Syyp and Sy is close to 1. This
indicates that there is no change in the linear error under the
influence of these two effects, and a more specific analysis is as
follows.

The® =Y x(%) shown in (10) is expanded and the following
formula is obtained:

(I)(t) = C(fc+fr)

fe fo N
mfc+frt+n(fc+frt> i
1s)

where C represents the irrelevant term in the formula. m and n
represent the error coefficients, and the first-order term repre-
sents the linear phase in the signal. The above formulation can
be simplified as follows:

s s (f ct) :
D (t) Cmet+Cnfc+fr+ .

It can be seen that for 2-D signals with fixed carrier frequency,
the first-order coefficient of phase error after PFA processing is
constant, and the second-order coefficient and above will change
with the change of range frequency f,, and the amplitude of
change is related to the carrier frequency.

This shows that if the errors in the signal are linear, the
carrier frequency does not affect the error coupling caused
by PFA. However, in the practical applications, the errors are
mainly nonlinear, especially in THz SAR system with shorter
wavelengths, where the nonlinearity of errors is more obvious.
In this case, as the carrier frequency increases, even if the spatial
change rate is slightly reduced, the overall spatial change error
value will increase.

The traditional autofocus algorithms only consider 1-D error
estimation and compensation, that is, they only deal with 1-D
APE and ignore the influence of residual RCM. In general, it is
harmless to microwave SAR systems. However, it is not suitable
for THz SAR systems with higher carrier frequencies. From (10),
it can be deduced that the 2-D coupling error caused by PFA in
space is given as follows:

20 (0¥) = T g () - 1 (5

Yo
_ Amsinger f { _ i
~ c c|X Y X Yvo

where Yy = % fe. When the phase error A®(X,Y) is
greater than 7 /4, it indicates that the APE cannot be simply
regarded as a 1-D phase error, and the 2-D effect of the error
should be considered separately.

In [34], a compensation method based on the correlation of
APE, residual RCM, and residual 2-D phase error is proposed.
By 2-D representation of 1-D APE and residual RCM, the
residual 2-D phase errors are compensated. The corresponding
relationship between residual RCM and residual 2-D phase error

(16)

a7)
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is expressed as follows:

(18)

o1 ($#X)
X2

d(X,Y) = XY/idX +CX.

Equation (18) involves an integral with the azimuth time
as the denominator, which causes the computed results to be
significantly affected by the residual RCM ¢; when calculating
at X = 0 and beyond. Therefore, the key to deriving 2-D errors
using this equation lies in the accuracy of the residual RCM
estimation.

However, in the context of high-resolution applications of
THz SAR systems, the influence of RCM is magnified, which
affects the accuracy of conventional RCM estimation methods
and increases error compensation difficulty. If the main compen-
sation operation is carried out before the error is converted into
two dimensions by PFA, it not only reduces the computational
complexity and improves the robustness but also diminishes the
error’s influence of the subsequent autofocus algorithms, thus
enhancing the optimization effect of the autofocus algorithms.

III. MOTION ERROR COMPENSATION

Motion error of the radar platform will cause two kinds of
effects on echo signal: APE and residual RCM. The former
causes azimuth defocusing, while the latter causes image dis-
tortion. These two classes of errors exhibit a simple linear
relationship, where the APE is the product of 47 /A and the
residual RCM. Therefore, estimating either of these two types
of errors can compensate for the motion error of the entire plat-
form. The commonly used methods to compensate APE include
the phase gradient algorithm [35], MCA [36], and minimum
entropy algorithm [37], which are all 1-D autofocus algorithms.
However, autofocus algorithms are postprocessing technology,
which needs to process a certain quality of image data. And when
the RCM exceeds the range resolution, the estimation accuracy
of autofocus algorithm decreases significantly.

One way to meet the autofocus requirement is to reduce
the range resolution of range-compressed data, and then esti-
mate the APE based on these reduced resolution data. On this
basis, the residual RCM is calculated to compensate. However,
because this method relies on low-resolution data to estimate
APE, its accuracy is limited, and it is difficult to meet the
requirements of a high-resolution THz SAR system.

As can be seen from the analysis in Section II, the 2-D cou-
pling of useful information in the frequency-modulated signal
still exists before the Keystone transformation during the polar
coordinate format resampling process. The error component is
not converted to the 2-D domain. The estimation and compensa-
tion of the original error can significantly reduce the influence of
the error introduced by PFA in the 2-D transformation process.

