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Abstract: The LuTan-1(LT-1), known as the L-band differential interferometric synthetic aperture
radar (SAR) satellite system, is an essential piece of civil infrastructure in China, providing extensive
applications such as surface deformation monitoring and topographic mapping. To achieve high-
resolution and wide-swath (HRWS) observation abilities, the LT-1 takes the dual receiving antenna
(DRA) imaging mode as its working mode. However, amplitude and phase errors between channels
lead to a mismatch between the reconstruction filter and the multichannel echo signal, worsen
the reconstructed azimuth spectrum, and introduce ambiguity targets in the final imaging results,
seriously affecting the final imaging quality. In order to better evaluate the channel error and azimuth
ambiguity performance of the LT-1 system, this paper proposed an advanced channel consistency
correction method and conducted many measured data experiments. The experimental results show
that the proposed method is effective, and the LT-1 system has excellent channel error control and
azimuth ambiguity performance.

Keywords: synthetic aperture radar (SAR); azimuth ambiguity suppression; high-resolution and
wide-swath (HRWS); dual receive antenna (DRA); channel error estimation

1. Introduction

Synthetic aperture radar (SAR) is an all-day and all-weather active microwave remote
sensing tool with powerful Earth observation capability [1]. High resolution can provide
detailed feature information of observation scenes, and wide-swath imaging can provide
extensive scene information. Therefore, high-resolution and wide-swath (HRWS) imag-
ing is a significant trend in modern SAR systems [2-9]. However, it is an irreconcilable
contradiction to improve azimuth resolution and range swath. High-resolution imaging
requires higher pulse frequency repetition (PRF) to satisfy the Nyquist sampling theo-
rem, while wide-swath imaging requires lower PRF to ensure a sufficient echo-receiving
window [10,11]. It is hard for the traditional SAR system to realize HRWS imaging simulta-
neously. Fortunately, by reconstruction algorithm, digital beamforming (DBF) technology
can recover a full alias-free spectrum from the aliasing spectrum and suppress azimuth
ambiguity caused by low PRF [3,12,13]. Therefore, an azimuth multichannel SAR system
can realize HRWS imaging with DBF technology. Azimuth multichannel (AMC) technol-
ogy was first applied in the TerraSAR-X satellite launched by Germany in 2007 [12]. The
experimental results show that DBF has good azimuth ambiguity suppression ability. Then,
the ALOS-2 satellite launched by Japan in 2014 first used the dual-antenna receiving (DRA)
mode as a working mode [14]. In 2016, China’s first dual-channel spaceborne SAR sensor,
the Gaofen-3 satellite, was launched [15,16]. In recent years, AMC technology has been
widely used in spaceborne SAR.
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LuTan-1 (LT-1) [17], a vital component of the “China National Civil Space Infras-
tructure Long-Term Development Plan (2015-2025)”, is an innovative spaceborne Earth
observation constellation. It consists of two identical satellites carrying advanced, fully
polarized L-band SAR capable of obtaining SAR images. The LT-1’s primary aim is to
acquire global surface deformation measurement and digital elevation model (DEM). LT-1
data can also serve multiple industries such as land, earthquake, surveying and mapping,
environment, disaster mitigation, and forestry. Achieving tasks such as surface deforma-
tion monitoring and topographic mapping in a given area requires extensive coverage
capabilities, and higher spatial resolution is essential for disaster monitoring. Therefore,
to achieve HRWS imaging, LT-1 uses DRA mode as its operating mode. The duration of
its mission is divided into two phases. In phase I, two satellites fly in a formation with a
variable baseline. The bistatic InNSAR strip map mode is utilized to acquire global digital
elevation and terrain models with high accuracy and spatial resolution [18]. In phase II,
two satellites shall share the standard reference orbit with a 180° orbital phasing difference.
LT-1 will continue to provide high-quality observation data throughout its future life cycle,
providing new possibilities, advances, and relevant information for dynamic monitoring
on land.

Although AMC SAR has many advantages, using multiple channels to receive echo
signals also brings a variety of error sources, including phase synchronization error, baseline
error, channel error, and attitude error [19-21]. These errors lead to inconsistent amplitude
and phase characteristics of each channel’s echo, seriously restricting the performance
of the AMC SAR system. To meet the requirements of interferometric altimetry and
deformation measurement, LT-1 built a high-precision spaceborne internal calibration
system consisting of internal calibrators, antenna calibration networks, and interconnection
cables. The system includes three calibration loops: no delay calibration loop, delay
calibration loop, and synchronous calibration loop. It is difficult for the internal calibration
system to achieve high-precision calibration by relying on onboard self-service. Then,
LT-1 compensates through ground processing, including the temperature curve data, to
compensate for amplitude and phase errors. The LT-1 can obtain an amplitude-temperature
curve and phase-temperature curve by setting temperature points reasonably in the antenna
calibration network or internal calibrator through temperature experiments in the ground
test. When in orbit, it can use the measured temperature value and temperature curve
to compensate for the amplitude-phase calibration results of the system during ground
data processing. Using temperature compensation measures, LT-1 can achieve the internal
calibration index requirements of the amplitude of no more than 0.4 dB and phase of no
more than 3°. The two main factors of channel amplitude-phase inconsistency are the
phase center deviation error of receiving antenna and amplitude-phase error caused by
channel characteristics. Internal calibration technology can only measure the amplitude
and phase errors of the channel itself, but not the amplitude and phase characteristics of
the passive part of the antenna. Therefore, the channel errors caused by antenna phase
center errors and other residual channel errors must be corrected before imaging by other
channel consistency correction techniques [12,22].

