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Precise Motion Compensation Approach for
High-Resolution Multirotor UAV SAR in
the Presence of Multiple Errors

Jiahao Han ", Shiyang Tang

Abstract—As an important supplement to traditional airborne
synthetic aperture radar (SAR), multirotor unmanned aerial ve-
hicle (UAV) SAR has the advantages of low cost, high flexibility,
and strong survival ability. However, due to the complex mo-
tion and flight characteristics of the multirotor UAV platform,
multirotor UAV SAR faces challenges, including spatially variant
low-frequency (LF) errors and severe high-frequency (HF) errors.
To deal with these problems, an improved motion compensation
approach is proposed for multirotor UAV SAR imaging, which is
implemented through two processing steps. 1) The LF errors are
eliminated by an improved two-step MoCo approach, which takes
into account the spatial variations of both envelope and phase. 2)
The HF errors are estimated and corrected by an extended phase
gradient autofocus scheme. Different from conventional solutions,
our approach can effectively remove the complex motion errors
of multirotor UAV SAR step-by-step with high robustness even in
high-resolution scenarios. Computer simulation and experimental
results verify the effectiveness of our approach.

Index Terms—High-frequency (HF) error, low-frequency (LF)
error, motion compensation (MOCQO), multirotor unmanned aerial
vehicle (UAV), synthetic aperture radar (SAR).

I. INTRODUCTION

YNTHETIC aperture radar (SAR) utilizes pulse compres-
sion and coherent integration of a series of wideband signals
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Fig. 1.

Multirotor UAV SAR system.

to obtain high-resolution 2-D images [1]. Over the past few
decades, due to its high level of flexibility, airborne SAR has
gained widespread attention across numerous fields, including
target recognition, remote sensing mapping, and military recon-
naissance [2], [3]. Recently, thanks to the trend of miniaturiza-
tion and lightweightness in SAR systems, it can be integrated
with diverse unmanned aerial vehicle (UAV) platforms, particu-
larly small multirotor UAVs, to further leverage its strengths
and broaden its applicability [4], [5], [6], [7]. As shown in
Fig. 1, the SAR system is installed on the multirotor UAV
platform, with weight and antenna size of approximately 4 kg
and 15 cm x 24 cm, respectively. The system is powered by a
10 000 mA battery. As a beneficial supplement to the traditional
airborne SAR, multirotor UAV SAR has the characteristics of
low cost and simple operation, making it ideally suited for
civilian contexts, such as environmental protection, resource
exploration, agricultural production, and emergency rescue, and
has therefore become another research hotspot in the SAR field
(51, [61, [71, [8], [91, [10].

Despite its high potential, multirotor UAV SAR has not been
popularized in practice mainly because of the following limita-
tions. First, the multirotor UAV is easily affected by atmospheric
turbulence due to its small size and lightweight, leading to
significant low-frequency (LF) errors [11], [12]. In this case,
both the phase and envelope spatial variations caused by LF
errors cannot be ignored; otherwise, they will defocus the SAR
images [13], [14], [15]. Second, the flight state of the multirotor
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UAV is influenced by the rotation of the propellers, introducing
high-frequency (HF) errors [16], [17]. Although the amplitude of
these HF errors is generally very small, they can introduce paired
false targets in SAR images, seriously degrading the imaging
qualities [18], [19], [20]. Consequently, to fully exert the advan-
tages of multirotor UAV SAR, it is necessary to propose a motion
compensation (MoCo) approach applicable to multirotor UAV
SAR with complex motion errors.

For LF errors, Bezvesilniy et al. [21] proposed a phase error
estimation method based on local-quadratic map-drift (MD).
This method can construct the complete LF error compensation
function by integrating the estimated local quadratic phase errors
without splicing. Wu et al. [22] presented an autofocus method
based on the minimum entropy criterion to remove the nonlinear
LF phase errors, which does not require separating strong targets
in the image domain, implying broader applicability. However,
the authors in [21] and [22] only focused on the bulk com-
pensation but ignored the spatially variant components of LF
errors. To deal with this issue, Chen et al. [23] and Zhang et al.
[24] proposed LF error estimation and compensation methods
based on the improved phase gradient autofocus (PGA) and the
range-dependent map-drift algorithm (RDMDA), respectively.
In both methods, the phase errors caused by spatially variant
LF errors can be well removed. Meanwhile, Aye et al. [25] and
Chen et al. [26] presented improved two-step MoCo methods
based on motion data, which also took into account the spatially
variant components of LF errors. However, all the abovemen-
tioned MoCo schemes cannot completely remove the influence
of envelope spatial variations on imaging results, making them
unsuitable for multirotor UAV SAR with large LF errors.

