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An Unbiased Multiparameter Algorithm of
Retrieving Sea Surface Height Using Coastal

GNSS Reflectometry
Feng Wang , Zhichao Xu, Dongkai Yang, GuoDong Zhang , Jin Xing, Zhejia Shi, Bo Zhang , and Lei Yang

Abstract—Due to the diffuse scattering on sea surface and
dynamic geometry of coastal global navigation satellite system-
reflectometry, the altimetry performance is strongly dependent
on elevation angle. As the elevation angle decreases, the bias in
retrieved height using the peak of the derivative waveform and the
fractional power point of the waveform leading edge increases. In
this article, a multiparameter estimator is proposed to combine
the peak of the derivative waveform and several fractional power
points to obtain unbiased height. The simulated results show that
the bias of the uncalibrated height using the proposed algorithm
has no significant dependence on elevation angle, but the standard
derivation for the low elevation angle case still is larger than that of
the high elevation angle. In addition, the calibrated performance
depends on the used fractional values so that proper fractional
values should be chosen. The data from the Dongying experiment
acquiring GPS L1 CA and L5 signal and the Qingdao experiment
for BeiDou B1I signal are used to demonstrate the proposed algo-
rithm. After calibrating using the proposed algorithm, regardless
of GPS L1 CA, L5, or BeiDou B1I signal, the calibrated heights all
are in agreement with in situ heights. Finally, the calibrated heights
from the BeiDou B1I signal are used to retrieve sea surface height.
The results show that retrieved sea surface heights from geostation-
ary Earth orbit (GEO) and inclined geosynchronous orbit/middle
Earth orbit (IGSO/MEO) satellites all appear in the same trend as
that of the in situ ones; furthermore, GEO satellites can provide a
better retrieved performance than IGSO/MEO satellites. Through
averaging the heights from several satellites and smoothing with the
half-hour span, compared to in situ sea surface height, the standard
derivation of 0.67 m is obtained.

Index Terms—Coastal altimetry, fractional point,
global navigation satellite system-reflectometry (GNSS-R),
multiparameter estimator, peak of derivative waveform, sea
surface height.
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I. INTRODUCTION

A LARGE number of the world’s population lives in
coastal regions and is very likely to be influenced by sea

environment; therefore, it is important to detect and measure
oceanic surges to monitor marine disaster and marine climate,
such as storm surges and tsunamis in real time [1], [2]. The
traditional way to measure sea level is tide gauges which require
a supporting structure close to sea surface so that it is expensive
to install and maintain [3]. In addition, the geodetic receiver
should be needed for tide gauges to calibrate the vertical motion
of the land. With the development of remote sensing, altimeter
was proposed to observe sea surface height through transmitting
electromagnetic wave to sea surface and measuring the
propagation time of electromagnetic wave in space [4], [5]. Due
to low spatial and temporal resolution, altimeters are difficult
to work in the coastal region [6], [7]. Further, the altimeter not
only needs a receiver but also has a high-power and high-cost
transmitter so that it is unsuitable to be installed in coastal region.

In 1988, Hall and Cordey proposed the use of reflected global
navigation satellite system (GNSS) signals from the sea surface
to detect sea state [8]. Subsequently, in 1993, the concept of
the passive reflectometry and interferometry system was pro-
posed by Martin-Neira to improve the spatial and temporal
sampling of mesoscale ocean altimetry [9]. This technology
has been known as GNSS-reflectometry (GNSS-R) which uses
the reflected GNSS signals from the Earth’s surface to monitor
Earth’s physical parameters. During the last decades, it has been
demonstrated that GNSS-R is capable of retrieving wind speed
[10], [11], significant wave height [12], [13], sea surface height
[14], [15], sea ice [16], [17], etc., for ocean application, and
soil moisture [18], [19], vegetation [20], [21], etc., for land
application. The detailed illustration on GNSS reflectometry and
its application could be found in [22] and [23].