Therefore, the estimation of residual RCM is conducted be-
fore the Keystone transformation. Then, the total translation
error of this stage is calculated according to the estimated resid-
ual RCM, and the initial compensation is realized. Since PFA
processing has not yet been completed at this stage, estimating
residual RCM through frequency fitting is a strategy worth
considering to maintain the original signal structure. In addition,
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the error estimation method used in coarse compensation is
based on 1-D error. Before PFA, the signal appears in the form of
2-D coupling, and the accuracy of 1-D error estimation method
will be insufficient.

First, 2-D FFT is applied to transform the signal from
wavenumber domain to image domain so as to facilitate the
selection of characteristic points. Fig. 3 shows the flowchart of
the coarse estimation process, which contains the selection of
characteristic points. The following is a detailed error estimation
process based on the reference point.

According to (8), for the selected target reference point
(2p, yp), the signals of any two adjacent azimuth pulses ¢,, and
t,+1 can be expressed as follows:

Sn (fr) — A~exp {J47T(f0+cf’r‘) Sinﬁaref

[ + 3 1 (tnn}

Sn+1 (fr) —A. exp {j47T (fc + Cfr) SinSDref

[y Qb + 1+ 7 <tn+l>]}. (19)

Multiply the two expressions in (19) by conjugation to get the
following phase:

(fc + fr) Sin‘pref
C

¢ [Sn+1 (fr) : S:z (fr)] = l

(xpQdt + dn) (20)

where dt =t, 11 — tn; dn = n(tny1) — n(t,) and is a term
needed in motion error compensation. It can be seen that the term
in (20) associated with f. is a constant, and the only variable is
the range frequency f,.

Substitute the following transformations into (20):

4msing;
a= % (xp,Qdt + dn)
4 fesi
p = Arfesingrer (2,9t + dn) . @1
c
Then, (20) can be simplified to the following form:
®(f,) =af, +b (22)

where a represents the slope of the linear function and can be
estimated by fitting the phase difference curve ®( f,.) using the
least squares method. In the process of selecting the target refer-
ence point, the target information x,, is known. After obtaining
a, the term %@ﬁdt in a can be eliminated based on the
target information x,,, thereby deriving the differential error term
dn along the azimuth direction.

In practical applications of SAR systems, there is typically a
significant amount of noise and clutter. This interference leads
to unknown differences between adjacent azimuth pulses in
(19), thereby disrupting the accuracy of the fitting estimation.
According to the analysis of Pu et al. [38], the difference
between adjacent azimuth pulses in (19) can be divided into
two components: the macrosimilarity term corresponding to
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Fig. 3. Flowchart of coarse estimation.

the low-frequency component of the spectrum and the detailed
difference term corresponding to the high-frequency component
of the spectrum. The low-frequency component is similar to the
ideal phase curve and the data part required for the above fitting
method. By removing the high-frequency component from the
data, the differential error term dn can be fitted more accurately
using the low-frequency information. The specific acquisition

process is as follows.
1) Obtain the Differential Term: Represent the phase ®( f;.)
as its discrete version ®(n), ne(0, N, — 1). Obtain the

differential term A®(n) of ®(n) as follows:
AP (n)=d(n)—P(n—1). (23)

2) Smooth the Differential Term: Apply the average filter to
smooth the differential term A®(n) as follows:

D

ie(—%,%—l)

¢(n) = AD (n+1) /W (24)

where W indicates the selected smooth window width.
3) Search the Low-Frequency Region: Set a threshold ¢y, and
perform a peak search on ¢(n) starting from the central
zero frequency. Stop the search when the peak value
exceeds the threshold ¢y,. Specify the region covered by
the search as a low-frequency region for fitting.
After obtaining a more accurate differential error term dn
through low-frequency fitting, the error 7)(¢) can be obtained by

term-by-term integration, as shown in the following equation:

k
i (k)= _dn(i) k =1,2,...,N,. (25)
=1

Subsequently, the coarse-compensation term H(t) can be
constructed as follows:

H (0 = exp | - I

(26)

where 7)(k) = 7(t)|,_, prr and PRT is the pulse repetition time.

