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Abstract: The inversion of ocean currents is a significant challenge and area of interest in
ocean remote sensing. Spaceborne along-track interferometric synthetic aperture radar (ATI-
SAR) has several advantages and benefits, including precise observations, extensive swath
coverage, and high resolution. However, a limited number of spaceborne interferometric
synthetic aperture radar (InSAR) systems are operating in orbit. Among these, the along-
track baseline length is generally suboptimal, resulting in low inversion accuracy and
difficulty in achieving operational stability. One of the approaches involves employing
lower-frequency bands such as the L band to increase the baseline length to achieve the
optimal baseline for a satellite formation. The LuTan-1 mission, the world’s first L-band
distributed spaceborne InSAR system, was successfully launched on 27 February 2022.
L-band distributed formation operation provides insight into the development of future
spaceborne ATI systems with application to new exploration regimes and under optimal
baseline conditions. There are two novel aspects of this investigation: (1) We described
the ocean current inversion process and results based on LuTan-1 SAR data for the first
time. (2) A cross-track baseline component phase removal method based on parameterized
modeling was proposed for distributed InSAR systems. Both qualitative and quantitative
comparisons validated the effectiveness and accuracy of the inversion results.

Keywords: along-track interferometry (ATI); LuTan-1; sea surface currents; synthetic
aperture radar (SAR)

1. Introduction
Ocean currents [1], which are the persistent and directional movements of seawater, are

subject to various influences, including wind, temperature fluctuations, salinity gradients,
and the Earth’s rotation [2]. They are an essential parameter in the dynamic environment of
oceans and are indispensable for navigation, climate regulation, marine disaster forecasting,
and the distribution of marine life [3]. The accurate measurement of ocean currents poses a
significant challenge for scientific investigation and practical applications.

Spaceborne synthetic aperture radar (SAR) plays a vital role owing to its all-day, all-
weather capability, wide field of view, and high spatial resolution. Ocean current inversion
methods based on SAR can be broadly classified into two categories [4,5]: Doppler cen-
troid analysis (DCA) and along-track interferometry (ATI). The DCA method applies to
single-antenna SAR data. It imposes lower system requirements but yields relatively low
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spatial resolution. Moreover, it generates one-dimensional velocity fields along the range
direction. Contrarily, ATI requires SAR data from at least two antennas to generate inter-
ferograms, which involves higher system complexity. However, this approach facilitates
higher accuracy and spatial resolution for current velocity and is less sensitive to antenna
pointing errors.

ATI-SAR was initially proposed to detect ocean surface currents. The system sequen-
tially monitors the same resolution cell on the ocean’s surface by employing two antennas
aligned along the flight direction. If the resolution cell contains motion along the radar line
of sight, the distance between the second antenna and the resolution cell changes relative to
the first antenna. This is manifested as a phase difference between the SAR complex images
acquired by the two antennas, referred to as the interferometric phase [6]. Theoretically,
the ocean current fields derived from ATI-SAR maintain the same high spatial resolution as
SAR imagery [7]. This presents a significant advantage for studying sub-mesoscale oceanic
phenomena like ship wakes.

The Shuttle Radar Topography Mission (SRTM) was the first experiment to employ
spaceborne ATI-SAR for sea surface current inversion [8,9]. The mission utilised a deployable
boom to establish a 7 m physical along-track baseline, which enabled an interferometric time
delay of approximately 0.5 ms [10,11]. At a spatial resolution of 1 km, Romeiser et al. [12]
successfully retrieved currents with an accuracy of approximately 0.2 m/s by processing the
ATI data acquired by the X-SAR instrument over the Wadden Sea, the Netherlands. TerraSAR-X
was the first spaceborne SAR system to implement ATI in divided antenna mode [6]. It supports
two ATI configurations, a dual receive antenna (DRA) mode and an aperture switching (AS)
mode, with a 1.15 m baseline length [13]. Romeiser was the first to process AS-mode data,
obtaining a current measurement accuracy of 0.1 m/s at a 1 km spatial resolution [14]. In
the same vein, Mamoon Rashid et al. [15,16] employed RADARSAT-2’s dual-channel ATI
mode to acquire a current measurement accuracy of 0.1 m/s at a spatial resolution of nearly
800 m over the Florida Current (FC) region, with an effective along-track baseline of 3.75 m.
The ATI experimental mode is supported by Gaofen-3, which establishes a 3.75 m effective
along-track baseline. For the first time, Yuan et al. [17] utilized this experimental mode to
process data from the Jiaozhou Bays (located near Qingdao in Shandong Province, China). They
reported a root-mean-square error (RMSE) of less than 0.2 m/s in comparison to high-frequency
surface wave radar (HFSWR) data, resulting in an effective resolution of 1 km. Furthermore,
the TerraSAR-X/TanDEM-X constellation is the very first distributed interferometric SAR
system to accommodate the ATI mode, with an effective along-track baseline of 25 m [18,19].
Romeiser [20] conducted a comparison of the current measurements from the TerraSAR-X
single-satellite DRA mode and the TerraSAR-X/TanDEM-X dual-satellite formation over the
same oceanic region. The single-satellite DRA mode necessitated a spatial resolution of 1 km
to achieve an accuracy of 0.1 m/s, whereas the dual-satellite formation with a long baseline
enabled measurements at a resolution of 33 m. This enhancement is consistent with theoretical
predictions that the optimal effective baseline length for X-band spaceborne ATI systems is
between 20 and 30 m. Table 1 summarizes the preceding information.

