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Feasibility Study on Qinghai Lake Boundary
Detection Using CYGNSS Raw IF Data

Yun Zhang , Ziyu Yan , Shuhu Yang , Wanting Meng , Yanling Han , and Zhonghua Hong

Abstract—Qinghai Lake, the largest inland saltwater lake in
China, is an important water body that maintains the ecolog-
ical security of the northeastern Tibetan Plateau. Global nav-
igation satellite system reflectometry technology (GNSS-R) is
rarely used in lake detection, especially in lake boundary de-
tection under the circumstances of spaceborne. This article at-
tempts to implement lake boundary detection using cyclone
global navigation satellite system (CYGNSS) raw intermedi-
ate frequency (IF) data for the first time. First, the second-
order frequency-locked loop is used to assist the third-order
phase-locked loop closed-loop tracking to successfully generate
higher delay resolution and Doppler resolution (67 × 51) delay
Doppler maps (DDM) than CYGNSS compressed DDM (11 × 17);
second, based on the principle of scattering characteristics of differ-
ent reflectors of GNSS-R, and the fusion method of signal power ra-
tio and effective area delay distance (DLR), the 2018 Qinghai Lake
boundary detection inversion was carried out in the lake area to
explore the feasibility of achieving higher spatial resolution (0.7 km)
and high-precision lake boundary detection with the raw IF data
of CYGNSS. The inversion detection results are compared with the
topographic distribution results of Google Earth and global land
analysis and discovery, and the inversion result error is about 0.5
km, which is consistent with the theoretical spatial resolution. It
proves that spaceborne GNSS-R technology and CYGNSS raw IF
data have great potential in the field of lake boundary detection.

Index Terms—Cyclone global navigation satellite system
(CYGNSS), high resolution, power ratio (PR), raw intermediate
frequency (IF) data, river detection.

I. INTRODUCTION

A S AN important carrier of surface water resources and
a basic unit of water resources management, real-time

monitoring of hydrological data, such as boundary, velocity,

Manuscript received 12 November 2023; revised 27 February 2024; accepted
20 March 2024. Date of publication 3 April 2024; date of current version 19 April
2024. This work was supported by the National Natural Science Foundation of
China under Grant 42271335 and Grant 42176175. (Corresponding author:
Shuhu Yang.)

Yun Zhang, Shuhu Yang, Yanling Han, and Zhonghua Hong are with the
College of Information Technology, Shanghai Ocean University, Shanghai
201306, China, and also with the Shanghai Marine Intelligent Information and
Navigation Remote Sensing Engineering Technology Research Center, Shang-
hai Ocean University, Shanghai 201306, China (e-mail: y-zhang@shou.edu.cn;
shyang@shou.edu.cn; ylhan@shou.edu.cn; zhhong@shou.edu.cn).

Ziyu Yan is with the College of Information Technology, Shanghai Ocean
University, Shanghai 201306, China, also with the Key Laboratory of Fisheries
Information, Ministry of Agriculture, Shanghai 201306, China, and also with
the Ocean College, Zhejiang University, Hangzhou 316021, China (e-mail:
12334037@zju.edu.cn).

Wanting Meng is with the Shanghai Spaceflight Institute of TT&C and
Telecommunication, Meteorological Payload Department, Shanghai 201109,
China (e-mail: wanting_meng@163.com).

Digital Object Identifier 10.1109/JSTARS.2024.3384235

water level, and discharge of rivers, plays an important role [1].
Qinghai Lake, the largest inland saltwater lake in China, is in
the northeast margin of the Qinghai–Tibet Plateau. It is a natural
barrier to prevent the eastward spread of desertification in the
west and an important node to maintain the ecological security
in the northeast of the Qinghai–Tibet Plateau. Therefore, it is
of great significance to study the boundary detection of Qinghai
Lake [2].

At present, lake boundary detection mainly relies on optical
remote sensing and microwave remote sensing. Optical remote
sensing images provide useful information on large areas of
lakes and ice sheets. Some traditional techniques, such as Sobel
[3], zero-crossing [4], multiscale [5], and structured edges [6],
frequently have been applied for detecting boundaries. The mea-
surement results of the optical monitoring method are related to
the composition of ground objects, and climatic conditions (such
as clouds and rain), which have meter-level accuracy [7].

River monitoring methods, such as very-high-frequency
ground wave radar [8], active and passive microwave radar
[9], [10], and spaceborne multispectral [11], have emerged,
supplementing the observation of large-scale rivers or ice sheets
to a certain extent. Unlike optical sensors, spaceborne synthetic
aperture radar based on microwave imaging can provide stream
distribution in complex climates [12].