Sea surface height could be measured through estimating the
delay between reflected and direct GNSS signals. At present,
three GNSS reflectometry modes have been proposed to measure
sea surface height. The first mode is the so-called interferometric
GNSS-R (iGNSS-R) which cross-correlates the reflected GNSS
signal with a direct one and could provide high altimetry perfor-
mance due to the use of the encrypted GNSS signals; however,
high-gain right handed circularly polarized (RHCP) and left
handed circularly polarized (LHCP) antenna should be used to
separate the signals from different satellites [24], [25]. Although
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iGNSS-R uses the directive antenna, as the altitude decreases,
the risk of cross-talk from undesired satellites increases [26]. The
second is to use oscillating signal-to-noise ratio (SNR), carrier,
and code phase outputted by positioning receiver [27], [28].
This technique is named as GNSS-interference/multipath reflec-
tometry (GNSS-I/MR), which could provide centimeter-level
altimetry precision. Geodetic antenna and receiver are designed
to reduce multipath signals so that only GNSS signals from the
low elevation angle satellites are used to measure sea surface
height; therefore, this approach based on geodetic antenna and
receiver has low temporal resolution [29]. A 10-year comparison
of water levels measured using a geodetic GPS receiver versus
tide gauge was carried out, and the results showed that the
daily sampling number of individual estimations from GPS is
from 20 to 40, and the corresponding sampling rate is from
0.6 to 1.2 h [30]. To use the signals over a greater range of
satellite elevation angles, multiple low-cost antennas were used
to measure water level in [29]. The results found that using a
larger range of elevation angle can eliminate the gaps in time for
daily tidal variation; however, the measurements were generally
less precise at elevation angles greater than 30◦ because of
lower RHCP components in signals. In addition, it should be
noted that due to the extremely weak correlation between the
chips of pseudo-random noise (PRN) code [31], when the path
delay between the direct and reflected signal is over one chip
length, the interference effect between the direct and reflected
signal disappears so that GNSS-I/MR fails to work; therefore,
GNSS-I/MR only works in low-height scenario, especially for
high-rate code, such as GPS L5 and BeiDou B3I signal. The third
approach is conventional GNSS-R which respectively tracks the
code or carrier phase of the direct and reflected GNSS signals.
Compared to the code, the carrier can provide the more precise
estimation; however, the carrier can only be used in coherent
scattering scenario [32], [33]. Code-based method has no such
limitation and is widely used in ground-based, airborne, and
spaceborne platforms. For the code-based method, it is more
difficult to estimate the arrival time of the reflected GNSS signal
than that of the direct GNSS signal. The usual approach to
estimate the arrival time of the reflected signal is to track the
positions of the feature points in the waveform, such as the peak
of the derivative waveform (DER) [15] and the fractional-power
point (HALF) [34]. Unfortunately, these estimations relative to
the specular delay are biased due to the complex scattering on
sea surface. It is known from the “Rayleigh criterion” [35] that
diffuse scattering is significantly sensitive to the elevation angle;
therefore, the biases between the estimated and specular delay
are dependent on the elevation angle. For different elevation
angles, DER biases for spaceborne GNSS-R altimetry range
from ∼16.8 to 26.7 m for GPS C/A (coarse acquisition) code
signal and from ∼6.1 to 9.4 m for Galileo E1 and BeiDou B1
OS signal [36]. Elevation-dependent precision for airborne and
coastal GNSS-R ocean altimetry has been found in experiments
[37] and [38]. In the experiment of [39], it was found that the el-
evation angle influence for coastal GNSS-R altimetry was about
4 m in coastal GNSS-R altimetry. The bias in retrieved height
should be corrected to obtain high altimetry precision. In [40],
the elevation angle influence on coastal code-based altimetry

Fig. 1. Geometry of dual-antennal GNSS reflectometry.

is investigated, and an approach was proposed to calibrate the
elevation angle influence.

This article focuses on coastal code-based GNSS-R altimetry
to propose a new algorithm to obtain unbiased sea surface height.
This method first retrieves sea surface height using the several
defined retracker points and then to correct the bias through
combining several retrieved sea surface heights from different
retrackers using least square. Section II describes GNSS-R ge-
ometry and the frequently used feature points in the waveform
and explains the bias in retrieved height. Section III presents
the proposed algorithm to obtain unbiased sea surface height. In
Sections IV and V, the simulation and experiment are conducted
to demonstrate the proposed algorithm. Finally, Sections VI and
VII address the discussion and conclusion of this article.

II. COASTAL GNSS-R ALTIMETRY

A. Geometry Model

The sea surface height is defined as

SSH = hr −Hr (1)

where hr is the receiver height relative to reference surface and
Hr is the receiver height relative to sea surface. As given in
Fig. 1, GNSS-R geometry is a trigonometry which is composed
of the GNSS satellite, specular point, and receiver. For coastal
scenario, the distances from GNSS satellite to specular point
and receiver are far larger than that from receiver to specular
point; therefore, the specular delay between direct and reflected
signal is expressed as τspec = 2Hr sin θ/c. When considering
the vertical distance between RHCP and LHCP antenna, the
receiver height relative to sea surface is derived as

Hr =
cτspecsin θ − d

2
(2)

where c is the propagation velocity of the electromagnetic wave;
θ is the elevation angle of GNSS satellite; τspec is the specular
delay between direct and reflected signal; d is the vertical
distance between RHCP and LHCP antenna. hr and d can be
obtained from the precise measurement when the receiver is
installed. θ is obtained through demodulating direct signal. It is
important to precisely estimate the specular delay between direct
and reflected signal to derive precisely receiver height relative
to sea surface.
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B. Specular Delay Estimation

Specular delay is derived through taking away the arrival time
of the specular-reflected signal from the arrival time of the direct
signal. The arrival time of the direct signal can be estimated
using delay locked loop (DLL) [31]. Due to diffuse scattering, it
is difficult to track the arrival time of the reflected signal through
DLL. The usual approach is to retrack the location of the feature
point in waveform. The feature points should be easy to extract
from the waveform and is rarely influenced by other factors, such
as noise and sea state. At present, two feature points have been
used to estimate the delay between direct and reflected signal.
DER retracker defines the feature point at the peak of the first
derivative of the waveform as

τspec = argmax
τ

{
dWN (τ)

dτ

}
(3)

where WN is the normalized waveform of the reflected signal
by its peak. With a complete model, the delay estimated using
DER retracker is expressed as [15]

τ̂spec = τspec + δτspec (4)

where δτspec is a correction term. For an idealized situation in
which the delay waveform can be represented by a convolu-
tion model, this correlation term appears when considering a
band-limited receiver and a finite sampling rate [15]. However,
in actual scenario which should include the complexly scat-
tering mechanism between the electromagnetic wave on rough
sea surface, space-dependent antenna pattern, the convolution
model only is a simplification. In [40] and [41], it was found that
this correction term is impacted on the elevation angle, receiver
height, PRN code length, and wind speed.

