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An Advanced Interferometric Baseline Estimation
Method (IBEM) for Spaceborne Bistatic SAR

Yanyan Zhang
and Robert Wang

Abstract—Spaceborne bistatic synthetic aperture radar (BiSAR)
employs single-pass cross-track interferometry (XTI) to invert
digital elevation models (DEMs) of target areas. However, the
accuracy of the inverted DEM is affected by various factors, espe-
cially interferometric baseline estimation. To this end, this article
proposes an advanced interferometric baseline estimation method
(IBEM) for spaceborne BiSAR. First, the IBEM compensates for
the time synchronization deviation of BiSAR systems using the
pulse exchange phase synchronization method. Subsequently, the
time, position, and velocity vectors of satellites are input into a
high-precision orbit propagator to derive the state vectors at the
imaging time. Leveraging these state vectors, the interferometric
baseline is calculated with the main satellite that transmits radar
signals as the origin of the coordinate system. Eventually, interfer-
ometric baseline estimation and DEM generation are performed
based on two sets of data from the LuTan-1 (LT-1) BiSAR system,
and the generated DEMs are compared with the external reference
DEM to evaluate the performance of the IBEM and the LT-1
system. Results indicate that the proposed IBEM can accurately
estimate the interferometric baseline and has extensive application
prospects in future spaceborne multibaseline Interferometric SAR
missions.

Index Terms—Baseline estimation, bistatic synthetic aperture
radar (SAR), cross-track interferometry (XTI), LuTan-1(LT-1).

1. INTRODUCTION

PACEBORNE bistatic SAR (BiSAR) refers to a single-pass
S distributed microwave imaging system, and it consists of a
spatially separated transmitter and receiver [1], [2], [3]. BISAR
can obtain multidimensional scattering information of target
areas through multiangle imaging. It has extensive application
prospects, such as moving target detection, surface subsidence
measurement, high-resolution and wide-swath imaging, natural
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disaster monitoring, and digital elevation model (DEM) gen-
eration [4]. High-precision DEM provides scientific evidence
for road planning and dam site selection. Moreover, DEM can
be used to calculate slope maps and slope profiles and to help
analyze geomorphology and estimate erosion [4], [5]. As such,
high-precision DEM generation is an important topic.

The DEM can be generated by the classical interferometric
SAR (InSAR) technology [7]. InSAR can be achieved by the
repeat-pass interferometry of monostatic SAR or single-pass
interferometry of distributed SAR, and the latter is the focus.
First, two satellites flying in close formation separated along
the range direction observe the same target area and obtain
two single look complex (SLC) images. Afterward, the two
SLC images are registered and cross-correlated to obtain an
interferogram. Finally, a high-precision DEM of the target area
can be generated according to the classical DEM generation
procedure [7].

Driven by application requirements, several distributed SAR
systems were launched one after another. In 2007 and 2010,
the German Aerospace Center (DLR) launched TSX and TDX
SAR satellites respectively, forming the X-band bistatic InNSAR
system TanDEM-X [8], [9]. In early 2022, China launched
the LuTan-1 (LT-1) SAR satellites, forming an L-band BiSAR
system [6], [10], as shown in Fig. 1. At present, the LT-1
system has completed commissioning and put into use, and
it is detailed in Section II. In 2023, the first commercially
distributed SAR system HongTu-1 (PIESAT-1, i.e., Nuwa-1)
was launched [11]. The HongTu-1 is composed of four SAR
satellites that inherit the clock synchronization method and
imaging mode of the LT-1, and the four SAR satellites fly in close
formation with the Cartwheel configuration to form an X-band
single-pass multibaseline InSAR system [11], [12]. Meanwhile,
some distributed SAR concepts were put forward [13], [14],
[15], [16]. Since 2017, Krieger et al. proposed the MirrorSAR
concept, the Double-MirrorLink phase synchronization method,
and the system design method [13], [16]. In 2019, Lopez-Dekker
et al. [14] presented the distributed SAR concept of Harmony
and discussed its mission planning. In 2021, Zhang et al. [12],
[15] put forward the Superpolyhedron satellite formation and
the Push-To-Talk clock synchronization method for spaceborne
multibaseline InSAR. In short, the endless emergence of dis-
tributed SAR missions has paved the way to obtain high-
precision DEM.