For HF errors, due to their distinct forms and characteristics,
their impacts on imaging results are different from LF errors,
making most conventional MoCo methods invalid. Fornaro [27]
discussed the data spectrum with both linear and HF sinusoidal
trajectories according to the geometric model and his analytical
results can effectively evaluate the impacts of HF errors on
imaging qualities. Zhang et al. [28] proposed an HF vibration
compensation method for THz-SAR that can correct the ranging
cell migrations caused by HF errors through the successive
Doppler keystone transform (SDKT). Gao et al. [29] estimated
the vibration frequency through the extracted HF phase errors
and then suppressed the HF phase errors. Qu etal. [30] developed
an HF error estimation method based on piecewise fast Fourier
transform (FFT), which can determine the HF error parameters
and ultimately realize HF error compensation. However, most
of them can only accurately estimate and compensate for the
single-component HF errors, which perform poorly for multiro-
tor UAV SAR.

In this article, a geometric model of multirotor UAV SAR
is established, which divides the complex range history into
different parts and the influence of them on imaging quality is
analyzed in detail. Our analysis shows that both the phase and en-
velope spatial variations caused by LF errors would significantly
degrade imaging quality and the presence of HF errors would
introduce pairs of ghosts around the target. To address these
problems separately, an improved two-step MoCo method based
on scaling correction is devised to effectively remove the LF
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Fig. 2. Multirotor UAV SAR imaging geometry model with motion errors.

errors and an extended PGA scheme is introduced to compensate
for the HF errors. Unlike the traditional MoCo methods, our
approach can effectively remove LF and HF errors step-by-step
with high robustness, which is suitable for multirotor UAV SAR.

The rest of this article is organized as follows. In Section II,
the geometric model of the multirotor UAV SAR with complex
motion errors is established, and the effects of LF and HF
errors are analyzed. In Section III, an improved two-step MoCo
method based on scaling correction is proposed for LF errors
and an extended PGA scheme is introduced for HF errors.
Discussions are given in Section IV. Numerical results from
computer simulation and real data experiment are provided in
Section V. Finally, Section VI concludes this article.

II. MODELING

In this section, the imaging geometry of multirotor UAV SAR
is established, which takes into account arbitrary targets in the
imaging scene. Based on our geometric model, the influence of
both LF and HF errors on imaging results is then analyzed in
detail.

A. Geometric Model

The 3-D rectangular coordinate system is employed to de-
scribe the geometric model of multirotor UAV SAR with motion
errors, as shown in Fig. 2. Here, O is the origin of the Cartesian
coordinates o-xyz. The platform is assumed to fly along the
x-axis direction with average velocity v and altitude H. The
ideal and real flight trajectories of the platform are denoted as
T} (green solid line) and 7 (red solid line), respectively, and the
coordinates are denoted as [vn,0, H] and [X (n),Y (n), Z(n)],
where 7 is the azimuth slow time. P and () are the central
reference and arbitrary targets on the ground scene, respectively.
R, and R, represent the closest slant ranges from targets P and
@, respectively, to the ideal flight trajectory. According to the
geometric model, the true instantaneous slant range history R(1)
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of @ is expressed as

Rin) = /IX(0) = X + Y () = Yol + [2(n) - Z,)°
ey
where [X, Y, Z,] represents the coordinates of (). Then, let
the motion errors along the x-axis, y-axis, and z-axis be AX (),
AY (n) and AZ(n), respectively, the instantaneous slant range
history in (1) can be approximated by the Taylor series as

R(n)

~ [V AX ()= X P +[AY ()~ Yo >+ [ H+AZ ()]

(Vn+AX(n) — X,)°

N R+ R,
Y, H
— 9AY ZAZ
R, (n) + R, (n)
B (Vn+ AX(n) - X,)
=R, + 2R,
— AY (n)sinf, + AZ(n) cos b, 2)

where ), denotes the incident angle of the target, and R, is
the closet slant range from () to the ideal flight trajectory, i.e.,
Ry =/Y,* + H2.

Generally, motion errors are divided into two components:
along-track errors determined by A X (1) and cross-track errors
determined by AY(n) and AZ(n). For the former, they are
usually caused by variations in the forward velocity, which
can be effectively removed by adjusting the pulse repetition
frequency (PRF) or performing phase error estimation [31], and
thus, only the cross-track errors are analyzed in this section.
For multirotor UAVs, due to their complicated motion form
and flight characteristics, the cross-track errors are composed
of both LF and HF errors. To accurately evaluate their impacts
on imaging qualities, the instantaneous slant range history in (2)
can then be rewritten as

R(n) = RO(n) + ARal(n) + A]%low (77) + ARhigh(n) (3)

where
Vn— X,)?
Ro(n) = Ry + % )
q
AX(n)? +2AX(n) (Vn — X,
ARu(n) = (n)” + 2R(n)( n—Xq) )
q

ARjow(n) = —AYiow(n) sin by + AZjgw (1) cos,  (6)
ARnigh(n) = —AYhigh(n) sin 0y + AZyign(n) cos 8. (7)

Here, Ry(n) is the expected range history, ARy(n) is the
along-track errors, ARjoy (1) and ARyign (7)) denote the cross-
track LF and HF errors, respectively, and we write LF and HF
errors for short in the manuscript. Ao () and A Zyqy () are the
LF errors along y-axis and z-axis, respectively, while AYjign (1)
and A Zyien(n) are the corresponding HF errors.
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Fig. 3.  Side view of multirotor UAV SAR imaging geometry.

