
  

Remote Sens. 2019, 11, 2473; doi:10.3390/rs11212473 www.mdpi.com/journal/remotesensing 

Article 

Increasing the Number of Sea Surface Reflected 
Signals Received by GNSS-Reflectometry Altimetry 
Satellite Using the Nadir Antenna Observation 
Capability Optimization Method 
Zongqiang Liu 1,2,†, Wei Zheng 1,2,3,4,5,6,7,*,†, Fan Wu 2,†, Guohua Kang 1, Zhaowei Li 2,  
Qingqing Wang 1,2 and Zhen Cui 8 

1 School of Astronautics, Nanjing University of Aeronautics and Astronautics, Nanjing 210016, China; 
bestlzq@nuaa.edu.cn (Z.L iu.); kanggh@nuaa.edu.cn (G.K.); qqw@nuaa.edu.cn (Q.W.) 

2 Qian Xuesen Laboratory of Space Technology, China Academy of Space Technology,  
Beijing 100094, China; wufan@qxslab.cn (F.W.); lizhaowei@qxslab.cn (Z.Li.) 

3 School of Data Science, Taiyuan University of Technology, Jinzhong, Shanxi 030600, China 
4 School of Geomatics, Liaoning Technical University, Fuxin, Liaoning 123000, China 
5 College of Aeronautics and Astronautics, University of Electronic Science and Technology of China, 

Chengdu, Sichuan 611731, China 
6 School of Surveying and Landing Information Engineering, Henan Polytechnic University, Jiaozuo,  

Henan 454000, China 
7 School of Instrumental Science and Engineering, Southeast University, Nanjing, Jiangsu 210096, China 
8 Xian Institute of Space Radio Technology, China Academy of Space Technology, Xian 710100, China; 

cuizhen@stu.xidian.edu.cn (Z.C.) 
* Correspondence: zhengwei1@qxslab.cn (W.Z.); Tel.: +86-010-68111077 
† Those authors contributed equally to this paper 

Received: 12 September 2019; Accepted: 21 October 2019; Published: 23 October 2019 

Abstract: High spatial resolution Global Navigation Satellite System-Reflectometry (GNSS-R) sea 
surface altimetry is of great significance for extracting precise information from sea surface 
topography. The nadir antenna is one of the key payloads for the GNSS-R altimetry satellite to 
capture and track the sea surface GNSS reflected signal. The observation capability of the nadir 
antenna directly determines the number of received reflected signals, which, in turn, affects the 
spatial resolution of the GNSS-R altimetry. The parameters affecting the ability of the nadir antenna 
to receive the reflected signal mainly include antenna gain, half-power beam width (HPBW), and 
pointing angle. Thus far, there are rarely studies on the observation capability of GNSS-R satellite 
nadir antenna. The design of operational satellite antenna does not fully combine the above three 
parameters to optimize the design of GNSS-R nadir antenna. Therefore, it is necessary to establish 
a GNSS-R spaceborne nadir antenna observation capability optimization method. This is the key to 
improving the number of sea surface reflected signals received by the GNSS-R altimeter satellites, 
thereby increasing the spatial resolution of the altimetry. This paper has carried out the following 
research on this. Firstly, based on the GNSS-R geometric relationship and signal processing theory, 
the nadir antenna signal-to-noise ratio model (NASNRM) with the gain and the elevation angle at 
the specular point (SP) as the main parameters is established. The accuracy of the model was verified 
using TechDemoSat-1 (TDS-1) observations. Secondly, based on the theory of electromagnetic 
scattering, considering the influence of HPBW and pointing angle on the antenna footprint size, a 
specular point filtering algorithm (SPFA) is proposed. Combined with the results obtained by 
NASNRM, the number of available specular points (SPs) is counted. The results show that as the 
antenna gain and the nadir-pointing angle increase, the number of SPs can reach a peak and then 
gradually decrease. Thirdly, combined with NASNRM and SPSA, a nadir antenna observation 
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capability optimization method (NAOCOM) is proposed. The nadir antenna observation capability 
is characterized through the reflected signal utilization, and the results obtained by the method are 
used to optimize the combination of nadir antenna parameters. The research shows that when the 
orbital height of the GNSS-R satellite is 635 km, the optimal combination of nadir antenna 
parameters is 20.94 dBi for the gain and 32.82 degrees for the nadir-pointing angle, which can 
increase the observation capability of the TDS-1 satellite nadir antenna by up to 5.38 times. 

Keywords: Global Navigation Satellite System-Reflectometry; spaceborne nadir antenna; 
observation capability optimization; ocean altimetry; sampling spatial resolution; elevation angle; 
reflected signals utilization; TechDemoSat-1 

 