The high-precision DEM generation is affected by various
factors, such as interferometric baseline estimation [17]. The
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Fig. 1. It is an imaging diagram of the LuTan-1 (LT-1) system. One satel-
lite (e.g., LT-1 A) transmits a radar signal to illuminate the target area, and
two satellites receive the echo signal. At the same time, the LT-1 uses the
noninterrupted pulse exchange phase synchronization method to achieve clock
synchronization [6].

interferometric baseline refers to the vector from the antenna
phase center of the main satellite to the antenna phase center
of the slave satellite when the two SAR satellites illuminate the
same target area. It should be noted that the main satellite is
the platform that transmits radar signals and the slave satellite
is the platform that receives echo signals. The estimation error
of interferometric baselines leads to the flat phase error and a
coefficient error in the conversion of the topographic phase to
elevation, significantly reducing the DEM accuracy [17]. Thus,
baseline estimation is a major step in achieving high-precision
DEM generation.

Baseline estimation of InSAR usually adopts methods based
on images and methods based on external data. The first type
of method usually estimates interferometric baselines according
to the relationship between the interferometric baseline and the
registration offset or frequency fringes of the interferogram [18],
[19]. They require no extra information other than some high-
quality SAR images. Nevertheless, additional parameters need
to be selected in the calculation process, resulting in baseline
estimation errors. The second type of method usually requires
ground control points (GCPs) or external DEM [20], [21], [22],
and the GCPs-based method achieves baseline estimation by
establishing an interferometric observation equation and com-
bining GCPs to calculate the solution of the equation. The
estimation accuracy of the GCPs-based method is accurate.
However, the high-precision GCPs in the target area are difficult
to obtain. The DEM-based method calculates the residual phase
between the interferometric phase simulated by external DEM
and the interferometric phase of processed data and constructs
an interferometric observation equation based on the relation-
ship between the baseline and the residual phase to achieve
baseline estimation. These methods require high-quality images
or external data. Besides, their estimation accuracy is easily
affected by system noise and ambiguities, and the calculation is
complicated [22]. It should be mentioned that the LiDAR-based
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elevation and the methods based on external data can be used
to correct interferometric baselines, and the additional LiDAR
increases the system cost. The LuTan-1 (LT-1) system does not
take extra sensors, and baseline estimation based on satellite
orbital parameters is a major candidate.

To more fully evaluate the performance of InSAR systems,
various systematic errors should be estimated and compensated
separately. However, these methods [18], [19], [20], [21], [22]
treat other errors as baseline errors, and the baseline is incor-
rectly corrected, as discussed in Section V. In other words, the
inverted DEM by these methods can not be used to evaluate the
performance of the InSAR system. To avoid correcting other
systematic errors to baseline errors resulting in incorrect system
evaluation, this article, based on satellite orbital parameters,‘
puts forward an advanced interferometric baseline estimation
method (IBEM). It should be noted that the time synchronization
deviation of BiSAR causes errors in the calculation of satellite
positions, which in turn leads to baseline errors. As such, time
deviations should be compensated first. The TanDEM-X adopts
the GPS signals to trigger its startup time, and then its system
time is controlled with a high-stable clock source [23]. Different
from the TanDEM-X, the LT-1 uses a pulse-per-second pulse of
the GPS to synchronize time, and the GPS-disciplined clock [24]
is used to maintain the time synchronization. Based on the
processing framework of the LT-1 [25], time deviations can be
estimated from the synchronization signals, and the influence
of time deviations can be removed in baseline estimation, as
detailed in Section III. Subsequently, the time, position, and
velocity vectors of satellites after time deviation compensation
are input into a high-precision orbit propagator [26], and the
state vectors at the imaging time can be derived. Afterward,
the interferometric baseline can be estimated based on the
derived state vectors. Finally, interferometric baseline estima-
tion and DEM generation are performed based on the LT-1
data, and the results are compared with the external reference
DEM to evaluate the performance of the IBEM and the LT-1
system.