B. Low-Frequency Error Analyses

Compared to traditional aircraft, it is more susceptible to
atmospheric turbulence due to its small size and light weight for
multirotor UAV, introducing larger LF errors. In this case, the
impacts of the spatial variation in LF errors on imaging results
would also become more severe.

To better analyze the impacts of spatially variant LF errors on
imaging quality, cos 0, and sin §, in (6) are expanded as

_H
R, + Ar

~ Y Ci(H,R,)Ar"
n=0

cosb, =

H H
o R—?)Ar + n;ci (H,R,)Ar"

72 1/2
I
(Rp + Ar)

sinf, =

~ Y D;(H, Ry)Ar"

n=0

(Rg _H2>1/2 . (Rg _H2>1/2
R R

H2

n=2

where R, = R, + Ar with Ar being the slant range from P
to @, as shown in Fig. 3. Cy and Dy are the spatially invariant
component coefficients of LF errors. C; and D; denote the ith
order spatially variant component coefficients of LF errors.
Generally, both the envelope and phase errors would be
introduced into the echo signal by spatially variant LF errors.
To evaluate the impacts of different order spatially variant
components of LF errors on imaging results separately, a set
of computer simulations is conducted here. The main radar
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TABLE I
SYSTEM PARAMETERS

System parameter Value
Carrier frequency 9.6 GHz
Transmitted bandwidth 750 MHz
Sampling frequency 800 MHz

Pulse repetition frequency 333 Hz

Squint angle 0°

Central slant range 1200 m

Platform height 300 m

Platform speed 5 m/s

system parameters are listed in Table I. The platform is assumed
to fly along the x-axis with an average velocity 5 m/s. Fig. 4
plots the simulated LF errors along the y-axis and z-axis of
the platform. The central slant range and average altitude are
1200 and 300 m, respectively. The simulated imaging scene
dimensions are 300 m x 240 m (range x azimuth) with incident
angle ranges from 6,,;, = 73° to .= 77°, as shown in Fig. 3,
where E; and Ej indicate the edge points of the scene. Multiple
point targets are set at intervals of 0.1 m in both distance and
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azimuth directions in the imaging scene. Then, based on the
motion errors in Fig. 4 and the parameters in Table I, we calculate
the phase and envelope errors caused by different order spatially
variant components for each point in the imaging scene. The
results are plotted in Figs. 5 and 6, where the horizontal and
vertical coordinates represent the positions of range and azimuth
in the imaging scene, respectively.

Fig. 5(a) and (b) plots the phase errors caused by the first-
order and high-order spatially variant components of LF errors,
respectively. The unit of the contour map is radian (rad). It
is seen that the maximum phase errors caused by them are
approximately 455 and 56 rad, respectively. Obviously, both
of them are greater than 7 /4, and thus, cannot be ignored for
multirotor UAV SAR [32], [33]. Moreover, Fig. 6(a) and (b) plots
the envelope errors, respectively, caused by the first-order and
high-order spatially variant components of LF errors. The unit
of the contour map is meter (m). One can see that the maximum
envelope errors introduced by the first-order spatially variant
component are approximately 0.5 m, which are greater than
0.5 range unit, and the maximum envelope errors introduced
by high-order spatially variant components are about 0.04 m,
which are far less than 0.5 range unit. Here, the range unit
is 0.1875 m, which is determined by the sampling frequency.
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Therefore, for multirotor UAV SAR, the envelope errors caused
by the high-order spatially variant components can be neglected
but not the first-order spatially variant components in most flight
conditions [4], [32].

Considering various impacts of the different order spatially
variant components of LF errors on imaging results, the LF errors
can be separated into three parts

ARlow(n) = ARlow_O (7’]) + AFi]ow_l (7]) + ARlow_h,(n) (9)

where A R)oy o(n) represents the bulk component (i.e., spatially
invariant component) of LF errors. A Rjoy 1(n) and ARy 1 (1)
are the first-order and high-order spatially variant components
of LF errors, respectively. Clearly, these three components need
to be removed in different ways in subsequent algorithm design.

C. High-Frequency Error Analyses

Unlike traditional aircraft, the motion state of multirotor
UAV is affected by the rotation of the propellers, introducing
HF errors. Compared with LF errors, HF errors have different
forms and characteristics. To better analyze their impacts on
imaging results, the sinusoidal resonance model is used here to
describe the HF error component [16], [19], and (7) can then
be rewritten as
M,y
Z a; sin (27 f;n) sin 6,

i=1

ARpigh(n) =

My

+ Z a; sin (27 f;n) cos b,

i=1

M
Z A;sin (27 fin)

i=1

(10)

where M is the number of the HF error components. A; and f;
are, respectively, the equivalent amplitude and frequency of the
ith HF error component. Generally, the average amplitude of
the HF errors is only a few millimeters, far less than 0.5 range
unit, and their resulting envelope errors can be ignored [20],
[34]. Therefore, only the phase errors introduced by HF errors

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

m
0.04
0.035
0.03
-
g 0.025
=
E 0.02
E '
= 0.015
0.01
0.005

-150 -100 -50 0 50 100 150
Range (m)

(b)

Envelope errors induced by spatially variant LF errors with different orders. (a) First-order spatially variant component. (b) High-order spatially variant

are analyzed here, which can be expressed as

M
A .
Aphigh(n) = exp {—j;r . Z A;sin (27rfm)} (11)
i=1

where A is the wavelength of the transmitted signal.