One of the key challenges in achieving the operational implementation of spaceborne
ATI-SAR is optimizing the baseline length, which directly impacts the accuracy of surface
current measurements. Additionally, it is essential to maximize temporal coverage, defined
as the proportion of time within a satellite’s orbit during which the required measurement
accuracy is maintained. ATI-SAR has strict requirements for baseline length. If the baseline
is extremely short, the time delay between the two channels is also short, resulting in a
phase that is easily overwhelmed by noise [20]. Conversely, the delay time between the
two interfering channels will exceed the sea surface’s coherence time, which occurs when
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the surface scattering is stable. The coherence coefficient will be minimal, and consequently,
it is impossible to obtain an effective interference phase.

Table 1. Spaceborne ATI platforms and their specifications.

Satellite Platform Frequency
Band

AT
Baseline
Length

Orbit
Altitude Accuracy @ Grid Size

SRTM [8–12] X 7 m ∼233 km 0.2 m/s @ 1 km2

TerraSAR-X [6,13,14] X 1.15 m ∼514 km 0.1 m/s @ 1 km2

RADARSAT-2 [15,16] C 3.75 m ∼798 km 0.1 m/s @ 800 m2

Gaofen-3 [17] C 3.75 m ∼755 km 0.2 m/s @ 1 km2

TerraSAR-X/TanDEM-X [18–20] X 20∼30 m ∼514 km 0.1 m/s @ 33 m2

The length of the optimal baseline has an approximately inverse relationship with
the SAR frequency. There are two approaches for realizing optimal baseline operation
for spaceborne ATI systems. The first is to use a solitary satellite. Given the hardware
platform constraints, it is necessary to increase the SAR frequency band. For example,
the Wavemill [21] and SEASTAR [22] satellite mission concepts, successively proposed
by the European Space Agency (ESA), both consist of a satellite carrying a single Ku-
band SAR payload. This instrument is based on the ATI solution with two squared-look
directions to invert the ocean surface current vectors. The optimal baseline can be reduced
by approximately 10 m owing to the higher band, which simplifies the satellite technology.
Both studies conducted airborne proof-of-concept experiments and obtained encouraging
results [23,24]. However, there are currently no thoroughly evaluated spaceborne platforms.
Another approach is via satellite constellations. Roismer [25] demonstrated that for the
TanDEM-X/TerraSAR-X constellations, the optimal X-band along-track effective baseline is
20–30 m. However, this baseline length is shorter than the minimum safe distance between
satellites. Thus, the constellation can only operate within this optimal baseline for short
periods, limiting temporal coverage. Contrarily, the optimal effective along-track baseline
length for an L-band spaceborne ATI-SAR system is approximately 10 times that of a C-band
system [26], reaching around 200–300 m. This significantly enhances the feasibility of using
satellite constellations to achieve an optimal baseline. The actual temporal coverage depends
on the specific satellite formation design, which is beyond the scope of this study.

The LuTan-1 constellation’s A and B satellites (LT-1A/1B) were successfully launched
from the Jiuquan Satellite Launch Center in China on 26 January and 27 February 2022,
respectively [27]. LuTan-1 represents the world’s first L-band distributed SAR dual-satellite
system. This development also marked the first opportunity to invert ocean surface currents
using the L-band spaceborne interferometric synthetic aperture radar (InSAR) technique.
Compared to single-satellite systems, satellite formation systems employing longer baselines
are prone to introducing larger errors. Owing to the limited precision of navigation systems
and the irregular baseline variations induced by helical flight paths, baseline errors typically
exhibit temporal variability. Therefore, it is challenging to remove the cross-track baseline
phase component solely based on the satellite’s onboard navigation system parameters. In
response to the characteristics of LuTan-1 distributed InSAR system, this study proposes
an easily implementable two-step strategy. The key aspect of this approach is the use
of a parameterized model for baseline error correction, which provides a clear physical
interpretation compared to the commonly used polynomial fitting methods. This model
enables the complete removal of phase components induced by an across-track baseline,
thereby facilitating high-accuracy ocean current inversion. For the first time, based on
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LuTan-1, the inversion of sea surface currents was implemented in this study using the
L-band satellite formation ATI technique, and its feasibility was evaluated.

The remainder of this report is organized as follows: Section 2 presents the fundamen-
tal principles of InSAR measurements. Section 3 provides an overview of the experimental
datasets, including the LuTan-1 satellite data and the reference data. Sections 4 and 5
describe the data processing procedure and retrieved results, respectively. Finally, the main
conclusions are summarized in Section 6.

2. Basic Principles
Employing a dual-antenna configuration, the LuTan-1 system acquires sea surface

backscatter data, creating two complex images, and then processes them to obtain an
interferogram image.