Channel consistency correction methods mainly include external calibration and self-
calibration methods based on echo data. The external calibration technology provides
end-to-end absolute measurement and calibration of SAR system parameters and their
changes through the standard calibration equipment deployed in the ground calibration
field. It covers the whole channel link and has high calibration accuracy. However, the
external calibration technology needs to lay out the calibration equipment in the scene,
so the flexibility needs to be improved. In contrast, the self-calibration method estimates
the channel error by processing the original data and does not need additional calibration
equipment. At the same time, the estimation accuracy of the self-correction method has been
dramatically improved through constant updating and iteration. Currently, the commonly
used self-calibration methods include the signal subspace method (SSP) [23], azimuth time
domain cross-correlation method (ATC) [24], minimum variance distortionless response
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method (MVDR) [25], the image weighted minimum entropy method (WME) [26,27], the
image least L1-norm method (LLN) [19], maximum normalized image sharpness method
(MNIS) [20], and the minimizing the sum of the sub-band norm method (MSSBN) [28].
Considering the estimation accuracy and computational efficiency, this paper proposes
a phase error estimation method that maximizes the L1 norm of the sum (MLNS) of
multichannel 2-Dimension (2D) frequency domain echo signals based on the MSSBN
method. This paper uses this new method to estimate and correct the channel amplitude
and phase errors of LT-1.

LT-1 has been in orbit for nearly a year, accumulating much observation data from
different scenarios under different operating modes. This paper aims to evaluate the
channel error control capability of the LT-1 system by estimating the channel amplitude-
phase error of the DRA receive data and to study its performance by focusing on the azimuth
ambiguity of the image. Experiments include different incident angles and representative
scene types. The experimental results demonstrate the excellent channel error control and
azimuth ambiguity suppression capability of LT-1.

The paper is organized as follows. The second part of this paper briefly introduces the
channel error model of a dual-channel SAR system. The third parts show the influence of
channel error on imaging through simulation experiments. Section 4 proposes a new phase
error estimation and correction method, and the measured data results of LT-1 are given
and analyzed in detail. Finally, Section 5 summarizes the system performance of LT-1 and
discusses its future application prospects.

2. LT-1 DRA Mode and Channel Error Model
2.1. LT-1 Signal Model and Channel Constant Amplitude-Phase Error

Figure 1 is a brief illustration of the imaging geometry of the LT-1 DRA mode. The
LT-1 normal orbit flight posture is on the right, and there is a need to adjust to the left view
mode. The antenna phase center (APC) settings of LT-1 are shown in Figure 1, the antenna
transmits chirp signals at the Tx channel, and two separate channels (Rx 1 and Rx 2) in
azimuth receive echoes simultaneously. The aperture size is set to d;y 4,, and the distance
between two receive channels is 4.9 m. The echo history of the signal received by the mth
channel and the echo history of the signal received by the mth equivalent phase center in
self-transmit and self-received can be expressed, respectively, as

2
Ru(1) = Rexm() + Res () = \/R3+ V2(y — 52)* + | /RZ - v2r2

1)
Vz _ Axm 2 2 (
~ 2Ry + s(’?Rozvs) _’_i%
2
Axp 2 2(’7—%)
Req,mw):zﬁ%vsw—zv’:) ~ 2Ry + @)

where Ry m, Rix,m#, Ro, Vs donate the range history from target to receive channel, range
history from target to transmission channel, azimuth slow time, nearest slant range, and
satellite speed of the LT-1 SAR system, respectively. Ax,, = (m — m,ef)drx,aZ donates the
distance between the mth channel and the reference channel. According to Equation (1), the
2-D time domain echo signal of the mth equivalent phase center (EPC) can be expressed as

Seq,m(T/ﬂ) = wy (T~ w)wa(ﬁ —1c)

, , 2Reg (1) \2 ®)
X exp{—]%R(zq’m(iy)} exp{]TcKr(T — qﬁ(’”) }
where T, w;, Wy, Yc, A, Ky and ¢ denote the range fast time, range signal envelop, azimuth
signal envelop, azimuth center time, wavelength, chirp rate, and velocity of light, respec-
tively. The difference between Ry, (17) and Reg,m(17) is —Ax3, /4Ry after Taylor expansion
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is shown in Equations (1) and (2). Therefore, the 2-D time domain echo signal of the mth
channel can be expressed as

TTAXZ
Sm(T, 1) = Seqm(T,1) X exp{—] 2)\1{0”} 4)
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Figure 1. Imaging geometry of LT-1 DRA mode.