To facilitate a better understanding of the additional HF phase
errors, (11) can be expanded by the first kind of Bessel function
as

Apn(n)
M +00 k
= H {Jo (2i) + ijJk (2i) cos (27kai77 - 2) }
i=1 k=1
(12)
where
47
= —— A, 1
2 A (13)

Here, Jj(z;) is the kth order first kind of Bessel function
with respect to z;. Based on the properties of the coefficients
of the Bessel functions [27], it is seen that due to the effects
of the term Jy(z;) on echo signal, the energy of the desired
target would be attenuated, and because of the effects of the
term J (z;) cos(2mk f;n — 7k /2) on echo signal, the paired false
targets would be introduced. In addition to the parameters of
HF error components, the degree of the expected target energy
attenuation and the number of the introduced false targets are
more susceptible to the number of HF error components.

To verify the above analysis, a set of computer simulations
is conducted. Here, we set M = 2, where the two simulated
HF error components are added along the y-axis and z-axis,
respectively, as shown in Fig. 7. The main parameters of the radar
are listed in Table I. The platform is assumed to fly along the
x-axis with an average velocity 5 m/s. The central slant range and
average altitude are 1200 and 300 m, respectively. The simulated
scene dimensions are 300 m x 240 m (range x azimuth) with
incident angle ranges from 73° to 77°. Based on the HF errors
in Fig. 7 and the parameters in Table I, we plot the impulse
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responses of the target at the edge of scene after preliminary fo-
cusing. Fig. 8(a) plots the result without the addition of HF errors
for comparison. Fig. 8(b) shows the simulated results only with
the addition of HF errors along the y-axis (i.e., single-component
HF errors), while Fig. 8(c) plots the simulated results with the
addition of HF errors along both the y-axis and z-axis (i.e.,
multiple-component HF errors). Clearly, side-lobes of the target
are raised and grating-lobes are introduced around the target in

the presence of HF errors. Moreover, the degree of side-lobes
increases and the number of grating-lobes is largely influenced
by the number of HF error components, which corroborates the
derivation in (12), indicating that the multiple-component HF
errors cannot be ignored for multirotor UAV SAR imaging.
Furthermore, Fig. 9(a) and (b) plots the phase errors in-
troduced by the bulk and spatially variant components of
multiple-component HF errors, respectively. We observe that the
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maximum phase errors caused by the bulk HF errors are greater
than 7 /4, thus providing further validation for the necessity of
HF error removal [32], [33]. Moreover, it is seen that under
the parameter settings aligned with a real multirotor UAV SAR
system, the maximum phase errors caused by the spatially
variant components of HF errors are far less than 7 /4, which do
not affect the imaging quality. Therefore, the HF errors can be
considered as a bulk component for most application scenarios
of multirotor UAV SAR, providing convenience for subsequent
algorithm design.

D. Echo Signal

Suppose that the radar transmits a linear frequency modula-
tion signal. According to the geometric model in Fig. 2, the echo
signal of the arbitrary target () in range time and azimuth time
domain can be expressed as

Salr.n) = v, (7)o exp |~ “E)

e [ (- 20

where 7 is the range time, c is the speed of light, fy is the
carrier frequency, and K, is the chirp rate of transmitted signal.
wy-(+) and w,(+) are the envelopes in the range time domain and
azimuth time domain, respectively.

According to the previous analysis, the complex range history
is decomposed into different parts consisting of the expected
range history, along-track errors, LF errors, and HF errors.
Then, by combining their respective effects on the echo signal,
performing range compression, ignoring unimportant amplitude
and substituting (3) and (9) into (14), the echo signal in range
frequency and azimuth time domain is given by

(14)

S0 (i) = W, () oo { 5 Rl |
X exp {—jtﬂfTRo(n)}
exp {_ j“;TARmm)} exp {—jTAngh(n)}
0 {3 18 i (1) + 5 1 0) + AP 0]

+ €Xp {_JZlcﬂ—f'r [ARlow_()(n) + A-Rlow_l (77)]} (15)
where the first and second exponential terms represent the
phase modulation and envelope migration of the expected range
history, respectively. The third and fourth exponential terms
indicate the phase errors caused by along-track errors and HF
errors, respectively. The fifth and last exponential terms corre-
spond to the phase and envelope errors introduced by LF errors,
respectively. Clearly, the complex motion errors of multirotor
UAV SAR are effectively separated in our model, thus can be
compensated in different ways step-by-step.
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III. APPROACH

Based on the above model and analysis, the improved MoCo
approach is proposed for multirotor UAV SAR in this section.
To greatly decrease the impacts of the complex motion errors
on the imaging results, our approach is mainly divided into two
steps. The first step, i.e., LF error compensation, is to eliminate
the envelope and phase errors introduced by spatially variant LF
errors. The second step, i.e., HF error compensation, aims to
remove the phase errors caused by HF errors, which also cannot
be ignored for multirotor UAV SAR.