I = s1(r1)s∗2(r2) = |s1(r1)s2(r2)| exp[j(φA1 − φA2)]. (1)

where s denotes the complex SAR image data, φ is the phase, and r is the slant range from
the SAR platform to the scatterer on the sea surface. The subscripts 1 and 2 correspond to
the dual-receiver antenna configuration of the LuTan-1 SAR satellite system. The asterisk (*)
indicates complex conjugation. Given that the LuTan-1 system operates as a hybrid baseline
interferometric SAR system, the interferometric phase ϕ delineated in (1) comprises the
along-track baseline component that is sensitive to velocity and the cross-track baseline
component that is sensitive to the sea surface height. The hybrid baseline interferometric
phase is expressed as follows:

ϕ = ϕATI + ϕXTI + ϕerror = ϕd + ϕh + ϕ f lat + ϕerror (2)

where ϕd represents the phase component induced by the ocean surface Doppler velocity,
which is caused by the along-track baseline component; in addition to the contribution
of the sea surface current velocity, this term also incorporates the effects of the Bragg
phase velocity, the long-wave orbital velocity, etc. ϕ f lat and ϕh represent the flat Earth
phase and topography phase, respectively, caused by the cross-track baseline components.
ϕerror contains all errors. To achieve velocity retrieval, the velocity-independent phase
components should be removed.

2.1. ATI

Figure 1 illustrates the geometric configuration of an ideal ATI system. Two antennas,
Ra and Fa, were mounted in line with the flight direction to sequentially image the sea
surface current area within a certain time interval. The phase difference between the two
complex images is proportional to the radial velocity of the sea-surface scatterers. Assume
that at imaging time t, the distance between the sea-surface scatterer and the forward
antenna Fa is R1, and after a certain time interval ∆t, the distance to the backward antenna
Ra is R2. During this interval, with the scatterers moving at a radial velocity Vr, the phase
difference between Fa and Ra attributable to the sea surface scatterers can be calculated
as follows:

ϕAT = −4π

λ
[R(t + ∆t)− R(t)] = −4π

λ
vd∆t. (3)

For a single-transmit dual-receiver system, such as LuTan-1, the effective baseline
length was half the physical baseline length; therefore, the time delay ∆t = BAT/2vp, where
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BAT is the physical baseline length and vp is the platform velocity. Furthermore, the radial
velocity of the sea surface scatterer can be obtained as follows:

vd =
ϕATIλvp

2πBAT
. (4)

The one-dimensional component of the sea surface current along the ground range
direction can be calculated as follows:

ud =
vr

sin θ
. (5)

where θ denotes the incidence angle.

Figure 1. Schematic of along-track interferometry geometry.

2.2. Cross-Track Interferometry (XTI)

Figure 2 is a geometric schematic of the XTI. The sign ⊗ denotes the flight direction
towards the paper. Antennas A1 and A2 are mounted perpendicularly to the flight path,
and the angle between the baseline B⃗ and the horizontal direction is α. The two antennas
image the same resolution unit of the sea surface simultaneously. Considering the slight
difference in the imaging angles of the two antennas, the range difference of the radar echo
signal is △R = R1 − R2, where R1 and R2 are the distances from the two antennas to the
sea surface scatterer P. The range difference can be transformed into an interference phase
as follows:

ϕXT =
4π(R2 − R1)

λ
=

4πBXT sin(θ − α)

λ
(6)

where BXT represents the length of the cross-track baseline, θ is the incidence angle, and
α denotes the baseline inclination angle. After obtaining the interference phase ϕXT , the
height of the target P relative to the reference plane h can be calculated based on the simple
geometric relationship shown in Figure 2.

h = H − R1 cos
[

π

2
+ α − arccos

(
− λϕX

4πBXT

)]
. (7)

2.3. Sensitivity and Ambiguity

The SAR complex image can only record the main phase value within [−π, π]. When
the phase difference caused by the sea surface velocity is greater than 2π, there is a
difference of 2kπ(k = ±1,±2 . . .) between the recorded phase and the true phase value.
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Substituting 2π into (4)–(7), the ambiguous velocity vamb and ambiguous height hamb can
be calculated as (8) and (9), respectively:

vamb =
λvp

BAT · sin θ
. (8)

hamb =
λ

2
· r · sin θ

BXT
. (9)

For LuTan-1, vamb = 5.8 m/s is obtained using Equation (8). This value exceeds the
upper limit of the speed of most ocean currents worldwide. Regarding height ambiguity,
hamb is 45.64 m, which exceeds almost all sea surface heights worldwide. Therefore, it is
likely that the experimental data will not produce velocity and height ambiguities.

Figure 2. Schematic of across-track interferometry geometry.

3. LuTan-1 Interferometric Experiment
3.1. Satellite SAR Data and Test Area

LuTan-1 [28] is a high-resolution interferometric SAR mission that consists of twin
satellites (A and B) carrying two SAR instruments operating at the L-band (f = 1.26 GHz)
and orbiting in a double-helix formation [1]. The LuTan-1 data used here were acquired
in the ascending pass, strip map, single transmission, and dual reception modes with the
antenna looking to the right of the flight direction. Our dataset was acquired using HH
polarization. The scene size for each acquisition was approximately 59 km in the azimuth
direction and 55 km in the range direction, corresponding to an incidence angle varying
between 27.86° and 32.28°. The pixel sizes in the azimuth and range directions were 1.40 m
and 1.67 m, respectively. The projection of the hybrid baseline into the along-track direction
was approximately 575 m (the effective base length was 287.5 m), corresponding to a delay
time of approximately 39.49 ms. Considering the average wind speed of 4.6 m/s shown in
Figure 5a, the coherence time [29] owing to the time-varying characteristics of the local sea
surface was computed as 242.12 ms, which exceeded the delay time of LuTan-1. The main
acquisition parameters for the investigated images are summarized in Table 2.
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Table 2. LuTan-1 System Parameters.