Therefore, the coarse compensation of the echo signal is com-
pleted by multiplying (26) with (8). And the coarse-compensated
signal S (¢, f,) can be expressed as

Scl (t7 fr) - SAl (t, fr) * H (t)

— 4. exp {j4ﬂ- (fc + Zr) SINPref

(2,0t + yp, + dR (t)]} (27)
where dR(t) = n(t) — n(t) is the residual error after coarse
compensation.

The above processing eliminates a significant portion of
the 1-D motion errors while maintaining the original model
structure of the signal, which is conducive to the subsequent
PFA processing operations. Therefore, performing the Keystone
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transformation on the signal S.q(¢, f) in (27) completes the b TABISJEI S
. . . . ARA A
entire process of PFA. And the 2-D decoupling of the signal is RAMETERS OF THE SIMULATION SYSTEM
as follows:
Parameters Value
ATSingyer Carrier frequency 216 GHz
2\l Jr) = A J — I | for, Ot Bandwidth 5 GHz
Sea (t A-ex p
Range resolution 0.0532 m
f Azimuth resolution 0.0298 m
d c ¢ . Slant range 1500 m
+ et Py + (fet fr) dR | = P o
Elevation angle 45°

(28)

At this time, if the FFT is directly applied to (28), the
compressed image can be obtained. However, the presence of
residual error dR(t) will cause some defocusing in the image.
Therefore, after completing the Keystone transformation, it is
also necessary to use an autofocus algorithm, such as MCA, for
fine compensation of errors.

The logic of MCA is based on the optimization of the overall
image quality, which sometimes leads to an interruption of the
signal’s prior structure, making the remaining step of PFA, the
“Keystone transformation” no longer accurate. Therefore, after
the Keystone transformation, it is planned to use MCA for fine
compensation. This is the final step in obtaining the high-quality
SAR image.

On the basis of a comprehensive analysis of error estimation
and compensation processing, the overall flowchart of the pro-
posed method is shown in Fig. 4. It is worth noting that the
coarse-compensation process of the proposed method can be
iterated until the residual RCM does not affect the image quality.

IV. EXPERIMENTAL RESULTS

A. Processing of the Simulation Data

The key of the proposed method is the change of residual
phase error before and after resampling of polar format. There-
fore, it is very important to verify the necessity and rationality
of the proposed method through the processing of simulation
data. At the same time, after using PFA to process the echo

data, we choose the traditional autofocus methods, such as MCA
and rRCMC+MCA to estimate and compensate the error of the
data so as to compare with our method. The rRCMC described
here is not a simple residual RCM estimation and compensation.
Instead, the residual RCM is estimated first, and then the overall
phase error is calculated by the linear relationship between
residual RCM and APE. The main parameters of THz SAR
system used in this simulation are shown in Table 1.

Nine point targets are positioned in the scene for imaging.
The radar works in spotlight mode, producing error-free PFA-
focused images, as shown in Fig. 5. To simulate airborne SAR
imaging in real scenarios, the nonlinear platform translation
errors are introduced into the simulated echo data. The phase
errors caused by these translation errors are depicted in blue
line of Fig. 6(a). Notably, the phase errors represent 1-D motion
errors that exist prior to PFA processing. After the signal is
decoupled by the PFA, these 1-D phase errors undergo a 2-D
coupling transformation.

According to the analysis of the 2-D coupling error of PFA
in Section III, the 2-D coupling error after PFA processing can
be calculated, and the results are shown in Fig. 7(a). Combined
with the parameters in Table I, the 2-D differential value of
the phase error is calculated by (19), which is about +55 rad,
as shown in Fig. 7(b). Meanwhile, the contours of +7 /4 and
+7 /2 are marked with red and blue lines, respectively. It can be
seen that most of these error values exceed the tolerance range
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Fig. 5. Error-free simulation images generated by PFA.
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(c) Residual phase error and estimated phase of IRCMC+MCA after coarse
compensation. (d) Residual phase error and estimated phase of our method after
coarse compensation.

of 7 /4. At this time, the influence of 2-D coupling cannot be
ignored, which will aggravate the degradation of image quality
and affect the effectiveness of error compensation processing.
After PFA imaging without error compensation, the image is
shown in Fig. 8(a). As can be seen from Fig. 8(a), the phase
error will affect the image quality, resulting in severe azimuth
ghosting, image warping, and range defocus.

