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Abstract: Antenna is one of the key payloads of the GNSS-R system, and the gain is an important
performance parameter. The signal-to-noise ratio (SNR) of the received signal can be improved
by increasing the gain of the GNSS-R antenna, therefore the measurement accuracy is improved.
However, the antenna gain and its beam width, these two performance parameters, are contradictory.
If the gain of the antenna is increased, its beam width will inevitably become narrower. This
narrowed beam width will affect the width of the survey strip for the GNSS-R system, which cannot
meet the requirement of the high-precision and high-spatial resolution spaceborne GNSS-R sea
surface altimetry in the future. In this paper, a novel dual circularly polarized phased array antenna
(NDCPPA) is proposed and investigated. First, the GNSS-R satellites currently operating in orbit are
all cGNSS-R systems, which use the traditional element antenna (TEA) method for measurement.
The antenna used in this method is with low gain, which limits the improvement of sea surface
measurement accuracy. In response to this problem, this paper establishes an NDCPPA model of
iGNSS-R measurement system based on the theory of coherent signal processing on the sea surface.
This model uses the high-gain scanning beam to increase the gain of the iGNSS-R antenna without
affecting its coverage area, thereby improving the sea surface altimetry precision. Second, in order to
verify the gain improvement effect brought by adopting the NDCPPA model, an NDCPPA model
verification prototype for iGNSS-R sea surface altimetry was designed and fabricated, and then
measured in a microwave anechoic chamber. The measurement results show that, compared with the
TEA method, the antenna gain of our proposed verification prototype is enhanced by 9.5 dB. And the
measured and designed value of the gain of the verification prototype matches well. Third, based on
the GPS L1 signal, the NDCPPA model is used to analyze the effect of improving the precision of sea
surface altimetry. Compared with the TEA method, the proposed model can increase the altimetric
precision of the nadir point from 7.27 m to 0.21 m, which effectively improves the performance of the
iGNSS-R altimetry. The NDCPPA model proposed in this article can provide the theoretical method
basis and the crucial technical support for the future high-precision and high-spatial-resolution
GNSS-R sea surface altimetry verification satellite.

Keywords: novel dual circularly polarized phased array antenna model; GNSS-R sea surface altime-
try; high-gain antenna; beam scanning
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1. Introduction

As a novel remote sensing technology by microwave, there are many advantages of
the global navigation satellite system reflectometry (GNSS-R), such as the plentiful amount
of signal sources available, low cost, low power consumption, and ability to be measured
at all times and all-weather [1,2]. In 1993, the passive reflectometry and interferometric
system (PARIS) [3] was first proposed by Martin-Neira. From then, a large number of
theoretical and experimental studies have verified the feasibility of GNSS-R measurement
technology. Katzberg et al. (2005) and Carreno-Luengo et al. (2015) conducted GNSS-R re-
search on airborne platforms and obtained corresponding remote sensing information [4,5].
Beyerle et al. (2001, 2002), Lowe et al. (2002), and Gleason et al. (2005), successively de-
tected GPS reflection signals in the Low Earth Orbit (LEO) platform, which further verified
the spaceborne GNSS-R feasibility [6–9]. In recent years, sea surface altimetry has become
a hotspot of GNSS-R research. In 1997 and 2002, Martin-Neira successively proposed
the theory and method of using a GNSS-R code phase and carrier phase for sea surface
altimetry [10,11]. In 2011, Martin-Neira et al. proposed the GNSS-R carrier interferometric
altimetry technology, which proved that obtained sea surface height information is suitable
for mesoscale ocean observation technology [12]. In 2011, Semmling and Larson succes-
sively used GNSS-R observation data to measure the sea surface height [13,14]. At present,
the feasibility of GNSS-R sea surface altimetry technology has been verified, and the key to
its application is improving its precision. The high-precision GNSS-R sea surface altimetry
data can effectively promote the accuracy of its inverted ocean physical model, which is
the vital factor for the refined research of ocean motion [15]. In recent years, prospective
research of theoretical methods and key technologies on the acquisition of high-precision
ocean gravity field was conducted based on spaceborne GNSS-R measurement methods to
improve the accuracy of underwater gravity matching navigation [16–18]. One of the key
technologies among these studies was obtaining high-precision sea surface height based
on the spaceborne GNSS-R technology.