A. Low-Frequency Error Compensation

Generally, the conventional two-step MoCo approach is used
to remove the LF errors. However, due to the envelope errors
introduced by the spatially variant components of LF errors
the performance of the conventional two-step MoCo approach
would become unsatisfactory for multirotor UAV SAR, degrad-
ing imaging qualities. To solve this issue, an improved two-step
MoCo approach is developed in this section to effectively re-
move the spatially variant LF errors for multirotor UAV SAR.

1) Scaling Correction: The first step of the improved MoCo
aims to correct the spatially variant LF envelope errors (i.e., the
envelope errors introduced by the spatially variant components
of LF errors) which can be rewritten according to (8) as

ARiow_1(n)

_ D, (H7 Rp) Ar - AYIOW(n) + Cl (Ha Rp) Ar - AZlow(n)
Do (H, Rp) - AYiow(n) + Co (H, Rp) - AZiow(n)

: A]%low_O (77)
= a(n) : ARIOV\LO(W)

(16)

where « represents the linear coefficient of LF envelope errors.
Unlike the expected slant range history, the motion errors are
random, indicating that the variation of the linear coefficient
versus azimuth time is unpredictable, making it impossible to
design a unified compensation function for spatially variant
LF envelope errors. Consequently, the scaling correction of the
echo signal is performed here through chirp-z transform (CZT),
to remove the spatially variant LF envelope error, where the
detailed derivation is provided in Appendix A. Then, the echo
signal in (15) can be rewritten as

S0 (7121 = W, (f7) ) o { —5 5 oo}
- exp { —j%ﬁARat(ﬁ) } exp { —J 4%Al’%high(n) }

A
- €Xp {_])\ [ARlowfo(n) + AR[0W71 (77) + ARlowfh (77)]}

exp {_j% / 2[Ro(n)+ARiow 0(1)+ARiow 1(n)] } |

[1+a(n)]c
(17)
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Fig. 10.  Flowchart of scaling correction.

For ease of presentation, f. is still expressed as f, below.
Then, by substituting (16) into (17), one obtains

S0 ) = W, () o { =3 R}
- exp { —J %ARm(ﬁ) } exp { *j%ﬁARhigh(ﬂ) }

4
- exp {—j; [ARlow,O (n) + ARlowJ(n) + ARlowh(Uﬂ}

2ARiow
o e s}

(18)

- exp {j27rf7 2Ro(n) } .

[1+a(n)]c

Apparently, the spatially variant LF envelope errors are effec-
tively removed through scaling correction. To facilitate a better
understanding, the flowchart of scaling correction is shown in
Fig. 10, where the two functions H; and H; are

Hi(r,n) = exp {jr (1+a) 3= | (19)

Hy(1,1m) :exp{—jwif(l—l—a) (ATT>2} (20)

with V being the range cell number and AT being the sampling
interval in range time dimension.

2) Two-Step MoCo: After scaling correction, the conven-
tional two-step MoCo approach is employed to compensate for
the bulk LF phase and envelope errors as well as spatially variant
LF phase errors. Generally, the envelop errors are compensated
in the range frequency and azimuth time domain, and the
phase errors are compensated in range time and azimuth time
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domain [31]. Among them, the first-step MoCo is employed to
remove the bulk LF errors, where the compensation function is
expressed as

(o) =0 [ I AR o). 1

Then, the second-step MoCo compensates for the spatially
variant LF phase errors with compensation function

4
o) = exp {3 [ () + SR ()] 22

where A is the wavelength of transmitted signal. Due to the
significant impacts of the bulk errors on the echo signal, the
first-step MoCo is usually performed prior to ranging cell migra-
tion correction (RCMC), while the second-step MoCo follows
RCMC [31], [35].

3) Additional Error Correction: After RCMC and two-step
MoCo, the LF errors are basically eliminated and the echo signal
in (18) becomes

S0 Crat) = W, () wal)exp {52 Ralo) |
X exp {—j27rf72‘fq}

Am Am
- exp { —J TARat(ﬁ) } exp {—.7 TARhigh(n> }

, 201(n)
- exp {j27TfT Tt a(n)] CRo(n)} .

According to (23), it is seen that the additional envelope errors
introduced by scaling correction still remain in the echo signal.
These errors will be analyzed in detail in Section IV. Generally,
the additional envelope errors can be considered as spatially
invariant [26], which are approximated according to (4) as

2
E(fr,n) = exp {jw (‘2/];7) } :
P
(24)

Based on the principle of stationary phase (POSP), the com-
pensation function in 2-D frequency domain for additional en-
velope errors can be accordingly constructed as

Arf R, 8V +A2f2
Haaa (fr, fn) = exp {j ch [1 j gxﬁ(]])cn)] ( 8V s >}

(25)

(23)

a(n)
c [1+an)]

R, +

where f,, represents the azimuth frequency.

