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A Necessary Model to Quantify the Scanning Loss
Effect in Spaceborne iGNSS-R Ocean Altimetry

Zongqiang Liu"”, Wei Zheng

Abstract—When the interferometric global navigation satellite
system reflectometry (iGNSS-R) altimeter receives the direct and
reflected signals through the digital multibeam phased array an-
tenna, the roll-off of element radiation pattern will cause the
scanning loss of directivity. If the scanning loss is neglected, the
ocean altimetric precision will be biased with possible consequences
for the instrument design. This article carries out the following
research on this. First, based on the geometry of iGNSS-R al-
timetry and the principle of phased array antenna beamformer,
the scanning loss model with the elevation angle at the specular
point as a parameter is established. Second, this article uses the
measured data of the phased array antenna to verify the model,
and the result shows that the simulated value is in good agreement
with the measured value, with an average deviation of 0.07 dB.
Third, taking the GPS L1 signal (full composite) as an example,
the model is used to analyze the influence of the scanning loss on
the iGNSS-R altimetric precision estimation. The research results
show that when the phased array antenna synthesizes four beams
for iGNSS-R altimetry, the comprehensive effect of scanning loss on
altimetric precision estimation is 0.16 m. The influence of scanning
loss should be considered in the future high-precision iGNSS-R
altimetry instrument design.

Index Terms—Altimetric precision estimation, antenna
directivity, digital multibeam phased array antenna,
interferometric global navigation satellite system reflectometry
(iIGNSS-R), ocean altimetry, scanning loss model, TechDemoSat-1
(TDS-1).

1. INTRODUCTION

HE global navigation satellite system reflectometry
(GNSS-R) ocean altimetry is an innovative and powerful
earth observation technology integrating satellite navigation and
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remote sensing, which can raise the possibility of measuring
ocean mesoscale variability [1], [2]. Since the passive reflec-
tometry and interferometric system (PARIS) was first proposed
in 1993 [3], the feasibility of GNSS-R ocean altimetry has been
verified on shore-based, airborne, and spaceborne platforms
[4]-[11], and further improving the precision of altimetry is the
key to promote its application. The sea surface height (SSH) with
high precision can effectively improve the inversion accuracy of
the physical ocean model, which is helpful to the study of ocean
dynamics and global climate change.

The currently implemented spaceborne GNSS-R scattering
missions all use the hereafter conventional GNSS-R (cGNSS-R)
[12], such as U.K. disaster monitoring constellation (U.K.-
DMCO) [13], TechDemoSat-1 (TDS-1) [14], 3Cat-2 [15], cy-
clone global navigation satellite system (CYGNSS) [16], and
BuFeng-1 (BF-1) A/B twin satellites [17]. The satellites as
mentioned above are equipped with a single- or two-directional
antennas to receive the reflected signals. We proposed the nadir
antenna observation capability optimization method to increase
the number of sea surface reflected signals received by cGNSS-R
satellite [18]. However, these spaceborne GNSS-R missions are
mainly used for wind speed retrieval rather than ocean altimetry.
Among them, the error of using the TDS-1 and the CYGNSS
observations to retrieve SSH is above 2.5 m (1 Hz) [7], [8], which
is because the directional antennas with low directivity (less
than 15 dB), resulting in low signal-to-noise ratio (SNR) of the
received signal, and the bandwidth of the C/A code (2.046 MHz)
isrelatively narrow [19]. These two factors limit the performance
of cGNSS-R ocean altimetry. In order to overcome the limitation
of signal bandwidth, Martin-Neira e al. successively proposed
the concept and model of interferometric GNSS (iGNSS-R)
[3], [20]. Compared with the cGNSS-R altimetry, the iGNSS-R
altimetry can extract all the spectral components in the GNSS
signals and improve the altimetric precision by the sharper
autocorrelation function [21]. Since the correlation between the
direct signal and the reflected signal and the increase of signal
bandwidth will bring higher thermal noise, it is necessary to
use the direct and reflected signal receiving antenna with a
higher directivity to improve the SNR. Besides, the iGNSS-R
altimetry cannot distinguish GNSS satellites based on the code
structure and requires the antenna to synthesize multiple beams
with variable directions to simultaneously capture and track
multiple GNSS direct and reflected signals (as shown in Fig. 1).
Therefore, the digital multibeam phased array antenna with high
directivity (greater than 20 dB) is the key instrument for the high
precision of the spaceborne iGNSS-R ocean altimetry.
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Fig. 1. Scheme of the iGNSS-R altimeter theoretical method.

Currently, no GNSS-R altimeter has been launched. However,
the future spaceborne GNSS-R altimetry missions issued by
European Space Agency (ESA) all use the analog multibeam
phased array antennas, such as PARIS In-orbit Demonstrator
(PARIS IoD) [20], GNSS reflectometry, radio occultation, and
scatterometry onboard the International Space Station (GEROS-
ISS) [22], “Cookie” satellite [23], and GNSS Transpolar Earth
Reflectometry exploriNg system (G-TERN) [24]. Therefore, the
evaluation of iGNSS-R altimetry performance based on antenna
parameters is very important for the instrument design. When the
up-looking and down-looking digital multibeam phased array
antennas, respectively, receive the GNSS direct signals and the
reflected signals, the gain peak of the scanning beam will be
directed to the transmitter and the specular point (SP) through
the power splitter and phase shifter. The digital multibeam
phased array antenna parameters that affect the performance of
iGNSS-R altimetry mainly include the directivity, the scanning
angle (beam pointing), and the number of beams. The most
typical feature of the digital multibeam phased array antenna
is the ability to electronically scan the beam. However, in the
process of beam scanning, the antenna pattern will be loss due
to the downward trend of the array element pattern, which is
the so-called “scanning loss.” In other words, the directivity of
the scanning beam decreases with the increase of the scanning
angle, which can be up to 10 dB [25]. Therefore, if the directivity
of the scanning beam is determined as a constant, it will bring
deviation in the estimation of altimetry performance.

