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Abstract
A low-cost transportable software-based global positioning system reflectometry (GPS-R) scheme, which can measure sea-
surface wave frequency, period, and speed, is proposed and described. We designed and implemented an appropriate software 
receiver to acquire and track GPS-R L1-band C/A code signals in near real time. At Lanyu, Taiwan, a research platform has 
been built with two software-based GPS-R receivers overlooking the seas in the east-northeast and southwest directions. 
Additionally, we propose applying the maximum entropy method for the spectral analyses of recorded time series of GPS-R 
signal acquisition data and derive the mean frequencies, periods, and speeds of random sea-surface waves. The derived sea-
surface wave frequencies have been compared and validated against buoy measurements and Weather Research and Fore-
casting (WRF) model data around Lanyu Island. The results show that the buoy wave heights and the modeled WRF wave 
heights have linear correlation coefficients of 0.64 and 0.47, respectively, with the GPS-R wave frequency measurements. 
The observed coastal sea area has a maximum horizontal distance of approximately 20 km from station Lanyu (22.037°N, 
121.559°E). Thus, the corresponding mapping products of the sea-surface wave period and speed are presented with wave 
propagation footprints of the first Fresnel zone sizes.

Keywords GNSS reflectometry · Software-based GPS/GNSS receiver · Random sea-surface wave measurement · GPS 
L1-band C/A code signal acquisition

Introduction

Global positioning system (GPS) or global navigation sat-
ellite systems (GNSS) signals have been successfully used 
worldwide for navigation positioning and timing purposes. 
However, GPS/GNSS signals can be used to remotely sense 
geophysical parameters due to the multipath effects of being 
reflected and/or scattered over the earth’s surface. This 
technique is commonly referred to as GPS reflectometry 
(GPS-R) or GNSS reflectometry (GNSS-R) and was first 
introduced for mesoscale altimetry by Martín-Neira (1993). 
Different approaches of the GPS-R/GNSS-R technique have 
been proposed for several remote sensing applications, espe-
cially to derive ocean altimetry and sea state (Lin et al. 1999; 
Zavorotny and Voronovich 2000; Rius et al. 2002; Clarizia 
et al. 2014; Wickert et al. 2016).

In the earlier investigations mentioned above, the basic 
GPS-R observations include time-delay waveforms or delay-
Doppler maps (DDM) as a two-dimensional reflected and 
scattered power distribution function: one coordinate is 
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the pseudorandom noise (PRN) code offset due to the GPS 
signal propagation time delay, and the other coordinate is 
the Doppler shift with respect to the carrier frequency. The 
obtained DDMs have a typical horseshoe-shaped arc on the 
contour power distribution observed from an airborne or 
space receiver. The arc tail structure and asymmetry can be 
captured due to the relative motion between the GPS trans-
mitter and receiver and the sea-/ocean-surface wave and 
current velocities. Therefore, GPS-R DDM measurements 
can be used to retrieve the sea-/ocean-surface wave and 
current velocities. In this study, we developed and installed 
a software-based GPS-R observation station at the Lanyu 
Observatory (22.037°N, 121.559°E) of the Central Weather 
Bureau (CWB), Taiwan. Compared with an airborne/space 
GPS-R system, station Lanyu is ground-based and station-
ary and therefore has much smaller viewing footprint areas 
on the sea surface and smaller Doppler motions from the 
GPS satellites. The obtained DDMs do not have distinct 
horseshoe-shaped arcs used to derive sea state parameters 
and are not reported here.