First, let us look at the performance of MCA approach. The
APE estimated by this method is shown in Fig. 6(b). As the
carrier frequency increases, the phase error is amplified, causing
the phase error between the two adjacent azimuth pulses to some-
times exceed +7. As a result, the results of autofocus algorithm
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Fig. 7. Two-dimensional phase error of simulation experiment. (a) Uncom-
pensated phase error of PFA. (¢), (e), and (g) Remaining 2-D phase errors by the
initial compensation of three methods (MCA, rRCMC+MCA, and our method).
(b), (d), (f), and (h) Additional phase errors introduced by PFA of different
methods (PFA, MCA, rRCMC+MCA, and our method).

based on phase estimation fluctuate greatly, and the accuracy of
the method is reduced. After compensating the signal with the
estimated APE, the remaining 2-D error is shown in Fig. 7(c).
Obviously, in high carrier frequency and high-resolution THz
SAR system, the direct compensation effect of MCA is not ideal,
resulting in large uncompensated errors in the signal. In addition,
since MCA only compensates for 1-D errors, the problem of
introducing 2-D differential errors in PFA [as shown in Fig. 7(d)]
remains unresolved. The final compensation image is shown in
Fig. 8(b), clearly showing 2-D defocusing and RCM in space.
There is no doubt that uncompensated APE and 2-D differential
errors introduced by PFA [as shown in Fig. 7(c) and (d)] are
the main causes of 2-D defocusing of images. The existence of
RCM shows that residual RCMC is an indispensable aspect in
THz SAR system, and its influence cannot be ignored.
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(e) ®

Fig. 8. Image of simulation experiment. (a) Original image by PFA. (b) Image
compensated by MCA. (c¢) Coarse-compensated image by rRCMC+MCA.
(d) Image compensated by RCMC+MCA. (e) Coarse-compensated image by
our method. (f) Image compensated by our method.

In light of the above issues, the second control group,
rRCMC+MCA, introduces a coarse-compensation step before
autofocus processing and estimates and corrects the overall
phase error by low-frequency fitting. The estimated phase of this
step is shown by the black line in Fig. 6(a), and the theoretical
residual phase after coarse compensation is shown by the blue
line in Fig. 6(c). We can see that the coarse-compensation effect
of error is not perfect, and there are still many residual errors that
affect the image quality. Then, compensating the signal using
the estimated phase shown by black line of Fig. 6(a) yields a
residual 2-D error, as depicted in Fig. 7(e). The differential value
of this 2-D error, relative to the error at f,. = 0, is illustrated in
Fig. 7(f). The 2-D error introduced by the PFA has not been
eliminated, which still results in the 2-D defocusing of the
image. Fig. 8(c) shows the coarse-compensation image, which
has a certain compensation effect in both range and azimuth
dimension compared with Fig. 8(a), but there is still a certain
gap compared with the compensated image of MCA.

The residual error after coarse compensation can be further
estimated by MCA, and the autofocus estimation results are
shown by the pink line in Fig. 6(c). We find that the MCA
estimates differ greatly from the theoretical residuals, which
results in a large residual phase error even after autofocusing,
as shown in cyan in Fig. 6(c). This is because after the PFA
Keystone transformation, the phase error is changed from 1-D

IEEE JOURNAL OF SELECTED TOPICS IN APPLIED EARTH OBSERVATIONS AND REMOTE SENSING, VOL. 17, 2024

to 2-D, and MCA fails. Finally, the final compensation im-
age is shown in Fig. 8(d). Compared with MCA, the coarse-
compensation step of rRCMC+MCA can optimize the 2-D
defocusing phenomenon in the image and eliminate a part of the
range migration, and get a better focusing effect. However, it is
worth noting that there is still some 2-D defocusing in Fig. 7(d),
which confirms the existence of the above 2-D error.

Compared with the above two methods, it can be seen that
coarse compensation can significantly reduce the phase error
and improve the focusing quality of the image. Therefore, the
two-step method is more effective for error estimation and
compensation of THz SAR system.

Our proposed method is based on the analysis of PFA signal
transformation model, using a low-frequency fitting approach
before PFA Keystone transformation to estimate the residual
RCM. Then, combined with the linear relationship between
residual RCM and APE, the total phase error on the space is
derived and roughly compensated. The resulting APE is shown
by the red line in Fig. 6(a). The estimated error in Fig. 6(a)
is very close to the theoretical error. This is because, at this
stage, PFA has not yet caused 2-D coupling of signal errors,
making the error estimation accuracy higher than the estimation
after PFA Keystone transformation processing. Therefore, after
high-precision coarse compensation, the residual phase error is
significantly reduced, as shown in the blue line in Fig. 6(d).
At this point, the theoretical residual phase error is one order
of magnitude smaller than that of the rRCMC+MCA method,
which shows that the error estimation and compensation before
the Keystone transformation are effective.