1. Introduction 

The global sea surface height can be used to monitor global climate change, acquire the geoid, 
and invert the ocean gravity field, and plays an important role in the study of oceanic dynamics, 
geodesy, and geophysics. At present, sea surface height can be obtained by the ship survey, tide 
station, and radar altimeter. However, ship survey and tide station mode are inefficient at spatial 
sampling and unable to reach global ocean coverage. Although radar altimeter can obtain high 
precision global sea surface height, its spatial resolution cannot meet the requirements of mesoscale 
observation [1]. As an effective and innovative bistatic radar remote sensing technique, Global 
Navigation Satellite System-Reflectometry (GNSS-R) has the advantages of multiple signal sources, 
low cost, wide coverage, and simultaneous measurement of multiple reflection points. It can be 
applied to sea surface height measurement to effectively make up for the shortcomings of 
conventional measurement methods [2]. In 1993, Martin-Neira [3] first proposed the concept of 
passive reflectometry and interferometry system (PARIS) and pointed out the possibility of ocean 
altimetry using GPS reflected signals. According to the method of obtaining the direct and the 
reflected signal delay, the GNSS-R altimetry can be divided into the group delay altimetry and the 
phase delay altimetry [4,5]. The group delay altimetry has been validated for use in open oceans and 
continental ice sheets [6,7]. Based on the different observation equipment configurations and data 
processing methods, the group delay altimetry has an accuracy of 0.2–3.0 m per second [8–10]. The 
phase delay altimetry has also been demonstrated in multiple applications, such as sea ice altimetry, 
using a ground-based instrument [11], water surface survey on the airborne platform [12], and ice 
altimetry through GNSS-R satellite [13]. Compared with the group delay altimetry, the phase delay 
altimetry has higher requirements for the observation environment. 

To date, the feasibility of GNSS-R altimetry has been verified, and further improvement and 
utilization of its high sampling spatial resolution (if not stated, the spatial resolution mentioned in 
this paper is the sampling spatial resolution) observation capability is the key to its application. The 
higher spatial resolution of GNSS-R ocean altimetry can effectively improve the spatial resolution of 
the inversion oceanographic model, thereby reducing the error caused by a numerical difference in 
the model application, which is of great significance for the refined research of oceanic activity [14–
16]. Among them, the underwater gravity-aided inertial navigation based on the ocean gravity field 
model is an important means of underwater autonomous navigation. This navigation has the 
characteristics of high precision, long navigation time, and concealment. The gravity-aided inertial 
navigation can match the gravity real-time measurement data with the global gravity field model to 
obtain the position information, and then correct the positioning error accumulated by the inertial 
navigation over time, which can improve the accuracy of underwater positioning and navigation [17]. 
Establishing a high-precision, high-spatial resolution global gravity field model is the basis for 
applying gravity passive navigation technology to practical underwater navigation [18]. At present, 
the ocean gravity field model is mainly obtained by inverting radar altimeter observations. Our 
research team of navigation and detection based on the information of aerospace-aeronautics-marine 
integration (http://www.qxslab.cn/ndia/) of Qian Xuesen Laboratory of Space Technology has carried 
out a prospective research on the methods and key technologies for obtaining high, spatially resolved 
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ocean gravity field based on the GNSS-R measurements, thereby improving gravity-aided inertial 
navigation accuracy. Obtaining a high-spatial resolution ocean gravity field is the key technology. In 
terms of spatial resolution along a track, the GNSS-R altimetry can reach 1 km compared to the radar 
altimeter of 6 km [1]. The low power and narrow bandwidth of reflected signals are the main 
limitations of the performance of the group delay altimetry. Since the power of GNSS reflected signal 
is weak, a nadir antenna with high gain is required. In order to guarantee the spatial resolution of 
detection, a large HPBW is required. However, the antenna gain is inversely proportional to the 
HPBW [19]. In addition, the pointing angle will also affect the size of the antenna field of view. 
Therefore, the optimal design of the nadir antenna parameters is needed, which directly determines its 
ability to capture, track, and utilize the reflected signals, and ultimately affect the spatial resolution of 
the GNSS-R altimetry. It should be noted that the nadir antenna studied in this paper is a single antenna. 

The influence of antenna parameters on GNSS-R measurement performance has been studied. 
Hajj et al. [20] and Jales [21] have studied the impact of HPBW or gain on the number of visible GPS 
satellites on GNSS-R satellites. Gao et al. [22] and Bussy-Virat et al. [23] considered the effect of nadir 
antenna gain on received signal power when studying the resolution of GNSS-R observations. 
However, the above research studied the influence of single antenna parameters on the observation 
capability of GNSS-R, there are relatively few studies on comprehensive consideration of multiple 
antenna parameters. 