We present software-based GPS-R signal acquisition 
and data processing progress, which are developed and pro-
posed to measure and interpret sea-surface wave parameters. 
Compared with usual commercial GPS receivers, software-
based GPS receivers offer added flexibility and versatility by 
implementing most functions in software (Tsui 2000; Borre 
et al. 2007). Another advantage of a software-based GPS 
receiver is a maximum sampling rate of 1000 Hz due to the 
L1-band Coarse Acquisition (C/A) code duration at 1 ms 
and is much higher than that of a typical commercial GPS 
receiver. For these experiments, a research platform in Tai-
wan is available and includes two GPS-R receivers in Lanyu, 
Taiwan. The two receiving systems in Lanyu are positioned 
at the same altitude of 342 m but view the east-northeast 
(ENE) and southwest (SW) directions at distances of approx-
imately 1 km and 1.5 km inland, respectively. Thus, we call 
the two GPS-R observation systems the Lanyu-ENE and 
Lanyu-SW systems. Figure 1 displays the location of sta-
tion Lanyu, the validation location of the moored buoy, the 
validation location of Weather Research and Forecasting 
(WRF) model data, and the digital terrain map of Lanyu 
Island. Notably, some views from station Lanyu are obscured 
by nearby hills. The horizontal viewing angles (azimuth) 
from both the Lanyu-ENE and Lanyu-SW systems over the 
sea surface are limited to approximately 90° shown by the 
yellow areas in Fig. 1. The observed coastal sea area ranges 
from the nearby seashore to the specular point positions with 
a minimum depression angle of 1°, i.e., a zenith angle of 
91°, as seen from the receiving station. Thus, the observed 
coastal sea area has a maximum horizontal distance of 
approximately 20 km ( ≈ 0.342 ∕tan(1◦) km) from station 
Lanyu. The left and right panels of Fig. 2 show the GPS-R 
receiving antenna installations and the views to the sea from 

the Lanyu-ENE and Lanyu-SW systems, respectively. Each 
coastal GPS-R system antenna looks out over the sea at an 
incident angle 10° lower than grazing and an azimuth angle 
of approximately 70° (205°) for the Lanyu-ENE (Lanyu-
SW) system.

We present a new technique for deriving sea-surface wave 
frequency and other wave parameters from GPS-R measure-
ments. In the following section, we introduce a software-
based GPS-R receiver architecture for sea-surface wave 
observations and describe the L1-band Coarse Acquisition 
(C/A) code signal acquisition algorithm using the Fourier 
transformation correlation theorem. In the subsequent sec-
tion, we present time-series GPS-R signal acquisition data 
with random features and propose a maximum entropy 

Fig. 1  Horizontal viewing angles and ranges from both the Lanyu-
ENE and Lanyu-SW systems over the sea surface are shown sepa-
rately as yellow areas. We also present the locations of station Lanyu 
(green square), validation buoy (blue square), and validation WRF 
model data (red square), and the digital terrain map of Lanyu Island 
shown in black and white gradients

Fig. 2  GPS-R receiving antenna installations and views to the sea 
from the Lanyu-ENE (right panel) and Lanyu-SW (left panel) sys-
tems
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method (MEM) spectral analysis to derive the mean fre-
quency of random waves from sea-surface wave observa-
tions. The next section presents the analytical methodology 
of obtaining GPS-R measurements on sea-surface wave 
frequency, period, and speed. Subsequently, the derived 
sea-surface wave frequencies were compared and validated 
against the in situ buoy measurements and the WRF model 
data around Lanyu Island. To conclude, we summarize the 
main conclusions of this paper and point out several prob-
lems to be addressed in future studies.

GPS signal acquisition of a software‑based 
GPS‑R receiver

The L1-band Coarse Acquisition (C/A) code signals broad-
cast by the constellation of GPS satellites have a known 
structure (Tsui 2000), consisting of a carrier modulated by 
a pseudorandom noise (PRN) code unique to each of the 
GPS satellites. A typical software-based GPS-R receiver 
architecture used to track the L1-band C/A code signals 
is illustrated in Fig. 3. The GPS signal is transmitted as a 
right-hand circularly polarized radio wave that becomes left-
hand or right-hand elliptically polarized waves after reflec-
tion and/or scattering over the sea surface. The reflected 
and scattered L1-band GPS signal can be received by an 
applicable antenna and then downconverted, filtered, and 
digitally sampled by a Universal Software Radio Peripheral 
B200 (USRP-B200) (http:// ettus. com/ all- produ cts/. ub200- 
kit/) device developed by Ettus Research, a National Instru-
ments Company.