Global navigation satellite system reflectometry (GNSS-R)
technology is a new passive remote sensing means of processing
navigation satellite signals reflected by ocean and land, and the
features of the target reflector surface can be extracted [13].
GNSS-R technology, which uses dual-base radar mode and
uses the globally shared GNSS constellation as multisource
microwave signal emission sources, has been widely used in
sea surface height measurement [14], [15], sea surface wind
measurement [16], [17], soil moisture detection [18], oil spillage
detection [19], sea ice detection [20], and other fields.

Scholars have carried out research on the use of GNSS-R to
detect inland water bodies. In literature [21] and [22], GNSS-R
technology was applied to measure the water level of lakes and
rivers, and the measuring accuracy of cm level and ∼0.30 m
was obtained, respectively. In the application of GNSS-R lake
inversion, Li et al. [23] used cyclone global navigation satellite
system (CYGNSS) intermediate frequency (IF) data to measure
the height of Qinghai Lake and preliminarily demonstrated
the feasibility of satellite-based carrier phase measurement of
inland water level. However, due to the spatial resolution (50 ms
integration time: along the track ∼350 m [24]), this technology
cannot be applied to small- and medium-sized rivers. In terms
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of river flow detection, Warnock et al. used CYGNSS IF data to
define the correlation width of time delay waveform inverts the
flow of the Mississippi River and finds that associated GNSS-R
width is proportional to the flow of the river, demonstrating the
feasibility of spaceborne GNSS-R detecting the flow of the river
[25]. In terms of velocity detection, literature [26], [27], and
[28] all found that GNSS signals reflected by flow surface had
a small Doppler deviation compared with direct signals, which
was related to fluid velocity. All these indicate that GNSS-R
technology has certain potential in river detection. However,
only Level-1 (L1) data were used for lake boundary detection,
and the low spatial resolution of L1 data cannot meet the higher
resolution requirement [20]. In parallel, there is no research on
lake boundary detection using the raw IF data of satellite-borne
GNSS-R. NASA’s CYGNSS constellation, launched in 2016,
consists of eight small and low-cost satellites. The CYGNSS
instrument records the reflected signal (called raw IF data) to
produce different level data [29]. Compared with CYGNSS
L1 data, using a software-defined receiver to process the raw
IF data of GNSS-R can extract more potential information,
mine more information about the physical characteristics of the
reflective surface, and obtain tracking related results with higher
resolution. The inversion results would have higher precision
and higher spatiotemporal resolution [30].

Compared to spaceborne optical remote sensing (Sentinel 2)
and radar remote sensing missions (Envisat, CryoSat-2, and
operation ice bridge), GNSS-R technology has the advantages of
easy networking, high time resolution, low cost, and not affected
by weather.

In this article, CYGNSS raw IF data were used for lake bound-
ary detection for the first time. The raw IF datasets received
by CYGNSS in Qinghai Lake region in 2018 was successfully
generated by using second-order frequency locking loop assisted
third-order phase-locked loop closed-loop tracking method with
higher dimensional resolution than the CYGNSS L1 data. Based
on the scattering characteristic principle of different reflecting
surfaces of GNSS-R, the fusion method of power ratio (PR)
and effective area delay distance (DLR) were used to distinguish
lake, ice and land, and realize the boundary detection of Qinghai
Lake. Finally, Google Earth was used to extract the boundary to
verify the inversion results in this article.

II. INVERSION DATASETS

A. CYGNSS Raw IF Dataset in Qinghai Lake

Qinghai Lake is a saline–alkali lake located in the hollow area
of the northeast of the Qinghai–Tibet Plateau. It is the largest
saltwater lake in China. Ranging from 36°32’N to 37°15’ N
(about 70 km), 99°36’–100°E � 47’E (about 100 km), and the
altitude is ∼3200 m [31]. The orbital inclination of CYGNSS
satellites is about 35°, and the satellite coverage is between 38°N
and 38°S latitudes, including the Qinghai Lake Basin.

This article mainly uses the raw IF data collected near Qinghai
Lake in 2018. By matching the time stamp and latitude and
longitude with CYGNSS L1 data, a total of 10 mirror tracks
across the lake were found. The software receiver was used to
analyze these raw IF data. The data are processed to generate a
delay Doppler maps (DDM) with a higher resolution than the

Fig. 1. Trajectories of specular reflection points of CYGNSS Qinghai Lake
L0 data in 2018.

CYGNSS L1 data as the data basis for the inversion in this
article. The main information of these trajectories, including
data acquisition time, CYGNSS spacecraft (SC) ID, GNSS
PRN, trajectory duration, incident angle, number of DDMs, etc.,
combined with the article [23] gives the corresponding surface
state of Qinghai Lake, and the summary information is shown
in Table I.

CYGNSS each raw dataset consists of raw IF data file and
its metadata file: The raw IF data file consists of three sets of
raw signal sample streams (duration approximately 1 min). The
zenith antenna receives direct signals, and the port and starboard
antennas receive reflected signals; meta data files provide auxil-
iary information, such as CYGNSS SC, instruments, and timing
information. The bandwidth of CYGNSS raw signal is about 2.5
MHz, with 3.8724 MHz as the center frequency and 16.0362
MHz as the sampling frequency [27]. The track of mirror points
collected by the raw data passes through Qinghai Lake (Table I).
The trajectory of specular reflection points is shown in Fig. 1.