The link analysis is generally used in the design of satellite antennas [24]. The nadir antenna 
parameters of the launched GNSS-R satellites can be obtained from the relevant materials. Among 
them, in 2003, the UK Disaster Monitoring Constellation (UK-DMC) with an orbital altitude of 700 
km successfully received GPS reflected signals using a left hand circularly polarized (LHCP) antenna 
with a gain of 11.8 dB [25]. In 2014, TDS-1, with an orbital altitude of 635 km, used an antenna pointing 
to geo-center to capture GPS L-band sea surface reflected signals. The antenna has a peak gain of 13.3 
dB and an HPBW of 29~32.5° [26]. On August 15th, 2016, the GNSS-R experimental 3Cat-2 satellite 
designed by the Universitat Politècnica de Catalunya successfully operated in orbit at 510 km 
altitude. The purpose of the satellite is to evaluate the payloads and GNSS-R measurement 
performance. The nadir antenna uses a dual-band (L1, L2) 3 × 2 patch array. The peak gains of the L1 
and L2 band LHCP antennas are 12.9 dB and 11.6 dB, respectively [27]. At the end of 2016, the 
National Aeronautics and Space Administration (NASA) launched the Cyclone Global Navigation 
Satellite System (CYGNSS) mission, which used eight micro-satellites. The purpose of the system is 
to enhance the ability to monitor and forecast hurricanes. Each micro-satellite carried two off-looking 
LHCP antennas with a pointing angle of 28 degrees, which greatly improves the number of received 
reflected signals and achieves a spatial resolution of 10–25 km [28]. On June 5, 2019, China Aerospace 
Science and Technology Corporation (CASC) successfully launched the Catching Wind No.1 
Constellation. The mission expects to achieve typhoon monitoring and forecasting in orbits of nearly 
600 km, which shows the broad application potential of spaceborne GNSS-R in disaster warning [29]. 
However, the GNSS-R altimetry environment is more complicated. In the design of the spaceborne 
nadir antenna, the conventional link analysis does not reflect the correlation of signal quantity and 
quality with pointing angle and sea state. Meanwhile, the launched GNSS-R satellites are mainly used 
for wind speed measurement, which focuses on the temporal resolution, while the ocean altimetry 
mainly focuses on spatial resolution. To summarize, at present, little and few systematic analyses 
consider the GNSS-R nadir antenna observation capability of gain, HPBW, and pointing angle. The 
existing antenna design methods cannot meet the design needs of high-precision, high-spatial 
resolution GNSS-R altimetry satellites. 

Different from previous studies, based on the electromagnetic scattering and GNSS-R theory, 
this paper proposes a GNSS-R spaceborne nadir antenna observation capability optimization method 
(NAOCOM). The method considers the effects of parameters such as gain, HPBW, and off-pointing 
angle, and uses the reflected signals utilization to characterize the observation ability of the nadir 
antenna. The number of GNSS-R altimeter satellite received reflected signals can be increased by 
obtaining the optimal combination of nadir antenna parameters. Firstly, according to the geometric 
relationship of GNSS-R, the propagation distance of the signal is expressed by the GNSS-R satellite 
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orbital altitude and the elevation angle at SP. By combining with different models, the model of the 
relationship between the signal-to-noise ratio (SNR) received by spaceborne nadir antenna, and the 
gain, orbital altitude, elevation angle, and wind speed is established. The accuracy of the model was 
verified using TDS-1 observations. Secondly, considering the sea surface Fresnel reflection, SNR 
threshold setting, and antenna field of view, a specular point filtering algorithm (SPFA) based on 
elevation angle is proposed. Using the SPFA, the number of available SPs is obtained. Thirdly, 
combined with NASNRM and SPSA, the NAOCOM is proposed. Using NAOCOM to analyze the 
relationship between the SPs number and gain, pointing angle, and wind speed, the optimal 
combination of nadir antenna parameters is obtained. The results are compared with those of 
available SPs under TDS-1 nadir antenna parameters. 

2. Data Sets 

2.1. TDS-1 Space GPS Receiver Remote Sensing Instrument Data Collections 

The TDS-1 satellite was successfully launched on 8 July 2014. TDS-1 is a UK-funded technology 
demonstrator satellite which carries eight experimental payloads, including the space GNSS receiver 
remote sensing instrument (SGR-ReSI). Since its operation, abundant GNSS-R observation data have 
been obtained through SGR-ReSI. According to the data processing methods, the data collections are 
divided into three levels: L0, L1, and L2 (http://www.merrbys.co.uk). L0 products mainly contain the 
raw sample data. L1 products mainly contain information about delay Doppler maps (DDMs), 
satellite orbits ephemeris and SPs position. L2 products mainly include the results of mean square 
slope (tracks) and wind speed [26]. This paper mainly uses the following data of TDS-1: 
1. The SNR of the peak DDM. This data is recorded in the metadata.nc file of the L1 products and 

is used to verify the accuracy of NASNRM. 
2. The nadir antenna gain map. The gain of the antenna in different directions is not the same. For 

better simulation calculation in Section 4.1, the TDS-1 nadir antenna gain map file is used to 
calculate the SNR. 

3. TDS-1 satellite ephemeris. Since TDS-1 products have been a threshold in terms of signal channel 
number, it is not possible to obtain all available SPs information within a period of time through 
this product. Based on this restriction, the SPs information is recalculated. In order to avoid errors 
introduced by the orbital simulation, the coordinates of the TDS-1 in the L1 product are used. 

4. Wind speed. In order to calculate the weight of different wind speeds in a period of time, this 
paper gets the wind speed information from the TDS-1 observation based on the ‘L2_FDI.nc’ in 
the L2 product. 
The TDS-1 observations of 24 h from 31 March 2018 20:00:00 h to 1 April 2018 20:00:00h were used in 

this study. 