In this study, a dual right-hand and left-hand circu-
lar polarization (RHCP/LHCP) L1/L2 GPS antenna 
(P/N:42G1215RL-AA-5SSF-1) produced by Antcom Cor-
poration (http:// www. antcom. com/) was installed, but only 
the LHCP connectivity and its outputs were used on each 
GPS-R system. We assume that direct signals from a tar-
geted GPS satellite are nearly RHCP waves because its view-
ing angle, as seen from the receiving antenna, is small, and 

their LHCP component signals can be ignored. The signals 
transmitted to the USRP-B200 module of each GPS-R sys-
tem are the LHCP components of the left-hand or right-hand 
elliptically polarized waves reflected and scattered from the 
targeted ocean. Notably, the viewing depression angle is 
limited from approximately 15° (10°) to 1° for the Lanyu-
ENE (Lanyu-SW) system, as shown in Fig. 1. An earlier 
investigation (Trizna 1997) derived a virtual Brewster angle 
with an approximately 5° depression angle for sea echoes at 
a radio frequency of 1.5 GHz. Thus, the wave polarization 
of the GPS signal echo is left-hand elliptical at a depression 
angle larger than 5° and is right-hand elliptical at a depres-
sion angle smaller than 5°. The associated LHCP compo-
nent signal is generally weaker when the viewing depres-
sion angle, as seen from station Lanyu, is smaller. Other 
multipath effects, including reflection from near hills, soil 
surfaces, and human-made buildings, are possible. However, 
the corresponding signals are assumed to be nearly constant 
and weaker than those reflected/scattered from the targeted 
sea surface. They can be filtered out after signal acquisition 
and spectral analyses, which are discussed in the following 
section.

As shown in the block diagram structure of Fig. 3, the 
sampled digital and complex, i.e., I-Q, signals sent to the 
PC host physically include different baseband PRN C/A 
codes from all visible GPS-R satellites. The visible GPS-R 
satellites are defined as the GPS satellites that have specu-
lar reflections located in the targeted sea-surface regions, 
as shown in the yellow areas in Fig. 1 for station Lanyu. A 
software-based GPS-R receiver must first determine whether 
it has reflectometry visibility of certain satellites using 
known GPS satellite TLE data. The basic GPS C/A code 
signal acquisition functions in the software algorithms are 
implemented using a circular correlation in the frequency 
domain (Tsui 2000). This approach takes advantage of the 
Fourier transformation correlation theorem, which states that 
the frequency transform of the correlation function in the 
time domain is the product of the signals transforming in the 
frequency domain, as described in the following equation:

Fig. 3  Architecture of a soft-
ware-based GPS-R receiver for 
sea-surface wave observations

http://ettus.com/all-products/.ub200-kit/
http://ettus.com/all-products/.ub200-kit/
http://www.antcom.com/
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where we use the ′′ ⇔′′ symbol to indicate Fourier transform 
pairs. As shown in Fig. 3, the I and Q components are com-
bined as complex inputs to a fast Fourier transform (FFT) 
block. The result of this FFT transform is multiplied by the 
conjugate of the local PRN C/A code’s FFT transform of 
every visible GPS-R satellite at different satellite Doppler 
and receiver frequency offsets. Finally, the product is applied 
to an inverse FFT transform whose maximum magnitude, 
i.e., the maximum circular correlation value, feedbacks to 
the decision logic. Such signal acquisition could determine 
the C/A code signal amplitudes, its starting point (or chip 
delay) compared with the local replica of PRN C/A code, 
and the associated satellite Doppler and receiver frequency 
offset of each visible GPS-R satellite. Subsequently, the 
estimated time delay and associated satellite Doppler and 
receiver frequency offset are used to track the reflected and/
or scattered signals from a targeted GPS satellite. This study 
only considers the signal acquisition peak tracking measure-
ment hereafter. The acquired and tracked circular correlation 
values were recorded as time-series data from one GPS-R 
observation for further data processing.