Parameters Parameter Values

Center Frequency 1.26 GHz
Platform Altitude 607 km

Band Width 80 MHz
Polarization Mode HH
Orbit Orientation Ascending

Center Incidence Angle (θ) 30°
Pulse Width 70 µs

Acquisition Date and Time (UTI) 18 July 2022 09:45:30
Antenna Operation Mode Single transmission and dual reception

The interferometric images used in this study were obtained from the Yantai marine
region of Shandong Peninsula, China, on 18 July 2022. The area covered by the satellite
acquisition is shown in the red box in Figure 3. The Yantai Maritime Area consists of two
main parts, the Bohai Sea and the northern Yellow Sea, connected by the Bohai Strait. The
Bohai Sea region off Yantai, southeast of Bohai Bay, has an average water depth of 13 m and
encompasses Laizhou Bay, Longkou Bay, and the mouths of seven major rivers. Intensity
images of the primary (reference, serving as the benchmark) and secondary (aligned to
the primary image for registration processing) images corresponding to the study area are
shown in Figure 4.

Figure 3. Geographical location of study area.

(a) (b)
Figure 4. (a) Intensity of primary image. (b) Intensity of secondary image.



Remote Sens. 2025, 17, 131 8 of 21

3.2. Wind Field Data

Wind fields are the primary driving force of upper ocean dynamics and are closely linked
to various oceanographic parameters, including sea surface current velocity. In this study,
wind field data were obtained from the European Centre for Medium-Range Weather Forecasts
(ECMWF) ERA5. This dataset represents the institution’s fifth-generation reanalysis, providing
comprehensive global wind speed data. We extracted the due-east u10 and due-north wind
field components at a height of 10 m above the study sea area [30]. The ERA5 dataset used in
this study had a temporal resolution of 1 h and a spatial resolution of 0.25° Lat/Lon. Figure 5a
shows the wind field data corresponding to the study region.

(a) (b) (c)

Figure 5. Reference data. (a) ECMWF wind field at 10 m height above sea surface. (b) CMEMS sea
surface velocity. (c) CMEMS sea surface height.

3.3. Reference Data and Sea Surface Height Data

Owing to the hybrid baseline configuration of LuTan-1, it is sensitive to both sea surface
velocity and sea surface height. To obtain accurate sea surface velocity, the sea surface
height component should first be removed, and the derived velocity inversion results
should then be compared to reference data. In this study, both the sea surface velocity and
height reference data were sourced from the Copernicus Marine Environment Monitoring
Service (CMEMS), with the product ID being “GLOBAL_ANALYSISFORECAST_PHY
_007_022” [31]. The spatial resolution of the CMEMS data is 1/12° Lat/Lon, with a temporal
resolution of 6 h. For sea surface velocity, CMEMS provides the velocity components in the
true north and true east directions, which should be transformed into the radar line-of-sight
direction to validate the current velocity results derived from LuTan-1. Regarding the sea
surface height, the CMEMS provides data that are referenced to the Earth Gravitational
Model 1996 (EGM96) geoid. The EGM96 geoid-based heights should be corrected by adding
the geoid height anomaly to convert them into World Geodetic System 1984 (WGS84)
ellipsoid-referenced heights. The reference sea surface height and velocity data from
CMEMS are shown in Figure 5b,c, respectively. Note that there are significant differences
in both temporal (hours vs. milliseconds) and spatial resolution (kilometers vs. meters)
between the CMEMS data and the results obtained from LuTan-1. These discrepancies
hinder complete agreement between the absolute measurements of the inversion results
and reference data.

4. Data Processing
LuTan-1 is currently the only spaceborne InSAR system operating in the L-band.

The configuration of the satellite formation enables optimal baseline operation over a
wide temporal range. It should be noted that temporal coverage is closely related to
the specific formation design, which is beyond the scope of this study. To the best of
our knowledge, there are no studies that have employed LuTan-1 data for ocean current
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inversion. This study presents, for the first time, a comprehensive workflow for sea
surface current inversion using LuTan-1 data. The primary steps include image registration,
random phase noise suppression (multi-look processing), and removal of the cross-track
phase components. Owing to the limitations in satellite navigation accuracy, distributed
systems exhibit more significant orbital errors compared to single-satellite systems. In
interferometric processing, this manifests primarily as baseline errors, which exacerbates
the difficulty of removing the flat Earth phase and height phase . To address this issue,
we propose a parameter model-based approach for residual flat Earth and height phase
removal. The overall workflow for ocean current inversion using LuTan-1 data is illustrated
in Figure 6. Two SAR images acquired by the distributed satellite system are co-registered
to obtain a coherence map and an interferometric phase map, following the method detailed
in Section 4.1. Utilizing the metadata from the satellite system, including satellite ephemeris
data and local sea surface height information, the slant range difference between the two
satellites for the same sea surface target is calculated. This allows the theoretical flat
Earth phase to be derived. The interferometric phase is then corrected by subtracting this
theoretical flat Earth phase, resulting in the residual phase denoted as ϕ1. The residual
phase ϕ1 undergoes phase filtering and phase unwrapping processes. Subsequently, it
is fitted using a weighted least-squares approach, as described in Equation (19), where
the weighting coefficients correspond to the coherence values. The fitted phase is then
subtracted from ϕ1, yielding the fully flattened phase. Finally, after geocoding, the flattened
phase is converted into the sea surface velocity.

Figure 6. Flowchart of surface current extraction processor for distributed SAR interferometry.