2.2. Global Navigation Satellite System Precision Ephemeris 

The GNSS final precision orbit ephemeris released by International GNSS Service (IGS) is used 
for obtaining the GPS satellite coordinates (http://cddis.gsfc.nasa.gov). It is necessary to note that the 
observation interval set in this paper is 15 sec, while the TDS-1 L1b sampling interval is 1 sec, and the 
GNSS satellite ephemeris data interval is 15 min. Therefore, it is necessary to unify the temporal 
resolution of the above two satellite coordinates to 15 sec. TDS-1 satellite coordinates with 
corresponding resolution can be obtained by the original information every 15 sec. GNSS satellite 
coordinates with 15 sec can be obtained by fitting the precise ephemeris with Chebyshev polynomial 
[30]. The coordinates of GPS and TDS-1 obtained from related products are represented in the ECEF 
WGS-84. Since the TDS-1 can only receive GPS reflected signals, this study used GPS satellite 
information in the GNSS precision ephemeris. 
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3. Methodology 

The NAOCOM is the basis for obtaining the optimal parameter combination of the nadir 
antenna. The method consists of two parts, the NASNRM, and the SPFA. The NASNRM and the 
SPFA contacted with the elevation angle at the SP. The NASNRM takes the antenna gain and 
elevation angle as the main parameters. The SPFA considers the effect of HPBW and pointing angle 
on the footprint size of the antenna based on the elevation angle. The results obtained by this method 
provide the database for the optimal analysis of antenna observation capabilities in Section 4. 

3.1. The Nadir Antenna Signal-to-Noise Ratio Model (NASNRM) 

The antenna gain is a decisive factor affecting the power intensity of the GNSS-R platform 
receiving the GNSS reflected signals. However, the received signal power does not fully describe the 
clarity of the signal, and it is still necessary to obtain the strength of the signal relative to the noise. 
Therefore, this paper uses SNR to measure signal quality. Since the SPs can be screened based on the 
elevation angle, it is necessary to acquire an SNR model with the elevation angle as a parameter. 

Firstly, the received GNSS reflected signal power needs to be calculated based on the gain. 
Zavorotny and Voronovich [31] proposed a theoretical scattering model (Z-V model) of bistatic 
reflected GNSS signals based on the geometric optical limit of Kirchhoff approximation. The model 
describes the GNSS reflected signal power as a function of geometric and environmental parameters. 
Based on the Z-V model, the NASNRM is derived. The Z-V model as follows [31]: 
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where τ  and f  represent the delay and Doppler frequency of reflected signals, respectively, TP  
is the GNSS signal transmission power, λ  is the electromagnetic wavelength of the signal, cohT  is 
coherent integration time, ρ  is the position of the SP, ( )ρTG  and ( )ρRG  are the gain of GNSS 
transmit antenna and GNSS-R receive antenna, TPR  and PRR  represent the distances between the 
SP ( ρ ) and the transmitter and receiver, ( )ρτΔ  is the difference between the delay of the scattered 
signal component and τ , ( )ρfΔ  is the Doppler shift between sea surface scattering points and SPs, 
and ( )ρσ0  is the polarization-dependent bistatic radar scattering coefficient, or simply scattering 
coefficient. The integration domain SA  is referred to as the “glistening zone,” which is the active 
scattering area that effectively contributes to the reflected signal. Λ  is the Woodward ambiguity 
function (WAF) [32], which accounts for the signal modulation characteristics, where S  is the sinc-

shaped function. The DDM ( )
22, fYS ，τ  corresponds to the GNSS power scattered by the surface 

as a function of the delay τ  and Doppler frequency f . 
The ( )ρσ0  is determined by the signal frequency and sea state and is an important 

characterization of the GNSS signal at the sea surface scattering intensity. This paper mainly studies 
the received signal power at the SP, and therefore only considers the power of the forward scattering 
of the GNSS signal at the SP. At present, the theoretical model of sea surface scattering mainly 
includes small slope approximation (SSA), Kirchhoff approximation-geometric optics (KA-GO), and 
two-scale model (two-scale model, TSM) et al. [33–35]. Since the KA-GO can give a better 
approximation in the specular direction, this paper uses the KA-GO to estimate the GNSS signal 
scattering coefficient [34].  

( ) ( )  )-(42
0 zz qqPqq ⊥ℜ= πρσ  (2) 

where ℜ  is the Fresnel scattering coefficient, and its value mainly depends on the signal 
polarization mode, seawater dielectric constant ε  and local incident angle θ . Respectively, q  is 
the scattering vector, )( mnkqqq z −== ⊥ ），（ , ⊥q  and zq  represent the horizontal and vertical 
components of scattering vectors, m  and n  are the vectors of incident and scattered waves. The 
sea surface slope probability density function )-( zqqP ⊥  determines the GNSS signal scattering 
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coefficient. If the sea surface is subject to Gaussian distribution, it can be known in two dimensions 
[36]: 
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where mss  is the mean-square-slope (MSS), xQ  and yQ  represent the component of the MSS 

along the X and Y directions, respectively. yxb ,  is the correlation coefficient between the two MSS 

components in the horizontal direction. Both mss  and yxb ,  are directly related to the sea spectrum. 

This paper uses the Elfouhaily spectrum [37]. 
In this paper, the results obtained by NASNRM are used to screen the available reflected signals 

according to the elevation angle. Therefore, it is necessary to establish a link between the elevation 
angle at the SP and the NASNRM. According to the GNSS-R geometric (Figure 1), it is known that 
the expression of GNSS signal propagation distance from GNSS-R orbital satellite altitude and 
elevation angle is the key to model constructing. 

According to Figure 1: 
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It can be obtained from Equation (4): 
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The signal propagation distance TPR  and PRR can be expressed by the elevation angle α and 
GNSS-R satellite orbital altitude RH  by Equation (5). 