The other retracker is HALF which is a threshold retracking
algorithm taking the delay at a given fraction in the leading edge
of the delay waveform as

WN (τspec)− η = 0 (5)

where η is the given fractional value. The HALF retracker is
derived from the threshold retracking of the traditional altimeter.
In [42], a threshold retracking algorithm for ice-sheet height was
presented, and the results showed that the threshold retracking
algorithm with a 10% threshold level provided a more repeatable
height estimation than other retracking algorithms. For GNSS-R,
the point on the leading edge of the delay waveform at 70% of the
peak has been chosen as the retracked point [34], [43]. A positive
error caused by the arbitrary retracking point was presented in
[34]. An 8.8-m calibrated bias is compensated for the retracking
delay using 70% fractional point in [43]. These results indicate
that similar to DER retracker, the delay estimated using HALF
retracker also contains a bias. It should be noted that the results in
[34] and [43] were respectively obtained from the airborne and
spaceborne scenarios. A third-order polynomial is used to best
fit the leading edge of the measured waveform to estimate the
position of the defined retracker in waveform [44]. The position
of DER retracker in the waveform is estimated using the second

derivative of the fitted polynomial as

τDER = − A2

3A3
(6)

where A2 and A3 are the fitted coefficients for the quadratic and
cubic terms of the three-order polynomial. HALF retracker is
estimated through solving cubic equation y(τ)− η = 0 (where
y(τ) is the best fitted three-order polynomial) using Newton’s
method.

C. Height Bias

Here, to explain the bias in the retrieved height using DER
and HALF retracker in the coastal scenario, the simulation is
conducted. An usual model of the delay waveform is derived
from the Kirchhoff approximation in a geometric optics limit
and expressed as [45]

P (τ) =
PtGtλ

2

(4π)3

×
∫

Gr (ρ) Λ
2 (τ − τ (ρ)) sinc2 (f0 − f (ρ))

R2
t (ρ)R

2
r (ρ)

σ2
pqdρ (7)

where Pt and Gt are transmitted signal power and transmitting
antenna gain; Gr is receiver antenna gain; λ is GNSS signal
wavelength length;Rt andRr are the distance from receiver and
GNSS satellite to observation area; σpq is scattering coefficient;
Λ(τ) is the correlation function between the PRN in reflected
signal and the local replica. For a binary spreading sequence,
when two are identical, Λ(τ) is defined as

Λ (τ) =

{
1− |τ |

τc
|τ | < τc

0 |τ | ≥ τc
(8)

where τc is the chip length. It should be noted that the model in
(7) would have an incorrect result for the case of weak diffuse
scattering or in the presence of coherent reflection [46]. Coherent
reflections have been found from low-height scenario [47] so
that the above equation may be imprecise to model the delay
waveform; however, the objective of the simulation is only
to explain the bias in retrieved height using DER and HALF
retracker. Therefore, here, the above equation is still used instead
of a more precise model of the delay waveform.

Fig. 2 shows the retrieved heights using DER and HALF
retracker of 0.70 versus elevation angle when ground truth is
100 m. From the figure, it is seen that as the elevation angle
increases, regardless of DER or HALF retracker, the retrieved
heights contain negative biases which would result in a positive
error in the measured sea surface height. Compared to HALF
retracker of 0.70, DER retracker has a lower bias. Due to wider
bandwidth, the retrieved height using L5 signal has far lower
bias than that using L1 CA signal. The retrieved heights using
DER and HALF retracker are expressed as

Hr = Hgeo +ΔHr (9)

where Hgeo is the ground-truth height; ΔHr is the height bias.
Fig. 3 gives the changing relationships between the biases

in retrieving height using DER and HALF retracker, in which
whatever the fractional value η in (5) is, the biases from HALF
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Fig. 2. Retrieved height using DER and HALF of 0.7 from simulated delay
waveform versus elevation angle for GPS L1 CA and L5 signal when the ground
truth is 100 m and the wind speed is 5 m/s for simulation scenario.

Fig. 3. Relationships between retrieved height biases using DER and ones
using HALFs of 0.50, 0.70, 0.80, and 0.95, respectively, (a) for GPS L1 CA and
(b) L5 signal. The noise-free delay waveforms used here are simulated using (7)
when receiver height is 100 m, wind speeds is 5 m/s, and elevation angles are
25◦–75◦ for simulation scenario.

retracker all appear to have linear relationships with the biases
from DER retracker as

ΔHrHALF = a ·ΔHrDER + b (10)

where ΔHrHALF and ΔHrDER, respectively, are the biases in
retrieved heights using HALF and DER retracker; a and b are
linear coefficients.

III. MULTIPARAMETER BIAS CALIBRATION ALGORITHM

When combining DER retracker and several HALF re-
trackers with different fractional values, the equations can be

expressed as⎛
⎜⎜⎜⎝

HrDER

HrHALF1 − b1
...