4.1. Image Registration

The interference phase’s quality is the primary determinant of velocity precision.
Obtaining a high-quality interference phase requires high-precision registration of com-
plicated pictures. For interferometric data processing, complicated image registration is
therefore essential. As per the various metric functions employed, the registration tech-
niques may be broadly classified into three categories: the correlation function method,
the average fluctuation method, and the maximum spectrum method [32]. The correlation
function approach is now the most popular among them because of its strong stability and
excellent effectiveness [33]. For interferometric data processing, the correlation function
approach is used as the registration procedure in the two global interference mapping
projects, TanDEM-X and SRTM [34]. The correlation function can be classified as either real
or complex correlation [35]. The complex correlation function’s registration accuracy is
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superior to the actual correlation function in regions with strong coherence and compara-
tively consistent scattering properties, such the sea surface, according to studies [34]. A
complex correlation function was used as the metric function in this investigation. The
complex correlation coefficient can be expressed using Equation (10).

γ(u, v) =

∣∣∣∑M−1
m=0 ∑N−1

n=0 u1(m, n)u2(m + u, n + v)∗
∣∣∣√

∑M−1
m=0 ∑N−1

n=0 |u1(m, n)|2
√

∑M−1
m=0 ∑N−1

n=0 |u2(m + u, n + v)|2
(10)

Here, µ1 and µ2 denote the two SAR Single Look Complex (SLC) images, while M
and N symbolize the size of the window used for computation. (u, v) denotes the sliding
position of the correlation calculations, and (m, n) denotes the pixel position in the SAR
image. The symbol | | indicates the absolute value of the conjugate operation. The Fourier
transformation of the cross-correlation function of the two images equals the product of the
Fourier transformation of one image and the conjugate of the Fourier transformation of the
other. Therefore, the correlation functions in (10) can be implemented using Fast Fourier
Transform (FFT) to enhance computational efficiency, as shown in Equation (11).

γ = norm(| IFFT(FFT(u1(m, n))

FFT(u2(m, n))∗
)
|
) (11)

Here, norm( ) represents the normalization operation. The term FFT stands for
Fast Fourier Transform, and IFFT represents inverse Fast Fourier Transform. For SAR
interferometric images, the registration precision should generally be better than 1/8 of the
pixel. Sub-pixel-level displacement can be estimated through interpolation.

The final step involves adjusting the secondary image based on the calculated offsets,
as described in (12). Here, S and s represent the secondary images before and after registra-
tion, respectively, δA signifies the offset of the block in the azimuth direction, and δR refers
to the offset of the block in the range direction. Additionally, size A and size R represent
the block lengths in the azimuth and range directions, respectively.

S = IFFT
(

FFT(s) · exp
(
−2π j

(
δA

size A
+

δR
size R

)))
. (12)

Figure 7a shows the correlation coefficients between the primary image and the
secondary image of LuTan-1 after registration. The figure illustrates a correlation coefficient
ranging from 0.4 to 0.95. The central portion of the image has a larger correlation coefficient
because of its comparatively elevated signal-to-noise ratio. These results suggest a strong
correlation between primary and secondary images after registration. To enhance the
clarity of the presentation, given the large scene scale and the high fringe density, the
interferometric phase diagram (Figure 7b) is limited to the region outlined by the red box in
Figure 7a. The interference fringe patterns in other regions of the image exhibit analogous
interferometric patterns. The figure shows that the interferometric fringes are clear and
sharp, indicating a good registration effect.
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(a) (b)
Figure 7. (a) Correlation coefficient between primary and secondary images. (b) Interferometric
phase diagram. The red box in the left column indicates the area corresponding to the interference
fringes on the right.

4.2. Cross-Track Baseline Component Phase Removal

The LuTan-1 InSAR system operates in a unique double-helix formation during flight,
resulting in temporally varying cross-track baseline components. These variations in-
troduce flat Earth and height phase errors in ocean surface velocity measurements [36].
Before removing the cross-track phase component, a multi-looking process is applied to the
interferogram to reduce the phase noise and improve phase accuracy, albeit at the expense
of spatial resolution. This study employed a 64 × 64 window size for the multi-looking
operation, resulting in an approximate spatial resolution of 89.6 m in the azimuth direction
and 106.8 m in the range direction. To obtain accurate ocean surface velocity measurements,
it is necessary to correct for the interferometric phase induced by the cross baseline. This
study employed a two-step strategy. In the first step, the theoretical cross-track baseline
phase was computed based on satellite navigation system positioning and external sea
surface height data and then subtracted from the co-registered interferometric phase. This
step is commonly referred to as the orbit-based method. However, owing to limitations in
the measurement accuracy of hardware systems, the navigation data from many satellites
are not sufficiently precise, as observed in various SAR systems such as RADARSAT-
1 [37], RADARSAT-2 [38], JERS-1 [39], Sentinel-1 [40], ALOS [41], and Gaofen-3 [42,43].
Consequently, residual cross-baseline phases may remain, leading to inaccuracies in the
subsequent inversion of sea surface currents. Given that the phase information induced by
sea surface currents is typically small, achieving a high level of precision in cross-baseline
phase removal is essential. In the second step, a parameterized model-based approach
was proposed to mitigate these residual components further. This method is effective and
easy to implement. Unlike the commonly used polynomial fitting methods [44–49], the
proposed approach has a clear physical interpretation.