AMC SAR system adopts multiple channels for sampling. It uses the increase in spatial
dimension sampling to exchange for the decrease in temporal dimension sampling [3],
which makes the performance of an HRWS realized. Multichannel systems require multi-
channel echo signal reconstruction processing, and the key to reconstruction is to ensure
that the reconstruction filter is consistent with the echo signal. That is, the echo signal
amplitude and phase between channels are consistent. However, in actual operation, due
to various factors such as electronic equipment, antenna arrays, and satellite platforms [23]
in each channel, amplitude, and phase errors inevitably exist between the echo signals
in each channel. Final imaging quality will be seriously affected if the above errors are
uncompensated. The satellite platform operates very stably for spaceborne SAR systems
during startup time. Then the attitude, velocity, and orbit curvature errors involved in
the satellite platform can be ignored [29,30]. Radar electronic equipment can introduce
amplitude, phase, and range sampling time errors in the echo signal due to processing
technology, device aging, and temperature changes. However, since the LT-1 SAR system
operates in the L-band, the impact of range sampling time error can be ignored. At the
same time, channel errors caused by radar electronics are generally considered stable
during a startup operation [30]. Therefore, considering only the errors introduced by radar
electronics, error models can be established as

Sme(T, 1) = amSm (T, 1) exp(jPm) ®)

where a;; and 1, are amplitude error and phase error, respectively, the error takes the
channel of the first antenna as a reference, then a1, = 1, ¢, = 0.

2.2. APC Position Error

In addition to the amplitude error, phase error, and range sampling time error caused
by the electronic equipment of the SAR system, APC position error also introduces sig-
nificant phase errors. APC position error is affected by antenna thermal deformation,
installation error, satellite attitude error, and other factors. At the same time, phase error
caused by APC position error is affected by the incident angle and radar operating wave-
length. Therefore, this section will quantitatively analyze the APC position error of the
dual-channel SAR system. Figure 2 shows the geometric schematic diagram of the APC
position error.
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Figure 2. Schematic diagram of APC in a dual-channel SAR system.

Firstly, the spatial coordinate system of the AMC SAR system is defined as:

The X-axis direction is the satellite track direction.

The Y-axis direction is perpendicular to the X-axis direction.
The Z-axis faces away from the center of the Earth.

The P point is the target point.

The first antenna coordinate is (0,0,0), and the solid circles represent the ideal position
of the APC, all on the X-axis. In contrast, the hollow circles represent the actual APC
position, which deviates from the ideal position. Set the APC position deviation of the
mth antenna as (86X, 8Ym, 0z ), and take the first antenna as the reference channel, then its
position error is (dx1,dy1,0z1) = (0,0,0). The APC position error will change the distance
between the APC and the target.

When there is no APC position error, the phase center coordinate of the mth antenna
is (Axy, + Vi17,0,0). If the coordinate of the point target is (x, y, z), then the distance from
the APC to the point target can be expressed as

Rrxm = \/(x — Axp — VS’?)Z + (]/)2 + (Z)z (6)

When the APC position error exists, the APC coordinate of the mth antenna is (Ax,, +
0xm + Vi1, 8Ym, 0zm ), then the distance between the antenna and the target is expressed as

Then, by combining Equations (3)-(5) and (7), the echo signal with APC position error
can be expressed as

Sme(T, 1) = amwy(T — w)wﬂ(n —1c)

/ 2 8
X eXP{*f%R/eq,m(’?)} eXp{jnKr(T — Faalt) } exp{jipm } ©
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The Taylor expansion is carried out on Equation (7), and the square term of the error
minor term and the term of third or higher order are ignored. Then the distance history can
be approximated as follows

Y Sy — —— 2z ©)

Rrx,m rX,m Rrx,m

x—Axm—Vsq(sx _
m

/
R rx,m — Rrx,m -

According to Equation (9), the phase error generated by the APC position deviation
can be expressed as

47t (Ryxm — Rlyxm) 270 x — Axyy — Vi 21wy 2Tz
Sy =—-—""——"+- =" "Xy — — OYm — — 0zm (10
§0m /\ 2 A Rrx,m " /\ Rrx,m ym )\ Rrx,m " ( )
Since x < y, x < z, the above equation can be simplified as
N 2t x — Axy — Vsy

OPm, = TW&% (11)