HrHALFn − bn

⎞
⎟⎟⎟⎠ = Hgeo

⎛
⎜⎜⎜⎝

1
1
...
1

⎞
⎟⎟⎟⎠+ΔHrDER

⎛
⎜⎜⎜⎝

1
a1
...
an

⎞
⎟⎟⎟⎠ (11)

where ΔHrHALFi is the retrieved height using the ith defined
HALF retracker; ai and bi are the linear coefficients of the
relationship between the biases of DER and the ith HALF
retracker. The above equation is expressed in the matrix form as

A ·X = Y (12)

where A, X, and Y are respectively

A =

⎛
⎜⎜⎜⎜⎜⎝

1 1
1 a1
1 a2

...
1 an

⎞
⎟⎟⎟⎟⎟⎠ (13)

X =

(
Hgeo

ΔHrDER

)
(14)

Y =

⎛
⎜⎜⎜⎜⎜⎝

HrDER

Hr1 − b1
Hr2 − b2

...
ΔHrn − bn

⎞
⎟⎟⎟⎟⎟⎠ . (15)

When ai and bi are determined beforehand, A is known and
Y can be derived from the retrieved heights using DER and
HALF retrackers. Unknown X is solved through least square as

X =
(
A ·AT

)−1
AT ·Y. (16)

The first item in X is the unbiased height which is finally
required for the measurement of sea surface height. Assuming
that the measurements of different retrackers are independent
and the errors are subject to the normal distribution, the mean
and variance of the ith measurement error are 〈eyi

〉 = 0 and
V (eyi

) = σ2
y , respectively. The covariance matrix of X is de-

rived as

V (X) =

〈(
ATA

)−1
ATey

((
ATA

)−1
ATey

)T
〉

=
(
ATA

)−1
Ky =

(
ATA

)−1
σ2
y (17)

where Ky is the covariance matrix of Y and is expressed as
Iσ2

y . The variance of measured height Hgeo is Π · σ2
y . Π is

expressed as

Π =

1 +
n∑

i=1

a2i

(n+ 1)

(
1 +

n∑
i=1

a2i

)
−
(
1 +

n∑
i=1

ai

)2

.

(18)

It is seen that the final precision of the retrieved height not
only is determined by the measured error but also is impacted by
the matrix A. When chosen η for multiparameter observation
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Fig. 4. Retrieved height using DER and HALFs, and calibrated height using
multiparameter estimator for (a) GPS L1 CA and (b) L5 signal. The used delay
waveforms are the same as Fig. 3.

has same or similar linear coefficient ai, height variance tends
to infinity. In other words, A is under rank and (16) is an
underdetermined equation which has innumerable solutions.
Hence, it is important to construct proper matrix A through
choosing η to make Π to be low as far as possible.

Here, the availability of the proposed method is demonstrated
using the noise-free delay waveform generated using model
(7) when sea surface height and wind speed are, respectively,
assumed as 0 m and 5 m/s, and elevation angles are respectively
from 2 to 25 m/s and from 25◦ to 75◦. Fig. 4 gives the comparison
between uncalibrated and calibrated heights for different eleva-
tion angles. Compared to uncalibrated heights, the calibrated
heights using the proposed algorithm are located at 100 m
which is the ground truth and have no significant dependence
on elevation angle. This indicates that the proposed algorithm is
capable of correcting height bias.

Through simulating for different wind speeds, it is found that
the matrix A is different; therefore, a lookup table (LUT) A
parameterized as a function of the wind speed seems convenient.

IV. SIMULATION DEMONSTRATION

The simulation was conducted to evaluate the performance
of the proposed algorithm. The simulation scenario is given in
Table I, in which the receiver height relative to the reference
surface is 100 m, and the sea surface height is set as the random
number ranging from –1.5 to 1.5 m. Wind speed ranges from 2 to
25 m/s which covers a larger number of the coastal wind speed,
and the elevation angle changes from 25◦ to 75◦. Reflected sig-
nals not only contain additive white noise but also are distorted

TABLE I
SIMULATION SCENARIO PARAMETERS

by the multiplicative fading or speckle noise which is caused
by the diffuse scattering from rough surface [48]. To model the
delay waveform polluted by additive and multiplicative noise,
the complex delay waveform of the reflected signal is modeled
as [52]

Ysi (τ) =

√
P (τ)

2
Zsi +

√
Pn · Zni (19)

where Zsi and Zni are complex Gaussian white noise with real
and imaginary parts, respectively; Pn is the noise power which
is expressed as [49]

Pn = T 2
c kTRBw (20)

where Tc is coherent integration time; k is the Boltzmann
constant; TR is the receiver noise equivalent temperature; Bw

is the receiver bandwidth. To obtain the waveform with dif-
ferent SNRs, here, noise power is multiplied by a factor ξ as
Pn = ξT 2

c kTRBw. The above complex correlation waveforms
are incoherently averaged as

〈
|Ys (τ)|2

〉
=

1

N

N∑
i=1

Ysi (τ) · Y ∗
si (τ) (21)

where N is the incoherent averaging number which is fixed as
20 000 here. It should be noted that the better performance can
be obtained to take more independent waveform to incoherently
average [44].

The detailed Monte Carlo simulation is as follows.
1) A group of elevation angles, sea surface heights, and wind

speeds are randomly generated.
2) The above groups of parameters are used as the input to

simulate the noise-free delay waveforms using (7).
3) The white noise and speckle noise are added into each

noise-free delay waveform using (19) to generate 20 000
independent complex waveforms.

4) 20 000 independent complex waveforms are incoherently
averaged using (21) to obtain noisy waveforms for each
group.