B. High-Frequency Error Compensation

After LF error compensation, the echo signal in range time
and azimuth time domain can be expressed as

So(7,m) = wy {T - 2?‘1} wa(1n) exp {—jA‘;Ro(n)}

4 4
. exp {—ijRm(n)} exp {—ijngh(m} -
(26)
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Apparently, the HF phase errors still exist in the echo signal.
However, due to their different forms and characteristics, it is
difficult to compensate for the HF errors through conventional
MoCo methods. In this subsection, an extended phase gradient
autofocus (PGA) scheme is introduced to realize the estimation
and correction of HF errors.

The principle of PGA is to make an optimal estimation of
the phase error gradient through the defocused SAR image.
The estimation process only exploits the redundant information
of the strong scattering points in the degraded SAR image,
independent of the imaging scene content [36], [37]. Therefore,
PGA can achieve accurate estimation of random phase errors
without relying on any prior information about the error, such
as frequency and amplitude, which can effectively avoid the im-
pacts of multicomponent coupling on the accuracy of parameter
estimation, making it suitable for multicomponent HF phase
error compensation. Here, based on the characteristics of HF
errors, several significant extensions are made to the traditional
PGA methodology to enhance HF error estimation.

1) First, the bulk LF phase errors compensated previously

can be re-added to the echo signal prior to estimating the
HF phase errors. In this way, the grating-lobes resulting
from HF errors can be submerged within the degraded
side-lobes of the target caused by LF errors [38], enabling
accurate acquisition of the target position through circular
shifting and windowing. Otherwise, the grating-lobes may
be mistaken for the real targets, resulting in significant
estimation errors. After completion of the estimation pro-
cedure, the required HF phase errors can be determined by
removing the added LF phase errors from the estimated
result for subsequent processing.

2) Second, the echo signal can be divided into several range
blocks, and only those with enough strong scattering
points are chosen for HF phase error estimation. Since
the HF errors can be considered as a bulk component, the
estimated results of each selected range block are all for
precompensation, and only the ones with the best compen-
sation effect is selected as the desired result. Particularly,
the precompensation effect can be evaluated by the entropy
of the compensated image, where lower entropy indicates
better effect [23].

After HF phase error estimation through the extended PGA,

the HF error compensation function can be constructed as

Hf (7—’ 77) = exXp {J@h (77)} 27

where ¢, (1) denotes the estimated HF phase errors.
By multiplying (27) by (26), the HF errors are effectively
corrected, and the echo signal can then be expressed as

Salrn) = wn {r = 22 ) exp { =32 Rt}

A
- exp {—j )LARat(n)} . (28)
Compared to the traditional PGA methodology, our scheme is
more suitable for HF error correction with high accuracy and ro-
bustness. Subsequently, a method based on parameter estimation
[31] can be applied to eliminate the along-track errors. First, the
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modified map drift (MD) algorithm is employed to estimate the
Doppler rate error A~y(n) caused by along-track errors. Then,
the corresponding phase perturbation Ay, (n)is calculated by
double integral of A~(n). Finally, A, (n) is subtracted from
the echo signal and azimuth distortion correction is performed to
remove the influence of along-track errors, ultimately achieving
high-resolution imaging of multirotor UAV SAR.

C. Flowchart of Imaging Approach

The flowchart of the imaging approach with the improved
MoCo is depicted in Fig. 11. Note that the proposed approach is
divided into two steps, i.e., LF error compensation and HF error
compensation, which can be effectively combined with various
imaging algorithms. The main procedure of the improved MoCo
approach is described as follows.

1) Scaling correction: Eliminate the spatially variant LF en-
velope errors through scaling correction of echo signals
based on the designed CZT function.

2) Two-step MoCo: Compensate for the bulk LF phase and
envelope errors through the first-step MoCo, and for the
spatially variant LF phase errors by the second-step MoCo.

3) Additional error correction: Remove the additional enve-
lope errors introduced by scaling correction, which cannot
be ignored for high-resolution multirotor UAV SAR.

4) HF error correction: Estimate and correct the HF phase
errors through extended PGA scheme.

IV. DiscussION
A. Additional Envelop Errors

According to (23), the additional envelope errors induced
by scaling correction are mainly affected by «. To analyze
the magnitude of the introduced additional envelope errors,
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a set of computer simulations is conducted. The main radar
system parameters are listed in Table I. The simulated imaging
scene dimensions are 300 m x 240 m (range x azimuth). The
simulated motion errors are shown in Fig. 4, and o = 0.0002 is
calculated according to (8) and (16). We then plot the additional
envelope errors for each point in the scene, as shown in Fig. 12.
The unit of the contour map is meter (m). It is clear that the
maximum additional envelope errors are greater than 0.5 range
unit, and thus, cannot be neglected for multirotor UAV SAR.
Moreover, Fig. 13 plots the spatially variant components of
additional envelope errors. It is observed that they are far less
than 0.5 range unit. Therefore, the additional envelope errors can
be considered as spatially invariant in subsequent processing.