Spectral analysis of time series of signal 
acquisition data from GPS‑R observations

The instantaneous sea-surface configuration is complex, 
with wave humps and hollows. Due to the movements of 
the targeted sea-surface waves and GPS satellites, the GPS-R 
signal reflection varies with time. Using the circular correla-
tion analysis of the GPS-R signal acquisition, as described 
in the last section, a time-series record of the maximum 
correlation value consequently exhibits a random form with 
many local maxima and minima superposed on irregular 
undulations from sea-surface waves. Figure 4 shows two 
colored 67.5-s temporal profiles representing the L1-band 
C/A code signal acquisition results from visible GPS-R 
satellite numbers 1 and 11 simultaneously and obtained by 
the Lanyu-ENE system. It is difficult to define individual 
waves from such time-series records without some crite-
rion to distinguish a single wave from local humps and hol-
lows. Earlier investigations (Longuet-Higgins 1957; Goda 
1990) concluded that randomness is an important feature 
of sea and ocean waves. The present understanding of ran-
dom ocean waves is that they are composed of a number of 
monochromatic waves with various frequencies. We propose 
derivation of the statistical properties of sea-surface wave 
parameters using a spectral analysis of the GPS-R signal 
acquisition results.

We propose using the MEM (Press et al. 1992), also 
known as the linear predictive and autoregressive methods, 

(1)Corr(r(t), h(t)) ⇔ R(f ) H∗(f )

to estimate the power spectra of the experimental time series 
of the GPS-R signal acquisition data. Figure 5 shows the 
resulting normalized MEM power spectra of the two time 
series of GPS-R signal acquisition data used for Fig. 4. We 
executed GPS L1-band C/A code signal acquisition by cir-
cular correlation calculation for every 2 ms of data, i.e., a 
data recording rate of 500 Hz. Figure 5 focuses on the low-
frequency ( ≤ 10 Hz) part and does not show the 10–250 Hz 
spectra, which are similar to the spectrum near 10 Hz and 
exhibit white noise. Notably, both MEM power spectra dis-
play a strong dc component and a significant part in the 
frequency range from approximately 0.1 Hz (the frequency 
with the first local minimum) to 2 Hz. The later significant 

Fig. 4  Example time-series record of L1-band C/A code signal acqui-
sition (in SNR) obtained from the Lanyu-ENE GPS-R system. The 
dark blue and cyan colored temporal profiles represent the maximum 
signal acquisition results from visible GPS-R satellite numbers 1 and 
11, respectively

Fig. 5  Log–log plot of the normalized MEM power spectra of the 
two time series of GPS-R signal acquisition data shown in Fig. 4. The 
black-colored (red-colored) squares represent the frequencies at the 
band-limited power spectrum peak (the first local minimum of power 
spectra) induced by random sea-surface waves
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power spectra are believed to be induced by random sea-
surface waves in the GPS-R signal observations and cannot 
be obtained from direct GPS signal observations. As shown, 
the searched peak wave frequencies (in the black-colored 
squares) are not stable results for sea-surface wave meas-
urements. Moreover, the order of the MEM is important for 
spectral analysis resolution and accuracy. In this study, we 
use an MEM order number of 130, which is approximately 
one order less than the data number in the time series. The 
MEM spectrum estimation has a resulting function of con-
tinuously varying frequency and essentially increases the 
spectral resolution. It could be easier and more accurate to 
specify the spectra induced by random sea-surface waves in 
GPS-R observations. Therefore, the stochastic approach dis-
cussed here is essential to derive the mean wave frequency 
and wave period through random wave spectral analysis on 
the estimated MEM power spectra of the GPS-R sea-surface 
wave observations. According to Rice’s theory (Rice 1944), 
the mean frequency and period of band-limited waves are 
given as follows.

where m0 and m2 are the zeroth and second spectral 
moments, respectively. For the GPS-R sea-surface wave 
observations shown in Fig. 5, the calculated mean frequen-
cies are 0.62 Hz and 0.82 Hz for GPS satellite numbers 1 and 
11, respectively. Notably, the GPS L1-band radio wavelength 
is much shorter than the horizontal sea-surface wave scale, 
and the GPS radio signals would be scattered not only at 
sea-surface wave humps but also hollows. Therefore, when 
the GPS radio signal interacts with a single sea-surface wave 
train, the obtained sea-surface wave frequency should be half 
that of the recorded time series of the signal acquisition data.