B. Raw IF Data Processing Method

At present, spaceborne GNSS-R L1 data are mainly used to
realize GNSS-R inversion, and there are few studies on the raw
IF data of spaceborne GNSS-R. Compared with GNSS-R L1
product data, using a software-defined receiver to process the
raw IF data of GNSS-R can extract more potential information
(such as interferometric carrier phase observations, residual
Doppler observations, etc.), to mine more information about
the physical characteristics of the reflector, to obtain higher
resolution tracking related results, and the inversion results have
higher accuracy and higher temporal and spatial resolution.

The processing of CYGNSS raw IF signal is shown in Fig. 2,
which mainly includes three parts. The first part includes seg-
mented acquisition of the reflected IF signal and acquisition,
tracking and decoding of the direct signal using a software
receiver. Since the cycle of the C/A code is 1 ms, the code
phase of the reflected signal per millisecond can be obtained
through correlation calculation. The second part is the extrac-
tion, correction, and compensation of the code phase, including
geometric calculation based on the input orbit data. There is a
certain difference in code phase extraction between the direct
signal and the reflected signal. The direct type can stabilize the
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TABLE I
RAW IF DATA RECORD OF QINGHAI LAKE IN 2018

Fig. 2. CYGNSS raw IF data processing flow chart.

output code phase during the tracking phase, while the reflected
signal needs to be accumulated coherently and noncoherently.
The tracking results of the direct signal and reflected signal are
shown in Fig. 3.

When the software receiver is in a stable tracking state for the
signal, the carrier phase and code phase of the direct signal and
reflected signal can be obtained. The main output of the pro-
cessing is the complex waveform of the reflected signal, which
can be either conventional GNSS-R DDM two-dimensional
(2-D) power calculation processing or interference processing.
However, in this article and the provided data products, only
the conventional GNSS-R DDM 2-D power calculation process
is presented. For each GNSS satellite, its complex waveform is
computed by correlating the reflected signal with a set of locally
generated clean copies

DDM(t0,Δτi) =

∫ tc

0

sr(t0 + t1)c [Φr
code(t0 + t1) + Δτi]

× e−2πj[fr
carr(t0)t1+φr

carr(t0)]dt. (1)

In the formula, t0 is the intercorrelation start time of each
complex waveform,Δτ i is the time delay of each waveform lag,

Fig. 3. CYGNSS raw IF data tracking results. (a) Direct signal Lissajous
figure. (b) Reflected signal Lissajous figure. (c) Direct signal navigation bit. (d)
Reflected signal navigation bit.

tc is the coherent integration time, c(·) is the PRN code sequence
generated by the local end after the navigation bit correction, sr

is the reflected signal, Φr
code is the code phase of the PRN code

generated by the local end, fr
carr and ϕr

carrare the frequency and
phase of the carrier copy generated by the local numerically
controlled oscillator (NCO), respectively

Δτ =
fNCO × 2q

fs
+ fDoppler − fc (2)

fr
carr =

rate_c× k

fs
. (3)

In formula (2), fNCO is the local carrier replication frequency
simulated by the NCO, q is the number of NCO register bits
used in the software receiver tracking module, and the number
of register bits of the software receiver designed in this article for
32. fc is the center frequency, fs is the corresponding sampling
frequency, and fDoppler is the set Doppler frequency shift. The
highest resolution of the Doppler dimension of the correlation
results generated by CYGNSS raw IF data is 1 Hz and there
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Fig. 4. 100 ms incoherent DDM (from left to right is lake ice, lake, and land).

is no minimum resolution limit. The resolution of the Doppler
dimension of the DDM generated in this article is 100 Hz.

In formula (3), rate_c = 1.023 MHz represents the code
frequency of GPS, and k is the correlation step size. The time
delay resolution of the correlation result can be controlled by
adjusting the value of k. For example, when k= 4, the time delay
resolution of the correlation result is 0.25 chips (CYGNSS com-
pressed DDM resolution). The sampling frequency of CYGNSS
remote sensing satellite is about 16 MHz, that is, about 16 000
samples per millisecond, and each chip can obtain 16 samples,
corresponding to the highest delay resolution of 1/16 chips, and
the lowest delay resolution is 1/2 chips to satisfy the limit of the
Nyquist sampling frequency.