5) The DER retracker and HALF retracker of 0.50, 0.75, 0.80,
and 0.95 are used to estimate the delay and the heights are
retrieved using (2) for each group.

6) The calibrated heights are obtained through (16).
Fig. 5(a) presents the scatter between the retrieved sea surface

height using DER retracker and HALF retracker of 0.70 for
the first case, in which the retrieved sea surface heights have
clear biases with ground truth and are strongly dispersed. As
given in Tables II and III , for L1 CA signal, the biases of
the heights retrieved using DER retracker and HALF retracker
of 0.7 with in situ ground truth are, respectively, −26.76 and
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Fig. 5. (a) Retrieved height using DER retracker, and (b) calibrated height
using multiparameter estimator for GPS L1 CA and L5 signal for the first case.

TABLE II
BIASES BETWEEN RETRIEVED SEA SURFACE HEIGHT USING DER, HALF, AND

MULTIPARAMETER ESTIMATOR AND GROUND TRUTH (UNIT: M)

TABLE III
STANDARD DERIVATIONS (σh) OF BETWEEN RETRIEVED SEA SURFACE HEIGHT

USING DER, HALF, AND MULTIPARAMETER ESTIMATOR AND GROUND TRUTH

(UNIT: M)

−38.89 m, and the corresponding standard derivations are 6.78
and 9.74 m. L5 signal provides the better performance, and the
bias and standard derivation are both 10 times lower than that of
L1 CA signal; however, the retrieved result still is unacceptable
for coastal altimetry. In Fig. 4(b), which shows the comparisons
of the sea surface heights calibrated through combining DER
retracker and four HALF retrackers using (16) with ground truth,
calibrated heights are in agreement with ground truth, and as
given in Table II, the biases for L1 CA and L5 signal are both
reduced to near 0. The standard derivations of L1 CA and L5
signal also decrease to 0.79 and 0.16 m, respectively. For coastal
altimetry, after calibration using the proposed algorithm, the L5
signal obtains the formal precision and accuracy.

Fig. 6. Bias and standard derivation between retrieved sea surface height and
ground truth versus elevation angle for GPS L1 CA and L5 signal.

Fig. 7. (a), (b) Bias and (c), (d) standard derivation between retrieved sea
surface height and ground truth versus wind speed for GPS L1 CA and L5
signal. (a) and (c) are the results using DER retracker. (b) and (d) are the results
after the calibration. The red dot and the blue asterisk are respectively for GPS
L5 signal L1 CA signal.

As shown in Fig. 2, the height biases from DER and HALF re-
tracker seriously depend on elevation angle. Here, the dependen-
cies of the biases and standard derivations of calibrated height on
elevation angle are explored. Fig. 6 gives the changing trends of
the biases and standard derivations after the calibration using the
proposed algorithm. As elevation angle increases, the biases of
the calibrated heights have no significant dependence on eleva-
tion angle, but standard derivations appear in a downward trend
as elevation angle increases. This indicates that the proposed
method can significantly calibrate the elevation-dependent bias
in retrieved height; however, it is unable to weaken the depen-
dence of the standard derivation on the elevation angle.

Wind speed or sea state has an impact on the tracking effect of
DER and HALF retracker. Fig. 13(a) and (b), respectively, give
the biases and standard derivations between retrieved sea surface
height using DER retracker and ground truth, in which the
absolute bias decreases as wind speed increases and gradually
becomes stable after 15 m/s; however, the standard derivation
appears weak depending on wind speed. After the calibration
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Fig. 8. (a), (c) Bias and (b), (d) standard derivation between calibrated sea
surface height and ground truth versus Π for (a), (b) GPS L1 CA and (c), (d)
L5 signal when the DER retracker and four HALF retrackers are combined to
calibrate the height bias.

Fig. 9. (a) Aerial image (Google Earth) and (b) antenna setup of the Dongying
GPS experiment.

using the proposed algorithm, the bias and standard derivation
both decrease and have no significant dependence on wind speed.
This indicates that the proposed algorithm can reduce the mea-
surement of sea surface height on wind speed. The wind speed
is needed to know before calibrating sea surface height using the
proposed algorithm. Coastal GNSS-R is capable of measuring
wind speed or sea state [11], [50]; therefore, it is possible to
calibrate the wind-dependent and elevation-dependent bias only
using GNSS-R.

Fig. 10. Retrieved receiver height relative to sea surface versus elevation angle
for (b) GPS L1 CA and (b) L5 signal in the Dongying experiment.

Fig. 11. (a) Aerial image (Google Earth) and (b) antenna setup of the Qingdao
BeiDou experiment.

Π has an important influence on the calibration performance
of the proposed algorithm. Fig. 8 shows the relationship between
the calibration performance and Π, in which the biases and
standard derivations of the uncalibrated heights appear to have
positive proportional relationships with Π. In addition, it is seen
that fractional value η also impact calibration performance. Bet-
ter results can be obtained when the lower boundary of the used
fractional values is lower. These results indicate that to obtain
optimal calibration, it is important to choose a series of proper
fractional values. The choosing procedure of the fractional
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Fig. 12. Retrieved receiver height relative to sea surface versus elevation angle
for the BeiDou B1I signal in the Qingdong experiment.