The rest of this article is organized as follows. Section II
introduces the single-pass interferometry of the LT-1, including
satellite formation and DEM generation. Section III details
the basic principles and processing procedure of the proposed
IBEM. Section IV performs interferometric baseline estimation
and DEM generation based on the IBEM and the LT-1 data
and evaluates the DEM accuracy and the performance of the
IBEM. Section V discusses the accuracy of the IBEM. Finally,
Section VI concludes this article.

II. L-BAND BISAR MISSION

The LT-1 was established in November 2016, and its main
system parameters and indicators are shown in Table L. It was the
first satellite in the Medium- and Long-Term Development Plan
of China’s Civil Space Infrastructure from 2015 to 2025, and it
is the first Earth observation radar satellite with the main task

'Ttis noted that baseline estimation based on satellite orbital parameters avoids
correcting other errors as baseline errors, as discussed in Section V.
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TABLE I
MAIN PARAMETERS OF THE LT-1 MISSION

Parameters Values
Orbit height 607 km
Orbit inclination 97.8 deg
Antenna Size (Length/Height) 9.8 m/3.4 m
Carrier frequency 1.26 GHz
Azimuth resolution 3m

Radar signal bandwidth 80 MHz
Radar signal duration 100 us
Synchronization signal bandwidth 80 MHz
Synchronization signal duration 10 us
Operating life 8 years
Polarization mode Single/Double/Quad/Compact
Relative DEM accuracy Sm
Absolute DEM accuracy 10 m

Spatial resolution 12 m (4 looks)

of monitoring surface subsidence. After launching, it has served
several industries, such as earthquake, environment, surveying
and mapping, and forestry [27], [28].

The LT-1 is composed of two L-band full-polarization mul-
tichannel SAR satellites and has flexible formation flight capa-
bilities, as shown in Fig. 1 [29]. The main satellite transmits a
radar signal to illuminate the target area, and the two satellites
receive the radar echoes. Since it adopts the single-transmit
and dual-receive imaging mode, the LT-1 system can avoid
the impact of time decorrelation and atmospheric disturbance
on the interferometric phase [29], which improves the InNSAR
performance.

A. Satellite Formation

The LT-1 [6] adopts the Helix formation to achieve single-pass
cross-track interferometry (XTI), and it has very flexible base-
line adjustment capabilities. This enables the interferometric
baseline of the LT-1 to adapt to complex observation terrains.
Since the baseline length provided by a set of orbital parameters
cannot meet the requirements for interferometry in a wide-
latitude area, the LT-1 uses high- and low-orbital parameters to
observe high- and low-latitude areas, respectively [6]. A diagram
of interferometric baseline variations corresponding to the two
sets of orbital parameters within one orbital period is shown in
Fig. 2.

It should be noted that the high and low orbital parameters
can be obtained by fine-tuning the eccentricity, the argument of
perigee, the right ascension of the ascending node, and the initial
mean anomaly of the satellite orbit, for details see [6]. Besides,
the LT-1 adopted the first and second sets of orbital parameters
before September and after October 2022 respectively, and it has
observed a large area of the Earth.
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B. DEM Generation

The LT-1 acquired a large amount of BiSAR data with the
Helix formation. Furthermore, InSAR processing is performed
based on the data to obtain high-precision DEM products and
evaluate the LT-1 system performance. A classical procedure for
the DEM generation of the LT-1 is shown in Fig. 3.

First, the two SAR images are registered according to the
criterion of coherence and external DEM, and an interferogram
is generated. Second, the flat and topographic phases of the
interferogram are removed based on the external DEM (e.g., the
SRTM), and the minimum cost flow method is used for phase
unwrapping. Then, the flat and topographic phases are added to
the unwrapped phase, which is defaulted here. Moreover, the in-
terferometric baseline is estimated according to the registration
offsets or satellite orbital parameters. Meanwhile, the baseline
error can be compensated based on interferometric calibration
fields, and absolute phase estimation and compensation are
performed. Eventually, a high-precision DEM of the target area
can be inverted by the conversion of the topographic phase to
elevation [7]. Itis noted that the absolute phase offsetis estimated
by the radargrammetric method in [30] and [31], the slant range
deviation resulting from the system circuit delay is estimated
based on the calibration field, and the slant range deviation has
been compensated during the imaging process.