Analytical methodology for sea‑surface 
wave frequency, wavelength, and speed 
determinations

In this study, the GPS-R experiment at Lanyu, Taiwan, col-
lected data over fourteen days from December 12 to 18 and 
December 20 to 26 in 2019, and both the Lanyu-ENE and 
Lanyu-SW systems simultaneously executed one 67.5-s 
duration observation every two minutes. For each reflec-
tometry observation, the reflection will take place at a spec-
ular point (SP) position linking the tracked GPS satellite, 
whose position can be derived by the known GPS satellite 
TLE data, to the receiving station and over the sea surface. 

(2)

f =

(

m2

m0

)0.5

, T =
1

f
, and

mn = ∫
f2

f1

f n S(f ) df
Figure 6 shows the example SP tracks of the GPS-R observa-
tions obtained from both GPS-R systems on December 12, 
2019. In the experiment, daily SP track maps are similar to 
Fig. 6 but change slightly day to day. The longest SP distance 
seen from the receiving station depends on the minimum 
depression angle and is also proportional to the station alti-
tude. In this study, we limit the minimum depression angle 
as seen from the GPS-R station to 1°, i.e. a longest SP dis-
tance of approximately 20 km, in which the obtained sig-
nal acquisition data have enough significant power spectra 
induced by random sea-surface waves to derive a reliable 
mean wave frequency.

Based on the MEM and spectral moment analyses 
described in the last section, the top and bottom panels 
of Fig. 7 show the apparent mean wave frequencies fapps 
versus universal time obtained from the Lanyu-ENE and 
Lanyu-SW systems, respectively, on December 12, 2019. 
The figures also show the estimated GPS-R SP speeds, 
which are estimated by SP position simulation using GPS 
satellite TLE data and are simply determined by the SP 
movement distance in one second. As expected, the smaller 
the observed depression angle is, the longer the SP distance 
between two continuous GPS-R observations, as shown in 
Fig. 6, and the higher the SP speed is. Notably, each of the 
Lanyu-ENE and Lanyu-SW systems can provide more or 
less than one GPS-R observation. Such an observed satellite 
number pattern in one day is dependent on the GPS satellite 
distribution, especially the receiving station site, altitude, 
and the range and direction of the viewing angles.

Fig. 6  Tracks of GPS-R SP positions obtained from both the Lanyu-
ENE and Lanyu-SW systems on December 12, 2019. The coded 
colors represent the different GPS-R observations from GPS satellite 
numbers 1 to 32 as shown as color bar labeled by “GPS #”. As in 
Fig. 1, the location of station Lanyu, the validation locations of buoy 
and WRF model data, and the digital terrain map of Lanyu Island are 
also shown
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As shown in Fig. 7, the derived apparent mean wave fre-
quencies fapps are usually distributed but spread along a curve. 
To produce more reliable fapp values, we apply a second-order 
polynomial as a function of universal time to fit the spread fapp 
values with least-square errors and obtain fitted and interpo-
lated fapp values and traces, which are shown with the dotted 
lines in Fig. 8. Due to the movement of the tracked GPS satel-
lite, the GPS-R SP position varies with time. The obtained 
reflectometry observations must include the impact of mov-
ing SP positions and be mapped in this study from a mov-
ing coordinate system to a fixed coordinate system during a 
GPS-R observation duration of 67.5 s. In principle, we could 
regulate the apparent mean wave frequency fapp from a moving 
SP platform into a fixed platform and express fapp in relation to 
the final estimated sea-surface wave frequency fw as follows.

