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Abstract: Imaging Radar Altimeter (IRA) is the current development tendency for ocean surface
topography (OST) altimetry, which utilizes Synthetic Aperture Radar (SAR) and interferometry to improve
the spatial resolution of OST to several kilometers or even better. Meanwhile, centimetric altimetry
accuracy should be guaranteed for applications such as geostrophic currents or marine gravity anomaly
inversion. However, the baseline length of IRA which determines the altimetric sensitivity is confined by
the satellite platform, in consideration of baseline vibration and payload capability. Therefore, the baseline
length from a single satellite can extend to only tens of meters, making it difficult to achieve centimetric
accuracy. Referring to the successful experience from TerraSAR-X/TanDEM-X, satellite formation can
easily extend the baseline length to hundreds or thousands of meters, depending on the helix orbit.
Therefore, we propose the large baseline IRA (LB-IRA) from satellite formation for OST altimetry:
the carrier frequency shift (CFS) is brought in to compensate for the severe baseline decorrelation,
and the helix orbit is carefully selected to prevent severe time decorrelation from along-track baseline.
The numerical results indicate that the LB-IRA, whose cross-track baseline ranges between 629~1000 m
and along-tack baseline ranges between 0~40 m, can achieve ~1 cm relative accuracy at 1 km resolution.

Keywords: satellite formation; carrier frequency shift (CFS); ocean surface topography (OST) altimetry;
cross-interferometry

1. Introduction

As one of the most fundamental elements in marine dynamic environment, ocean surface
topography (OST) is of great significance in climatology, meteorology, and oceanography, such as
geostrophic current and marine gravity anomaly inversion [1,2]. OST is mostly measured by satellite
radar altimeter, which sends a special shaped pulse to the nadir and times the round-trip delay to
calculate the instantaneous range between ocean surface and the satellite, and after applying several
instrumental and geophysical corrections, OST can be precisely extracted [3]. From the first generation
of altimeter on Geosat, to the latest generation on Jason-CS, satellite altimeter has evolved into ~3 cm
of altimetric accuracy [4]. Up to now, all the operational altimetry satellites, such as TOPEX/Poseidon,
Jason series, and HY-2A/B, can only measure one-dimensional OST along the orbital track, and the
cross-track measurement is realized by combining orbits. Even from satellite constellation, the best
achievable grid resolution of interpolated OST is no better than 100~200 km [5].

To improve the spatial resolution of OST, the most promising instrument is the so-called
Interferometric Synthetic Aperture Radar (InSAR), which records the interferometric phase, instead of
timing the round-trip delay for altimetry [6]. So far, InSAR has been successfully applied in terrain
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altimetry, however, none of them can be directly used for OST altimetry due to the coarse accuracy,
which is no better than a few meters. Therefore, the concept of Imaging Radar Altimeter (IRA) was first
proposed by Rodriguez [7], which can be considered as the special version of InSAR, dedicated for
OST altimetry with an altimetric accuracy that should be at least comparative to traditional radar
altimeters [8]. Another distinguishable characteristic of IRA is its wide swath, which resides along
one side of the nadir track and extends to tens of kilometers wide. After aperture synthesis and pulse
compression [9], the intrinsic resolution of IRA is only a couple of meters.

The most prominent IRA plan is the Surface Water and Ocean Topography (SWOT) mission [10,11].
The primary payload of SWOT satellite is the Ka-band Radar Interferometer (KaRIn), whose dual
transmit/receive antennas are connected by a deployable rigid mast. The interferometric baseline,
which is the distance between the phase centers of two antennas, is about 10 m [12]. The baseline
length of KaRIn is much shorter than the 60 m baseline of Shuttle Radar Topography Mission (SRTM),
which was dedicated for terrain topography mapping [13]. To a certain extent, longer baseline results in
higher altimetric sensitivity, and furthermore, higher altimetric accuracy. However, SRTM suffers from
serious baseline vibration [14], which should be strictly constrained by KaRIn as well. To compensate
for the insufficient baseline length, the radar look angle of KaRIn is set to be 0.7~4◦. SWOT is expected
to achieve ~2.5 cm relative accuracy at 1 km resolution (under 1σ demand, a swath averaged result
among the 50 km swath width [15]). To fulfill the rigorous accuracy and resolution goal, the SWOT
team are facing several technical and engineering problems, and hence the launching date has been
postponed several times; recently, SWOT has been scheduled to launch in 2022.

On 15 September 2016, China launched the Tiangong-2 space laboratory, and the Interferometric
Imaging Radar Altimeter (InIRA) was one of the experimental payloads on it. The dual Ku-band
antennas were mounted outside the capsule, and the baseline length was only 2.3 m, limited by the
capsule size. The radar look angle ranges from 1◦ to 8◦, to ensure a swath width of at least 40 km.
Based on the acquired data, Kong et al. has evaluated the relative altimetric accuracy of InIRA to be
~3 cm at 10 km resolution [16]. Though the baseline of InIRA is even shorter than KaRIn, it has proved
the great potential in OST altimetry.