Figure 8 shows a schematic of the imaging geometries of the hybrid interferometric
SAR systems. The xyz coordinate system originates at the position of the leading antenna
A1 at time t, with the x-axis aligned with the flight direction, the z-axis vertically oriented
upward from the Earth’s center to the satellite’s position, and the y-axis defined by the
right-hand rule. Variables Bx, By, and Bz denote the baseline vector components along
the x, y, and z axes, respectively. R1 and R2 are the respective distances from antennas A1

and A2 to the oceanic scatterers. Further, △t is the time delay. In Figure 8, when antenna
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pointing errors are disregarded, Bx is equal to zero, leading to a distance difference △R
between A2(t +△t) and A1(t) relative to the same oceanic target, as shown by (13).

∆R = R2(t + ∆t)− R1(t)

= vr∆t − By sin θL + Bz cos θL
(13)

where θL denotes the look angle. Consequently, we can obtain

ϕ = −4π

λ

(
vr∆t − By sin θL + Bz cos θL

)
. (14)

vr = − 1
∆t

(
λ

4π
ϕ − By sin θL + Bz cos θL

)
(15)

where
(

Bz cos θL − By sin θL
)

is the cross-track baseline component that contributes to
distortions in the radial velocity measurements. By and Bz can be computed from the
satellite’s orbital data files. To accurately calculate θL, it is essential to determine the precise
position vector of each pixel in the SAR image within WGS-84; the coordinate system can
first be established according to (16).

(XP+YP)
2

(a·β)2 +
Z2

P
(b·β)2 = 1

R = |P − S|
fDop = 2V · (P − S)/λ

β = 1 + hsea /Re

(16)

where P =
(

xp, yp, zp
)

is the position vector of the ground point in the WGS-84 coordinate
system, a and b represent the semi-major and semi-minor axes of the Earth, respectively,
R is the distance vector from the platform to the sea surface target, and S is the platform
position vector at each azimuth moment. Hsea indicates the local elevation of the sea surface,
and Re refers to the Earth’s localized radius. P =

(
xp, yp, zp

)
in (16) can be solved using

Newton’s iteration method. Furthermore, θL can be precisely calculated in accordance with
(17) and (18).

cos βe =
R2

e + (Re + h)2 − R2

2Re(Re + hsea)
. (17)

sin θL =
Re · sin βe

R
. (18)

where βe represents the local geocentric angle. The meanings of the other parameters are
the same as before.

φ =
2πBXT sin(θL − α)

λ
+ φ0 = φfringe + 2πn (19)

(BXT , α̂, φ0) = arg min
[

φfringe − φ(BXT , α, φ0)
]

(20)

After determining the value of θL using the aforementioned steps , this value of θL is
substituted into (14) to obtain the interference phase after initially removing the cross-track
interferometric phase. Figure 9a shows the phase diagram after the initial removal using
the orbit information provided by LuTan-1. Compared to Figure 7b, the frequency of
the interferometric fringes is significantly reduced. However, there are still significant
cross-track interferometric stripes.

Two potential sources of this error were identified. The first stems from discrepancies
in the altitude, including the satellite altitude and sea surface height. It is worth emphasiz-
ing that the height error alone is insufficient to account for the observed consistently shifting
stripes. The problem may instead be attributed to baseline errors, encompassing variations
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in both baseline length and inclination angle. Therefore, it is recommended that refinement
techniques be employed to enhance the elimination of the cross-track interferometric phase.

Figure 8. Acquisition geometry of hybrid interferometric SAR.

(a) (b) (c)

Figure 9. (a) The residual fringe after the orbit-based method. (b) The fitted flat Earth phase. (c) The
re-flattened interferograms. The color map represents the interferometric phase.

Based on the geometric relationships, the expression for the cross-track baseline phase
component is given by (19), where φfringe represents the interferometric phase fringes in the
actual data. It can be regarded as the phase fringes after applying the orbit-based method,
as shown in Figure 9a. The interferometric fringes in the figure contain the calibration
parameter information for the LuTan-1 system. First, the phase data in Figure 9a undergo
multi-looking to reduce phase noise. Since (19) describes the unwrapped phase, the phase
in Figure 9a must be unwrapped. Based on the characteristics of Figure 9a, the unwrapping
is performed in both the azimuth and range directions, yielding the unwrapped phase.
Subsequently, the correlation coefficients from Figure 7a are used as weights for a weighted
least-squares fit between the unwrapped phase and the theoretical phase described by
(19). By adjusting the cross-track baseline length, tilt angle, and initial phase, the best-fit
parameters are obtained when the root-mean-square error (RMSE) between the actual and
fitted phases is minimized, thus satisfying the condition in (20). This process is repeated for
each azimuth gate. Finally, by subtracting the fitted phase from the actual residual phase,
the phase with the cross-track baseline component removed is obtained, as illustrated in
Figure 9c. At this stage of processing, we obtained a fairly good-looking interferometric
phase induced by the Doppler velocity.
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4.3. Ocean Current Inversion

The phase of the ATI-SAR is directly proportional to the Doppler velocity of the
ocean surface. After acquiring the along-track interference phase, the horizontal Doppler
velocity can be derived using (4) and (5). Owing to the intricate characteristics of the ocean
environment and the complicated SAR imaging mechanism for sea surfaces, the Doppler
velocity obtained from the ATI phase serves as a comprehensive estimate of different
velocities, as shown in (21).