The 2-D error after PFA can be obtained by calculating the
residual error after coarse compensation, as shown in Fig. 7(g).
And Fig. 7(h) gives the differential value of this 2-D error.
By comparing Fig. 7(b), (d), and (f), it can be seen that the
2-D error differential originally distributed in space has been
eliminated to a large extent. This indicates that the error of
2-D coupling no longer has a significant effect. At this time,
Fig. 8(e) gives the image after the coarse compensation of
our method. Compared with the coarse-compensation image
obtained by rRCMC+MCA, it can be seen that our method can
perform more accurate coarse-compensation processing and the
coarse-compensation image has a more effective optimization
effect in both dimensions. From the above analysis, it can be
seen that the residual error after coarse compensation can be
estimated as a 1-D error without significantly affecting the image
quality. At this time, the result of error estimation using MCA is
shown in the pink line in Fig. 6(d), which matches well with the
theoretical residual. This makes the residual error after further
fine compensation very small, as shown in the cyan line in
Fig. 6(d). It is evident that the remaining error at this stage is
mostly within the tolerable range of +7/4 and will not affect
the image quality. Fig. 8(f) shows the final compensation image,
where the RCM no longer exists and the 2-D defocusing phe-
nomenon is completely eliminated. Compared with the results
of the previous two methods, the image processed by our method
has a higher overall quality.

Fig. 9 shows the range-compressed images of the three com-
pensation methods. It can be seen from the comparison that the
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Fig. 9. Range-compressed image. (a) MCA. (b) RCMC+MCA. (c) Ours.

range-compressed image compensated by MCA in Fig. 9(a) has
obvious RCM. After RCMC+MCA processing, the bending at
both ends of Fig. 9(b) is corrected to a certain extent, but the
same target is not corrected to the same range cell, resulting in
errors in the focused energy points in the compressed image. The
range-compressed image processed by our proposed method not
only has no obvious bending at both ends but also ensures that
the target can appear in the correct range cell.

In order to quantitatively evaluate the performance of different
methods, three-point targets, as marked red in Fig. 5, are selected
for quantitative analysis, and the profile results are shown in
Fig. 10. By comparing the analysis results of the three methods,
it can be seen that the three methods are ideal in the range
direction of main lobe compression. And the impulse response
width (IRW) of the three methods in the range direction is very
close to the theoretical value of 0.0530 m. But the three methods
differ in other ways. First, MCA has the worst azimuth main
lobe compression, and its IRW is 0.0580 m, much higher than
the theoretical value of 0.0298 m. In addition, the 2-D sidelobe
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TABLE II
PARAMETERS OF AIRBORNE SPOTLIGHT THZ SAR SYSTEM

Parameters Value
Carrier frequency 216 GHz
Bandwidth 1 GHz
Range resolution 0.1496 m
Azimuth resolution 0.0806 m
Slant range 1000 m
Platform speed 28.72 m/s
Elevation angle 48°

effect of MCA 1is not good, which affects the image quality.
Second, the overall situation of rRCMC+MCA is better than
that of MCA. It can be seen from Fig. 10 that the widening of
the main lobe in the azimuth direction is significantly reduced.
And its IRW drops to about 0.0370 m. The range-dimensional
sidelobe is also well suppressed. However, this method still
has some shortcomings. For example, there is still a —12 dB
large companion lobe in the azimuth profile of point A in
Fig. 10(d). Furthermore, in Fig. 10(a)—(c), the range profile
has a —11 dB sidelobe. This shows that the error estimation
of the method is not accurate, which leads to the phantom of the
target in the image. Finally, our approach is superior to MCA
and rRCMC+MCA in both dimensions. The azimuth IRW is
0.0351 m, which is very close to the ideal value. The peak side-
lobe ratio of range dimension is also the best. The azimuthal peak
sidelobe ratio is slightly worse than rRCMC+MCA, but this is
mainly due to the widening of the main lobe of RCMC+MCA
to absorb the first sidelobe. In summary, the performance of
the proposed method is obviously superior to the other two
methods.