where Vw , λw, and n̂w are the sea-surface wave velocity, 
wavelength, and wave normal vector, respectively, and VSP 
and VSPw are the SP velocity and its component in the sea-
surface wave direction, respectively. This study assumes that 
the sea-surface wave direction is consistent with the wind 
direction, which can be obtained from the Lanyu Observa-
tory, CWB, Taiwan. Moreover, from the hydrodynamical 
laws (Mei 1990), the following dispersion relationship exists 
between the sea-surface wave frequency fw and wavenumber 
kw:

where g is the gravitational acceleration and ho represents 
the ocean depth. For the targeted sea area around Lanyu 

(3)fapp =

(

Vw − VSP

)

⋅ n̂w

𝜆w

= fw −
VSPw

𝜆w

(4)
(

2� fw
)2

= g kw tanh
(

kw ho
)

Fig. 7  Apparent mean wave 
frequencies (shown as colored 
dots and referring to the left 
y-axis) versus universal time 
obtained separately from the 
Lanyu-ENE (top panel) and 
Lanyu-SW (bottom panel) sys-
tems on December 12, i.e., day 
of year (DOY) 346, 2019. The 
color coding of the dotted lines 
represents the different GPS-R 
observations from GPS satellite 
numbers 1 to 32. Both figures 
also show the estimated GPS-R 
SP speeds (referring to the right 
y-axis) in black
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Island, the ocean bottom is more than one wavelength deep 
only one hundred meters from the seashore. For such short 
waves or a deep ocean, i.e., kw ho >  > 1, the characteristic 
wavelength can be denoted as follows:

 
Then, it is possible to estimate the sea-surface wave 

frequency fw by solving the following second-order poly-
nomial equation:

Therefore, we can derive the sea-surface wave period, 
wavelength, and wave speed. As displayed in Fig. 8 and 
referring to the fitted apparent wave frequencies, the esti-
mated final wave frequencies as a function of universal 

(5)�w ≈
g

2� f 2
w

(6)fapp ≈ fw −
2� VSPw

g
f 2
w

time are also shown and coded by the depression angle 
in the black and white gradients. Notably, there are usu-
ally lower estimated wave frequencies where the depres-
sion angles seen from station Lanyu are smaller, i.e., long 
distances from the station to the GPS-R SP positions. 
The results are expected because there are usually deeper 
ocean depths and thus lower sea-surface wave frequencies 
at greater offshore distances.

Results and validation

Based on the Lanyu-ENE and Lanyu-SW GPS-R observa-
tions and sea-surface wave frequency and wavelength meas-
urements, Fig. 9 (Fig. 10) shows the derived sea-surface 
wave period (speed) maps for December 12 and 18, 2019. 
The other derived sea-surface wave period and speed maps 
from December 13–17 during the experiment are transition 
stages and are not shown in this paper. Notably, the SPs 

Fig. 8  Fitted apparent mean 
wave frequencies (shown as 
dotted color lines) and final 
estimated wave frequencies 
(shown as dots in black and 
white gradients) versus univer-
sal time obtained separately 
from the Lanyu-ENE (top 
panel) and Lanyu-SW (bottom 
panel) systems on December 
12, i.e., DOY 346, 2019. The 
color coding of the dotted lines 
represents the different GPS-R 
observations from GPS satel-
lite numbers 1 to 32. The dots 
coded in black and white gra-
dients represent the depression 
angles in degrees, as seen from 
the systems
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shown in Fig. 6 are the GPS-R reflection points considering 
radio ray tracing, but this is not the same as the sensing foot-
print of wave propagation. As shown in Figs. 9 and 10, the 
footprint of wave propagation and reflection over a flat sea 
surface for each GPS-R observation is typically estimated by 
means of Fresnel zone ellipses (Hristov 2000). Usually, the 
so-called significant propagation region is defined in practice 
as the first Fresnel zone (FFZ). The FFZ ellipse has an origin 
point with a radial distance D from the receiving antenna, a 
major semiaxis a, and a minor semiaxis b onto a sea-surface 
plane, which are determined as follows:

where h is the receiving antenna altitude, θ is the depression 
angle, and λ is the radio wavelength. As shown in Figs. 9 and 
10, the FFZ ellipse footprints have major semiaxes that are 
much larger than the minor semiaxes and have a semiaxis 

(7)

D ≅ h × cot(�)