ud = uc + up. (21)

where uc denotes the sea surface current, encompassing the tidal currents and ocean currents.
up denotes the pseudo current. In most cases, uc is the physical quantity of concern, and
the remaining components (up) can be regarded as interference terms. up is the sea surface
velocity related to wind and waves. Specifically, it contains surface wind-generated currents,
the orbital velocity of large-scale waves, and the net Bragg wave phase velocity, where
wind-generated currents are the dominant disturbance terms. To obtain uc, it is crucial to
reduce the effect of the wind field on the Doppler velocities. While the C-band Doppler
frequency (CDOP) empirical model may effectively address this issue for C-band SAR,
such as ENVISAT, Gaofen-3, and Sentinel-1 [50], no equivalent empirical model is currently
available for L-band spaceborne InSAR systems such as LuTan-1. The modeling system for
SAR sea surface simulation (M4S) [26] was used to remove the wind-generated currents
to obtain a precise sea surface current field. The M4S model is an advanced tool used for
SAR imaging simulations of ocean surfaces under various scenarios. It is highly efficient in
simulating the SAR interference phase of a given sea surface current and wind field.

Figure 10 is a schematic flowchart illustrating the correction inversion approach for
generating the current field in ATInSAR based on the M4S model [51]. The initial step
involves configuring crucial parameters for the current field correction procedure, such
as the maximum number of iterations and predefined threshold values. Subsequently,
the Doppler phase computed in Section 4.2, referred to as the initial-guess phase, along
with wind field data, radar parameters, and platform parameters, were provided as inputs
to the M4S model to calculate the initial-guess current field. Following processing by
two modules, M4Sw and M4Sr, which, respectively, handle the computation of the wave
spectrum and the calculation of the current field, a comparative analysis was conducted
between the simulated and initial-guess current fields.

The process of determining the “optimal current field” followed specific criteria. The
process terminated when the RMSE of two adjacent iterations was lower than the set thresh-
old and gradually tended to a specific value. Otherwise, the iteration continued unless the
maximum number of iterations was exceeded. The current field underwent correction for the
subsequent iteration. The corrected current field can be expressed as follows:

un+1
ij = un

ij + λ∆u (22)

where n denotes the n th iteration, uij denotes the velocity of the (i, j)th pixel, λ is the
scaling factor, ranging from 0 to 1, and ∆u signifies the speed difference between two
successive iterations, where λ = 0.238 m , and the RMSE threshold is 0.015 rad. Figure 11a
displays a graph of the RMSE change as the number of iterations increased. It is evident
that the RMSE gradually decreased from 0.045 rad and approached 0.011 rad. Figure 11b
shows a graph of the percentage of points that satisfy the convergence conditions as the
number of iterations increases. The figure shows that the satisfaction rate varies from below
30% to over 95%, indicating that the retrieved current converged. Figure 12a shows the
final alternative output current field obtained using the hybrid InSAR images of LuTan-1.
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Figure 10. M4S model ATI-SAR ocean surface retrieval process.
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Figure 11. (a) Variation in RMSE with number of iterations. (b) Percentage of points that meet
convergence conditions with increasing number of iterations.

(a) (b)
Figure 12. (a) Sea surface velocity from LuTan-1. (b) Sea surface velocity reference data from CMEMS.
Color map represents radial current velocity.
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5. Results and Discussion
Due to the absence of in situ measurement data in the experimental region, such

as those from buoys and coastal radars, two approaches were adopted to validate the
accuracy and effectiveness of the inversion results. First, a quantitative comparison was
conducted between the inversion results and reference data from the CMEMS. Second, a
qualitative analysis of sub-mesoscale oceanic phenomena, such as ship wakes, observed in
the inversion results was performed based on oceanographic characteristics.

5.1. Quantitative Validation

Figure 12b shows the current reference data from the CMEMS. The data were trans-
formed to align with the radial direction of LuTan-1.

The CMEMS dataset provides average information regarding large-scale spatial fea-
tures of the sea surface. Based on these reference values, the InSAR measurements offer
significantly higher resolution and accuracy in capturing detailed sea surface character-
istics. Therefore, this validation focuses on comparing the ATI-derived surface current
measurements with the relative deviations from the CMEMS reference data. Owing to the
significantly lower spatial resolution of CMEMS reference data (0.083° lon/lat) compared
to LuTan-1, quantitative comparisons were conducted exclusively at the sampling points
of CMEMS. A statistical comparison of the ATI-derived ground range direction current
velocity array a =

(
aij

)
and CMEMS current velocity array b =

(
bij

)
was conducted,

considering the mean differences as follows:

MAE =
〈
∑ ∑

∣∣aij − bij
∣∣〉 (23)

The root-mean-square (RMS) difference can be calculated as follows:

RMSE =

√〈
∑ ∑

(
aij − bij

)2
〉

(24)

The correlation coefficient can be determined as follows:

R =
∑
(
aij − ā

)(
bij − b̄

)√
∑
(
aij − ā

)2
∑
(
bij − b̄

)2
(25)

Figure 13 shows a scatter diagram illustrating the relationship between the inverse
current and the CMEMS data within an identical coverage region. Notably, the CMEMS
data reflect the average results within 6 hours, whereas SAR captures the transient results
during imaging. Therefore, it is unrealistic to expect perfect alignment between the in-
version results and CMEMS data. The mean differences between the currents derived
from LuTan-1 and CMEMS were 0.033 m/s, with an RMS value of 0.041. The correlation
coefficient was 0.610. The statistical comparison results demonstrated relatively good
consistency between the inverse current and the CMEMS data.
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Figure 13. A scatter diagram of the LuTan-1 ATI currents versus the CMEMS reference data. The
color map shows the point density per pixel. The red line represents the reference line where y = x.