V. NUMERICAL RESULTS

To evaluate the performance of the proposed approach, com-
puter simulations and real data experiments are conducted in
this section.
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TABLE II
AZIMUTH IMAGE QUALITY PARAMETERS IN CASE [

IRW PSLR ISLR

Method Target
s (m) (dB) (dB)
— o P00 0.20 —13.82 —10.80
rhout correction g4 038 —5.43 ~1.86
P00 0.20 —13.86 —10.85

[26]

PO1 0.23 —13.09 -9.98
Proposed P00 0.20 —13.89 —-10.91
P PO1 0.20 —13.66 -10.79

A. Computer Simulations

Two sets of computer simulations are performed to evaluate
the proposed approach. Case I considers the LF errors and Case
IT for the HF errors. The motion trajectory of the multirotor
UAV platform with LF and HF errors in Cases I and II is shown
in Figs. 14 and 15, respectively. The main radar acquisition
parameters are listed in Table I. The scene dimensions are
300 m x 240 m (range x azimuth), with a dot array placed
on the horizontal ground. As shown in Fig. 16, P00 is the
target in the center of the ground scene, which can be used as a
reference for comparison. The other four targets at the edge of
the ground scene are denoted as PO1, P02, P03, and P04, which
are employed t for performance evaluation.

1) Case I: Fig. 17(a)—(c) shows the impulse response func-
tions (IRFs) of the central reference target POO focused without
correction for the spatially variant components of LF errors, and
with correction through the improved two-step MoCo approach
[26] and the proposed approach, respectively. The azimuth pro-
files of POO acquired by these three approaches are shown in
Fig. 18. It is clear that they all effectively focus on the central
reference target. For comparison, the IRFs of the scene edge
target PO1 processed by them are shown in Fig. 19(a)—(c), while
Fig. 20 plots the corresponding azimuth profiles of PO1. It is
observed that the edge target is severely defocused without
correcting the spatially variant components of LF errors. More-
over, the edge target is slightly defocused through [26], with
main-lobe and side-lobes being coupled. This is because the
additional envelop errors caused by scaling correction cannot
be ignored for multirotor UAV SAR. The edge target can also be
well focused by the proposed approach. In addition, the azimuth
image quality parameters, including impulse response width
(IRW), peak side-lobe ratio (PSLR), and integration side-lobe
ratio (ISLR) are tabulated in Table II. Clearly, the image quality
parameters of the proposed approach are close to the theoretical
values, which demonstrate that the performance of the proposed
approach is satisfactory for multirotor UAV SAR with large LF
errors.

2) Case II: Fig. 21 plots the IRFs of POO obtained without
correction for HF errors, and with correction through traditional
PGA [36] and the proposed approach, respectively. Fig. 22(a)—
(c) plots the corresponding azimuth profiles of POO. For com-
parison, Fig. 23 shows the IRFs of PO1 processed by different
approaches, while Fig. 24 plots the corresponding azimuth pro-
files of PO1. Note that the proposed approach focuses on all
targets well, whereas [36] fails to do so. The main reason is
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| et | TABLE III
: 1 240m AZIMUTH IMAGE QUALITY PARAMETERS IN CASE II
|
! IRW PSLR ISLR
- Method Target
£ (m) (dB) (dB)
Without p P00 0.22 —13.15 -3.15
frout correcion ™po 0.23 —12.84 —3.09
“ [36] P00 0.21 —13.31 -5.23
g PO1 0.22 —12.96 —5.03
Proposed P00 0.20 —13.89 —10.95
i PO 0.20 —1348 | 1098
UAV SAR system, which operates in the X-band with a carrier
frequency of 9.6 GHz. The bandwidth and PRF of the transmitted
Fig. 16, Simulated scene. signal are 750 MHz and 333 Hz, respectively. In Case I, the real

that, due to the characteristics of HF errors, the grating-lobes
induced by HF errors are mistaken for the real targets [36],
resulting in significant estimation errors. The azimuth image
quality parameters for all approaches are listed in Table III.
Apparently, the quality parameters of the proposed approach are
superior to those of the remaining schemes, further validating
the proposed approach in correcting HF errors.

B. Real Data Experiments

Two real data experiments are conducted to evaluate the
proposed approach. Raw data were collected by a multirotor

data were collected on 27 November 2021, in Shijiazhuang City,
Hebei Province, China, with the central slant range and height
of the platform, respectively, being 1800 and 600 m, which are
used to validate the performance of our approach to remove LF
errors. In Case I, the real data were collected on 21 June 2021,
in Leping City, Jiangxi Province, China, with the central slant
range and height, respectively, being 600 and 300 m, aiming to
illustrate the performance of our approach to suppress HF errors.

1) Case I: Fig. 25(a)—(c) plots the imaging results obtained
without correction for the spatially variant components of LF
errors, and with correction through [26] and the proposed ap-
proach, respectively. The edge scenes are extracted from the
images to present the focusing details, as shown in Fig. 26. It
is noted that the degraded side-lobes of the target caused by
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TABLE IV

AZIMUTH IMAGE QUALITY PARAMETERS OF SELECTED TARGET IN CASE I

lists their quality parameters. Apparently, the imaging qual-
ity parameters are effectively improved through our approach,

Method IRW (m) PSLR (dB) | ISLR (dB)
Without correction 0.41 -9.73 -9.18
[26] 0.25 -25.82 —19.62
Proposed 0.20 -29.41 -21.97

which further demonstrates its superiority.