When correlating the reflected signal, due to the roughness of
the reflecting surface, the reflected signal is affected by noise to
varying degrees. When correlation processing fails to obtain an
obvious peak, it is necessary to perform coherent integration and
noncoherent integration on the correlation results after tracking.
The coherent and noncoherent integrals are defined as

ICoh =

n∑
i=1

Ii QCoh =

n∑
i=1

Qi (4)

P Incoh =
m∑
j=1

((
IjCoh

)2

+
(
Qj

Coh

)2
)
. (5)

Formula (4) is to calculate the coherent integral of 1 ms,
where Ii and Qi represent the sampling values of I branch and
Q branch, respectively, and n is the number of sampling points
per millisecond.

Formula (5) is based on the per millisecond coherent inte-
gration result calculated in (4) and calculates the noncoherent
integration result for a certain period, which is 100 ms in this
article. In the formula (5), the coherent value Icoh of the I branch
and Qcoh of the Q branch can be noncoherently accumulated
to obtain the related power Pincoh. The 2-D correlation power
calculation result is shown in Fig. 4.

C. Validation of Raw IF Data

In 2018, the DDM incoherence time of CYGNSS L1 data
was 1000 ms. To verify the correctness of the relevant results,
the DDM generated from software receiver using CYGNSS raw

Fig. 5. CYGNSS lake reflection event specular point.

IF data was compared with the CYGNSS compressed DDM.
The data recorded by CYGNSS Qinghai Lake reflection event
are between 16:33:13 and 16:33:44 (UTC) on February 1, 2018,
the raw data stream received by CYGNSS 03 satellite, and the
transmitted signal satellite is GPS PRN 17. Fig. 5 shows the
position of the specular point.

Fig. 6(a) is the time-delay Doppler power spectrum gener-
ated from software receiver by using CYGNSS raw IF data
corresponding to the abovementioned lake reflection event. The
delay range is from −2 chips to 2 chips; the Doppler range is
from−2500 to 2500 Hz. Fig. 6(b) shows the corresponding 0 Hz
Doppler delay power spectrum (DM) slice results. Fig. 6(c) and
(d) is CYGNSS compressed DDM data and 0 Hz DM slices.

This article uses the Pearson correlation coefficient to quan-
titatively verify the correctness of the correlation results. The
definition of the Pearson correlation coefficient r is as follows:

r =

∑n
i=1

(
Xi −X

) (
Yi − Y

)
√∑n

i=1

(
Xi −X

)2√∑n
i=1

(
Yi − Y

)2 . (6)

In the formula, Xi and Yi, respectively, represent the correla-
tion result of CYGNSS raw IF data processed by the software
receiver and the value of CYGNSS compressed DDM. X̄ and Ȳ
are the mean value of the correlation results of CYGNSS raw IF
data and the mean value of CYGNSS compressed DDM, respec-
tively. After the Pearson correlation test, the correlation result
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Fig. 6. Correlation results of raw IF data of CYGNSS ice surface reflection
events compared with L1 results. (a) Raw IF data DDM. (b) Raw IF data DM.
(c) L1 data DDM. (d) L1 data DM.

Fig. 7. Geometric model of spaceborne GNSS-R bibase radar.

of the raw IF data corresponding to the Qinghai Lake reflection
event and the compressed DDM Pearson correlation is 0.935,
which proves that the tracking results of the carrier tracking
loop designed in this article are correlated, the correctness of
the calculation satisfies the conditions for further inversion.

III. PRINCIPLES OF SPACEBORNE GNSS-R LAKE DETECTION

A. Spaceborne GNSS-R Scattering Principle

Fig. 7 shows geometric model of spaceborne GNSS-R bistatic
radar. In most GNSS-R observation scenarios, due to the diffuse
reflection of the signal on the sea surface, the carrier phase of
the GNSS reflection signal will be randomly superimposed at
the receiver, and will change dynamically with the observation
process, so the coherent integration of the GNSS reflection
signal, and the time should not be too long. In addition, the
random phase variation will cause the power of the received

signal to fluctuate and generate speckle noise. Therefore, a
short-time (usually 1 ms) coherent integration and a longer
time (usually 1000 ms) incoherent accumulation of the reflected
signal is usually performed to obtain the correlation power. A
coherent signal is one in which the specular point reflects most
of the signal with the same phase offset. Incoherent scattering
occurs when GNSS signals are scattered from surfaces whose
height changes greater than the L-band wavelength (∼19 cm);
conversely, coherent reflection occurs when reflected from sur-
faces with height change smaller than the wavelength, so the
coherent reflected signal is usually generated by the specular
reflection of the GNSS signal. The coherent reflection zone
is the first Fresnel zone around the specular point, and its
range changes with the geometric position relationship between
GNSS satellites, low-orbit GNSS-R satellites, and mirror points.
Surface coverage types, terrain, and surface roughness will cause
GNSS signals to appear incoherent scattering. The surface of ice
and land is calmer and smoother than lake, making scattering
characteristics of GNSS-R signals to be used to realize the
detection of lake boundaries [18]. This article mainly uses PR
and DLR for coherence analysis.