5.2. Ship Wake Verification Analysis

ATI-SAR exhibits significant advantages in the observation of oceanic sub-mesoscale
phenomena. In the inversion results (Figure 14), a multitude of wake features appear in
the radial velocity distribution. This section focuses on analyzing the characteristics of
ship wakes present in the ATI-derived surface current field. Although ship wakes in SAR
images typically include Kelvin wakes, turbulent wakes, narrow-V wakes, and internal
wave wakes [3,52], Kelvin wakes, and turbulent wakes are the most frequently observed.
As shown in Figure 15a, the divergent wave arm on the ship’s left side moved faster and
is more prominent than that on the right side. This phenomenon can be attributed to two
factors: the propagation of divergent waves from the ship as it moved and the fact that
these waves traveled in a direction perpendicular to the radar line of sight. Consequently,
the left-side divergent wave gradually approached the radar’s line of sight, while the
right-side wave moved away, causing the left-side wave to have a higher velocity and more
distinct features than the right-side one.

As shown in Figure 15b, several ships are moving in opposite directions in this cropped
image. Furthermore, the velocity of the left-side divergent Kelvin wave is greater than that
of the right side, consistent with the conclusion we drew from Figure 15a. Additionally,
the turbulent wakes of ships moving toward the scene’s upper left corner exhibit higher
velocities than those of ships moving toward the lower right. This is because the turbulent
wakes are primarily influenced by the combined effects of the ship’s jet stream and vortices
generated during movement, with some whitecap foam being carried forward by the
ship’s motion, resulting in this phenomenon. Furthermore, the velocity of some turbulent
wakes is greater than that of the Kelvin wakes (left or right divergent waves), as the
propagation speed of divergent waves is typically slower than the ship’s speed. However,
the jet stream in the turbulent wake region moves at nearly the same speed as the ship,
creating this velocity difference. From the above analysis, we can conclude that the velocity
characteristics of the ship wake, as derived from the ATI current inversion results, are
consistent with oceanographic and hydrodynamic principles. This consistency further
validates the accuracy of the proposed ATI current inversion process and the results.
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Figure 14. The sea surface velocity retrieved by ATI. The color map represents the radial current velocity.

(a) (b)
Figure 15. Enlarged views of selected subregions from Figure 14: (a) Region 1, (b) Region 2. The color
map represents the radial current velocity.

6. Conclusions
Sea surface currents play a crucial role in the dynamic ocean environment. ATI-

SAR technology applied to ocean current inversion yields precise measurements, a large
mapping area, frequent observations, and high resolution. However, the operational imple-
mentation of interferometric SAR for ocean current inversion is challenging. One critical
issue is maintaining an optimal baseline configuration for an extended duration within a
satellite’s orbital period. The optimal baseline length of an ATI system is approximately
inversely proportional to the operating frequency. A potential approach to address this
challenge is using lower frequency bands, such as the L-band, which allows for the im-
plementation of satellite formations to achieve the optimal operational state for the ATI
system. LuTan-1 is the first L-band spaceborne distributed interferometric SAR system.
Although not initially designed to measure ocean currents, this instrument offers valuable
guidance regarding the operational implementation of ATI-SAR on spacecraft.

On 18 July 2022, sea surface current observational data were obtained for the YanTai
Sea region in China using the LuTan-1 satellite. The LuTan-1 InSAR system operates in
a double-helix formation, comprising both along-track and cross-track configurations. It
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operates within the optimal effective along-track baseline range of 200 to 300 m at this
latitude. This study represents the first validation of ocean current measurements in L-
band spaceborne ATI systems using LuTan-1. Owing to the limitations in navigation
system accuracy, distributed satellite formations introduce more significant baseline errors
compared to single-satellite systems. These errors make it challenging to eliminate the
cross-track baseline phase component using only satellite-provided navigation parameters.

To address this issue, an easily implementable two-step strategy was proposed. The
critical aspect of this approach is the use of a parameterized model for baseline error estimation,
which facilitates an unambiguous physical interpretation compared to the commonly used
polynomial fitting methods. To assess the precision of the inversion results, they were compared
with CMEMS data. Although LuTan-1 was not specifically designed for measuring ocean
currents, the quantitative comparison results were relatively consistent.

The mean differences between the currents obtained from CMEMS and LuTan-1 were
0.032 m/s and 0.041 m/s, respectively, with a correlation coefficient of 0.610. This study
demonstrates the viability of measuring sea surface currents using a spaceborne L-band
SAR system by processing LuTan-1 interference data. It also offers insights into the potential
for the future operational deployment of a spaceborne ATI-SAR system for ocean current
velocity measurements. However, several limitations need to be addressed. One notable
limitation is the lack of local real-time data on wind speed, sea surface velocity, and sea
surface height. Herein, the local sea surface current velocity and height data were sourced
from CMEMS, whereas the sea surface wind speed data were obtained from the ECMWF.
These data sources represent the average measurement over a long duration and large
area. LuTan-1 acquired data within a few seconds of the synthetic aperture. They are not
compatible, and this mismatch leads to errors during result verification and processing.
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