Since SWOT KaRIn and Tiangong-2 InIRA both suffer from short baseline deficiency, in reference
to the successful practice from TerraSAR-X/TanDEM-X (TSX/TDX) [17], we propose the Large Baseline
Imaging Radar Altimeter (LB-IRA) from satellite formation, whose baseline length is no longer restrained
by a single platform. However, large baseline also aggravates the signal decorrelation, preventing altimetric
accuracy from being further improved. We utilize the cross-interferometry method, of which a small
carrier frequency shift (CFS) is introduced in between two transmitted signals to compensate for the
severe baseline decorrelation. The principle of cross-interferometry was first proposed by Gatelli [18],
and further verified by ERS-ENVISAT terrain datasets [19–22]. As for LB-IRA, a helix orbit is carefully
selected to prevent severe time decorrelation from along-track baseline while maintaining a minimum
safety distance. Furthermore, in order to prevent radio interference while maintaining a sufficient swath
width, the idea of matching CFS with signal bandwidth is introduced for the first time, innovated by the
principle of frequency division multiplexing. The numerical results indicate that the LB-IRA system can
achieve ~1 cm relative accuracy on a 1 km resolution grid.

The paper is organized as follows: Section 2 briefly introduces the IRA altimetry principle and
defines the concept of relative/absolute altimetric accuracy, and Section 3 discusses the helix orbit
configuration in consideration of arranging proper cross-track/along-track baseline. The principle
of cross-interferometry, and the design principle of several key parameters in consideration of CFS,
is discussed in Section 4, and the methodology for system parameter selection and phase noise
suppression are explained in Section 5. Section 6 presents and analyzes the numerical results of
the altimetric accuracy based on the system parameters of LB-IRA, and the last section (Section 7)
summarizes the whole paper.
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2. Measurement Principle

2.1. Altimetry Principle

The altimetry principle of IRA is basically triangulation, inherited from InSAR. As shown in
Figure 1, two antennas measure the ranges to the target at slightly different geometry due to the
existence of baseline, B, the range difference, ∆r, related to the target height is recorded by the
interferometric phase [6]. Based on triangulation, the height of the target is expressed as:

h = H − r1 cosθ (1)

where H is the altitude of antenna phase center on Sat1, r1 is the range between the target and the
phase center, and θ is the radar look angle from Sat1 to the target.
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Figure 1. Schematic diagram of triangulation altimetry of Imaging Radar Altimeter (IRA).

Altitude, H, and range, r1, can be precisely measured by other means, only leaving the look angle,
θ, which varies with the target height unknown. However, the interferometric phase is directly related
to the look angle as:

θ = α+ arcsin
16π2B2 + 8πr1φλ− (φλ)

2

32π2Br1
(2)

where φ is the so-called interferometric phase, i.e., the phase difference between two complex images
of IRA, B is the baseline length, α is the baseline inclination angle, and λ is the radar wavelength
determined by center carrier frequency.

Based on Equations (1) and (2), the target height can be expressed as [23]:

h = H − r1 cos
{
α+ arcsin 16π2B2+8πr1∆φλ−(∆φλ)2

32π2Br1

}
≈ H − r1 cos

{
α+ arcsin ∆φλ

4πB

} (3)

the approximation on the right side of the equation is true when B << r1. The baseline length of IRA
is no larger than a few kilometers, which meets the approximation condition. The approximated
equation can be used to derive altimetric error transfer functions for simplification, however, only the
non-approximation equation should be used to calculate the target height, since any approximation
may introduce major altimetric errors.
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The altimetric accuracy is determined by all kinds of errors, the most significant ones are
baseline length error, baseline inclination error, and interferometric phase error. Based on Equation (3),
the altimetric error transfer functions are derived from partial differentiation:

σB
h ≈

H tanθ
B cot(θ− α)

· σB =
X

B cot(θ− α)
· σB (4)

σαh ≈ H tanθ · σα = X · σα (5)

σ
φ
h ≈

H tanθλ
4πB cos(θ− α)

· σφ =
Xλ

4πB cos(θ− α)
· σφ (6)

where X is the target position along the range direction.
Equation (4) indicates that the altimetric error introduced by baseline length error, σB, is affected

by the baseline length, baseline inclination, altitude, and radar look angle. The selection of altitude
and baseline inclination has limited degrees of freedom; therefore, small look angle and large baseline
should be set to reduce the altimetric error.