Fig. 13. Retrieved and in situ sea surface height of the Qingdao BeiDou
experiment.

values can be considered as the optimization of the calibrated
biases and standard derivations so that some optimization meth-
ods, such as gradient descent and genetic algorithm, can be used.
This work goes outside the scope of this article; therefore, the
optimal fractional values are not given here. In the following
experimental demonstration, fractional values are fixed as 0.95,
0.80, 0.70, and 0.50.

V. EXPERIMENTS

The actually acquired data from two experiments are used to
demonstrate the significance of the proposed calibration algo-
rithm. The first experiment was conducted to acquire the GPS L1
CA and L5 signals, and the second experiment was conducted
to collect the BeiDou B1I signal.

A. Dongying GPS Experiment

The experiment was conducted at a wharf (38.154N,
119.066E) in Dongying of Shandong province in China from
October 28 to November 2, 2020. To successfully collect the
GPS L5 signal, the experiment time of every day is from 12:00
to 16:00. In this duration, the GPS PRN 24 satellite that transmits
the L5 signal is visible for both RHCP and LHCP antennas. In
addition, according to the in situ sea surface height provided
by near tide gauge, the experiment site is microtidal environ-
ment, the tide difference in each day is about 60 cm, and sea
surface height has weak variation of less than 10 cm during the
acquiring period. The aerial image of the experimental site is
shown in Fig. 9(a) and (b) from Google Earth, in which the
red points mark the experiment site location. The experimental
platform is located at Bohai Sea and far about 8.6 km away
from the coast. There are no obstacles around the experimental
site, which effectively avoids receiving multipath signals from
rocks and small islands. Therefore, compared with the coast,
the platform is more suitable for the coastal GNSS-R ocean
altimetry experiment.

An RHCP L1/L5 GPS antenna in the zenith direction is used
to receive direct signals. As illustrated in Fig. 10(b), an LHCP
L1 GPS antenna and an LHCP L5 GPS antenna tilted with an
azimuth angle of 65◦ and an elevation angle of 45◦ toward sea
surface are used to receive the reflected signals. The antennas
are installed on the wharf with an approximate height of 24.5 m
above the sea surface.

In experiment, an acquisition device which consists of four-
channel radio-frequency front end was used. The intermediate
frequency (IF) of the device is 15.55 MHz. The IF analog signal
is sampled and quantified with the sampling frequency of 62
MHz and the quantification number of 8 b. A software was
developed to process the acquired data of GPS L1 CA and L5
signals. The software consists of direct and reflected channels
to respectively process direct and reflected signals. The direct
signals are tracked using closed-loop phase locked loop and
DLL to provide the reference for the processing of reflected
signal, and reflected signals are cross-correlated with a set of
local replica signals with different delay to obtain the complex
delay waveform. The parallel cross-correlation in frequency
domain using fast Fourier transform (FFT) and inverse FFT
is implemented. The coherent integration time in software is
the same as the period of PRN code and both are 1 ms for L1
CA and L5 signals. After cross-correlation, a series of complex
correlation values are incoherently averaged to obtain final delay
waveform. DER retracker and the HALF retracker with the η of
0.95, 0.80, 0.70, and 0.50 are used to estimate the delay between
direct and reflected signals.

Fig. 10 gives the changing trend of uncalibrated and calibrated
heights versus elevation angle. From the results, similar to the
simulation, uncalibrated heights show the strong dependence
on elevation angle. In case of the lower elevation angle, the
biases in retrieved height are larger. After calibration using
multiparameter estimator, this dependence is greatly weakened,
and calibrated heights are in agreement with the in situ height
for both L1 CA and L5 signals. The corresponding biases and
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TABLE IV
BIASES BETWEEN RETRIEVED RECEIVER HEIGHT USING DER, HALF, AND

MULTIPARAMETER ESTIMATOR AND IN SITU HEIGHT IN THE DONGYING

EXPERIMENT (UNIT: M)

TABLE V
STANDARD DERIVATION BETWEEN RETRIEVED RECEIVER HEIGHT USING DER,

HALF, AND MULTIPARAMETER ESTIMATOR AND IN SITU HEIGHT IN THE

DONGYING EXPERIMENT (UNIT: M)

standard derivations before and after calibration are given in
Tables IV and V. Compared with uncalibrated heights, the biases
of calibrated heights for both L1 CA and L5 signals almost
reduce to 0, and the standard derivations respectively reduce to
1.21 and 0.40 m for L1 CA and L5 signals. These results indicate
that the proposed algorithm is able to significantly correct the
dependent bias of elevation angle to improve the measured
performance. It is clear that the dispersion at low elevation angle
is larger than that at high elevation angle, which is consistent
with the phenomenon of decreasing standard derivation with
increasing elevation angle in Fig. 6. It should be noted that it is
difficult to obtain LUT of A parameterized as a function of the
wind speed from limited experiment measurements; therefore,
the matrix A is identical for different wind speed. This may be
the reason that the calibrated sea surface heights still have weak
fluctuation compared to in-situ data as shown in Fig. 10.

B. Qingdao BeiDou Experiment

As shown in Fig. 11(a) which is from Google Earth, the
BeiDou experiment was conducted at a marine environmental
monitoring station (36.059N, 120.437E) located on a small
island in Qingdao, Shandong province of China. The experiment
duration is from 10:15 to 21:51 on August 3, 2018. During the
experiment, a falling tide from morning to afternoon and a rising
tide from afternoon to evening were observed. The in situ sea
surface heights were from near tide gauge. From in situ tide, it is
found that the experiment region is mid-tidal environment with
the tide difference being above 2 m.