Baseline estimation based on satellite orbital parameters is
the focus here. Thus, to evaluate the estimation accuracy of the
baselines, the interferometric calibration is not used to correct
the estimated baseline in the subsequent data processing, and
the proposed IBEM is introduced as follows.

III. INTERFEROMETRIC BASELINE ESTIMATION METHOD
(IBEM)

To accurately estimate the XTI baseline of the LT-1 system
and improve DEM accuracy, this article proposes an advanced
IBEM for BiSAR. The IBEM mainly includes three segments, as
shown in Fig. 4. First, the time synchronization deviation of the
two satellites is compensated based on the pulse exchange phase
synchronization method. After that, based on the high-precision
orbit propagator and satellite orbital parameters, the state vectors
at the imaging time are derived. Finally, the XTI baseline is
calculated with the main satellite as the origin of the coordinate
system.

A. Compensation for Time Synchronization Deviations

LT-1 A and LT-1B adopt different GPS-disciplined rubidium
clocks to generate reference time signals. Therefore, it can be
assumed that the azimuth times of the main satellite and the slave
satellite are, respectively,

tmi=tmo+ (i —1)-PRTM (1
tsj =tso+ (j —1)-PRTg (2)

where the subscripts M and S, respectively, represent the main
satellite and the slave satellite, tar g is the start time of the main
satellite imaging, tg o is the start time of the slave satellite imag-
ing, i1is the ith pulse repetition time (PRT) of the main satellite,
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Interferometric baseline variations correspond to the two sets of orbital parameters within one orbital period, and the blue part on the bottom indicates

the area where the baseline length does not meet the requirements of XTI [6]. (a) Interferometric baseline of high orbital parameters. (b) interferometric baseline

of low orbital parameters.
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Fig. 3. Classical procedure for generating DEM.

ie{1,2,...,Nm}, Ny is the number of PRTs on the main
satellite, j is the jth PRT of the slave satellite, j € {1,2,...,Ng},
Ng is the number of PRTs on the slave satellite, PRT); is the
PRT of the main satellite, PRTg is the PRT of the slave satellite,
and PRTy ~ PRTs ~ PRT.

The LT-1 system adopts the noninterrupted pulse exchange
phase synchronization method to obtain the time deviation of
satellites without affecting the normal radar operation [25], [32].
First, the main satellite transmits a synchronization signal to the
slave satellite during the free duration of the first PRT except for
the transmitting and echo receiving windows. Second, the slave
satellite transmits a synchronization signal to the main satellite
during the same free duration in the second PRT. After that,
the two satellites alternately transmit synchronization signals

Interferometric
Calibration

Interferometric
Baseline Errors

to each other, and the synchronization data are downloaded to
the receiving station. Moreover, the time corresponding to the
peak position of the pulse-compressed synchronization signal
of the main satellite is subtracted from the time corresponding
to the peak position of the pulse-compressed synchronization
signal of the slave satellite to obtain the time difference, and the
details are described in [25]. Then, the time difference is divided
by 2, and the time deviation At = tg ¢ — tm o of satellites can
be calculated. Finally, the azimuth time of the slave satellite is
shifted At to the right, and the synchronized azimuth time of
the slave satellite can be described as

tsj =ts; — At =tamo+ (j — 1) - PRT. 3)
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TABLE II
MODEL OF A HIGH-PRECISION ORBIT PROPAGATOR [12], [26]

Type

Model

Geopotential
Atmospheric drag
SRP

Celestial acceleration

Other perturbations

EGM96

A dynamical atmospherical density model, such as the Jacchia—Roberts model

A spherical shape model and a dual-cone shadow model

Lunisolar attraction

Solid tides and other minor perturbations (e.g., general relativity)

Azimuth time of
main satellite

Azimuth time of
slave satellite

Time Synchronizatio
of two satellites

X

main

[Synthronized time

satellite

oﬂ [Synchroniz ed time
sl

ave satellite

|
)