B. Experimental Verification

In this section, the real raw echo data collected by airborne
THz SAR system is used to verify the validity of the proposed
compensation method. The data are acquired by the 0.22-THz
airborne spotlight SAR system, developed by the 14th Research
Institute of China Electronics Technology Group Corporation.
The target scene is an airport runway with three ground corner
reflectors, and the range and azimuth dimensions of the imaging
scene are 96.0 m and 52.5 m, respectively. Table II gives the
radar system parameters.

First, PFA is used to directly process the measured echo data
without any motion error compensation. Fig. 11(a) shows the
imaging results. The vertical and horizontal directions of SAR
images represent the range and azimuth dimension, respectively.
Ascanbe seen from Fig. 11(a), THz SAR image has obvious 2-D
defocusing, distortion, and ghosting phenomena. This shows
that PFA processing signal has an obvious 2-D error, which
affects the image quality. Compared with Fig. 11(a), the image
quality after MCA compensation is improved. This shows that
MCA method can estimate and compensate a part of the error.
However, because the error after PFA has the characteristics
of 2-D space variation, even after MCA method estimation and
compensation, there is still a lot of error interference. As a result,
the imaging results are still heavily defocused. Fig. 11(c) is the
imaging result of IRCMC+MCA. In Fig. 11(c), after PFA, the
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Fig. 10.

Performance evaluation of point targets for red circled in Fig. 5. (a) Range profile of point target A. (b) Range profile of point target B. (c) Range profile

of point target C. (d) Azimuth profile of point target A. (e) Azimuth profile of point target B. (f) Azimuth profile of point target C.

residual RCM is compensated and the phase errors are resolved
using MCA. The defocusing and ghosting problems caused by
residual RCM and APE are significantly improved, and point tar-
gets, road conditions, and arrow signs in the image can be clearly
observed. However, the resampling of the polar coordinate for-
mat converts the original 1-D error into a 2-D error, thus reducing
the effect of autofocus. Despite the iterative optimization of the

error estimation, the reduction of autofocus results in a decrease
in the overall quality of the image scene. Fig. 11(d) is the imaging
result of our proposed method. In Fig. 11(d), our proposed
method achieves clarity and compression of the point targets
while maintaining the image quality of the surrounding environ-
ment in the image. Road conditions and arrow signs are clearly
visible.
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Fig. 11. Image of the measured data with different motion compensation
methods. (a) No compensation. (b) MCA. (c) IRCMC+MCA. (d) Our method.

In order to more clearly represent the experimental process,
the error estimation results are given in Fig. 12. Fig. 12(a) shows
the residual RCM estimated by rRCMC+MCA and our method.
The phase of coarse compensation is obtained based on the linear
relationship between residual RCM and APE. Fig. 12(b) shows
the total phase errors estimated and compensated by the three
methods. Since the actual error is unknown, it can be seen from
the imaging results that the estimation results of the proposed
method should be the best.
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Fig. 12.  Error estimation results of the measured data. (a) Estimated residual
RCM. (b) Estimated total phase.

For quantitative analysis of the measurement experiment, two
point targets in these images are analyzed next. The selected
point targets have been marked in Fig. 11, and the analysis
results are shown in Fig. 13. As can be seen from Fig. 13,
for the uncompensated PFA image, the azimuth dimension is
severely defocused. This is because the motion error in the signal
seriously affects the image quality. The numerical expression of
this effect is that the azimuth IRW of the image point target is
0.3483 m and 0.3799 m, respectively, which is significantly dif-
ferent from the ideal value of 0.0806 m. Moreover, the sidelobe
of point B reaches — 15 to —20 dB in the range dimension, which
is more significant than that of point A and other methods. This
is because the image has not been compensated at this time, and
there is a 2-D space—time error in the signal, which makes the
performance of the point target in the image inconsistent.

The image compensated by MCA has good azimuth-focusing
performance at point A, and its azimuth IRW is 0.0985 m
and much better than that without compensation. However, this
method does not get a similar compensation effect at point B. The
azimuth profile of point B shows that the point has not completed
azimuth focusing, and its azimuth IRW is 0.3517 m. We can see
that the azimuth IRW before and after compensation is not much
different. And the range profile of point B is worse than that of
PFA image. This is because the image error after PFA process-
ing has 2-D coupling. Although the simple azimuth-dimension
MCA can optimize the overall image quality, the optimization
effect for different areas of the image is not consistent.