An RHCP BeiDou antenna in the zenith direction is used
to receive direct signals. As illustrated in Fig. 11(b), an LHCP
BeiDou antenna tilted with an azimuth angle of 155◦ and an
elevation angle of 45◦ toward sea surface are used to receive
reflected signals. Except for the signals from MEO satellites, the
signals from geostationary earth orbit (GEO) PRN01, PRN03,
and PRN04 are also received by the RHCP and LHCP antennas.
The antennas are installed on the wharf with an approximate
height of 13 m above sea surface.

The used device synchronously acquiring direct and reflected
BeiDou B1I signal was a two-channel digital collector with
the IF of 3.996 MHz, the sampling frequency of 16.369 MHz,

TABLE VI
BIASES AND STANDARD DERIVATIONS BETWEEN RETRIEVED RECEIVER

HEIGHT USING DER, HALF, AND MULTIPARAMETER ESTIMATOR AND IN SITU

HEIGHT IN THE QINGDAO EXPERIMENT (UNIT: M)

TABLE VII
BIASES AND STANDARD DERIVATIONS BETWEEN RETRIEVED SEA SURFACE

HEIGHT USING MULTIPARAMETER ESTIMATOR AND IN SITU SEA SURFACE

HEIGHT IN THE QINGDAO EXPERIMENT (UNIT: M)

and the quantization number of 2 b. The used software is similar
to the one described in Section VI-A, and the only difference is
the generator of local replica signal.

Fig. 12 gives the comparison between uncalibrated and cali-
brated heights for the BeiDou B1I signal. Similar to the simu-
lation and experimental results of GPS L1 CA and L5 signals,
uncalibrated heights have monotonous dependent relationships
with elevation angle, and the heights retrieved using the sig-
nals from inclined geosynchronous orbit/middle Earth orbit
(IGSO/MEO) and GEO satellites appear to have the same de-
pendence. This indicates that the heights from IGSO/MEO and
GEO satellites can use the same linear coefficients to construct
matricesA andY. Calibrated heights change about 13 m, which
is the truth. The biases and standard derivations of uncalibrated
and calibrated heights are given in Table VI which shows that
compared to the height before calibration, calibrated height has
further better results with the biases of near 0 and the standard
derivation of 1.58 m.

Calibrated heights are used to retrieve sea surface height
through (1). Fig. 13(a) gives retrieved sea surface heights from
GEO PRN01, PRN03, PRN04, and IGSO/MEO satellites. The
retrieved sea surface heights from both GEO and IGSO/MEO
satellites have the same trend with in situ sea surface heights pro-
vided by near tide gauge. The corresponding biases and standard
derivations are presented in Table VII. From the results, it is seen
that the GEO satellite provides better results than IGSO/MEO
satellites. The reason may be that for coastal altimetry, GEO
satellites could provide relatively stable observation geometry.

With the falling and rising of the tide, as illustrated by the
in situ data in Fig. 13(b), sea surface height slowly and smoothly
varies. Here, retrieved sea surface heights from different satel-
lites are combined to obtain formal sea surface heights. The first
step is to average the retrieved heights from synchronously vis-
ible satellites at each observed time; and then averaged heights
are smoothed with the half-hour span. The red line in Fig. 13
shows the finally retrieved sea surface height which clearly
experiences a trend from fall to rise tide. The bias and standard
derivation between retrieved and in situ sea surface height are
–0.01 and 0.67 m, respectively. In some cases, because the dif-
ferences of the measurement accuracies from different satellites
are not considered, simply averaging the measurements from
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several satellites may not obtain good performance. Weighted
average could provide better results than the average; however,
it requires that the measurements from different satellites have
stable statistical characteristics. Due to the dynamic geometry,
the statistical characteristics of the measurements from MEO
satellites are unstable, and the visibility is time-varying. The
GEO satellite can provide stable geometry so that the statistical
characteristics are steady. Here, the measurements from GEO 01,
03, and 04 satellites are weightily averaged. The weighted values
are computed from the standard derivations in Table VII as

wi =
1/σ2

hi
3∑

i=1

1/σ2
hi

(22)

where σhi is the standard derivation of the measurement from
the ith GEO satellite. After the weighted average, the bias and
standard derivation are, respectively, –0.08 and 0.54 m.

VI. DISCUSSION

The evaluation indexes of the altimetry are bias and precision.
The bias and standard derivation of the retrieved sea surface
height through retracking DER and HALF in the waveform
are strongly dependent on the elevation angle. As known, the
motion of the GNSS satellite results in the variation of the
elevation angle. Compared to MEO satellites, GEO satellites
are stationary relative to Earth’s surface and can provide stable
geometry for coastal altimetry. Stable geometry makes the bi-
ases in retrieved heights using DER and HALF retracker to be
relatively changeless. These fixed biases are easy to correct as
systematic errors. In fact, there have been some works to focus
on the altimetry based on GEO satellites, such as BeiDou GEO
satellite [51], communication satellite [52], and digital video
broadcasting satellite [53].