 
Figure 1. The GNSS-R specular point positioning geometry, where O  is the geo-center, P is the 
position of the specular point, α  is elevation angle, ER  is Earth radius, TH  and RH  are the 
satellite orbital altitude of GNSS and GNSS-R, respectively. TPR  is the signal transmission distance 
from GNSS satellite to the specular point, PRR  is the signal reception distance from GNSS-R satellite 

to the specular point. 

In order to more accurately evaluate the ability of the antenna to receive signals, the SNR needs 
to be calculated in conjunction with the effects of the antenna thermal noise: 
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where k  is the Boltzmann constant, its value is KJ-23101.38 × , T  is the equivalent noise 
temperature, B  is the signal bandwidth. 

The simultaneous Equation (5) and (6) can obtain the model between the received SNR of the 
GNSS-R spaceborne nadir antenna and the gain, the elevation angle, the GNSS-R altimetry satellite 
orbital altitude and the sea state. 

3.2. The Specular Point Filtering Algorithm (SPFA) 

The observation capability of the GNSS-R nadir antenna at the epoch time is reflected in the 
number of received signals. The reflected signal can be used as the available SP. The available 
conditions of SP include the same polarization mode, the requirement of signal SNR, and being in 
the range of antenna view. Whether the above three conditions are satisfied or not can be judged by 
the elevation angle at SP. Therefore, this paper proposes the SPFA based on the elevation angle, which 
is as follows: 
1. Brewster angle filtering 

The GNSS signals are right hand circularly polarized (RHCP) electromagnetic waves, but the 
polarization may change after sea surface reflection. The GNSS signals are RHCP electromagnetic 
waves, but the polarization may change after sea surface reflection. This change depends on the signal 
characteristics, ocean temperature and salt status, and elevation angle. The Brewster angle is the 
critical angle at which the signal characteristics change when electromagnetic waves are reflected on 
the sea surface. According to the electromagnetic theory, when the elevation angle is larger than the 
Brewster angle, the polarization mode of the GNSS signal changes from RHCP to LHCP [38]. To date, 
the GNSS-R satellite nadir antenna can only receive the LHCP signal [1,23–26], so it is necessary to 
filter the available SPs according to the Brewster angle.  

Brewster angle is mainly based on the Fresnel coefficient ℜ . The coefficient value is determined 
by the signal polarization mode, seawater dielectric constant ε  and local incidence angle β  [38]. 
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where R  and L  indicate right and left circular polarization. Taking the GPS L1 band as an 
example, assume that the seawater temperature is 25° and the salinity is 35‰, the ε  is 

i65.6870.53 + . The elevation angle corresponding to the zero point of Equation (7) is the Brewster angle, 
as shown in Figure 2. The Brewster angle is 5.92° under the set conditions. Only when the elevation 
angle is larger than the Brewster angle can the reflected signal be received by GNSS-R nadir antenna. 

 
Figure2. Relationship between elevation angle and Fresnel reflection coefficient (right hand circularly 
polarized (RHCP) turns to left hand circularly polarized (LHCP)). 
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2. Signal-to-Noise Ratio threshold filtering 
Only when the SNR of GNSS reflected signal meets the requirement can it be used in ocean 

altimetry. Obtaining the relationship between SNR and elevation angle based on the NASNRM is the 
basis for SNR threshold filtering. Then, according to the threshold setting, the minimum elevation 
angle that satisfies the SNR requirement under different sea state is obtained, and the SPs which 
cannot meet the condition are removed. 
3. Antenna field of view filtering 

Only when the GNSS reflected signal is within the view field of the GNSS-R nadir antenna can 
the signal be captured. The view field of the antenna is mainly determined by the HPBW and the 
pointing angle. The HPBW is evaluated by the gain as follows [1]: 

 40000
φγ

η
⋅

=G  (8) 

where γ  and φ  are represent HPBW in horizontal and vertical planes, G  is antenna gain. η  is a 
dimensionless efficiency factor with a range of 0~1. For a well-designed antenna, the value of η  can 
be close to 1. Therefore, the value of η  in this study is 1. 

Based on the relationship between the HPBW and the pointing angle (Figure 3), the range of the 
elevation angle is given as follows. 
1. When °= 0θ , 290min γα −°= , °= 90maxα ; 
2. When 2γθ < , ( )290min γθα +−°= , °= 90maxα ; 
3. When 2γθ > , ( )290min γθα +−°= , ( )290max γθα −−°= . 

 

   

(a) (b) (c) 

Figure 3. The Geometric relationship between half-power beam width (HPBW) and pointing angle: 
(a) °= 0θ , (b) 2γθ < , (3) 2γθ > . Where R  is the GNSS-R satellite, O  is the geo-center, θ  is 
the pointing angle, γ  and φ  are horizontal and vertical HPBW, respectively, minα  and maxα  are 
represent the maximum and minimum elevation angle. To simplify the analysis, φγ = . 

According to the above three filtrations, the available SPs can be obtained. 

4. Results and Discussions 

4.1. The Signal-to-Noise Ratio of Received Reflected Signals 

Since the TDS-1 observations are used to verify the reliability of the NASNRM, the parameters 
are as consistent as possible with the TDS-1 when calculating the SNR. The relevant parameter 
settings are shown in Table 1. 