21 y
S g2 2

2

.z (13)

where 6@y, 6@m,, 6¢m, are the phase errors caused by the deviation dx;, along the X-axis,
6y along the Y-axis, and 6z, along the Z-axis, respectively. Among them, § Pm, and
6@, are independent of azimuth time but related to the slant range of the echo, which is
named the space-variant phase error in this paper. d¢;,;, changes with azimuth slow time,
referred to as azimuth time-variant phase error in this paper. Due to the Doppler effect,
the azimuth slow time domain is also a linear frequency-modulated signal. The relation
between azimuth slow time and Doppler frequency is as

Cx—Axy AP+ 22

h=T - R (14

Substituting the above equation into Equation (11), the frequency domain form of
time-variant phase error can be expressed as

27T
Vf T 5% (15)

S

(Sq)mx =

According to the geometric diagram in Figure 2, Equations (12) and (13) can be written
as expressions for the angle of view

2

S@m, = Tﬂaym sin @ (16)
2

SPm. = 7”&,,1 cos @ (17)

where 0 is the angle of view, thus, the space-variant phase error caused by the APC position
error can be written as

2
SPmyz = 7”(5]/"1 sinf + 6z, cos 6) (18)
From the above analysis, it can be seen that the channel phase error caused by APC

position error is related to not only wavelength and a function of view of angle. Therefore,
the impact of APC position error on phase error is studied through simple simulation.
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_ 6=140°,2=10.2379m]

Phase Error (Deg)

Phase Error (Deg)

Generally, the APC position error does not exceed 5 mm [30], while the APC position error
caused by satellite attitude errors is less than 1 mm and can be ignored. Therefore, select
a uniform distribution of dy, and dz; between —5 mm and 5 mm, 6 = 40°, and compare
the relationship between APC position error and phase error at different wavelengths.
Secondly, compare the phase errors generated by APC position error at different antenna
beams in the L-band. The relationship between the space-variation error, wavelength, and
angle of view is shown in Figure 3.
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Figure 3. Phase error caused by APC position error. (a) L-band phase error, (b) C-band phase error,
(c) the phase error caused by APC position error and the different antenna beam, and (d) the phase
error caused by APC position error and the same antenna beam.

From Figure 3a,b, the space-varying phase error caused by APC decreases with the
increased wavelength. Therefore, unlike other bands, the L-band SAR satellite has a natural
advantage in space-varying phase error control. From Figure 3c, the spatial variability
of the phase is maximum when the |6y, — 0z;;| maximum. As shown in Figure 3d, the
phase error caused by APC position error can be considered approximately constant at the
same antenna beam. Therefore, the error model shown in Equation (5) can be used when
considering channel errors within a scene. In contrast, when considering channel errors
over a wider swath, it is necessary to consider space-variant phase errors.

3. Influence of Channel Error on Imaging Performance

The influence of channel amplitude-phase characteristic error and APC position error
on imaging is analyzed for the dual-channel model. The simulation parameters are shown



Remote Sens. 2023, 15, 2765

8 of 22

in Table 1. By analyzing peak sidelobe ratio (PSLR), integral sidelobe ratio (ISLR), and
impulse response width (IRW), the effects of various errors on the system imaging were
evaluated quantitatively.

Table 1. AMC SAR system point-like target simulation parameters.

Parameter Symbol Value Unit
Platform velocity Vs 7635 m/s
Carrier frequency fo 1.26 GHz
Nearest slant range Rp 817 km
Azimuth antenna length Ly 2x49 m
Doppler bandwidth B, 2761 Hz
Azimuth sampling frequency F, 1795 Hz
Number of channels M 2 \

According to the analysis in Section 2, the amplitude and phase errors of the channel
can be decomposed into invariant amplitude errors, invariant phase errors, space-variant
phase errors, and time-variant phase errors caused by APC position errors. Regarding the
parameters in Table 1, various errors were added for the point target simulation.

The following figure shows the azimuth profile of a point-like target obtained without
error and by adding 1.3 dB amplitude error, 0.5 rad phase error, and dx; = 0.005 mm,
6y = 0.005 mm, dzp = 0.005 mm APC position error, respectively.

As can be seen from Figure 4b,c, for the azimuth dual-channel system, channel
amplitude-phase characteristic errors cause severe false targets in the azimuth direction,
and channel phase errors have a more profound impact on imaging quality than amplitude
errors. L-band multichannel SAR system has the advantage of long wavelength, and the
space—time variation error caused by APC position error is small. Meanwhile, it can be
seen from Figure 4d that the effect of time-variant phase error caused by APC position
error on imaging is almost negligible. However, in Figure 4e, the space-variant phase error
caused by APC position error seriously impacts imaging. Therefore, the channel correction
of the L-band multichannel SAR system must focus on the correction of invariant channel
errors and space-variant phase errors caused by APC position errors.