2) Case II: The imaging results obtained without correc-
tion for HF errors, and with correction through [36] and the
proposed approach are, respectively, shown in Fig. 28(a)—(c),

LF errors are well suppressed through our approach. Moreover,
Fig. 27 plots the azimuth profiles of a selected scattering point
in the edge scene acquired by different approaches and Table IV

while Fig. 29 shows the scene Region 1 with sufficiently strong
scattering targets of Fig. 28 to present the focusing details.
From Fig. 29(a), we see that ghosts are introduced around
the real target due to the HF errors. Moreover, the proposed
approach is capable of removing these ghosts, whereas [36]
cannot, as illustrated in Fig. 29(b)—(c). Analogously, Fig. 30
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Fig. 25.

plots the azimuth profiles of a selected scattering point acquired
by different approaches, where the grating-lobes are marked,
and the corresponding image quality parameters are tabulated in
Table V. We can see that the grating-lobes of the target are elim-
inated and the image quality parameters are improved through
our approach.

All real data are processed using MATLAB R2015b on a
computer with an Intel Core i5-7300U CPU and 32.0 GB of
RAM. The processing time of different methods are tabulated
in Table VI. It can be seen that in Cases I and II, the proposed
approach only increases the processing time by 8.3% and 5.6%
compared to [26] and [36], respectively. Nonetheless, as a future

(b)

Imaging results. (a) Without correction. (b) [26]. (c) Proposed approach.

TABLE V
AZIMUTH IMAGE QUALITY PARAMETERS OF SELECTED TARGET IN CASE II

Method IRW (m) PSLR (dB) | ISLR (dB)
Without correction 0.29 —18.04 —14.52
[36] 0.24 -18.76 -14.91
Proposed 0.20 —25.54 -20.85

direction, we will optimize the implementation procedure of our
approach to increase the processing efficiency, so as to better
exert the advantages of multirotor UAV SAR.
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Fig. 26.  Selected scene of Fig. 25. (a) Without correction. (b) [26]. (c) Proposed approach.
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Fig. 28. Imaging results. (a) Without correction. (b) [36]. (c) Proposed approach.
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Fig. 29.

Selected scene of Fig. 28. (a) Without correction. (b) [36]. (c) Proposed approach.
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Fig. 30.

TABLE VI
PROCESSING TIME OF REAL DATA EXPERIMENT

Method Progessing
time
Without correction 40's
CASE 1 [26] 48s
Proposed 52s
Without correction 30s
CASE I [36] 36s
Proposed 38s

VI. CONCLUSION

As a new application platform for SAR, multirotor UAVs
are widely used in various fields due to their low cost, high
flexibility, and strong survival ability. However, the complex
motion form and flight characteristics present challenges such
as spatially variant LF errors and severe HF errors. To solve
these issues, an improved MoCo approach is proposed for
high-resolution multirotor UAV SAR imaging. First, a geometry
model of multirotor UAV is established to effectively separate
the complex range history into different parts and their influence
on imaging quality is analyzed. Then, LF errors are elimi-
nated by an improved two-step MoCo approach and HF errors
are estimated and corrected by an extended PGA scheme. Fi-
nally, both simulation and experimental results demonstrate the

Azimuth (m)

(b)

Azimuth profiles of selected target. (a) Without correction. (b) [36]. (c) Proposed approach.

Azimuth (m)

(©)

effectiveness of the proposed approach for multirotor UAV SAR.
As a future direction, we plan to optimize the entire processing
flow and increase the processing efficiency, so as to better exert
the advantages of multirotor UAV SAR.

APPENDIX A

To achieve scaling correction of the echo signal through CZT,
the parameters of CZT are set as

A(n) = exp {—jm [1 + a(n)]}

W) = exp {53 11+ a)]

(AD)
(A2)

where A(n) and W (n) determine the frequency spacing and start
frequency of the resampled range spectrum, respectively [39].
The compensation functions 7 and H» in (19) and (20) can be
rewritten as

Hy(n,m) =A"(n) (A3)

Hy (n,n) = W"/2(n) (A%

where n is an integer ranges from 0 to N — 1, i.e., n = 7/AT.

Then, resampling of echo signal at each azimuth time is im-
plemented through several complex multiplications and Fourier
transform as

S0 (f1om) = [So (mm) - A () - W2 ()
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® Wﬁn2/2 (na 77) : Wn2/2 (7’L, 77)
= So(n,n)- A" (n,m)- W™ (n,m)  (AS)

where Sy(n,n) is the discrete version of Sy (7, 77) and ® denotes
the convolution operator, which can be implemented through
fast Fourier transform and multiplication. Substituting (A1) and
(A2) into (AS), the scaling corrected echo signal becomes

So{frnt=So{fr-[L+am)] n}. (A6)
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