In the azimuth direction, the performance of rRCMC+MCA
is more stable. It can be seen from the profile that two points A
and B have relatively consistent compensation conditions, and
their azimuth IRWs are 0.086 8 m and 0.0861 m, respectively.
At the same time, the focusing effect of range dimension is also
very good, of which point B has the best focusing effect. Its range
Peak Side Lobe Ratio (PSLR) reaches —13 dB. This is because
the application of rRCMC eliminates the residual RCM in the
signal, thereby improving the optimization efficiency of MCA.

The processing effect of our method is better than the previous
two methods. From the azimuth profile of the targets in Fig. 13(b)
and (d), it can be seen that the focusing effect of point A
is not much different from MCA, while the focusing effect
of point B is significantly better than the first two methods.
In addition, the overall optimization effect of our method is
consistent. The azimuth-dimension IRW of points A and B is
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TABLE IIT PFA image, MCA-compensated image has great improvement.
NUMERICAL EVALUATION OF IMAGE QUALITY Compared with MCA, rRCMC+MCA also has a certain im-
: PFA NCA ROMGIMCA O provement in image entropy and contrast, which are 7.9889 and
mage r urs . « e .
Entropy Value 101090 84836 79889 63127 1 1.1812, respectively. Although the optimization .effect of MCA
Contrast value  5.5009  10.5626 11.1812 12.4958 is better than rRCMC+MCA in some areas of point-target anal-

0.0815 m and 0.0821 m, respectively, which accords with the
theoretical IRW value of 0.0806 m. From the observation of
the two profiles of the range dimension, although the sidelobe
elimination effect of our method is not the best at points A and
B, the overall performance is the most stable. It is because our
method performs coarse compensation before PFA Keystone
transformation, which greatly eliminates the 2-D coupling effect
of PFA on errors.

In order to more intuitively understand the compensation
effect of the above methods, image entropy and contrast are
used to evaluate the images before and after compensation,
as shown in Table III. The entropy and contrast values of
the uncompensated PFA image are 10.1090 and 5.5009. After
MCA compensation, the image entropy and contrast values
reach to 8.4836 and 10.5626. Compared with uncompensated

ysis, the overall optimization effect is inferior to RCMC+MCA
due to the limitation of 1-D autofocusing compensation. Finally,
the image entropy and contrast values after compensation with
our proposed method are 6.3127 and 12.4958, respectively,
which are obviously higher than the image quality of the other
two comparison methods. In general, our method has a good
compensation effect for both the single point target and the whole
image, and is an effective method for motion error compensation.

The three different methods compared in this article all use
residual RCMC and/or MCA for processing. However, the pro-
cess is different for three methods. This makes the focusing
quality of the images that MCA needs to process different, which
affects the number of iterations required to converge the results.
Therefore, it is difficult to compare the processing efficiency
of different methods in terms of complexity. In the following,
the running time of different methods is compared to prove the
efficiency of the proposed method.
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The running time of the three methods from PFA processing
to the final image are 35.7499 s, 34.2328 s, and 24.6534 s,
respectively. At the same time, the MCA iterations of the three
methods are 42, 36, and 21 times, respectively. Compared with
MCA method, IRCMC+MCA method and the proposed method
reduce the number of iterations of autofocus by coarse compen-
sation. Compared with RCMC+MCA method, the proposed
method has smaller errors and fewer iterations after coarse com-
pensation, which improves the processing efficiency. It should
be noted that the running time and number of iterations of the
above three methods are based on specific imaging data, and the
running time and number of iterations obtained by processing
different data will be slightly different.

V. DISCUSSION

THz SAR has more accurate and in-depth requirements for
motion error compensation. PFA introduces a 2-D coupled error
to the existing motion error while decoupling the signal.

Most of the existing methods to solve this problem are to cal-
culate and eliminate this part of the error after PFA. Although this
way can also get the accurate compensation terms, deriving the
2-D form of compensation terms from the estimated error value
always increases the overall calculation amount of the method.
If the unchanged error is compensated before PFA, then the 2-D
error introduced by PFA will be reduced accordingly, and even its
influence can be directly ignored. After the whole transformation
process of the signal is clearly defined, the compensation idea
does not need additional derivation calculation and reduces the
overall calculation amount.