B. Coherence Detection Based on PR Threshold

The raw count DDM (uncalibrated) undergoes two-stage cal-
ibration of thermal noise, antenna gain, and antenna pattern to
generate a bistatic radar cross-section. The power of coherent
reflection and incoherent scattering are both observable. How-
ever, the actual measurement data have complex components,
including coherent, incoherent, and coherent and incoherent
mixtures. DDM with noise ratio is classified as incoherent signal,
and DDM with coherent or coherent reflection dominance is
classified as coherent signal. At present, most of the research on
lake detection are based on the signal-to-noise ratio of the direct
signal and the reflected signal, the slope of the leading edge,
the slope of the trailing edge, etc. In this article, based on the
power spread detection (DDM power-spread detector) method
proposed in [20], the power distribution is estimated by PR, and
the calculation is as follows:

PR =
Cin

Cout
(7)

Cin =

k2∑
i=k1

l2∑
j=l1

DDM (τM + i, fM + j) (8)

Cout =

Nτ∑
i=1

Nf∑
j=1

DDM (i, j)− Cin (9)

where Cin is the total power of the delay-Doppler region around
the mirror point of the raw counting DDM; Cout is the total
power of all DDM pixel units except Cin; Nτ and Nf are the
delay-dimensional and Doppler-dimensional units, respectively;
and τM and fM represent the time delay corresponding to the
maximum value of DDM and the position of the Doppler pixel,
respectively. For coherent reflection, the received reflection
power is mainly concentrated in Cin, while the power in Cout

is small, so PR is relatively large. The DDM generated by
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Fig. 8. Comparison between the CYGNSS Level-1 DDM and Raw IF data
before and after thermal noise removal.(a) CYGNSS Level-1 DDM before
removing thermal noise. (b) CYGNSS raw IF data DDM before removing
thermal noise. (c) CYGNSS LEVE-1 DDM after removing thermal noise. (d)
CYGNSS raw IF data DDM before removing thermal noise.

incoherent scattering mostly presents a typical horseshoe shape,
and the power spreads to other pixel units, resulting in a decrease
in PR. In addition, some pixel units of the raw count DDM cannot
be mapped to the Earth’s surface, and these unmappable DDM
pixel units mainly contain thermal noise. Since these pixel units
convey inconsistent information, they are removed from Cout.
The thermal noise exclusion empirical function proposed in [20]
is used for removal.

Among them, for CYGNSS L1 DDM (17 × 11 dimension)
parameters k1, k2, l1, and l2 in (8) are −1, 1, −2, and 2,
respectively, that is, Cin is 3 × 5 delay Doppler around the
mirror point of raw counting DDM. The high-resolution raw
count DDM generated by processing the raw IF data with a
software receiver is composed of 67 delays (delay resolution:
0.0625 chips) × 51 Doppler frequency (Doppler resolution: 100
Hz), improving the delay dimension by 4 times and the Doppler
dimension by 5 times. Under this condition, the selected Cin

range is 12 × 25 around the specular reflection point of the
high-resolution DDM, including the main power of the received
DDM. Fig. 8 shows CYGNSS compressed DDM and CYGNSS
raw IF data high-resolution DDM before and after thermal noise
removal contrast, the same specular point (36�83’N, 99�57’E),
and the state of the specular reflection point is an ice surface. The
PR value of CYGNSS compressed DDM is 3.2943, and the PR
value of CYGNSS raw IF data high-resolution DDM is 0.6628.

Literature [20] obtained the statistical results of CYGNSS L1
DDM through a large amount of data statistics. The optimal
classification threshold of coherent and noncoherent DDM is
2, that is, when PR ≥ 2, DDM presents coherent reflection;
when PR< 2, DDM exhibits incoherent scattering. For the high-
resolution DDM generated by CYGNSS raw IF data, the lower
threshold is 0.5, that is, when PR ≥ 0.5, DDM presents coherent
reflection; when PR < 0.5, DDM presents incoherent scattering.
Due to the high roughness of the lake, its incoherent scattering
accounts for a larger proportion, and the PR value is usually
less than 0.5 (the average value of the lake is about 0.35, and

Fig. 9. High-resolution DM comparison of ice, land, and lake.

the average value of the land is about 0.42). On the contrary,
the coherent reflection of the lake ice is more obvious, and the
PR values are generally greater than 0.5. Therefore, this article
combines many PR results and uses 0.5 as the PR threshold to
effectively detect lake ice.

C. Detection of Effective Delay Distance

In spaceborne GNSS-R remote sensing, to identify the lake
boundary more simply and accurately, this article first studies
the characteristics of DDM in the delay domain (delay map,
DM) to identify lake ice, lake, and land expressed as

|YDM(τ)|2 = |YDM(τ, f0)|2. (10)

In the formula (10), f0 is the Doppler frequency when
|YDM(τ, f0)|2 takes the peak value.