Then, the specific effects of invariant amplitude error, invariant phase error, time-
variant phase error, and space-variant phase error on imaging quality will be studied
through simulation. Three indexes of integral sidelobe ratio (ISLR), peak sidelobe ratio
(PSLR), and resolution broadening factor were studied.

The first is the influence of invariant amplitude error on imaging quality. Set the
invariant amplitude error of channel 2 relatives to the reference channel to be 0 dB to 2 dB
and the step size to be 0.2 dB.

As seen from Figure 5, PSLR and ISLR are linear with invariant amplitude error, and
both increase with amplitude error. However, PSLR-R and PSLR-L are different because
the amplitude error shifts the filter reconstruction matrix to one side [28], resulting in a
different amplitude of the first side lobe on either side of the peak in the final image result.

The second is the influence of channel invariant phase error on imaging quality. Set
the invariant phase error of channel 2 relatives to the reference channel to be 0 deg to 40 deg
and the step size to be 4 deg.

As can be seen from Figure 6, PSLR and ISLR have a nonlinear relationship with the
invariant phase error and increase rapidly with the increase in the invariant phase error. At
the same time, PSLR-R and PSLR-L are almost the same because the phase error will cause
the same change in the filter reconstruction matrix.
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Figure 5. Effect of invariant amplitude error on point-like target imaging. (a) PSLR, (b) ISLR, and
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The third is the influence of azimuth APC position error on imaging quality. Set the
APC error of channel 2 relatives to the reference channel to be 0 mm to 10 mm and the step
size to be 1 mm.

The influence of the azimuth APC position error is small and almost negligible. The
last is the influence of range APC position error on imaging quality. Set the APC position
error of channel 2 relatives to the reference channel to be Jy, = Omm to 10 mm and
6zp = 0 mm to 10 mm, respectively, and the step size to be 2 mm.

The effect of range APC position error on image quality is consistent with the invariant
channel phase error. In general, the influence of channel error on image mainly includes
two aspects: the appearance of ghost targets on both sides of real targets along the azimuth
direction (as shown in Figure 4) and defocusing of real targets (as shown in Figures 5-8).
The reason is that with the existence of channel errors, the ambiguous components are not
suppressed completely and the full Doppler spectrum cannot be reconstructed well. As
can be seen from the above figures, the PSLR and ISLR are easily affected by phase errors,
but the IRW does not change significantly. This is because channel errors lead to imaging
defocusing. Among the four errors, constant phase error and space-variant phase error
caused by APC position error have the most severe effect on imaging quality.

——PLSR-R
—PLSR-L 175
1.5
EE}/ -18 =
= 1
~
A 2
= -18.5 =
0.5
-19
0
2 4 6 8 10 0 2 4 6 8 10 0 2 4 6 8 10
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(a) (b) (c)

Figure 7. Effect of azimuth APC position error on point imaging. (a) PSLR affected by azimuth APC
error, (b) ISLR affected by azimuth APC error, and (c¢) IRW affected by azimuth APC error.

-16 2
——PLSR-R
——PLSR-L
-17 1.5
S s 3
~ —_— = 1
z =
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Cross track APC position error (mm) Cross track APC position error (mm) Cross track APC position error (mm)
(a) (b) ()

Figure 8. Effect of range APC position error on point imaging. (a) PSLR, (b) ISLR, and (c) IRW.

4. LT-1 SAR Performance Analysis

As shown in Figure 9, the adequate aperture size of the LT-1 antenna array is 9.8 m x 3.4 m
(azimuth x range). In order to realize HRWS imaging, AMC technology is adopted. Namely,
the azimuth is divided into two independent sub-apertures on the antenna +X wing and
—X wing, respectively [31]. Due to the DRA, the LT-1 strip map mode can achieve approx-
imately 3 m azimuth resolution and a 50km swath imaging area with a PRF of less than
2000 Hz. It is difficult to achieve such high spatial resolution for traditional strip map SAR
using the same PRFE.
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4.1. Consistency Calibration Method for Channel Error

This paper proposes a novel phase error estimation method based on the MLNS
method to evaluate the phase error of LT-1 SAR system DRA mode. It has fast calculation
speed, high estimation accuracy, and strong estimation stability. Moreover, according to the
estimation characteristics of this method, many blocks can be divided in the range direction
without adding a calculation amount, so the space-variation phase error caused by APC
position error can be estimated.