State vector of main
satellite

High-precision
orbital propagator

State vector of slave
satellite

State vector ofmain\
— satellite

(sampled time) )

State vecton of two
satellites
(azimuth time)

(State vector ofslave\

satellite
\_ (sampled time) )

Range-Doppler
positioning method

B [ ] 4 ; A
Position vector of Slant cangedia

target point T

between slave
\satelllte and targets )

Slant range R1,

Slant range

Doppler frequency,
other parameters

difference AR of two
satellites

Calculate the )

baseline vector of
two satellites

J

The time of slave
satellite receiving T
according to AR

( )

High-precision
orbital propagator
\ J

1

The TCN with the ) The component of (.
. . State vector of slave
main satellite as the baseline vector in "
satellite
reference ) TCN \_

Fig. 4.

Output

interferometric
baselines

Main procedure of an IBEM for spaceborne BiSAR.

For convenience of description, the synchronized azimuth
time of the main satellite is recast as

tmi=tmo+ (i—

1) - PRT. )

B. State Vector Generation At the Imaging Time

In Fig. 4, the position vector and velocity vector of satellites
at the imaging time are obtained based on the synchronized
azimuth time, satellite orbital parameters, and the high-precision
orbit propagator in Table II [26], and it is detailed as follows.

First, it can be assumed that the second-interval sampling

time vector, position vector, and velocity vector of the GPS
of the main satellite are Ty, Pn, and Vg, respectively, and

the second-interval sampling time vector, position vector, and
velocity vector of the GPS of the slave satellite are Tg, Pg,
and Vg, respectively. At this time, the second-interval sampling
time vectors of the main satellite and the slave satellite can be,
respectively, represented as

TM = [TMJ, .
Ts =[Tsq,...,

7TM,pa C) TM,P] (5)
Tsay.--5 Ts Al (6)

where Ty p — Tmp-1 =1, Tsa = Tsa1 = 1, T < twm1s
Tup > t N L1 < ts 1, Tga > ts Ng»and P and A denote
the number of second-interval samples of the main satellite and
the slave satellite, respectively.

The position vector and velocity vector of the main satellite
are, respectively, described as

Pumoix Pumpx

Pm = |Puay Pmp,y (7
| Pym1z Pumpz
VM, 1,x Vm p x

VM = |VMmiy Vum,p,y ()
_VM,I,Z VM,P,Z

Similarly, the position vector and velocity vector of the slave
satellite are, respectively, expressed as

_PS,l,X Psax

Ps = |Ps1y Psay )
| Ps1.z Psaz
[Vs1x Vs,ax

Vs = [Vsiy Vsay (10)
| Vsi1.z Vsaz

Then, the synchronized azimuth time (EMJ and Es,j) of the
two satellites, Ty, Py, and Vi of the main satellite, and
Ts, Ps, and Vg of the slave satellite are input into the high-
precision orbit propagator to generate the synchronized time
vector, position vector, and velocity vector of the two satellites,
and they are, respectively, described as

TM - [EM,lv"‘aEM,i;'"aﬁM,NM] (11)
1A:‘M,I,X PM,NI\LX

Pv= |[Pumay Pyv,Nuy,Y (12)
Pm,1,z PavNu,z
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Va1 x VM. Ny X

Vv = [Vmiy VM Ny, Y (13)
RAYRW? VM, N,z

Ts = [ts1,.. 5084, tsNe] (14)
[Ps1x Ps.ne X

Ps= [Ps1v Ps g,y (15)
| Ps1z Psng,z
[Vs.1.x Vs Ne.x

Vs = |Vg1vy Vs Ng,Y (16)
| Vs,1,z Vs N5,z

After that, the synchronized time vector of the main satellite
is sampled every N interval (N € N+) along the azimuth time,
and the sampled time vector, position vector, and velocity vector
of the main satellite are obtained, and they are, respectively,
expressed as

T = [tn1, i, -] (17)