Affected by factors, such as antenna, instrument system noise,
and signal transmission environment changes, DM data contain
a large amount of irrelevant noise. To eliminate noise, the DM
data between the left and right thresholds are taken as effective
data, which are defined as the effective area S [21].

To obtain the effective area S, it is necessary to set the
corresponding threshold to remove the noise from the DM
data. However, due to the strong randomness of factors, such
as antenna, instrument system noise, and signal transmission
environment changes, and according to the above analysis, the
correlation power between lake ice–lake and lake ice–land is
quite different. Elimination of noise is prone to the problem
that the effective area S is too large or too small. Therefore, this
article uses an adaptive threshold adjustment algorithm to adjust
the threshold value all the time.

High-resolution DM comparison of lake ice, land, and lake
surface is shown in Fig. 9. The method of the adaptive threshold
adjustment algorithm is taking the DM average value as a
reference, expanding from the specular reflection point (that is,
the delay coordinate corresponding to the DM peak power) to
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Fig. 10. Map of high-resolution DM effective area of lake ice, land, and lake.

both sides, and looking for the point lower than the average
value for the first time, denoted as (τL, DML) and (τR, DMR);
the DM data between the two points are taken as the effective
correlation power value. To verify its effectiveness, a group
of DMs containing lake ice, lake, and land were randomly
selected from the processing results for comparison. It can be
seen from Fig. 10 that the algorithm can automatically adjust
the threshold value according to different DM data to obtain
effective correlation power values.

The effective delay distance DLR is defined as

DLR = τR − τL. (11)

According to the above calculation method, in the three re-
flection event cases in Fig. 10, the effective zone delay distance
DLR of lake ice, land, and lake is 1.625, 1.5625, and 2.4375
chips, respectively. Due to the smooth lake ice and land reflection
surface, the delay wave after DM is relatively smooth, and the
delay distance in the effective area is in the range of 1.5–1.7
chips. However, due to the rough reflective surface of the lake,
there is an obvious “upturned” phenomenon in the postlayout,
and DLR of the effective area of the lake is significantly greater
than the delay distance of the effective area between the ice and
the land. This article uses high-resolution DDM data statistics,
using DLR = 2 chips as the threshold to further detect lake
surface.

D. Inversion Flow Chart

Fig. 11 is the inversion flow chart of this article. In the data
preprocessing step, the data of the specular reflection point
located in Qinghai Lake are screened out through auxiliary
information, such as the time of CYGNSS L1 data, longitude,
and latitude, and then the corresponding CYGNSS is screened
out through matching raw IF data. In the step of building the
model, calculate and establish the PR and DLR according to

Fig. 11. Inversion flow chart.

the methods in Sections II- B and C, and finally verify the
accuracy of result by calculating the minimum distance between
the identified specular points and the boundary points extracted
by Google Earth.

The spatial resolution of GNSS-R mainly includes the spatial
resolution of mirror point distribution and sampling spatial res-
olution. Between them, the spatial resolution of specular point
distribution is mainly determined by the number of reflected
signals received by GNSS-R satellite. The spatial resolution of
sampling mainly depends on the spatial resolution of the spec-
trum (pulse limited footprints) and the sampling time along the
track. The sampling spatial resolution determines the minimum
area of the grid when calculating the spatial resolution of mirror
point distribution [31]. Since this article mainly realizes lake
boundary detection in Qinghai Lake region, the spatial resolution
of specular point distribution is adopted as the reference standard
in this article.

By using software receiver, the spatial resolution of CYGNSS
DDM could be further improved through integration time. By us-
ing 100 ms, the spatial resolution of land surface can be improved
from 7 km × 5 km to 0.7 km × 0.5 km. It can further improve
the accuracy of lake boundary detection, which is conducive to
the development of terrestrial GNSS-R application.

IV. RESULTS AND ANALYSIS

A. Analysis of PR Values at Different Incoherent Integration
Times

A group of ice reflection events Case 1 (No 2 in Table I)
and a group of lake reflection events Case 2 (No 7 in Table I)
were selected to further analyze the influence of integration
time on the PR value. Among them, the raw IF data stream
corresponding to the reflection event of Case 1 was recorded
at 08:56:44–08:57:44 on February 20, 2018, and the raw IF
data stream corresponding to the reflection event of case 02 was
recorded at 08:51:46–08:52:49 on May 08, 2018. The specular
reflection points corresponding to Case 1 and Case 2 are shown
in Fig. 12.

Under the same high-resolution DDM dimension (67 × 51),
the integration time was set to be 100, 500, and 1000 ms,
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Fig. 12. Case 1 and Case 2 specular reflection point trajectories, ice(left),
lake(right).

respectively, and the corresponding PR values were calculated
for the mirrors under the trajectory of the two groups of specular
reflection points, respectively. The calculated PR values are
shown in Fig. 13.