Equation (5) indicates that small look angle decreases the altimetric error induced by baseline
inclination error, σα, and the altimetric error increases linearly with target position along the range
direction. Different from single-platform IRA, whose baseline is usually formed by rigid mast,
the baseline of LB-IRA is quite flexible, therefore the baseline inclination error is mostly from baseline
length error instead of attitude jitter of the platform [24], as shown in Figure 2.
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According to Figure 2, the baseline inclination error between two satellites can be expressed as [24]:

σα =
σB

Bxt
(7)

where Bxt is the cross-track baseline length, and Bestimated is the baseline length estimated from the orbit
track. Apparently, for LB-IRA, large baseline can relatively decrease the altimetric error.

Equation (6) indicates that large baseline or small look angle leads to low altimetric error introduced
by interferometric phase error. Interferometric error includes phase bias and random phase noise:
the phase bias part can usually be calibrated, and therefore, the phase noise ultimately determines the
altimetric accuracy level [25].

From the above analysis, we have noticed that large baseline can improve the altimetric accuracy.
However, large baseline can also deteriorate the phase noise level, and thus prevent further improving
altimetric accuracy from increasing the cross-track baseline length. The contradiction can be solved by
cross-interferometry, which will be addressed later in Section 4.
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2.2. Relative Altimetric Accuracy

For marine applications such as geostrophic current inversion or gravity anomaly inversion, the
relative altimetric accuracy is being more concerned than absolute accuracy, since the physical variables
are inversed from the OST gradient instead of the absolute value. Apart from phase noise, all parameter
errors of IRA will introduce spatial correlated altimetric error along the range direction, as indicted by
variable X in Equations (4)–(6). Figure 3 gives the example of altimetric error introduced by baseline
inclination error. The error increases linearly along the range direction, the absolute altimetric error is
defined as the difference between True OST and OST measured from IRA, and the relative altimetric
error is defined as the difference between two adjacent points, A and B.
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The relative altimetric error related to baseline length error, baseline inclination error, and phase
noise, are as follows:

δB
h =

∆X
B cot(θ− α)

· σB (8)

δαh ≈ H tanθ · σα = ∆X · σα (9)

δ
φ
h =

∆Xλ
4πB cos(θ− α)

· σφ (10)

where ∆X is the horizontal distance between two points; in this paper, it stands for the grid resolution
after multi-looking. Comparing Equations (8)–(10) to Equations (4)–(6), it appears that the relative
altimetric errors are usually much smaller than the absolute errors since most of the common part has
been cancelled out by differentiation. Therefore, the relative altimetric accuracy of IRA is determined
by systematic parameter errors and the final resolution of the OST product.

3. Satellite Formation and Interferometry Baseline

3.1. Helix Orbit Configuration

The main objective of LB-IRA from satellite formation is to extend the baseline length, which is
essential for improving altimetric accuracy. Different from single-platform interferometry, the baseline
formed by satellite formation is flexible without any mast, thus the baseline length is determined by
the orbit configuration. In order to obtain a cross-track baseline, a tiny angle is introduced between
two orbit planes, as shown in Figure 4a. To provide passive safety in case of a vanishing along-track
separation, the suggested safety formation distance should be larger than 150 m, hence a small
eccentricity is introduced which yields the radial separation at the poles, as shown in Figure 4b.
This type of orbit configuration is referred to as helix orbit by the TSX/TDX team [24].
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Figure 4. LB-IRA satellite formation and the helix orbit configuration. (a) Maximum separation at
equator, intersects near the poles, (b) maximum separation at equator, the small eccentricity offset
causes different heights of perigee, snd (c) optional rotation of the perigee to achieve proper baseline
configuration near the high-latitude region.

Under the helix orbit configuration, the variation cycle of cross-track/along-track baseline length
could be adjusted by thrusters at the initial stage, and the cross-track baseline reaches its maximum
length while the along-track baseline is about zero at the equator; after that, along-track baseline length
starts to increase, and reaches its maximum near the poles. Since ocean surface is randomly changing,
OST altimetry near the high latitude region will suffer from worse time decorrelation due to larger
along-track separation. Therefore, the optional rotation of the argument of perigee can be adjusted
to achieve proper baseline configuration [24], as shown in Figure 4c; however, at the same time, the
low-latitude region will no longer be suitable for OST altimetry.