N Pyvix Pumisnx

Pv= [Puiy Pumisny (18)
|Pmiz Pumaisngz

B Vaaix Vaiinx

VM= |[VMmiy VMmi4nNy (19)
| VM1z VMi4nz

Based on the sampled time vector of the main satellite, the
state vector of the slave satellite with the same synchronized
time is extracted. Afterward, the sampled time vector, position
vector, and velocity vector of the slave satellite can be obtained
as

Ts = [ts1,ts,14N, ] (20

N [Psix Psiinx

Ps = |Ps1iy Psiiny (21)
|Ps1z Psiinz

B [Vsix Vsiinx

Vs = |Vs1y Vsiiny (22)
| Vsiz Vsiinz

Moreover, based on f’M and \~7M of the main satellite, the
slant distance R1 between the main satellite and the scene center,
Doppler frequency and imaging parameters, the Range-Doppler
positioning method [33] is adopted to calculate the position
vector of the target as

Prix Prisnx

Pr=|Pr1vy Pritny (23)

Priz Priinz

According to P and the sampled position vector Pg of the
slave satellite, the slant distance between the slave satellite, and
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the target is calculated as

Ry =

\/(ﬁs,x —Prx)?+ (INDS,Y —Pry)?+ (lss,z —Pr,z)?
(24)

where Pt x, Py, and P z, respectively, represent the X-,
Y-, and Z-axis components of P; and 155,)(, f’s,y, and f’s’z,
respectively, denote the X-, Y-, and Z-axis components of f’s.

Then, the slant distance difference between the main satellite
and the slave satellite is AR = R2 — R1. The azimuth time
of the slave satellite receiving the target echoes can be obtained
based on AR, and it is expressed as

AR

— ~ AR “ R
Ts =Ts + — = [ts, 1, ts, 14N, -] + — (25)

where c is the speed of light.

Based on Tg, Ts, Ps, and Vg of the slave satellite, and the
high-precision orbit propagator, the position vector, and velocity
vector of the slave satellite receiving the target echoes can be
derived as

- —ES,LX ES,H—N,X

Ps= |Psiy Psiiny (26)
|Ps1z Psitngz

o YS,LX YS,IJrN,X

Vs = |Vsiy Vsiiny 27)
[ Vs1z Vsiinz

C. Calculation of Interferometric Baselines

The baseline vector between the main satellite and the slave
satellite can be calculated based on Py of the main satellite and

Pg of the slave satellite, and it is represented as

B =Py — Ps. (28)

After that, the track, cross-track, and normal (TCN) coor-
dinate system with the main satellite as the origin is obtained
based on the sampled position vector Png and velocity vec-
tor Vv of the main satellite. The direction vector of the T-
axis is Vect = V1 /| V|, the direction vector of the N-axis
is Vecn = 1~3M / |1~)M|, the direction vector of the C-axis is
Vecc = Vecen X Vecr, where X denotes the cross-product
operation. For a detailed description of the TCN coordinate
system see [22].

The three components of the baseline vector are calculated
based on (28) and the direction vectors of the TCN coordinate
system, and they are, respectively, described as

T
-B
Tg = Vecr” -B (29)
2
T
-B
Cp = Vecc -B (30)
2
T
-B
Ng = Veen” -B (31)

2
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Fig. 5. DEM results of data No. 20220707. (a) DEM of the LT-1 data. (b) the external reference DEM [34].
TABLE III TABLE IV
BASELINE ESTIMATION RESULTS OF DATA No. 20220707 BASELINE ESTIMATION RESULTS OF DATA No. 20221019
Compontents T C N Compontents T C N
Constant term -86.5206 m -968.1914 m 108.9407 m Constant term -1066.4794 m  -1009.6092 m  500.3766 m
One-order term -0.1451 m/s -0.9339 m/s -0.0666 m/s One-order term -0.9877 m/s -1.0010 m/s -0.5739 m/s

where the superscript T indicates transpose.

It should be noted that the baseline components need to be
divided by 2 because the repeat-pass InSAR procedure is used
to generate DEM.