According to different signal processing methods to obtain the delay, GNSS-R code
altimetry mainly includes conventional GNSS-R (cGNSS-R) [19] and interferometric GNSS-
R (iGNSS-R) [3]. All of the current in-orbit GNSS-R satellites are conducted with cGNSS-R
technology and adopt the TEA method corresponding to this technology. The reflected
signal is compensated by Doppler shift with the locally generated transmission signal copy
(only C/A code) having a time delay after a certain time (typically 1 ms) of correlation.
For cGNSS-R technology, as the low-gain antenna adopted by the TEA method, the SNR
of the received signal is low. Moreover, the bandwidth of the C/A code (2.046 MHz) is
relatively narrow. These two factors limit the cGNSS-R altimetric performance. Tasks using
the cGNSS-R technology include: United Kingdom Disaster Monitoring Constellation
(UK-DMC) [20], TechDemoSat-1 (TDS-1) [21], 3Cat-2 [22], Cyclone Global Navigation
Satellite System (CYGNSS) [23], and Catching Wind No.1 Constellation [24]. However,
since the above satellite missions are not designed for sea surface altimetry, the error of
using TDS-1 and CYGNSS to measure sea surface height is more than 2.5 m (1 Hz) [25,26],
which is difficult to meet the centimeter-level requirements of inverting high-precision
ocean gravity field to sea surface height. In order to conquer the limitation mentioned
above on the altimetric precision, Martin-Neira et al. successively proposed the concept of
the iGNSS-R and its related models [3,14]. The iGNSS-R does not need to understand the
structure of the GNSS code, and directly correlates the reflected signal with the direct signal
to obtain the time delay information. Therefore, the iGNSS-R technology can extract all the
spectral components in the GNSS transmitted signal, which can improve the clarity of the
autocorrelation function, and thus improve the measurement precision [27]. The altimetric
performance of the iGNSS-R is proportional to the SNR. As the direct signal is correlated
with the reflected signal and the wider signal bandwidth will bring higher thermal noise, it
is necessary to use a higher gain direct and reflected signal receiving antenna to improve
SNR. Compared with the cGNSS-R, the iGNSS-R can effectively promote the altimetric
precision. Until now, there is no iGNSS-R satellite operating in orbit, and the key to realize
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this technology is the phased array antenna. For this purpose, research on the NDCPPA
model is continued in this paper for iGNSS-R technology.

The typical model of the spaceborne cGNSS-R system and the iGNSS-R system is
shown in Figure 1. For the cGNSS-R system, its receiver only receives the reflected GNSS
signals; while for the iGNSS-R system, its receiver receives both the GNSS direct signal
and the reflected signal from the sea surface at the same time, and measures the altitude by
integrating the direct signal and the reflected signal. The polarization of the direct signal
and reflected signal are right-hand circularly polarization (RHCP) and left-hand circularly
polarization (LHCP), respectively. Two antennas are generally mounted on the GNSS-R
receiver: one for RHCP to measure the direct signal and another for LHCP to measure the
reflected signals [28,29]. Therefore, it is necessary to conduct research on dual circularly
polarized GNSS-R phased array antennas.