3.2. Along-Track Baseline and Time Decorrelation

Different from single-platform interferometry, the triangulation of satellite formation is formed by
two different time-space planes (except when the satellite formation is at the equator), as shown in
Figure 5. At t− ∆t moment, Sat1 is ahead of Sat2, right in the triangulation area (the gray shaded area);
after ∆t, Sat2 reaches to the same area, therefore the along-track baseline of LB-IRA is inevitable during
OST altimetry.
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The orbital velocity of ocean surface wave will aggravate the time decorrelation considerably,
eventually decreasing the altimetric accuracy. The echoes received by two antennas of LB-IRA are from
a combination of multiple wavelike scatterers within the same specific region, however with different
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time moments due to the along-track separation. Because of the randomness of wave orbital velocity
of the scatterers, the doppler spectrum of two received echoes statistically deviate from each other [26].
The ocean coherence time can be used to quantify the statistics of doppler spectrum of ocean surface
wave, and higher sea state (usually determined by surface wind velocity) and radar waveband lead to
shorter ocean coherence time. The time decorrelation can then be expressed as [27]:

γtime = exp
(
−

∆t
2τc2

2)
(11)

where τc is the ocean coherence time, ∆t = Bat
Vsat

is the time-lag determined by the along-track baseline,
and Vsat is the satellite velocity. In consideration of other technical and engineering issues, the waveband
of LB-IRA is chosen to be Ku-band (center carrier frequency is about 13.5~13.6 GHz). The surface
wind velocity is set to be 7.4 m/s (1σ result) based on one year of statistical data from Cross-Calibrated
Multi-Platform [25]. According to the evaluation method from Reference [28], assuming surface wave
propagates along the orbit track, the ocean coherence time is about 8 milliseconds at the Ku-band and
under 7.4 m/s of wind velocity. According to Equation (11), the interferometric coherence will decrease
to 0.79 due to time decorrelation, which corresponds to about 40 m of the along-track separation at
the altitude of 891 km. Since IRA interferometric data will suffer from all kinds of decorrelations,
we decided that 0.8 should be the lower bound for time decorrelation.

3.3. Baseline Variation Cycle

Under the helix orbit configuration, in consideration of the along-track baseline limitation,
the angle between orbit plane, satellite altitude, and orbit inclination is set to be 7.88 m ◦, 891 km,
and 78◦, respectively. The orbit center deviates ~53 m from the earth center, to maintain a minimum
safety distance of 150 m during the orbital cycle, as shown in Figure 6a. The variation cycle of cross-track
and along-track baseline length are shown in Figure 6b,c, respectively. The cross-track baseline length
reaches its maximum at the equator and decreases as latitude increases. The along-track baseline length
reaches its minimum at the equator and increases as latitude increases, and the positive/negative sign
stands for the relative position change of two satellites. In order to avoid severe time decorrelation,
the suggested interferometry region should be within 44.6◦ northern/southern latitude, where the
along-track baseline length is shorter than 40 m, and the across-track baseline length ranges between
629~1000 m, as indicated by the blue shaded area in Figure 6b,c. The baseline inclination angle is small
and poses a minor influence to OST altimetry within the 44.6◦ latitude range.
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Figure 6. Real-time distance and baseline variation versus latitude during half an orbit cycle.
(a) Real-time distance, (b) cross-track baseline length, (c) along-track baseline length, and (d) baseline
inclination angle.

According to Figure 6c, under the helix orbit configuration, OST altimetry near the high-altitude
region will suffer from severe time decorrelation. In order to improve the altimetric accuracy, the orbit
perigee can be adjusted for proper baseline length near the latitude region of interest.

4. CFS for Baseline Decorrelation Compensation

The cross-track baseline length of LB-IRA ranges between 629~1000 m, which is far larger than
that of SWOT. Though SWOT has chosen the Ka-band and near-nadir look angle for short baseline
defection, its altimetric sensitivity is still much lower than that of LB-IRA. However, too-large baseline
also decreases the signal coherence due to baseline decorrelation, preventing altimetric accuracy from
further being improved. In this section, we introduce the carrier frequency shift (CFS) method for
baseline decorrelation compensation, hence LB-IRA will work in cross-interferometry mode to achieve
much higher altimetric accuracy than normal interferometry.

4.1. Principle of Baseline Decorrelation

The interferometry of microwave also follows the optical diffraction grating principle from physical
optics, therefore, the essential reason for baseline decorrelation is the radar look angle difference, which
introduces a relative shift between the target spectrum received by two antennas [18,29]. The dual
antennas in normal interferometry mode transmit pulses of the same carrier frequency and bandwidth,
or, in other words, the transmitted spectrum window for target observing is identical, as shown in
the upper left corner of Figure 7. The transmitted pulse eventually measures the target in space
domain, and the spatial frequency of the target is usually defined as wavenumber, i.e., the reciprocal of
the wavelength. Due to the tiny difference of look angle, the transmitted spectrum window will be
shifted and stretched after being projected to the wavenumber domain (the stretching effect can be
omitted since radar carrier frequency is much higher than signal bandwidth), as shown in the bottom
of Figure 7. Only the overlapped region of wavenumber can be used for interferometry, leaving the
non-overlapped part to decay to phase noise.
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Since wavenumber and frequency are basically the same physical quantity in space and time
domain, therefore, the wavenumber shift can be equally expressed by frequency shift [18]:

∆ f ≈ f0
B⊥ cosθ

H tan(θ− β)
(12)

where f0 is the radar carrier frequency, B⊥ = B cos(θ − α) is the vertical component of cross-track
baseline, and β is the average slope of ocean surface which changes the local incidence angle of
microwave. According to Equation (12), longer vertical baseline and smaller look angle result in
a bigger non-overlapped part of the received target spectrum, and since the envelope of the target
spectrum is relatively flat, the baseline decorrelation can be expressed as [18]:

γB = 1−
∆ f
Wb

= 1−
f0B⊥ cosθ

Wb tan(θ− β)H
(13)

From Equation (13), we learn that enlarging the bandwidth can relatively restrain baseline
decorrelation. However, a larger bandwidth leads to lower signal-to-noise ratio (SNR), as well as
heavier data transmitting volume, which should be avoided to facilitate extensive OST altimetry.
Besides, the cross-track baseline of LB-IRA can extend to 1000 m or even longer and enlarging the signal
bandwidth cannot be of much help since the frequency shift is far larger than the signal bandwidth.
Figure 8 shows the frequency shift versus radar look angle: the cross-track baseline length is 1000 m in
this case. The frequency shift can reach to 180~760 MHz among the angle range of 0.7~4◦, which is
far bigger than the bandwidth of most of the spaceborne SAR/InSAR. It appears that larger look
angle can alleviate the demand for wider bandwidth, however, even if the look angle increases to 20◦,
the maximum coherence is only 0.69, affected by baseline decorrelation alone, under the 100 MHz of
bandwidth setting.

4.2. Design Princile of CFS

According to the principle of baseline decorrelation, a carrier frequency shift (CFS) can be
introduced in between two transmitted signals, in order to shift back the non-overlapped part of
the received spectrum as much as possible, and eventually compensate for the severe baseline
decorrelation [18]. The CFS method in this paper is also named as cross-interferometry, first verified
by the ERS-ENVISAT dataset, however, the dataset cannot be used to verify OST altimetry since the
minimum interferometry time-lag is 28 min, during which the signals are no longer correlated due to
time decorrelation.



Remote Sens. 2020, 12, 3519 10 of 19

Remote Sens. 2020, 12, x FOR PEER REVIEW 10 of 20 

 

 
Figure 8. Frequency shift versus radar look angle. 

4.2. Design Princile of CFS 

According to the principle of baseline decorrelation, a carrier frequency shift (CFS) can be 
introduced in between two transmitted signals, in order to shift back the non-overlapped part of the 
received spectrum as much as possible, and eventually compensate for the severe baseline 
decorrelation [18]. The CFS method in this paper is also named as cross-interferometry, first verified 
by the ERS-ENVISAT dataset, however, the dataset cannot be used to verify OST altimetry since the 
minimum interferometry time-lag is 28 min, during which the signals are no longer correlated due 
to time decorrelation. 

The along-track baseline length of LB-IRA is 40 m at most in case of severe time decorrelation, 
however, the dual antennas both send pulses for interferometry, and therefore, the received signals 
may suffer from radio interference with each other. In order to prevent radio interference, the CFS 
and bandwidth should be compatible with each other. As shown in Figure 9, the CFS is set to be fΔ  
based on Equation (12) to compensate for the baseline decorrelation. The bandwidth of the 
transmitted pulses is bW , the bandwidth should be smaller than the CFS, so that the transmitted 
spectrum windows will not overlap with each other, as shown in the upper left corner of Figure 9. 
The received signal spectrum of both antennas are exactly the same, after being demodulated with 
the carrier frequency of 0f  and 0f f+ Δ , respectively. Therefore, only the corresponding part of the 
spectrum can be demodulated correctly as a baseband signal. After bandpass filtering, the signal 
spectrum overlaps with each other very well owing to CFS, besides, the radio interference is avoided 
since the band-pass filter is designed according to the signal bandwidth. 

 
Figure 9. Proper design of carrier frequency shift (CFS) and signal bandwidth to avoid radio 
interference. 

Figure 8. Frequency shift versus radar look angle.

The along-track baseline length of LB-IRA is 40 m at most in case of severe time decorrelation,
however, the dual antennas both send pulses for interferometry, and therefore, the received signals
may suffer from radio interference with each other. In order to prevent radio interference, the CFS and
bandwidth should be compatible with each other. As shown in Figure 9, the CFS is set to be ∆ f based
on Equation (12) to compensate for the baseline decorrelation. The bandwidth of the transmitted pulses
is Wb, the bandwidth should be smaller than the CFS, so that the transmitted spectrum windows will
not overlap with each other, as shown in the upper left corner of Figure 9. The received signal spectrum
of both antennas are exactly the same, after being demodulated with the carrier frequency of f0 and
f0 + ∆ f , respectively. Therefore, only the corresponding part of the spectrum can be demodulated
correctly as a baseband signal. After bandpass filtering, the signal spectrum overlaps with each other
very well owing to CFS, besides, the radio interference is avoided since the band-pass filter is designed
according to the signal bandwidth.
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The * along with the circle with a multiplication sign in it, stands for complex multiplication, which is a
standard operation for SAR signal processing.