In simulation and real data processing experiments, we first
divide PFA 2-D resampling into three steps. After completing
the first two steps that do not involve 2-D transformation, the
echo signal is divided into two parts: low frequency and high
frequency so as to avoid the influence of scene clutter on
error estimation and obtain effective information. The RCM
term is estimated by the least square method. According to
the linear relationship between the residual RCM and the APE,
the coarse-compensation term is constructed. After the coarse
compensation is completed, the third step of PFA Keystone
transformation is carried out, and the polar format image is
obtained by 2-D FFT. Finally, MCA is used to further improve
the image quality. Experimental results show the effectiveness
of the proposed method.

In addition, we also analyze the PFA imaging scene limit, the
error processing limit, and the 2-D spatial variation of motion
error of the proposed method. Based on the analysis of system
parameters and actual error fluctuations, we ultimately decided
not to consider these effects. The correlation analysis is given
as follows.

1) PFA resampling of 2-D signals is performed based on
the plane wave hypothesis. This will introduce additional
phase errors and image distortion problems. When the im-
age scene is large enough, it will fail. At present, the plane
wave hypothesis of spotlight SAR is established in the
/2 region of 2p,+/74 /A and 7/4 region of p,\/2r, /A,

where p,, is the azimuth resolution and r, is the radius of

16873

the imaging scene. These problems have been studied in
detail in [32], and the proposed compensation strategy can
be combined with our proposed method if needed.

In addition, THz SAR has a smaller beamwidth, making its
imaging scene area smaller. For example, the measured data
used in this article are taken from a region of 52.5 m*96.0 m,
which is less than the /4 allowable limit of 67.6 m radius.

Therefore, the image distortion problem of PFA is not considered
in this article.

2) For motion error compensation methods, the region of
motion errors that can be handled is a problem to be
considered. Excessive motion error will greatly reduce the
accuracy of the compensation method. The motion error
compensation is a systematic process. In the THz SAR
imaging and error compensation method proposed in this
article, the application range of motion error is discussed
from two aspects.

On the one hand, the existing DGPS/IMU can control the error
in the order of centimeters during the initial correction so as
to ensure the smooth operation of the compensation method.
On the other hand, the cross-correlation principle is used
for estimation in the coarse-compensation step, and MCA is
used for autofocus in the fine compensation step. These two
methods have a large tolerance range in optimizing image
quality. Combined with the above two points, the proposed
method in this article is suitable for most of the existing motion
error ranges to a certain extent.

At present, based on the measured data of a 220-GHz airborne
spotlight SAR system, the error processing effect of the pro-
posed method is tested, and satisfactory results are obtained.
But unfortunately, due to the immaturity of THz SAR system
and the lack of relevant data, more data are needed to further
verify the proposed method in the future.

3) In the large aperture angle SAR system, the 2-D spatial
variation of motion error does affect the image quality.
However, the proposed method focuses on the application
of THz SAR, which has the characteristics of small imag-
ing scenes. Based on the available data, we find that the
azimuth spatial variation of the motion error is negligible,
while the range spatial variation of the motion error needs
to be considered due to the shorter THz wavelength.
However, even if we ignore the range spatial variation
error, our experimental results do not differ much from
the theoretical values. This shows that the range spatial
variation error in the experiment is small and has little
effect on the image quality.

In addition, if the THz SAR imaging scene becomes larger
or the motion error increases, the influence of range spatial
variation error will be intensified, resulting in the proposed
method’s failure. Fortunately, we can improve the construction
process of our coarse-compensation term. By selecting several
points for error estimation, the motion error component of the
platform is deduced. And the range spatial variation is compen-
sated precisely by constructing the range spatial variation error
compensation term. This is feasible both in theory and practice.
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VI. CONCLUSION

This article proposes a two-step motion compensation method
for polar format images of THz SAR, specifically designed to
address the challenges of high-resolution imaging in THz polar
format images. The proposed method innovatively adjusts the
action nodes of coarse and fine two-step compensation, and com-
bines residual RCM estimation and APE autofocus technology
to provide a solution to the negative impacts of 2-D resampling
in THz SAR PFA imaging. The effectiveness of the proposed
method is validated through the simulation experiment and real
data processing. This approach provides another way to enhance
the performance of resampling-based imaging algorithms, such
as PFA. While specifically tailored to the PFA, the principles and
insights of this method have the potential to be applied to other
imaging techniques based on rescaling. This method is expected
to have broader applications and a significant influence in the
field of high-resolution radar imaging.
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