However, the current dual-polarized antennas are mainly dual linear polarization
performance [29–31], rather than dual circular polarization. Although these linear antennas
can receive direct and reflected circularly polarized signals from GNSS satellites, there is a
3 dB polarization mismatch loss, which affects further improvement of the system SNR.
Zhou et al. (2006, 2007) and Popugaev et al. (2007) proposed stacked patch antennas that
work in mono circular polarization [28–30]. Although this circularly polarized antenna is
used to receive direct and reflected circular GNSS satellites without polarization mismatch
loss, they cannot be matched with the direct and reflected signals of RHCP and LHCP
polarization modes at the same time. The dual-polarized antenna proposed by Jia et al.
(2016, 2017) cannot achieve the same miniaturization and lightweight performance as the
patch antenna [32,33]. In order to improve the performance of the GNSS-R altimetry, this
paper uses a dual circularly polarized antenna to receive the direct and reflected signal. In
addition, in order to reduce the cost and scale of GNSS-R systems, especially the airborne
and spaceborne GNSS-R altimetry antennas, this paper designs an NDCPPA.

According to Figure 1, the power of the GNSS reflected signal is weak, and this perfor-
mance limits the measurement precision of the iGNSS-R. As the measurement precision of
the iGNSS-R is related to SNR, the correlation with direct signal and reflected signal will
bring more thermal noise; thus, it is necessary to use a higher gain direct and reflected sig-
nal receiving antenna to improve SNR. However, there is a natural contradiction between
high gain and wide beam, which makes the instantaneous coverage area of the high-gain
antenna smaller than that of the low-gain antenna. Fortunately, the phased array antenna
with scanning performance can simultaneously meet the requirements of the GNSS-R sea
surface altimetry for high gain and wide coverage. Therefore, the GNSS-R sea surface
altimetry needs a high-gain antenna with beam scanning performance to improve SNR
without affecting its coverage area, thereby improving the measurement precision.

Differing from previous studies, this paper establishes an NDCPPA model of the
iGNSS-R altimeter based on the theory of coherent signal processing of the sea surface.
This model adopts a novel dual circular polarized phased array antenna to generate a high-
gain beam with scanning performance. Compared with the TEA method, the novel dual
circular polarized phased array antenna model proposed in this paper effectively improves
the sea surface altimetric precision without affecting its coverage, with a view to provide
antenna design theoretical methods and crucial technical support for the high-precision
and high-spatial resolution GNSS-R sea surface altimetry verification satellite in the future.
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Figure 1. The basic structure and geometric relationship of the (a) cGNSS-R system and (b) iGNSS-R
system, where O indicates the Earth’s core, θS indicates the elevation angle, RE indicates the Earth
radius, HT and HR indicates the orbital height of the transmit and receive antenna, respectively, r1

indicates the distance between the specular point and the GNSS-R antenna, r2 indicates the distance
between the GNSS satellite and the specular point, and r3 indicates the distance between the GNSS
satellite and the GNSS-R antenna.



Remote Sens. 2021, 13, 2974 5 of 18

2. Construction of the NDCPPA Model

Given the satellite’s incident signal (RHCP), from the bi-static radar equation, the
scattered coherent power by the sea surface is given by [34]:

Pcoh
lr = Rlr

PtGtGrλ2

(4π)2(r1 + r2)
2 (1)

where Pt is the power of the GNSS satellite’s transmitting signal, Gt and Gr are the gain
values of GNSS satellite’s transmitting antenna and that of GNSS-R satellite’s receiving
antenna, respectively, λ is the wavelength of GPS L1 signal (λ = 19.042 cm), r1 is the length
of the signal chain from the sea surface specular point to the GNSS-R satellite’s nadir
receiving antenna, r2 is the length of the signal chain from the GNSS satellite’s transmitting
antenna to the sea surface specular point, r3 is the length of the signal chain from the GNSS
satellite’s transmitting antenna to the GNSS-R satellite’s zenith receiving antenna, and Rlr
is the power reflectivity, which is determined as [35]:

Rlr = |Γlr(θ)|2χ(z) (2)

where χ(z) is the probability density function at altitude z, which depends on the surface
roughness. For this paper, we assume that the sea surface is a perfectly flat surface, and
χ(z) equals 1 for this condition, and Γlr is the Fresnel reflection coefficient.