Cross-interferometry or CFS compensation is easy to implement since the carrier frequency and
bandwidth are programmable by Field-Programmable Gate Array (FPGA) nowadays [30]. The critical
part is how to properly design the CFS to achieve both centimetric accuracy and kilometer resolution.
According to Equation (12), the CFS is determined by several key parameters of LB-IRA, most of which
are correlated or mutually restricted with each other. Therefore, the optimal design principle of CFS
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should be addressed for LB-IRA. The following focuses on the design principle of CFS, in terms of
radar look angle, ocean surface slope, and the cross-track baseline length.

4.2.1. Radar Look Angle

During the selection of CFS, the swath width of LB-IRA and SNR should be taken into consideration
while choosing the proper radar look angle. The look angle varies within a certain range to acquire
a swath width of 50 km, at least. According to Figure 8, a smaller center look angle leads to wider
variation range of look angle in order to cover up the swath width, and eventually, larger CFS variation
range since the frequency shift is determined by radar look angle.

However, the CFS method can only select a constant frequency shift for the entire swath.
The selected CFS may perfectly compensate for the baseline decorrelation at the swath center, however,
it leaves the other part of the swath only partially compensated. Figure 10 shows the spectrum overlap
before and after CFS; around the center range where CFS is selected accordingly, the spectrum perfectly
overlaps with each other after CFS. However, due to the variation of radar look angle, the spectrum
only partially overlaps with each other around the near or far range of the swath.
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Figure 11a,b shows the coherence before and after CFS compensation, the cross-track baseline
length and bandwidth are set to be 1000 m and 40 MHz, respectively. The look angle ranges of 9~12◦

and 12~15◦ cover up nearly the same swath width of 50 km, however the CFS variation of 9~12◦ is
larger than that of 12~15◦. Before CFS compensation, as shown in Figure 11a, the coherence is zero
from the swath center to the near swath since the spectrum has no overlap part due to a smaller
look angle. Only a small part of the spectrum overlaps with each other near the far range as the
radar look angle increases, due to limited signal bandwidth. After CFS compensation, as shown
in Figure 11b, although both of the coherence are high at the swath center (corresponds to center
look angle), the coherence of 9~12◦ decreases more sharply than 12~15◦ due to larger CFS variation,
as indicated by the dashed line in Figure 11a. Apparently, 12~15◦ is more preferable since the coherence
is higher and more consistent among the entire swath.

However, too-large look angle may decrease the SNR significantly since the normalized radar
cross-section (NRCS) decreases as radar look angle increases, and the decorrelation by thermal noise
will get worse. Referring to the 1σ NRCS from Global Precipitation Mission (GPM) [31], 12~15◦ of
radar look angle is selected for LB-IRA, which compensates for the baseline decorrelation well among
the entire swath and maintains a reasonable SNR level as well.
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4.2.2. Cross-Track Baseline Length

Although the decorrelation from large baseline can be well-compensated by CFS, larger baseline
also leads to smaller altimetric ambiguity, and further leads to more severe volume decorrelation.
The volume decorrelation of ocean surface is different from terrain [32], introduced by the random
distribution of surface wave height as well as the slightly different measurement geometry. As shown
in Figure 12, the received echoes by LB-IRA antennas are from a combination of multiple scatterers
within the same resolution grid. LB-IRA records an echo as a complex number, the phase of which is
directly related to satellite-ocean surface range, and because of the randomness of surface wave height,
the range-associated phase recorded by two antennas deviate from each other, as indicated in Figure 12
by blue and yellow arrows within the complex plane, the summation of which suffer from a certain
degree of randomness, or equally speaking, the signal decorrelation.
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To quantify the wave volume decorrelation, suppose surface wave height follows the Gaussian
distribution, then, the coherence decided by wave volume decorrelation can be expressed as [33]:

γwave = e−
1
2 ·σφ

2
(14)
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where σφ =
2πσhB cos(θ−α)

H tanθλ is the standard deviation of interferometric phase, and σh is the standard
deviation of surface wave height of ocean surface, related to the significant wave height (SWH)
as SWH = 4σh. Figure 13a,b shows the wave volume decorrelation under different SWH settings,
where the cross-track baseline length of each is 629 and 1000 m, respectively. The SWH = 2 m situation
corresponds to 1σ of global ocean wave height distribution. From Figure 13, we learn that though CFS
can compensate for the baseline decorrelation, the wave volume decorrelation still gets worse as the
baseline length increases. In order to avoid severe wave volume decorrelation, the cross-track baseline
length is restricted below 1000 m for the LB-IRA.
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4.2.3. Ocean Surface Slope

The slope here refers to the ocean surface slope that extends beyond at least one resolution grid of
1 km. The influence of the wave slope variation within one resolution grid causes the signal decorrelation
rather than frequency shift and can be decomposed into wave volume or time decorrelation, etc.