It can be seen from Fig. 13 that under different integration time
conditions, when the specular reflection point is the lake ice, the
PR value fluctuates between 0.6 and 0.75; when the specular
reflection point is the lake, the PR value fluctuates between 0.25
and 0.4; when the specular reflection point is the lake, the PR
value fluctuates between 0.3 and 0.5; it can be concluded that
the integration time has little effect on the PR value calculated
by DDM.

From the left figure of Fig. 13 (Case 1), under different
integration times, PR can effectively distinguish lake and lake
ice. Even in the DDM map of 100 ms, proving that the PR =
0.5 threshold is valid. However, due to the more similar PR
characteristics between the lake and the land, it can be seen
from the right figure (Case 2) that in the 1000 and 500 ms DDM
pictures, the PR change of the lake and the land boundary area is
more obvious, but in the 100 ms DDM picture, the change of PR
in the boundary area with the land is relatively vague, indicating
that in the case of 100 ms integration time, the PR = 0.5 thresh-
old cannot distinguish the lake and land very well, especially
in the boundary area between the lake and the land.

It can be seen in Fig. 13 that 100 ms has more dense effective
data, and results with higher spatial resolution can be calculated.

B. Analysis of DLR Values at Different Incoherent Integration
Times

To further detect the boundary between the lake and the
land, this article further uses DLR as an important method for
lake detection, and the impact of different incoherent times on
DLR is also explored. The inversion case is the same as the
inversion case in Section II. The results of DLR under different
noncoherent integration times (100, 500, and 1000 ms) are as
follows.

It can be seen from Fig. 14 that under different integration
time conditions, when the specular reflection point is ice (Case
1), the DLR of the lake ice is very close to DLR of the land,
both of which are 1.4–1.7; when the specular point is the lake
(Case 2), the DLR value is above 2; it can be concluded that the
integration time has little effect on DLR calculated by DDM.

From the right figure (Case 2) in Fig. 14, DLR of the lake and
the land is quite different. Generally, under different integration

times, DLR can effectively distinguish the lake from the land,
which proves that the DLR = 2 threshold is effective. However,
the lake ice and the land have more similar DLR characteristics,
the DLR = 2 threshold cannot distinguish lake ice and the land
very well when the integration time is 100 ms, especially in the
boundary area between lake ice and land.

Also, in Fig. 14, 100 ms has more dense effective data, and
results with higher spatial resolution can be calculated.

C. Feasibility Analysis of Lake and Lake Ice Detection

In Case 3 (Track 6 of Table I), the raw IF data stream
corresponding to the reflection event in Case 3 was recorded
at 13:42:57–13:43:57 on March 30, 2018, and Qinghai Lake is
in a state of melting ice. The trajectory of its specular reflection
points is shown in Fig. 15. The raw IF data were combined
into 92 high-resolution DDMS by noncoherent accumulation of
100 ms, corresponding to 92 specular points of 0.7 km spatial
resolution.

The PR value of Case 3 is shown in Fig. 16. The results of
the inversion method are consistent with the actual situation
of Qinghai Lake melting ice, showing a state of ice and water
mixing [32]. The reflection area of the ice surface can be distin-
guished through Fig. 16 combined with the threshold analysis of
PR value. However, there is no ground truth to prove the validity
of the results. It is proved that GNSS-R raw IF data could further
distinguish between ice surface and water surface.

D. Boundary Detection Result

According to the analysis results of Section III, using the raw
IF data collected near Qinghai Lake in 2018 published by the
CYGNSS website (https://podaac.jpl.nasa.gov/CYGNSS) and
the surface water dataset of global land analysis and discov-
ery (GLAD) generated by Landsat 5, 7, and 8 scenes (https://
glad.umd.edu/dataset/global-surface-water-dynamics) for lake
boundary detection and analysis. First, the software receiver was
used to generate the available 100 Hz DDM (51 × 67) from the
raw IF data of CYGNSS, and the combination of PR and DLR

was used to realize the boundary detection of Qinghai Lake.
Two extraction methods of lake boundary are used to compare

and verify the detection accuracy of this article. Data sources are
from Google Earth and the surface water dataset of GLAD in
2018 [33], respectively.

Figs. 17 and 18 show the boundary extraction results of Qing-
hai Lake in 2018. At the same time, the latitude and longitude
of the shoreline of the Qinghai Lake area were extracted from
Google Earth and surface water dataset of GLAD.

To analyze the CYGNSS lake boundary and the error between
inversion results and real boundary more accurately, Tables II
and III, respectively, counted the reflecting surface, data volume,
and mean PR and DLR results of specular points derived from
raw IF data of CYGNSS.