Wind speed is an influential impact on the measurement of
sea surface height. The lower the wind speed is, the larger the
bias of sea surface height using DER retracker is. Although the
proposed algorithm can significantly calibrate this dependent
bias, an LUT as a function wind speed should be developed
beforehand so that it is necessary to acquire wind speed around
the measurement region. It is attractive that the delay bias can
be calibrated for the case of unknown wind speed. It is known
that the specular points of several satellites are visible for a
down-looking antenna. For coastal case, wind speed is identical
in the coverage of the down-looking antenna. When assuming
that the impact of wind speed for the measurement from different
satellites are same, as presented in [41], it is possible to calibrate
bias or improve the measurement performance through combin-
ing the measurements from several satellites [54], [55]. In some
cases, due to the existing unreliable measurements, the fusion
of several measurements may not obtain good performance but
may pull down the performance. It is desirable to cross-check
the consistence of all measurements to generate the consensus
set and then fuse [56].

At present, sea surface height is measured using (1) and (2),
which are geometric and analytical. Unlike traditional nadir-
looking altimeters, GNSS-R has time-varying bistatic geometry

so that it has more complex scattering mechanism and more
influence factors. The analysis in this article found that the
retrieved sea surface height contains a bias which depends on
the elevation angle and wind speed. The antenna pattern also
disturbs the delay waveform so that the azimuth angle may
impact the measurement of sea surface height. The smaller
reflectivity of wave crests than troughs also results in a bias called
the electromagnetic bias in altimeter. The electromagnetic bias
in GNSS-R has been analyzed in [57], and the results showed
that the electromagnetic bias is dependent on the elevation angle,
wind speed, and wind direction. In addition, the troposphere also
introduces an additional delay in the reflected signal, especially
for high-altitude and low-elevation case. This phenomenon has
been used to sound the water vapor in troposphere [58]. In [59],
a bias in the estimated height was found, that is elevation and
height dependent, and can reach order of 1 m for a 90-m site. It is
believed that the sea surface height could be seen as a multivari-
ate nonlinear function of the estimated delay, elevation angle,
azimuth angle, and wind speed, as SSH = f(τ̂spec, θ, ϕ, uws).
Obviously, it is difficult to develop an accurate analytical expres-
sion to model the above relationship. Artificial intelligence (AI)
which is advantageous to fit a complexly nonlinear relationship
has been widely applied in the observation of the Earth’s param-
eters [60], and, more recently, it also has been used in GNSS-R,
such as retrieving wind speed [61]. It is valuable to train an
AI model to accurately measure sea surface height. However,
unlike the analytical method, AI model is data-driven so that a
large number of measurements and in situ data are needed, and it
undoubtedly increases the cost of developing the measurement
model of sea surface height.

For GPS L1 CA and BeiDou B1I signals, even if the biases
are corrected, due to low precision, retrieved heights still are
unacceptable for altimetry application. Compared to L1 CA
and BeiDou B1I signals, the GPS L5 signal provides the better
performance because of the wider signal bandwidth. It has been
demonstrated that signal bandwidth and incoherently averaging
number of independent waveform have more important influ-
ence than SNR [52]. The use of wider bandwidth signal is an
effective way to improve altimetry precision. In [62], the full
broadcast spectrum consisting of multiple digital channels was
processed as a single wideband signal to measure sea surface
height, and centimeter-level precision was obtained. Some new
signals, such as BOC modulation signal, have been transmitted
by GNSS satellites. As known, Galileo E5 signal and BeiDou
B2 signals adopt AltBOC(15, 10) modulation which modulates
four codes onto two orthogonal subcarriers and occupies a wide
bandwidth of around 51 MHz [63]. Except that Galileo E5a
and E5b signals are individually used, it is possible to use the
aggregate E5 signal through combining E5a and E5Q signals as
a wideband signal [64], [65]. It is worth to believe that the use
of the full-spectrum E5 and B2 signals would be able to obtain
a better altimetry performance.

VII. CONCLUSION

The heights measured using DER and HALF retracker consist
of the bias that depends on the elevation angle. This bias results
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in an unacceptable measurement for coastal altimetry. This
article proposed an algorithm to correct this bias using several
retrackers in the leading edge of the waveform. The simulated
results showed that compared to uncalibrated heights, the pro-
posed calibration algorithm is able to significantly improve the
performance of the retrieved height. After calibration, the biases
have almost no dependence on elevation angle; however, the
standard derivations decrease as the elevation angle increases.
Compared to uncalibrated heights, the standard derivations of
the calibrated height are 10 times lower for both GPS L1 CA
and L5 signals. In addition, it was found that chosen fractional
values in leading edge have an important impact on calibrated
performance. Optimization methods can be used to find proper
fractional values. The data from two experiments were used to
demonstrate the proposed algorithm. Regardless of GPS L1 CA,
L5, or BeiDou B1I signals, calibrated heights using the proposed
algorithm all were in agreement with in situ heights. For the
BeiDou B1I signal, through averaging the heights measured
from several satellites and smoothing with the half-hour span,
compared to in situ sea surface height, the bias of –0.01 m
and the standard derivation of 0.67 m were obtained. Due to
the weak fluctuation of sea surface height during the Dongying
experiment, this article did not use GPS L1 CA and L5 signals
to retrieve sea surface height; however, it still can be seen that
because of the wider signal bandwidth, the L5 signal is capable
of providing a better performance than L1 CA and BeiDou B1I
signals. In future, the experiment will be conducted to test and
evaluate the performance of coastal altimetry using the wider
signal bandwidth, such as BeiDou B2 and Galieo E5 signals.
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