The OST variation is normally less than a few decimeters over a spatial extension of tens or
hundreds of kilometers. Suppose a sub-mesoscale eddy of 50 km diameter and 50 cm height anomaly
located in the middle of the swath, then the slope introduced by the eddy is merely ±2.1 arcsec, and its
influence to frequency shift can be totally omitted. Under rough condition where surges may reside,
the slope could be large enough that it causes a non-negligible frequency shift, however, the OST
altimetry of LB-IRA is restricted to work below level 4 of sea state (corresponds to SWH smaller than
2 m), since OST of high sea state is considered unreliable.

5. Methodology for Altimetric Accuracy Analysis

5.1. Parameters Setting

The altimetric errors of LB-IRA are mainly introduced from interferometric phase noise, baseline
inclination, and length error. The interferometric phase noise is determined by the signal coherence,
therefore, LB-IRA works in cross-interferometry mode which introduces the CFS to compensate for
baseline decorrelation. Apart from baseline decorrelation, time decorrelation, thermal decorrelation,
and wave volume decorrelation should all be taken into consideration while selecting the system
parameters. The signal coherence can also be improved by averaging neighboring resolution cells,
usually referred to as multi-looking by the InSAR community, which will be explained later.

The altimetric error from baseline inclination or length error can only be decreased by longer
cross-track, higher radar band, or smaller radar look angle. Therefore, apart from the CFS method,
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proper system parameters must be selected for LB-IRA. Figure 14 shows the flowchart of the
methodology for parameters selection. Since the LB-IRA is mainly focused on geostrophic current or
marine gravity anomaly inversion, whether the systems parameters are properly selected is determined
if the centimetric relative accuracy is achieved at 1 km resolution.
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The main system parameters for numerical analysis are listed in Table 1. Since the baseline length
that determines the CFS varies with latitude, the CFS needs to be accommodated with varying latitude
during the orbit cycle, besides, the bandwidth needs to be accommodated with varying CFS in case of
radio interference. Therefore, the CFS and its corresponding radar carrier frequency and bandwidth
vary within a recommended range rather than being a fixed value, as listed in Table 1.

Table 1. System parameters.

Parameter Value

Altitude 891 km
Carrier frequency of Sat1 13.5 GHz
Carrier frequency of Sat2 13.5~13.6 GHz

CFS 30~60 MHz
Bandwidth 30~60 MHz

Radar look angle 12~15
Peak transmit power 3000 W

Pulse length 5 µs
Pulse repeat frequency 4000

Antenna length 5 m
Antenna width 0.4 m

Cross-track baseline length 629~1000 m
Along-track baseline length 0~40 m

5.2. Multi-Looking

The total coherence which ultimately determines the phase noise level of LB-IRA can be expressed as:

γ = γuBγthermalγwaveγtimeγothers (15)
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whereγuB is the baseline decorrelation in cross-interferometry mode, γthermal is the thermal decorrelation,
γwave is the wave volume decorrelation, and γtime is the time decorrelation. In addition to the above
decorrelation factors, quantization, ambiguities, and processing, etc., all may lead to signal decorrelation,
however, they can be considered minor comparing to those major ones. The total coherence is shown
in Figure 15, along with all major decorrelation factors as well, and the parameters used for numerical
analysis are from Table 1. Figure 15a,b corresponds to the results of 629 and 1000 m of cross-track
baseline length, respectively. The total coherence of 629 m is above 0.5, and as the cross-track baseline
length increases to 1000 m, the total coherence decreases due to more severe wave volume decorrelation,
however, it is still above 0.4 throughout most of the swath.
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Figure 15. Total coherence alongside other major decorrelation factors of LB-IRA. (a) Cross-track
baseline length of 629 m, and (b) cross-track baseline length of 1000 m.

The phase noise due to coherence loss can be considered as white noise, hence spatial averaging,
or, in other words, multi-looking, can be utilized to suppress phase noise in order to increase the
altimetric accuracy [6,16]. Different from terrain topography, OST varies extremely mildly, therefore,
large numbers of independent pixels of intrinsic resolution can be multi-looked. The phase noise
standard deviation after multi-looking is [23]:

σφ =

√
1− γ2

2NaziNrgγ2 (16)

where γ is the total coherence before multi-looking, Nrg =
ρgrid
ρrg

, Nazi =
ρgrid
ρazi

are the number of
independent resolution cells along the range and azimuth direction respectively, ρazi and ρrg are the
intrinsic resolution along range and azimuth direction respectively, and ρgrid is the grid resolution
after multi-looking.