Moreover, the quadratic coefficients of (29)—(31) are fitted,
respectively, and the constant term and one-order term of the
interferometric baseline are obtained. Eventually, based on the
estimated interferometric baseline, SLC images, and the pro-
cedure in Fig. 3, InNSAR processing is performed to obtain
high-precision DEM.

Furthermore, two sets of data from the LT-1 system with
the high and low orbital parameters are processed for baseline
estimation and DEM generation, and the results are compared
with the external reference DEM to evaluate the performance of
the proposed IBEM and the LT-1 system.

IV. EXPERIMENTAL RESULTS

Based on the state vectors, synchronization signals, and echo
data of the LT-1, the IBEM is verified. Because the accuracy of
the interferometric baseline directly affects the DEM accuracy,
the IBEM can be evaluated by analyzing the DEM accuracy.

The main system parameters of the LT-1 are shown in Table I,
and the LT-1, respectively, used two sets of orbital parameters
described in Section II-A to perform BiSAR imaging of Hami
City, Xinjiang, China, on July 7, 2022, and October 19, 2022.
Here, the numbers of these two sets of data are recorded as
20220707 and 20221019, respectively.

First, the time deviation of data No. 20220707 is estimated
by the pulse exchange phase synchronization method, and the
azimuth time deviation of the slave satellite is compensated.
Then, the interferometric baseline of BiSAR is estimated based
on Fig. 4, and the results are shown in Table III.

Second, the SLC images of the main satellite multichannel
echo and the slave satellite multichannel echo are obtained by
interchannel error compensation, multichannel reconstruction,
and imaging. Based on the interferometric baseline in Table III,
external DEM and the procedure in Fig. 3, image registration,
interferogram generation, flat phase removal, phase filtering,
phase unwrapping, and absolute phase estimation, conversion
of topographic phase to elevation are conducted in sequence to
invert the DEM of the target area, and the results are shown in
Fig. 5(a).

Furthermore, the DEM in Fig. 5(a) is compared with the
reference DEM provided by the SRTM in Fig. 5(b) [34], and the
elevation error and statistical results are shown in Fig. 6(a) and
(b), respectively. It can be seen from Fig. 6(b) that the standard
deviation (STD) of the DEM error is about 3.2 m, which meets
the system design requirements of InSAR. It is noted that the
system design requirements mainly refer to the relative DEM
accuracy of better than 5 m in the article.

Similarly, the data No. 20221019 is processed. According
to the procedure in Fig. 4 and satellite orbital parameters, the
interferometric baseline is estimated, as shown in Table IV.
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Fig. 6. Error and statistical results between the DEM of the LT-1 and the external reference DEM in Fig. 5. (a) DEM errors. (b) statistics results.
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Fig. 7.  DEM results of data No. 20221019. (a) DEM of the LT-1 data. (b) the external reference DEM [34].

Then, the DEM of the target area is generated, as shown in
Fig. 7(a). Finally, the DEM in Fig. 7(a) is compared with the
reference DEM provided by the SRTM in Fig. 7(b), and the
errors and statistical results are obtained, as shown in Fig. 8(a)
and (b), respectively. It can be obtained from Fig. 8(b) that the
STD of the DEM error is about 2.8 m, which also meets the
system design requirements of the LT-1.

In short, these results imply that the accuracy of the DEM ac-
quired by the LT-1 can meet the system design requirements, and
the proposed IBEM can accurately estimate the interferometric
baseline.

V. DISCUSSION

The DEM accuracy is affected by several factors, including
time and phase synchronization, imaging algorithms, internal
calibration, external calibration, link errors, and baseline errors.
First, radio frequency (RF) interference from communication
satellites and radar systems is aliased in synchronization signals,

and RF interference suppression should be conducted to improve
the accuracy of clock synchronization [10]. Second, the imaging
accuracy of BiSAR affects the interferometric phase, and an
algorithm with better phase preservation needs to be adopted.
Third, internal calibration networks are required to measure and
compensate for the errors resulting from temperature variations
within the system. Moreover, the internal delay, ionospheric
delay, and atmospheric errors of BiSAR affect the interfero-
metric phase, and these errors should be corrected based on the
calibration field. In short, there are a lot of factors affecting the
DEM accuracy, and most of the errors have been removed for
the results in Section I'V. To further improve the DEM accuracy,
it is necessary to estimate and compensate for these errors more
accurately.