The geometric relationship between the elements of the iGNSS-R system is marked in
Figure 1b. Where θR and θD which are the elevation angles of the GNSS-R satellite’s nadir
antenna relative to the specular reflection point and that of the zenith antenna relative to
the GNSS satellite, respectively. When calculating SNR at the specular reflection point, the
value of θR and θD can be determined by θS, which is GNSS satellite’s elevation angle at
the sea surface specular reflection point [36]:{

θR = arcsin( RE cos θS
HR+RE

)

θD = π − θR − arcsin( r2 sin 2θS
r3

)
(3)

where RE is the radius of the Earth, HT and HR are the orbital height of the GNSS satellite
and the GNSS-R satellite, respectively. In addition, r1, r2, and r3 can be obtained by [36]:

r1 = −RE · sin θS +
√(

HR + RE
)2 − R2

E · cos2 θS

r2 = −RE · sin θS +
√(

HT + RE
)2 − R2

E · cos2 θS

r3 =
√

r2
1 + r2

2 + 2r1 · r2 · cos 2θS

(4)

Combining Equations (1) and (2), the processed SNR of reflected signal can be written
as [35]:

SNRre f l =
Pcoh

lr
PN

=
PtGtGrλ2

(4π)2(r1 + r2)
2PN
|Γlr|2 (5)

where PN = kTRBmin is the noise power, k is Boltzmann constant, TR is the equivalent noise
temperature of the reflected signal receiving channel of the GNSS-R satellite, Bmin is the
minimum value between band width of GNSS signal and receiver. The SNR of the direct
signal is [29]:

SNRdir =
PtGtGrλ2

(4π)2r2
3PN

(6)

where r3 is the distance between transmitter and receiver. For direct signal in Equation (6)
and reflected signal in Equation (5), the receiving antenna gain Gr and the noise power PN
are different.
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According to Equations (5) and (6), the gain of the receiving antenna is proportional
to SNR of the direct and reflected signal received by GNSS-R satellite. Therefore, the SNR
of these signals can be promoted by increasing the gain of the GNSS-R zenith and nadir
antenna. In the cGNSS-R system which adopting the TEA method, the element antenna’s
aperture electric field components for θ̂ and φ̂ direction can be expressed as [37]:

Eθ = E0
∫ 2π

0

∫ D/2
0

[
J1(2χ′11ρ/D)

ρ cos φc
θ̂·ρ̂

cos θ −
2χ′11

D J′1
(

2χ′11ρ
D

)
sin φc

θ̂·φ̂c
cos θ

]
×ρ exp[jkρ sin θ cos(φ− φc)]dρdφc

(7)

Eφ = E0
∫ 2π

0

∫ D/2
0

[
J1(2χ′11ρ/D)

ρ cos φc θ̂ · ρ̂− 2χ′11
D J′1

(
2χ′11ρ

D

)
sin φc θ̂ · ρ̂

]
×ρ exp[jkρ sin θ cos(φ− φc)]dρdφc

(8)

where D is the aperture size of the antenna applied by the TEA method, ρ and φc is the radial
and circumferential coordinate component within the aperture of the element antenna,
respectively. J1 is the Bessel function and χ′11 is the first zero of J′1(x). Moreover, [37]:

E0 =
jka2

4πρ
e−jkρ(1 + cosθ) (9)

According to [37]:

G =
4π∫ 2π

0

∫ π
0 E2(θ, φ)sinθdθdφ

· η (10)

The gain can be obtained as:

GTEA
peak =

(
πD
λ

)2
· η (11)

where D is the aperture size of the element antenna, which value is equal to the diameter
of the antenna’s radiator, λ is the wavelength of the antenna, and η is the efficiency of the
antenna. Substituting Equation (11) into Equations (5) and (6), the SNR model for cGNSS-R
altimetry, which adopts the TEA method can be obtained as:

SNRTEA
re f l =

(
π2D2

ele,nadirPtGtη

(4π)2(r1 + r2)
2PN
|Γlr|2

)
LHCP

(12)

where Dele,nadir is aperture diameter of nadir cGNSS-R element antenna.
Figure 2 shows the structure of the NDCPPA model adopted by iGNSS-R system,

which is composed of multiple antenna elements distributed on a plane, and each antenna
element is equipped with a phase shifter to change the phase of the signal fed on it. All
the phase shifters are controlled by a beam controller. Therefore, the expected electric field
distribution function within antenna aperture can be obtained by changing the phase rela-
tionship between antenna elements. As the phase relationship between antenna elements
changes, the required antenna radiation pattern and beam orientation is obtained. Each
unit of the phased array antenna is fed with equal amplitude, and its adjacent elements are
fed with the same phase difference ∆ϕ. Therefore, the radiation pattern of the NDCPPA
can be expressed as [38]:

ENDCPPA =
M·N
∑
l=1

El(θ, φ)ej∆ϕe−jk0(xlsinθcosφ+ylsinθsinφ) (13)
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where El(θ, φ) is the radiation pattern of antenna element, its θ̂ and φ̂ components are
determined by Equations (7) and (8). In addition, the specific values of the phase difference
between adjacent antenna elements are as follows [38]:

∆ϕ = k0(xlsinθ0cosφ0 + ylsinθ0sinφ0) (14)

where (θ0,φ0) is the beam orientation, which means that the electric field strength of
ENDCPPA is at maximum in the direction of this angle. The two-dimensional coordinates of
each element of the NDCPPA are [38]:

xm = (m− 0.5(M + 1))dx (15)

yn = (n− 0.5(N + 1))dy (16)
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Substituting Equation (13) into Equation (10), the gain model of the NDCPPA can be
obtained as:

GNDCPPA
peak (M, N) =

(
πD
λ

)2
· (M ·N) · η (17)

Comparing Equations (11) and (17), the gain of the NDCPPA model is increased by
10 log(M ·N) dB compared with the TEA method. Thus, it is conducive to improving the
SNR of the iGNSS-R system by adopting the NDCPPA model. Substituting Equation (17)
into Equations (5) and (6), the NDCPPA model can be obtained as:

SNRNDCPPA
dir (M, N) =

(
π2D2

ele,zenithPtGtη

(4π)2r2
3PN

· (M ·N)

)
RHCP

SNRNDCPPA
re f l (M, N) =

(
π2D2

ele,nadir PtGtη

(4π)2(r1+r2)
2PN
· (M ·N) · |Γlr|2

)
LHCP

(18)

where Dele,zenith and Dele,nadir are element apertures of the zenith antenna and nadir antenna
for the NDCPPA model, respectively. And SNRNDCPPA

dir and SNRNDCPPA
re f l for the NDCPPA

model, corresponding to the directed RHCP signal and reflected LHCP signal, respectively.
Comparing Equations (12) and (18) with the TEA method, as the gain increases, the

SNR of the NDCPPA model increases by 10 log(M ·N) dB.
For the iGNSS-R altimetry technology, the uncertainty of altimetry is mainly reflected

in the uncertainty of the waveform. And the main factor affecting the altimetric precision
is the randomness of the received signal caused by thermal noise and speckle noise [26].
Among them, the influence of speckle noise can be reduced by a certain number of incoher-
ent accumulations. The specific method is to directly cross-correlate the reflected signal
with the direct signal to obtain the time delay information. When calculating the received
SNR, additional considerations need to be given to the thermal noise of the reflected-signal
receiving channel and the noise generated when direct and reflected signals are corre-
lated [14]. Then the iGNSS-R SNR after cross-correlation with the direct signal and the
reflected signal can be indicated as [14]:

SNRiR =
SNRR,in · SNRD,in

1 + SNRR,in + SNRD,in
(19)