Table 1. Related parameter settings when calculating signal-to-noise ratio (SNR) through Equation (6). 
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Parameter Value 
Orbital altitude of GPS satellite 20200 

Orbital altitude of GNSS-R satellite (km) 635 
Pointing angle (°) 0 

Antenna peak gain (dBi) 13.3 
Antenna gain pattern TDS-1 nadir antenna gain map 

Signal frequency (MHz) 1575.42 
Signal wavelength (m) 0.19 

Coherent integration time (ms) 1 
Antenna temperature (K) 550 

Noise bandwidth (Hz) 1000 
Integration area (km × km) 100 × 100 

Sampling size (m × m) 100 × 100 
Integration approach Numerical integration 

The relationship between SNR and satellite elevation angle shown in Figure 4 can be obtained 
by Equation (5), Equation (6), and parameter settings in Table 1. Meanwhile, the measured SNR of 
TDS-1 in 24 h from 31 March 2018 21:00:00 h to 1 April 2018 21:00:00 h are given, from which the 
following conclusions can be drawn. It should be noted that the values of TDS-1 and calculated wind 
speeds do not match each other. Wherein the wind speed and SNR of the TDS-1 are discrete, the 
calculated wind speeds are a fixed value. The NASNRM includes the wind-speed ranges from 1 to 
23 m/s. In order to more accurately compare the TDS-1 data with the calculated values, refer to the 
given fixed wind speed, Figure 4 shows the corresponding TDS-1 SNR data in the range of −0.2 to 0.2 
m/s. From Figure 4 we can draw conclusions as follows: 

 
Figure 4. The SNR obtained according to nadir antenna signal-to-noise ratio model (NASNRM) as a 
function of the elevation angle. The 10U  is the wind speed at 10 m height above the sea surface. The 
inset is the SNR when the elevation angle at the range of 45 to 90 degrees. 

1. As the elevation angle increases, the SNR increases. This is because as the elevation angle 
increases, the length of the GNSS signal propagation path is reduced, which in turn reduces the 
power loss due to signal propagation. At the same time, the higher the elevation angle, the 
stronger the scattering ability of the signal on the sea surface. When the elevation angle at the 
range of 0 to 10 degrees, the SNR increases obviously. As the elevation angle increases gradually, 
the change gradually becomes gentle. This indicates that SNR is sensitive to the change of the 
elevation angle in a low angle range, while SNR is less affected by the change of the elevation 
angle in a medium and high angle range. This can provide a reference for the parameter setting 
of future GNSS-R spaceborne multi-channel antenna. 

2. In order to ensure the quality of the observation, the TDS-1 has threshold settings at both the 
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elevation angle (~45°) and the SNR (~−10 dB). The SNR obtained from NASNRM is consistent 
with the trend of TDS-1 observations, and the values are also in the same order of magnitude. 
In order to more intuitively compare the calculated SNR with the TDS-1 SNR data, the standard 

deviations of the two results are calculated, as shown in Table 2. It should be noted that the wind 
speed results observed by TDS-1 are scattered, so they need to be screened when calculating the 
standard deviations. The screening principle is based on the range of ±0.2m/s for the twelve wind 
speeds given in Figure 4. 

Table 2. The standard deviations of calculated SNR and TDS-1 SNR data. 

U10 (m/s) 1 3 5 7 9 11 13 15 17 19 21 23 
Standard 

deviation (dB) 
0.70 0.71 0.69 0.62 0.73 0.85 1.12 0.92 1.22 1.32 1.54 1.59 

As can be seen from Table 2, the standard deviations of SNR range from 0.62 to 1.59 dB. The 
above differences are mainly due to the following reasons. 
1. The calculated SNR is based on the wave spectrum. However, there is still a difference between 

the real sea conditions and the sea surface simulated according to the wave spectrum. 
2. The measured antenna temperature mainly ranges from 300 to 800 K. In this paper, the antenna 

temperature is set to 550 K when calculating SNR. This may cause the results to deviate from the 
actual measurement. 

3. The effect of the TDS-1 attitude is not taken into account when calculating the SNR, which may 
be biased when using the gain of nadir antenna.  

4. The transmission power of different GPS satellites is different, and there is also a problem that 
the transmission power changes with time with the GPS IIF satellite. This factor is not considered 
in the calculation. 

4.2. Minimum Elevation Angle That Meets SNR Requirements 

When the SNR is 0 dB, the GNSS-R altimetry error is doubled when compared with the effect of 
no thermal noise [39,40]. The error is acceptable in the group delay altimetry. Therefore, the threshold 
of SNR is set to 0 dB. Obtaining the minimum elevation angle that meets the SNR requirement is a 
critical step in the filtering of the available SPs, which can link gain to antenna observation capability. 
Combined with the results given by Figure 4, this paper calculates the results of the minimum 
elevation angle under different antenna gains, as shown in Figure 5. 

 
Figure 5. The relationship between the minimum elevation angle and the gain. The 10U  is the wind 
speed at 10 m height above the sea surface. 