According to the subadditivity of normed linear spaces [32], two complex numbers, a
and b, satisfy the following triangular inequalities:

ja] = [b] < |a+b| < |a| +[b] (19)

If, and only if, the angles of the complex numbers 2 and b are the same, the equal can
be taken on both sides of the above equation, and the absolute values of the sum of two
complex numbers can obtain the maximum value. For a dual-channel system, the echo
signals of both channels are complex and can be expressed as a set of normed linear spaces.
The SAR system’s time domain echo signal phase satisfies a random distribution and needs
to be transformed into a two-dimensional frequency domain. In order to estimate the
channel phase error, based on the feature selection characteristics of the L1 norm, an L1
norm model of the sum of frequency domain echo signals of dual channels SAR system
can be established as

N
¢) = ;!51%,1’) +exp{A¢}Sa(fy,i)| (20)

S1(fy,i) and Sy(fy,;) are aliased spectra obtained by performing azimuth Fast Fourier
Transform (FFT) on s1(77) and s»(77), respectively, where f, € [-PRF/2,PRF/2]. According
to spectrum reconstruction theory [3], the aliased spectrum of each channel can be repre-
sented as the product of a pre-filter matrix H [28], and the original aliased-free frequency
domain signal

]:H So(fy)| _ SRV TR g @R i | (S0l on
So(fqz) exp ]nA‘sz/UJ expd — A‘sz/’?/2 So(f 17,2)

So(f'y1) and So(f', ,) are two sub-band spectra of the complete aliased-free spectrum,
where f', ; € [-PRF, 0] + (i — 1)PRF. According to Equation (21), S1(fy,;) and S»(fy,;) can
be expressed as

Sl(fﬂ,i) = S(fliy,l,i> + S(fl;y,Z,i) (22)

(23)

= exp

; dﬂZ”X dﬂZr.’X

Salfyi) =expy—jm=F*f 1 1S f;ylz)+exp{ — T fliy,Z,i}S(f,q,Z,i)
dﬂZVY dHZVX

f/1711 ( r]lz +exp{—]7r Vs PRF}S(f/;y,2,i))
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Compensate one phase term exp{j7tdaz rx fyri/ Vs} for Equation (23) to obtain its
simplified form:

. duz,rx
S2(fy) = S( 1) + e~ EEPRE LS () @

After compensating for the channel phase error for channel 2, Equation (20) can be
expressed as

Fap=89) = L[S1(f,) + e a0} exp{jap}S'a(fy)| -

N N
< L [51(f50)| + L [exp{~jap} exp{jag}S'a(s,)|

Fortunately, in the actual operation process, the phase difference between Sy (f; ;) and
S'5(fy,i) is symmetrically distributed with respect to the channel phase error. According
to the parameters in Table 1, we verify it through simulation and measured data. As
shown in Figure 10a,b, the differences between argument angles of Sy (f,,;) and S'>(f;, ;)
concentrate near the phase error and distribute symmetrically along the phase error. As
can be seen from Figure 10c,d, when compensating for channel errors, F(Ap — A¢) has
a maximum value. When compensating for an error inversely related to the phase error,
F(A¢ — Ap) has a minimum value, and the maximum and minimum results are consistent
with Equation (25).

« angle(S, x T VEPRF _ g
l—ay
Ay

=) )
g g
5 0 P
s £
B )
4 —4
=5 -6
—2000 -1500 -1000 -500 O 500 1000 1500 2000 -8000 —-6000 —-4000 -2000 O 2000 4000 6000 8000
Azimuth Sampling Azimuth Sampling
(a) (b)
25 108 Schematic Diagram %10° Schematic Diagram
.5
3 6
25 >
g 2 g 4
£ £
15 | a3
g ——[Si] + [ S5 x 1A g ——[Si|+ [ S5 x 1A
< 1 |81+ 8+ A0 <2 |8+ 8w I
[S1] — |84 % e/=49)) [S1] — |8 % e840
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Figure 10. The phase difference and L1 norm of dual-channel frequency domain signal. (a) The phase
difference of simulation results, (b) the phase difference of LT-1 measured data results, (c) the L1
norm of simulation results, and (d) the L1 norm of LT-1 measured data results.
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According to the subadditivity of normed linear space, when the estimated phase error
and the channel error are the same, there is a maximum value for F(Ap — A$). When the
estimated phase and channel errors are inverted, there is a minimum value for F(A¢ — A¢).
Therefore, the MLNS optimization model is established as

Ap = argmax{F(Ap —AP)}
A (26)
stlAP| < T

To facilitate the use of optimization algorithms in MSSBN, Equation (26) is rewritten as

A® = argmin{ =L
¢ gA¢ {F(A(P—Afp) } 7)

stlAP| < T

Compared to the MSSBN method, the MLNS method can directly estimate chan-
nel phase error using two-dimensional frequency domain echo signals and has higher
computational efficiency with consistent accuracy.

4.2. Calibration Point Imaging Results

SAR resolution and sidelobe ratios are essential parameters for quantifying the qual-
ity of focused SAR images. A point-like target analysis from a corner reflector’s two-
dimensional impulse response function can determine them. The peak-to-sidelobe ratio
(PSLR) defines the ratio between the prominent lobe power peak and the highest sidelobe
power peak. It represents the ability of a SAR system to identify a weak target from a nearby
strong one and gives information about the system’s sensitivity. The integrated sidelobe
ratio (ISLR) is the ratio of the energy in the main lobe to the total energy in all sidelobes.
It represents the ability of the SAR system to detect weak targets in the neighborhood of
bright targets. Therefore, the imaging capability of LT-1 will be evaluated first by imaging
the calibration point.