Among them, SNRD,in and SNRR,in are the SNR of the GNSS satellite’s direct signal
and the signal reflected by the sea surface before cross-correlation, respectively. Substituting
the direct signal and reflected signal of the new dual circularly polarized phased array
antenna model in Equation (18) into Equation (19), the iGNSS-R SNR model based on the
NDCPPA model can be obtained:

SNRNDCPPA
iR (M, N) =

SNRNDCPPA
re f l (M, N) · SNRNDCPPA

dir (M, N)

1 + SNRNDCPPA
re f l (M, N) + SNRNDCPPA

dir (M, N)
(20)

In order to analyze the improvement effect of the NDCPPA model on the precision
of iGNSS-R altimetry relative to the TEA method, based on the accuracy model provided
in the article [14], the altimetric precision of the TEA method and the NDCPPA model
is established:

σTEA = 1
2 sin θS ·ψTEA

SSH
√

Nincoh

√(
1 + 1

SNRTEA
re f l

)2
+

(
1

SNRTEA
re f l

)2

σNDCPPA(M, N) = 1
2 sin θS ·ψNDCPPA

SSH
√

Nincoh

√(
1 + 1

SNRNDCPPA
iR (M,N)

)2
+

(
1

SNRNDCPPA
iR (M,N)

)2
(21)

Among them, Nincoh is the average incoherent coefficient of the signal sample, ψTEA
SSH

and ψNDCPPA
SSH are the altitude measurement sensitivity of the TEA method and the NDCPPA

model, which can be considered to depend on the autocorrelation characteristics of the
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signal in a spaceborne scene [39], and can be defined as ψSSH = P′R,S/cPR,S. PR,S and P′R,S
are the mean powers at the specular reflection point (τ = 0) of the sea surface and the
leading-edge derivative (DER) of the power waveform, c is the light velocity. In addition,
the elevation obtained in this paper is the WGS-84 elevation, that is, the elevation reference
datum is the datum ellipsoid defined by WGS-84, while the orthometric reference datum is
the geoid. By obtaining the distance between the WGS-84 datum ellipsoid and the geoid
at a certain point difference, we can realize the conversion between WGS-84 height and
ortho height.

3. Model Verification and Application of the NDCPPA

According to Equation (18), it can be known that the main factor of gain improvement
by adopting the NDCPPA model is antenna elements M and N for two dimensions, re-
spectively. In order to verify the NDCPPA model, we proposed a verification prototype of
the NDCPPA model. The proposed NDCPPA model verification prototype was designed,
manufactured, and measured. Then, the simulated and measured results of the NDCPPA
model were compared.

In order to verify the effect of gain promotion by adopting the NDCPPA model, this
paper designed an NDCPPA verification prototype for GNSS-R system. First, the ND-
CPPA’s element that matched the GPS L1 band of the iGNSS-R was designed, and then
this NDCPPA’s element was used as the array element of the NDCPPA. Then, in order to
verify the performances of the NDCPPA model, including the gain and the SNR perfor-
mance, an NDCPPA model verification prototype was fabricated, and was measured in a
microwave anechoic chamber using AgilentTM E8361A Network Analyzer. The verification
and application of the proposed NDCPPA model is introduced in detail below.

3.1. Design of NDCPPA Model Verification Prototype

The structure of the NDCPPA model’s element is shown in Figure 3. The NDCPPA
model’s element was based on the dielectric substrate, and the conductive radiating patch
and the ground plate were attached on the front and back side of the dielectric substrate.
The parameters of the NDCPPA model’s element are particularized in Table 1. As seen in
Figure 3, the feed position at point FR resulted in RHCP radiation, while point FL was for
LHCP radiation.
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Table 1. Design parameters of the element of NDCPPA model verification prototype.