Figure 5 shows that the minimum satellite altitude angle decreases with the increase of antenna 
gain. This is because the increase of gain will increase the power of a weak signal to reach the antenna 
to meet the requirement of SNR and will reduce the minimum elevation angle. In addition, the effect 
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of wind speed on the minimum elevation angle is also significant. The minimum elevation angle 
increases with the increase of wind speed. This is because the increase in wind speed will lead to a 
rougher sea surface. Thereby reducing the proportion of components of the GNSS reflected signal in the 
specular reflection direction. Ultimately, the signal power is weaker and cannot be captured by the GNSS-
R spaceborne nadir antenna. It is noteworthy that under different wind speeds, only when the gain 
reaches a certain value can the antenna receive the reflection signal satisfying the threshold condition. 

4.3. The Number of Received Reflected Signals 

The number of received reflected signals is equivalent to the number of available SPs. The SPs 
data is an important database in this research. Its information is obtained through TDS-1 and GNSS 
satellite coordinates. The position and elevation angle of 106,150 SPs in 24 h are calculated by the 
gravity field normal projection reflection reference surface combination correction method (GF-
NPRRSCCM) [41]. The difference between the elevation angle obtained and the TDS-1 L1b data is 
less than 3.6″. 

The utilization of reflected signals is used to characterize the observing ability of GNSS-R 
spaceborne nadir antenna. It is necessary to obtain the number of available SPs. This paper makes 
usability judgment based on the satellite elevation angle of the SPs. The number of available SPs is 
obtained by counting based on the SPFA, as shown in Figure 6. 

 
Figure 6. The relationship between the number of received reflection signals and antenna gain and 
pointing angle with respect to different wind speeds. The 10U  is the wind speed at 10 m height 
above the sea surface. 

As can be seen from Figure 6: 
1. Under different wind speeds, as the antenna gain and the pointing angle increase, the number 

of SPs can be peaked. This shows that the reasonable design of antenna gain and pointing angle 
can optimize the number of received GNSS-R altimetry reflected signals. 

2. When the pointing angle is constant, the number of SPs can be increased first as the antenna gain 
increases, and then gradually decreases after reaching the peak. This is because the initial 
increase in antenna gain will increase the weak signal power, so that more reflected signals are 
captured by the antenna. The number of signals increased is more than the number of signals 
decreased by the decrease in the antenna operating range (HPBW reduction) due to the increase 
of antenna gain. When the two parts are equal, the number of available SPs can reach the peak 
value. As the antenna gain continues to increase, the number of signals increased due to the 
increase in power is gradually less than the number of signals reduced due to the diminish in 
the antenna view field, and the number of available SPs gradually decreased. 

3. When the antenna gain is low, the number of available SPs gradually decreases as the pointing 
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angle increases. This is because the increase of the pointing angle causes the signal propagation 
path to become longer and causes more power loss, so that some signals cannot be captured by 
the low-gain antenna. When the antenna gain is high, the number of available SPs will reach the 
peak and then gradually decrease with the increase of the pointing angle. This is because the 
increase of the pointing angle will increase the coverage area of the antenna. Although the 
increase of the angle will lengthen the signal propagation path and cause more power loss, 
which will make some signals unable to be captured, the increase of the angle will also make 
more reflection signals received by the high-gain antenna, thus increasing the number of 
available SPs. When the number of available SPs reaches its peak, compared to the number of 
reflected signals that are increased due to the increase in angle, the number of signals that cannot 
meet the SNR requirement due to the longer signal propagation path is larger, which ultimately 
leads to the decrease of the number of available SPs. 

4.4. The Nadir Antenna Parameters Combination Optimization 

There are multiple GNSS reflection signals on the sea surface at epoch time, but not all of them 
can be used for altimetry by GNSS-R satellite. In order to better mirror the use of reflected signals, 
this paper uses the reflected signals utilization to evaluate and optimize the observation ability of the 
antenna. The reflected signals utilization is the ratio of the number of available SPs to the total number 
of SPs. Table 3 shows the parameter information when the number of available SPs reaches its peak 
at different wind speeds in Figure 6. 

Table 3. Optimal parameters combination for nadir antenna observation capability with different sea 
surface wind speeds. 

Wind 
speed U10 

(m/s) 

Antenna 
gain (dBi) 

Pointing 
angle θ  (°) 

Received signal 
quantity (count) 

Reflected signal 
utilization (％) 

1 16.80 30.02 21068 19.85 
3 18.18 31.02 20670 19.47 
5 19.02 31.54 20055 18.89 
7 20.00 31.96 19925 18.77 
9 20.33 32.01 19507 18.38 
11 20.97 32.58 19473 18.34 
13 21.35 32.99 19004 17.90 
15 21.77 32.78 18756 17.67 
17 21.98 32.78 18597 17.52 
19 22.60 33.83 18488 17.42 
21 22.87 33.46 18399 17.33 
23 23.19. 33.46 18299 17.24 

It can be seen from Table 3 that as the wind speed increases, the antenna gain corresponding to 
the peak gradually increases, and the reflected signals utilization gradually decreases. Compared 
with the wind speed of 1m/s, the corresponding antenna gain value is increased by 38.03% when the 
wind speed is 23m/s, and the reflection signal utilization rate is reduced by 13.14%. This is the 
difficulty of collecting GNSS-R observation data at present. The complex and variable sea state can 
easily lead to the GNSS reflected signal that cannot be captured and tracked by nadir antenna. When 
the sea state is bad, a higher antenna gain is required to increase the number of reflected signals 
captured by the GNSS-R spaceborne nadir antenna. This will result in higher power consumption, 
which will inevitably lead to the corresponding increase of satellite volume, weight and cost. 
Therefore, it is important to model and optimize the design of antenna parameters according to the 
actual requirements of satellite observation capability. 