6. Numerical Results of LB-IRA

The altimetric accuracy of LB-IRA is evaluated and discussed based on the selected parameters
from Table 1. Figure 16a, b shows the absolute altimetric accuracy determined by phase noise alone,
under a cross-track baseline length of 629 and 1000 m, respectively. Although the total coherence of
LB-IRA is relatively low, as shown in Figure 15, owing to multi-looking, which considerably suppresses
the phase noise, the absolute altimetric accuracy still meets the centimetric accuracy requirement at
1 km resolution. Assuming the phase noise of two neighboring grids are totally uncorrelated, then,
the relative accuracy will be decreased by a factor of

√
2, which is still better than 1 cm for most cases.
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Figure 16. The absolute altimetric accuracy determined by phase noise, at 1 km resolution. (a)
Cross-track baseline length of 629 m, and (b) cross-track baseline length of 1000 m.

According to Reference [24], the baseline length error of TSX/TDX is smaller than 1 mm by
DGPS evaluation. Figure 17a shows the absolute accuracy determined by a baseline length error of
1 mm, the absolute accuracy is a few centimeters among the variation range of cross-track baseline.
The relative accuracy determined by the same baseline length error is shown in Figure 17b. Due to
differentiation which cancels out most of the common parts of error, the relative accuracy is far better
than the centimetric requirement.Remote Sens. 2020, 12, x FOR PEER REVIEW 17 of 20 
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Figure 17. The altimetric accuracy determined by a baseline length error of 1 mm. (a) The absolute
accuracy and (b) the relative accuracy.

According to Equation (7), a baseline length error of 1 mm will result in an equivalent inclination
error of 0.2~0.3 arcsec, corresponding to the baseline length of 629~1000 m. Figure 18a indicates that
the absolute centimetric accuracy cannot be met without further calibration from the ground, which is
also the same dilemma faced by SWOT [34]. However, the relative accuracy is as high as 1~2 mm,
as shown in Figure 18b, which is quite sufficient for applications such as geostrophic current or marine
gravity anomaly inversion.
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Figure 18. The altimetric error determined by an equivalent baseline inclination error. (a) The absolute
accuracy and (b) the relative accuracy.

Although the relative altimetric accuracy of LB-IRA can be as high as a few millimeters, the
absolute accuracy still cannot fulfill the centimetric accuracy requirement at present. The biggest
altimetric error comes from the baseline length error, due to limited ranging accuracy between two
satellites. If the ranging accuracy can be improved by an order of magnitude by calibration from the
ground, or utilizing other advanced ranging techniques, for example, the K-band ranging system on
Gravity Recovery And Climate Experiment (GRACE) satellite whose accuracy is only a couple of
microns [35], the altimetric capability of LB-IRA will be improved remarkably.

7. Conclusions

This paper proposed the LB-IRA from satellite formation which utilizes CFS to compensate for large
baseline decorrelation. The simulation results indicate that ~1 cm relative accuracy can be achieved at
1 km resolution. The LB-IRA is currently a possible solution rather than a specific satellite mission for
OST altimetry. Comparing to single satellite altimetry, the advantages of satellite formation are:

• The CFS method can release the baseline length limitation from baseline decorrelation,
also increasing the freedom of selecting other interferometric parameters.

• The altimetric error associated to phase noise is only a few millimeters, which is quite extraordinary
owing to much larger baseline length than that of the single platform.

• It poses relatively easier or fewer technical or engineering challenges, such as the rigorous
attitude control accuracy, or the mast vibration or dilation error that should be addressed by the
SWOT team.

• The relative altimetric accuracy is quite consistent throughout the entire swath, facilitating marine
application based on the OST gradient.

However, one major issue to be addressed is the limited observation coverage of LB-IRA; due to
time decorrelation, the suggested altimetry region is within 44.6◦ N/S latitude at an orbit inclination of
78◦. The possible solution is to adjust the orbit perigee so that the along-track baseline is short at the
high-latitude region, as shown in Figure 4c. An alternative solution for the insufficient coverage is to
launch two sets of LB-IRAs, however, this is at the cost of a higher budget.

Another issue is the restricted condition for conducting OST altimetry. The SWH should be
smaller than 2 m for higher reliability of the altimetry result, which is the same dilemma faced by any
other IRA as well. However, since one of the primary applications for LB-IRA is ocean bathymetry
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inversion (which requires centimetric relative accuracy of OST at least), a large volume of data within a
long time range may compensate for the limited observation efficiency.
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