Design Parameter Value

Dielectric substrate FR4 Epoxy Glass Cloth
Dielectric constant 4.2

Loss tangent 0.02
Radiating patch diameter (mm) 48

Thickness (mm) 2

Figures 4 and 5 show the main electrical properties of the NDCPPA model’s element.
As shown in Figure 4, in the frequency band from 1.54 to 1.62 GHz, the reflection coefficient
of the NDCPPA model’s element was better than −10 dB, which indicates its impedance
bandwidth. Figure 5 shows the simulated radiation pattern and axial ratio of the NDCPPA
model’s element. The bandwidth of 3 dB axial ratio with the NDCPPA model’s element was
61 MHz (1.54–1.61 GHz). Within this frequency bandwidth, the good impedance matching
characteristic and circular polarization characteristic could be achieved. In Figures 4 and 5,
LHCP was the performance of the antenna array’s element fed by FL defined in Figure 3,
and RHCP was the performance fed by FR.
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The proposed NDCPPA model verification prototype was composed of 3× 3 elements
introduced above, and the element spacing was 100 mm (0.5 λ0). The overall volume of the
3 × 3 array was 300 mm × 300 mm × 2 mm (1.5λ0 × 1.5λ0 × 0.01λ0). The configuration
shown in Figure 2b consisted of positioning a phase shifter in front of the LHCP port FL
and another phase shifter in front of the RHCP port FR of each antenna array’s element
illustrated in Figure 3. As shown in Figure 2b, nine phase shifters and a two-stage 3-in-1
power combiner together formed a beam forming network for one polarization. Therefore,
the proposed verification prototype had a set of LHCP and RHCP beam forming networks
respectively, which could simultaneously form LHCP and RHCP beams. As for the beam
mentioned above, each element was equipped with a phase shifter to control its fed-phase,
thus the beam orientation of the NDCPPA could be shifted by tuning the phase shifters.
The elements in the array were fed by currents with uniform amplitude and progressive
phase shift ∆ϕ, and the specific value of the phase difference was determined by Equation
(14). For this paper, M = N = 3, and dx = dy = 100 mm.

According to the Equation (13), and the total radiated electric field was equal to the
sum of the radiated electric fields of each feeding element. The linear gain value of NDCPPA
model was M ·N times of its element, which could be converted into 10lg(M ·N) dB.

3.2. Verification of NDCPPA Model

After the design and fabrication, the NDCPPA model verification prototype was re-
alized as shown in Figure 6 and was measured in an anechoic chamber. As mentioned
above, the NDCPPA model verification prototype formed LHCP and RHCP beams simulta-
neously. The patterns of these two beams were the same shape, and the two beam forming
networks were independent of each other. Therefore, manufacturing and measuring a
mono-polarized beam was sufficient to verify the performance of the NDCPPA model
verification prototype. Based on these considerations, this paper verifies the LHCP beam
of the NDCPPA model verification prototype. In recent years, due to the wide application
of printed antennas in GNSS precision technology [40,41], the cost of equipment in this
field has been greatly reduced, and the equipment has been widely spread. The NDCPPA
model verification prototype proposed in this paper used the same type of printed antenna;
thus, it can also greatly reduce the cost of GNSS-R equipment, thereby speeding up the
popularization of GNSS-R equipment.
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The NDCPPA model verification prototype was measured in the anechoic chamber
using the AgilentTM E8361A Network Analyzer. Figure 7 shows the measured scanning
radiation patterns of the NDCPPA model verification prototype. The measured results
show that the main beam scans from 0◦ to 40◦ within 1.3 dB peak gained fluctuation,
which was acceptable for the iGNSS-R sea surface altimetry. Table 2 is the statistic of beam
performance during scanning. The table shows that the beam scanning angle θ changed
from 0◦ to 40◦, the equivalent aperture of the antenna changes according to the cosθ rule,
which is in line with the general phased array antenna law. Correspondingly, the gain
decreased from 14.0 dB to 12.7 dB, and the beamwidth increased from 31◦ to 50◦.
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Table 2. Beam performances during scanning of the NDCPPA model verification prototype.