The interferometric baseline errors cause the DEM to produce
large additional slopes along the range and azimuth directions.
Therefore, the interferometric baseline accuracy and the system
performance of the LT-1 can be directly evaluated by comparing
the generated DEM with the reference DEM obtained based
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Fig. 8.

Error and statistical results between the DEM of the LT-1 and the external reference DEM in Fig. 7. (a) DEM errors. (b) statistics results.

TABLE V
INTERFEROMETRIC BASELINE ESTIMATION RESULTS BY THE IBEM BASED ON EXTERNAL DEM [22]

Data Number  Components T C N

Constant term 0 m -968.1930 m 108.9488 m
20220707

One-order term 0 m/s -0.9347 m/s -0.0670 m/s

Constant term 0 m -1009.6164 m  500.3833 m
20221019

One-order term 0 m/s -1.0070 m/s -0.5735 m/s

on the calibrated baselines. Since the SRTM adopts precisely
measured masts to obtain the high-precision baselines, its DEM
has eliminated the slopes resulting from baseline errors. To
verify the baseline accuracy of the LT-1, the SRTM DEM is
an optional reference. Besides, the ICESat-2 and GEDI provide
high-precision DEM products, and their poor resolution is not
conducive to evaluating the additional slopes of the DEM and
the interferometric baseline error. As such, this article adopts the
SRTM DEM to evaluate the interferometric baseline accuracy
of the LT-1.

In DEM generation, the IBEM based on external data will
convert some errors that are not accurately compensated into
baseline errors [22], and incorrectly correct the XTI baseline,
making it impossible to directly verify the system performance
of BiSAR. Fortunately, the IBEM based on satellite orbital
parameters avoids this problem, and it is a direct and effective
method. As such, this article proposes an advanced IBEM, and
it has been verified in the DEM generation of the LT-1 mission.
It is noted that the IBEM is also applicable to the TanDEM-X
InSAR.

In addition, the IBEM based on external DEM is used here
to estimate the interferometric baseline of two groups of data
No. 20220707 and 20221019 [22], and the results are shown in
Table V. It should be mentioned that the IBEM based on external
data mainly estimates the C and N components of the baseline
in the TCN coordinate system. Then, the results in Table V
are compared with the results in Tables III and IV to further

verify the performance of the proposed IBEM. It can be seen
that the estimated deviations of the two methods for the C and N
components of data No. 20220707 are 1 and 8 mm, respectively,
and the estimated deviations of data No. 20221019 are 7 and
7 mm, respectively. In short, the results imply that the proposed
IBEM can accurately estimate the interferometric baseline, and
the LT-1 has good single-pass XTI performance.

Finally, the issue of the impact of phase unwrapping using the
external DEM in Fig. 3 on the final DEM accuracy is clarified.
First, the flat and topographic phases are calculated based on
the external DEM and removed from the interferometric phase
of the LT-1. After that, phase unwrapping is conducted on the
obtained interferometric phase with flat and topographic phases
removed. Moreover, the flat and topographic phases are added
to the unwrapped interferometric phase. In this process, the
external DEM 1is only used to help phase unwrapping, and
the phase subtracted before phase unwrapping is added back
after phase unwrapping, which does not affect the final DEM
accuracy. Thus, the reported results strongly verify the InNSAR
performance of the LT-1 system.

VI. CONCLUSION

This article puts forward an advanced IBEM and verifies
this method in the LT-1 mission. It begins by outlining the
satellite formation and DEM generation procedure of the LT-1.
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The proposed method is then detailed, covering key aspects in-
cluding time synchronization deviation compensation, imaging
state vector generation, and interferometric baseline calculation.
Subsequently, utilizing the method and DEM generation proce-
dures, the article performs interferometric baseline estimation
and DEM generation on the LT-1 data. Results demonstrate that
the proposed method can accurately estimate the interferometric
baseline, emphasizing its potential for promising applications in
future spaceborne multibaseline InSAR missions.
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