In order to comprehensively evaluate to obtain the optimal combination of parameters, the 
number of available SPs obtained is a weighted sum that according to the wind speed. This 
comprehensive sea state is weighted with a high-wind speed bias from the TDS-1 retrieval distribution. 
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Where cpxN  represents the number of available SPs under comprehensive sea state, n  is the sample 

number of wind speed and sets it to 12 in this paper, iN  is the number of available SPs under 
different wind speeds 10U , ,121,2,3,i 1-2i10 == ，U . iP  is the weight of different wind speeds 
within a certain period of time. Based on the U10 data in the L2 products of TDS-1, the number of SPs 
in the range of ±1 m/s for each separation point is counted, and iN  is obtained. According to Figure 
6 and Equation (9), the relationship between the number of available SPs and the antenna gain and 
pointing angle is obtained under the comprehensive sea state, as shown in Figure 7. 

 

Figure 7. The number of available SPs in a comprehensive sea state. 

It can be seen from Figure 7 that when the antenna gain is 20.94 dBi and the pointing angle is 
32.82°, the number of reflected signals received by GNSS-R altimetry satellite is the largest, and the 
reflected signal utilization can reach 18.00%. 

Based on the parameters of TDS-1 nadir antenna and NAOCOM and Equation (9), the number 
of available SPs and the utilization of reflected signals are calculated, as shown in Table 4. It can be 
seen from Table 4 that the number of received reflected signals obtained based on the optimal 
parameter combination is increased by 5.38 times compared with the TDS-1 nadir antenna parameter 
combination. This is because the higher antenna gain and the pointing angle can effectively increase 
the probability of the antenna receiving the reflected signal. When the same antenna gain and HPBW 
are used, the observation capability is optimal when the pointing angle is 20.23°, which is 46.63% 
higher than that under the TDS-1 nadir antenna parameter combination. TDS-1 nadir antenna can 
only receive GPS reflected signals and only four channels [42]. At present, the GNSS-R spaceborne 
antenna can use multi-GNSS, and the signal channel can reach 16 or more [43,44]. In order to make 
full use of the receiving signal channel, it is more necessary to optimize the design of the nadir 
antenna to ensure that more GNSS reflected signals are captured and tracked. Increasing the signal 
channel of nadir antenna is an effective way to improve the spatial resolution of the GNSS-R 
altimetry. Of course, the higher thermal noise and power consumption caused by the increase of the 
channel should be balanced. 

Table 4. Received signal quantity and utilization under the comprehensive sea state. 

Parameter combination Antenna 
gain (dBi) 

Pointing 
angleθ  

(°) 

Received 
signal 

quantity 
(count) 

Reflected 
signal 

utilization 
(％) 
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Optimization parameters  20.94 32.82 19104 18.00% 
TDS-1 satellite nadir antenna 

parameters 
13.30 0 2994 2.82% 

Optimized parameters using 
TDS-1 nadir antenna gain 13.30 20.23 4390 4.14% 

The research in this paper is mainly for a single antenna. Currently, the phased array antenna is 
also used in some GNSS-R spaceborne mission concepts [45,46]. The elements of the phased array 
antenna have beamforming capabilities, which can better balance the gain and coverage of the GNSS-
R nadir antenna [47]. The phased array antennas will be increasingly used in future GNSS-R missions. 

5. Conclusions 

Improving the spatial resolution of observation is an important research field of GNSS-R 
altimetry. As the critical payload of GNSS-R altimetry satellite receiving reflected signals from the 
sea surface, nadir antenna is the important factor affecting the resolution of Earth observation. By 
optimizing the combination of nadir antenna parameters of GNSS-R satellite, the number of received 
reflected signals can be increased to improve spatial resolution. Furthermore, the global spatial 
gravity field model with high spatial resolution can be inverted, which can effectively improve the 
accuracy of underwater gravity-aided inertial navigation. Applying the NAOCOM proposed in this 
study, the relationship between the number of received reflected signals and the antenna parameters 
is discussed in detail, and the parameters of the nadir antenna are optimized to achieve the highest 
observation capability. The result is compared with the observation ability of TDS-1 nadir antenna. 
When the orbital altitude is 635 km, the gain is 20.94 dBi and the pointing angle is 32.82 degrees, the 
nadir antenna receives the most reflected signals, and its observation ability is 5.38 times higher than 
that of TDS-1. When using the same antenna gain and HPBW as the TDS-1, the optimized design of 
the pointing angle can increase the reflected signal utilization by up to 46.63%. This study only uses 
GPS satellites as the illuminator, and its satellite geometry is not as good as that of multi-GNSS 
systems. If the future GNSS-R mission uses all GNSS satellites as the signal source, the optimal 
antenna gain value will be reduced, which is better to take advantage of GNSS-R’s low power 
consumption and low cost. 

The NAOCOM proposed in this paper can effectively improve the ability of the GNSS-R 
spaceborne nadir antenna to receive altimetry reflected signals, which provides a theoretical basis for 
the design of the nadir antenna for future high spatial resolution GNSS-R altimetry missions. 
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