As shown in Figure 11a, this paper takes the Hami South Gobi area in Xinjiang as
the research area, and its geographic location is 90°15'E-93°35'E and 40°05'—42°25'N. The
study area has a typical temperate continental arid climate with low soil humidity and no
vegetation coverage [33]. It is an ideal natural calibration field for microwave radiation
calibration. LT-1 acquired the selected data on July 7 in the DRA mode. The system
parameters and coordinates of the point-like target experiment are shown in Tables 2 and 3.
The incident angle was 39°, and the initial resolution of the SAR imagery was 3 m.

(b)

Figure 11. Location of the test sites and study area. (a) optical image of the test site, (b) SAR image of
the test site.



Remote Sens. 2023, 15, 2765 14 of 22

Table 2. Imaging parameters.

Parameter Symbol Value Unit
Platform velocity Vs 7635 m/s
Carrier frequency fo 1.26 GHz
Signal bandwidth B, 80 MHz
Signal pulse duration Ty 70 us
Nearest slant range Ry 817 km
Azimuth antenna length Lz 49 x 2 m
Rang sampling frequency F, 90 MHz
Azimuth sampling frequency F, 1742 Hz
Number of channels M 2 \

Table 3. Calibration point coordinates.

Calibration Point 1 2 3 4 5 6 7 8
Latitude 42.01435 42.01508 42.01464 42.01483 42.01553 42.01568 42.01648 42.01237
Longitude 91.80460 91.84039 91.88072 91.92124 91.96425 92.01358 92.07841 92.14480

According to the amplitude error estimation, the amplitude error of channel 2 com-
pared with the reference channel is 0.316 dB, which is within the internal calibration
precision (0.4 dB) of LT-1. Figure 12a,b show the azimuth time-varying phase error and
range space-varying phase error estimated by the MSSBN channel error estimation method.
Compared with the reference channel, the azimuth time-varying phase error and range
space-varying error are linearly related to the sampling interval, and the absolute value of
the phase error relative to the reference channel is within 10 deg. As seen in Figure 6, the
phase error within 10 degrees has a minimal impact on the imaging quality and can usually
be ignored. This result is consistent with the azimuth spectrum in Figure 12c,d. When
there is a significant phase error for uniform land scenes, there is a significant jump in the
reconstructed spectral sub-bands at the junction. Figure 12¢,d show that the reconstructed
spectrum with phase error and the reconstructed spectrum after compensating for phase er-
ror are both very smooth. Although the phase error in this scene has significant time-space
varying due to other factors, it does not affect the spectrum reconstruction results.

After channel error correction and two-channel signal reconstruction, the calibration
field scene was imaged. As can be seen from Figures 13 and 14, calibration points are
well-focused. Figure 14 shows the analysis results of range and azimuth slices of calibration
points. It can be seen from the figure that ISLR indexes of all calibration points are less than
—16 dB, satisfying the system design indexes of LT-1 (ISLR < —13 dB). Furthermore, the
PSLR of all calibration points is close to the system design indexes of LT-1 (PSLR < —20 dB).
It can be further reduced later by adding Windows.

4.3. Scenarios Imaging Results

Then, DAR echo data of different scenarios will be processed in this paper. The
estimation of channel errors, azimuth reconstruction spectrum, imaging results, and AASR
evaluated the performance of the LT-1 DRA imaging mode.

4.3.1. Wilderness Scenarios

The data collected by LT-1 on 19 October 2022 were processed. Other imaging parame-
ters were consistent with Table 2 except that the Ry was 692 km. The estimated amplitude
error of this scenario is 0.3677 dB, which meets the design requirements. It can be seen
from Figure 15a,b that the phase error of space-time variation is very tiny, and the phase
error is approximately a constant error within 10 deg. Therefore, the azimuth spectrum is
recovered ideally after channel error correction in Figure 15¢,d. As can be seen from the
imaging results in Figure 15e,{, the channel error within 10 degrees has very little influence
on the imaging quality.
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(e) (f)

Figure 15. Imaging results of wilderness scenarios: (a) azimuth time-varying phase error estimation
results, (b) range space-varying phase error estimation, (c) reconstruction spectrum without channel
error calibration, (d) reconstruction spectrum with channel error calibration, (e) focused image
without channel error calibration, and (f) focused image with channel error calibration.

4.3.2. City Scenarios

The city scenarios data collected by LT-1 on 29 August 2022 were processed. Other
imaging parameters were consistent with Table 2 except that the Ry was 692 km and V; was
7640 m/s, and the estimated amplitude error of this scenario is 0.3469 dB.