(

1 +
�

2h × sin(�)

)

a ≅
1

sin(�)

√

� h

sin(�)

(

1 +
�

4h × sin(�)

)

b ≅ a × sin(�)

ratio to be the cosecant of the depression angle, which is 
from 3.86 to 57.30 in this study. The FFZ ellipse size is 
larger where the depression angle, as seen from station 
Lanyu, is smaller. For the sea-surface positions within more 
than one nearby GPS-R observing footprint, the resulting 
wave period or speed is the average of those nearby GPS-R 
measurements. The weights are inverse to ellipse size. Fur-
thermore, the time resolution of such wave period and speed 
maps is one day. We could improve the time resolution by 
shortening the mapping duration and decreasing the map-
ping area. Otherwise, we could build and include more 
GPS-R receiving stations in future experiments.

To evaluate the accuracy of the GPS-R measurements, 
we compare the derived sea-surface wave frequencies with 
the buoy measurements and the WRF model data provided 
by the CWB of Taiwan (https:// ocean. cwb. gov. tw/ V2/ 
data_ inter face/ datas ets#). The moored buoy is located at 
(22.075 °N, 121.583 °E) and provides in situ measure-
ments of sea-surface wave heights, maximum and mean 
periods, and maximum and mean wind speeds at a time 
resolution of one hour. Moreover, the WRF model data 
include sea-surface wave height and period values at a 
time resolution of three hours and a spatial resolution of 

Fig. 9  Based on the Lanyu-
ENE and Lanyu-SW GPS-R 
measurements, the sea-surface 
wave period maps obtained on 
December 12 and 18, 2019, 
are shown in the left and right 
panels, respectively. The color 
coding represents the wave peri-
ods from 0 to 20 s. As in Fig. 1, 
the location of station Lanyu, 
the validation locations of the 
buoy and WRF model data, and 
the digital terrain map of Lanyu 
Island are also shown

Fig. 10  Based on the Lanyu-
ENE and Lanyu-SW GPS-R 
measurements, the sea-surface 
wave speed maps obtained on 
December 12 and 18, 2019, 
are shown in the left and right 
panels, respectively. The color 
coding represents the wave 
speeds from 0 to 30 m/s

https://ocean.cwb.gov.tw/V2/data_interface/datasets#
https://ocean.cwb.gov.tw/V2/data_interface/datasets#
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0.25° in latitude and longitude. Therefore, there is only 
one position at (22.00 °N, 121.50 °E) for the WRF model 
data collocated with the GPS-R observations from the 
Lanyu-SW system.

Figure 11 illustrates three scatter plots and the corre-
sponding least-squares fitting lines for the measured buoy 
wave frequencies, wave heights, and wind speeds versus the 
averaged GPS-R sea-surface wave frequency values. The 
GPS-R observations coincide with the in situ buoy measure-
ments to within half hour in time and 2 km in space in the 
colocation range. The results show that the buoy wave height 
and wind speed measurements have high linear correlation 
coefficients of 0.64 and 0.66, respectively, in the GPS-R 
sea-surface wave frequency measurements. The correlation 
results are better than or close to the earlier investigations by 
Clarizia et al. (2014), who obtained correlation coefficients 
of 0.44, 0.36, and 0.65 between U.S. National Data Buoy 
Center (NDBC) buoy measurements and wind speed esti-
mates using space GNSS-R DDM average, DDM variance, 
and training edge slope of integrated time-delay waveform, 
respectively. Furthermore, the measured wave heights and 
wind speeds from buoys are approximately linear to the final 
GPS-R sea-surface wave frequencies and have ratios of 7.64 
and 47.9, respectively. However, the buoy wave frequency 
measurements have a low linear correlation coefficient of 
0.06 with the GPS-R wave frequency measurements, even 
though the mean final sea-surface wave frequency from the 
GPS-R measurements is 0.21 Hz and close to that (0.18 Hz) 
of the buoy measurements. Notably, the sea-surface wave 
frequency, wave height, and wind velocity measurements 

from the CWB buoy are independent in situ measurements 
from the wave observation sensor, GPS positioning receiver, 
and wind sensor, respectively. The strong correlations of 
the measured buoy wave heights and wind speeds with the 
derived GPS-R sea-surface wave frequencies can prove the 
reliability of GPS-R measurements. As shown in Fig. 11, 
the distribution of the measured buoy wave frequencies is 
narrower than that of the derived GPS-R wave frequencies. 
Thus, the buoy wave observation sensor has different char-
acteristics and acts as a filter.