Scanning Angle (◦) Gain (dB) Beam Width (◦)

0 14.0 41
10 13.9 42
20 13.8 44
30 13.1 47
40 12.7 53

Figure 8 shows the comparison of the measurement gain between the novel dual
circular polarization phased array model verification prototype and the traditional element
antenna. The figure shows that the measured antenna peak gain was 4.5 dB for the TEA
model, while the peak gain was 14.0 dB for the NDCPPA model verification prototype.
Compared with the TEA method, antenna gain was promoted by 9.5 dB by adopting the
NDCPPA model verification prototype. In addition, from Equations (5) and (6), as the gain
of the zenith antenna and nadir antenna was promoted by 9.5 dB, the SNR of the direct
and reflected signal of the iGNSS-R sea surface altimetry was also promoted by 9.5 dB.
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3.3. Application of NDCPPA Model

In this study, the observation scenario of the TDS-1 satellite was used to evaluate
the SNR of iGNSS-R. Therefore, the system parameters of the iGNSS-R altimeter were as
consistent with TDS-1 as possible. The specific parameter settings are shown in Table 3.
Figure 9 shows the calculated SNR when the NDCPPA model verification prototype was
used as zenith antenna and nadir antenna. When calculating, use the simulated value and
measured antenna gain into the simulation environment listed in Table 3 to obtain the
comparison of SNR. According to Figure 9, the SNR calculated from the simulated and
the measured gain in the simulated environment is in good agreement, and the difference
between them is less than 0.1 dB.
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Table 3. Parameters of the simulation environment for SNR calculation.

Environment Parameter Value

GNSS satellite orbital height (km) 20,200
GNSS-R satellite orbital height (km) 635

Equivalent isotropically radiated power (dBW) 34
Signal bandwidth (MHz) 40

Signal center frequency (MHz) 1575.42
Receiver bandwidth (MHz) 40

Nadir antenna noise temperature (K) 550
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Next, this study evaluated the altimetric precision of the NDCPPA model verification
prototype applied in the spaceborne iGNSS-R sea surface altimetry scenario. Figure 10
shows the calculated altimetric precision when the NDCPPA model verification prototype
was used as a zenith antenna and nadir antenna. When calculating, use the simulated and
measured antenna gain into the simulation environment. According to Figure 10, due to
the SNR calculated from the simulated and measured gain brought into the simulated envi-
ronment in good agreement, the altimetric precision difference between the two situations
is less than 0.01 m.

Figure 11 shows the comparison of the calculated altimetric precision of the NDCPPA
model verification prototype and the TEA gain measured values used in the simulation
environment. According to Figure 11, compared with the TEA method, the NDCPPA
model verification prototype promotes the iGNSS-R’s nadir altimetric precision from 7.27
m to 0.21 m, thereby effectively improving the performance of the iGNSS-R altimetry.
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4. Conclusions

The antenna gain is an important indicator of the GNSS-R sea surface altimetry. By
increasing the antenna gain, the SNR of the received signal can be improved, thereby
improving the precision of the GNSS-R sea surface altimetry. The adoption of an NDCPPA
model is an effective way to improve the antenna gain.

First, for the NDCPPA model, the increase of gain is proportional to its antenna
elements number, which is 10lg(M ·N) dB. In addition, the overall coverage of the NDCPPS
can be expanded by beam scanning.

Second, the NDCPPA model verification prototype in this paper adopts a 3 by 3 scale,
and the gain is increased by 9.5 dB compared with the TEA method, which verifies the
correctness of the theoretical model. The altimetric precision of the nadir point therefore
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enhances from 7.27 m to 0.21 m, correspondingly. For the actual projects, the gain of the
NDCPPA can be further improved by increasing the elements number.

Third, the measurement results of the NDCPPA model verification prototype proposed
in this paper show that the method can improve the antenna gain of GNSS-R satellites,
thereby improving the iGNSS-R altimetric precision. The NDCPPA model proposed in this
paper can provide a theoretical method basis and crucial technical support for the antenna
design of the GNSS-R sea surface altimetry verification satellite with high precision and
high spatial resolution in the future.
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