Since the energy value of the GNSS reflection signal reflected
by the ice surface is much larger than that of the land and the
lake (as shown in Fig. 4), the PR threshold of 0.5 can effectively
distinguish the lake ice–lake and lake ice–land, but it is difficult
to distinguish the lake and land. Considering that the DLR of

https://podaac.jpl.nasa.gov/CYGNSS
https://glad.umd.edu/dataset/global-surface-water-dynamics
https://glad.umd.edu/dataset/global-surface-water-dynamics
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Fig. 13. PR values under different integration times in Case 1 (left) and Case 2 (right).

Fig. 14. DLR values under different integration times in Case 1 (left) and Case 2 (right).
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Fig. 15. Ice–water mixed reflection event specular reflection point trajectory.

Fig. 16. PR value of mixed reflective surface of ice and water.

Fig. 17. Google Earth boundary extraction results of Qinghai Lake.

TABLE II
INVERSION RESULTS OF PR VALUE (THRESHOLD = 0.5)

the lake is significantly larger than that of the land and lake
ice due to its rough reflective surface (as shown in Fig. 7), the
DLR threshold of 2 can effectively distinguish the lake–land and
lake–lake ice. Thus, combining the two methods can realize the
identification of the three reflective surfaces.

Fig. 18. GLAD boundary extraction results.

TABLE III
INVERSION RESULTS OF DLR (THRESHOLD = 2)

In this article, the minimum distance detected is used as the
accuracy verification standard, and the calculation formula of
the distance D between the latitude and longitude of two points
is as follows:

D = 111.12 cos {1/ [sin (ΦA) sin (ΦB)

+ cos (ΦA) cos (ΦB) cos (λB − λA)]} (12)

where A is the specular reflection point considered as the bound-
ary, and the corresponding longitude and latitude are λA andΦA,
respectively. B is the referenced boundary point extracted from
Google Earth, and the corresponding longitude and latitude are
λB and ΦB, respectively. The minimum value Dmin is taken as
the error. The corresponding results are shown in Table IV. Since
the original IF data damage of Track1 can only Track 3.5s, the
inversion results of Track 1 are removed.

According to the inversion results in Figs. 17 and 18, and
Tables II, III, and IV, the combined use of PR and DLR can
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TABLE IV
BOUNDARY POSITION CALCULATION ERRORS

realize the detection of lake boundaries. Experimental results
show that the space-borne GNSS-R PR method adopted in this
article can effectively detect the boundary of lake ice–lake and
lake ice–land, and the spaceborne GNSS-R DLR method can
effectively detect the boundary of lake–lake ice and lake–land.
Measurements using Google Earth and GLAD data were con-
sistent. The inversion errors are all smaller than 0.7 km (the
spatial resolution distance of high spatiotemporal resolution
DDM), which satisfies the inversion accuracy. It can be seen
from the results in Table IV that the raw IF data of CYGNSS
is in good consistency with the boundary detection results of
Google Earth and GLAD product data. Except for the specular
points of Track1, the detection results of specular points of all
other trajectories are less than 700 m, which meets the conditions
for edge detection.

V. CONCLUSION

This article proposes a lake boundary detection method based
on spaceborne GNSS-R and gives the processing method of
CYGNSS raw IF data and the general process of DDM data
processing under spaceborne experimental conditions. Specular
points combined with Google Earth and GLAD product data are
used to conduct a verification test; the results show the following
conditions.

1) Compared with CYGNSS L1 data, using CYGNSS raw IF
data and setting different integration times can effectively
improve the spatial resolution of spaceborne GNSS-R re-
flection signals. The detection distance is increased from 7
to 0.7 km, which can theoretically achieve higher detection
accuracy in space detection.

2) Both spaceborne GNSS-R PR and DM effective area delay
distance DLR can effectively detect lake boundaries: the
PR method can effectively distinguish lake ice–lake and
lake ice–land boundaries, and the DLR method can effec-
tively distinguish lake–lake ice and lake–land boundaries.

The lake boundary detection errors are all within 0.7 km,
meeting the needs of inversion.

3) This article uses CYGNSS raw IF data of the Qinghai
Lake area in 2018 to carry out lake boundary detection
for the first time. It proves that the raw CYGNSS IF data
combined with PR and DLR can be used for lake boundary
detection. Spaceborne GNSS-R technology has the advan-
tages of simple networking, high time resolution, low cost,
and no weather influence. And it has great development
potential in the field of lake boundary detection.

This article proves the feasibility of boundary detection by
using CYGNSS raw IF data, but due to the scarcity of CYGNSS
raw IF data and few specular reflection points, the complete
boundary of Qinghai Lake cannot be obtained.

The change of river boundary is a very important character-
istic quantity. The article [34] studied the Qinghai Lake water
boundary dataset in the 11th period from 1987 to 2017, and the
maximum change of the boundary point is less than 500 m. The
original IF data of CYGNSS used in this article has a resolution
of 700 m, and the variation range is smaller than the spatial
resolution of the original IF data. It may be difficult to detect
the rate of change of the boundary of Qinghai Lake using our
method, and the rate of change may require longer time and
more data to evaluate the change.
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