Another evaluation of the GPS-R sea-surface wave fre-
quency measurements using the WRF model data is shown 
in Fig. 12. Two scatter plots and the corresponding least-
squares fitting lines for the modeled WRF wave frequencies 
and wave heights versus the averaged GPS-R sea-surface 
wave frequency values. The GPS-R observations coincide 
with the WRF model data within one and half hours in time 
and 4 km in the space in the colocation range. Notably, there 
are fewer WRF model data than the in situ buoy measure-
ments in this experiment because of the longer temporal 
resolution of three hours. Thus, we used a wider colocation 
range of 4 km from the WRF validation position to increase 
the coincident GPS-R measurements. The correlation analy-
sis results show that the modeled WRF wave heights have a 
linear correlation coefficient of 0.47 with the GPS-R wave 
frequency measurements. It is reasonable to have a lower 
correlation than that (0.64) of the buoy wave height correla-
tion analysis because of the larger time and space colocation 
criteria. Notably, the mean wave frequency from the WRF 
model data is approximately 0.18 Hz and is almost the same 
as that from the buoy measurements, and the modeled WRF 

Fig. 11  Three scatter plots for the measured buoy wave frequen-
cies (Fy, referring to the left y-axis), wave heights (H, referring to 
the right y-axis), and wind speeds (V, referring to the right y-axis) 
versus the averaged GPS-R sea-surface wave frequency values (Fz, 
referring to the x-axis) are shown in blue, red, and black, respectively. 
Three corresponding least-squares fitting lines, line equations, and the 
obtained correlative coefficients are also shown

Fig. 12  Two scatter plots for the modeled WRF wave frequencies (Fy, 
left y-axis) and wave heights (H, right y-axis) versus the averaged 
GPS-R sea-surface wave frequency values (Fx, x-axis) are shown in 
blue and red, respectively. Two corresponding least-squares fitting 
lines, line equations, and the obtained correlative coefficients are also 
shown
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wave frequencies also have a low linear correlation coeffi-
cient of 0.04 with the GPS-R wave frequency measurements. 
This result should be because the WRF model data produced 
by the CWB of Taiwan accept buoy measurements as inputs. 
Furthermore, as shown in Fig. 12, the mean final sea-surface 
wave frequency from the GPS-R measurements is 0.15 Hz 
and lower than that (0.21 Hz) in Fig. 11. This result could 
be because the collocated validation position of the WRF 
model data has a greater offshore distance and deeper ocean 
depth than those of the buoy location.

Summary and outlook

This study aims to exploit a software-based GPS-R receiving 
system and a new technique to measure the wave parameters 
of random sea-surface wave features. There are more con-
venient ways to become involved with software processing 
of GPS signals than to build the entire system from the bot-
tom up, and the developmental portion of this research plat-
form has the following specific objectives of interest: (a) the 
construction of a small, low-cost, transportable, and flexible 
GPS receiving system; (b) the development of L1-band C/A 
code signal acquisition and spectral analysis algorithms for 
GPS-R observations; (c) the estimates of sea-surface wave 
frequency, period, speed, and corresponding mapping prod-
ucts with wave propagation footprints of FFZ sizes. Future 
research should be performed to take advantage of GPS sig-
nal phase measurements and better assess the accuracy and 
precision of sea-surface state parameters. These implemen-
tations could lay more foundations, as we plan to build upon 
and add more functionality and refinement in the future. 
Additionally, we see involvement in software-based receiv-
ers as a long-term investment, as this tool kit opens up for 
a variety of new applications and advanced research topics 
within GPS- and other GNSS-related studies.
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