The LT-1 system always maintains good channel error control ability during operation.
From Figure 16a,b, it can be seen that the time-varying phase error of the channel is
controlled within 5 deg, and the space-varying error is controlled within 10 deg. It can be
seen from the reconstructed spectrum that the reconstructed spectrum without channel
error correction is consistent with the reconstructed spectrum after channel error correction.
The imaging results in Figure 16e,f show that there is no apparent azimuth ambiguity in
the images.

4.3.3. Land and Sea Interface Scenarios

In ambiguity azimuth analysis, other targets in the land scene often interfere with
the amplitude of the false target. In the case of superimposed clutter interference, the
amplitude of the false target even exceeds the target itself, so AASR cannot be accurately
estimated. Therefore, this paper chooses a land and sea interface scene for processing.
The scene of this experiment is the dual-antenna receiving data measured by L1-1 in the
sea off Ningbo City on 9 February 2022. The Ry was 767 km and V; was 7277 m/s. The
estimated amplitude error of this scenario is 0.3890 dB. Due to the excellent channel error
control performance of LT-1, the dual-channel echo data of LT-1 has excellent azimuth fuzzy
suppression performance. By comparing Figure 17a without channel error correction with
Figure 17b focusing image after channel error correction, it can be found that the azimuth
fuzzy of the focusing image directly reconstructed by echo data is almost invisible.
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Figure 16. Imaging results of city scenarios: (a) azimuth time-varying phase error estimation results,
(b) range space-varying phase error estimation, (c) reconstruction spectrum without channel error
calibration, (d) reconstruction spectrum with channel error calibration (e) focused image without
channel error calibration, and (f) focused image with channel error calibration.
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The displacement in azimuth and slant range of the first-order ambiguity relative to
the primary response is approximately given by [34,35]

_ APRFRg

DNaz1 = 28
az,1 2V, ( )
Arg1 = \/RG— A2 | = Ro (29)

According to Equations (28) and (29), the distance between the first-order ambiguity
and the target and the ambiguity dispersed distance is 18.255 km and 217.2085 m. It can be
seen from Figure 18 that the azimuth direction of the first-order ambiguity and the range
direction of the first-order ambiguity are consistent with the calculated results. Due to the
long wavelength of the L-band, the imaging results are mainly affected by the first-order
ambiguity, and the first-order ambiguity discretization is serious.

— 0

-20

=20 -
40
40 -
g ,
S 60- 60
Q
e
2 4
5 8-
g 80
[
-100 -
120 - 100
_140 .l e
20 I e 805.6
10 e " 8054 =120
o e =
i ST 805.2

20 805
azimuth (km) slant range (km)

Figure 18. Imaging results of Target 1 and Ghost 1.
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To quantitatively analyze the image quality, the ghost-real target energy ratio (GTER) [20]
is employed to measure the suppression of the ghost target in the final focused image
without phase error calibration, which is defined as

max(|Ig|)

GTER = 20log;, max([Ix])

(30)

where max(|Ig|) denotes the maximum amplitude value of pixels of ghost targets, and
max(|Ir|) denotes the maximum value of pixels of real targets. The GTER result of Target 1
is —52 dB, which shows the LT-1’s sound azimuth ambiguity performance.

4.4. Discussion

The experimental results in Sections 3 and 4 demonstrate an effective suppression of
azimuth ambiguities for different scene targets with the LT-1 DRA mode. The simulation
experiment in Section 3 shows that, compared with other SAR systems with shorter wave-
length segments, LT-1 adopts an L-band, which can significantly reduce the influence of
antenna installation on the channel phase error. At the same time, thanks to the excellent
system design of LT-1, the channel phase error of LT-1 is always controlled within 10 deg
during the on-orbit operation, which enables the dual antennas of LT-1 to receive data and
carry out signal reconstruction and focusing imaging operations without going through
the channel error correction. Therefore, in the face of sudden disasters and other emer-
gencies, HRWS SAR imaging can save time for channel error correction. In Section 4, this
paper deals with the measured data from different scenarios. Point-like target analysis is
performed by analyzing the system’s response to the reflector in the Xinjiang calibration
field. The experimental results thoroughly verify the ambiguity suppression capability of
the LT-1 system.

5. Conclusions

This paper established the channel error model of LT-1 DRA mode, and the influence
of channel error on imaging quality was analyzed. The channel phase error of LT-1 was
efficiently estimated using the MLNS method. Experiments showed that the LT-1 system
can suppress azimuth ambiguity successfully by using DRA mode. The LT-1 benefits
from an excellent SAR system design that allows amplitude-phase errors to be controlled
within the system design requirements, requiring little additional channel error calibration
operations. The LT-1 has shown the expected performance and resolution during in-orbit
operation, and the parameters related to image quality are excellent.
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