At present, relevant scholars have considered the scanning
loss when studying the influence of the antenna directivity on the
iGNSS-R altimetry performance. In 2014, Camps et al. proposed
a method for optimizing the iGNSS-R altimeter configuration,
and applied it to the PARIS 10D to estimate the SNR when the
directivity is 15-25 dB, and the values of scanning loss are set to
2.8 and 1.6 dB [26]. In 2017, Camps et al. evaluated the GEROS-
ISS ocean altimetry performance and proposed that the noise of
the GEROS antenna beamformer (GAB) including scanning loss
is not higher than 3.5 dB, and considered the sensitivity of the
altimetry error to the antenna directivity. Then, this factor was
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Fig. 2. 2-D digital multibeam phased array antenna.

considered and analyzed the sensitivity of the altimetry error to
the antenna directivity [27]. However, there is no established
scanning loss model for the scenario of spaceborne iGNSS-R
ocean altimetry to analyze the influence of scanning loss on
altimetry performance estimation.

Different from previous studies, in order to analyze the in-
fluence of scanning loss on altimetry performance estimation,
this article establishes a scanning loss model for the scenario
of spaceborne iGNSS-R ocean altimetry for the first time. The
scanning loss of the up-looking and down-looking digital multi-
beam phased array antennas at different elevation angles can be
obtained through this model. Then, taking TDS-1 as an example,
the model is used to comprehensively evaluate the influence of
scanning loss on altimetric precision estimation.

II. CONSTRUCTION AND VERIFICATION OF THE SCANNING
Loss MODEL

A. Construction

The directivity is an important parameter that affects the es-
timation of iGNSS-R ocean altimetric precision. The new scan-
ning loss model can more accurately estimate the up-looking
and down-looking antenna’s directivity at different positions,
thereby more accurately estimating the iGNSS-R ocean altimet-
ric precision.

The digital multibeam phased array antenna has the ability
to scan the beam so that the beam has a maximum gain at the
scan angle. By applying the appropriate phase at each element,
the antenna beam can be moved spatially without physically
moving the entire array. For phase steering, each element has a
phase shifter and applies the appropriate phase as a function of
frequency and scan angle. Taking the 2-D digital multibeam
phased array antenna as an example (as shown in Fig. 2),
the down-looking antenna’s pattern expression for phase delay
steering can be expressed as [25]

Dr (&r, ¥r) = EP(R)

M-N
. E CRej(zT"aci sin g cos pr+ 2T y; sin € singr)
(3

i=1

. e*j(%—?l‘isin§§COS¢OR+ZT"yisin&é‘sing)g{) (1)
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Fig. 3. Bistatic geometry involved in the iGNSS-R altimetry, where o is the
geo-centre, s is the position of the SP, 6 is the elevation angle, R, is the earth
radius, H 7 and H p are the orbital altitude of the GNSS satellite and the iGNSS-R
altimeter, respectively, Rt is the reflected signal transmission distance from
GNSS satellite to the SP, Ry is the reflected signal reception distance from the
SP to the iGNSS-R altimeter, and R p is the direct signal transmission distance
from GNSS satellite to the iGNSS-R altimeter.

where &g and g are the complement to the elevation angle and
azimuth angle of the receiver relative to the SP, respectively. The
EP is the antenna element radiation pattern, which can be defined
as cosP¥/2¢R . The EF is the element factor, and its value depends
on the radiator design. The M and N are the number of elements
in the x-dimension and the y- d1mens1on c} is the complex
voltage at each element, £ and f' are the scanning beam
pointing, x; and y/; are the x—y element positions in the array with
x;=({—05(M+1))-Azandy; = (j — 0.5(N + 1)) - Ay,
and Az Ay are the element spacing in the x-dimension and the
y-dimension.

The directivity at the boresight is usually used directly when
estimating iGNSS-R altimetry performance. But in the operation
of the digital multibeam phased array antenna, the directivity
will change with the scanning angle.

Without considering the beam pointing error, the direction
of the scanning beam will point to the SP. In other words, the
complement to the elevation angle and azimuth angle of the
receiver relative to the SP is consistent with the scanning beam
pointing. Then, the directivity taper of the scanning beam (i.e.,
the scanning loss) can be expressed as a function related to the
elevation angle of the scanning direction based on (1)

M-N
D™ (€r) = cos™2p - Y ]t 6)
i=1
Similarly, the directivity of the scanning beam of the up-
looking digital multibeam phased array antenna can also be
expressed as

M-N
D™ (¢p) = cos™¢p - > e 3)
i=1
where £p is the complement to the elevation angle of the up-
looking antenna relative to the GNSS satellite.
According to the bistatic geometry of iGNSS-R (as shown in
Fig. 3), £r and &p can be expressed by the satellite elevation
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Fig. 4. Prototype of the proposed antenna array.
angle at the SP
. Ry cos g
=arcsin [ ——— 4
€r ( Hrt RE) (4)
R sin 20
¢p = m — &g — arcsin <w) . 5)
Rp

The signal transmission distance can be obtained by triangular
geometry

Ry = —Ry - sinfs +\/(Hyp + Ry)* — R}
= —Ry, -sinfs + \/(HR+RE)2 — R%
Ry = /R% + R% + 2Ry - Ry - cos 20

The scanning loss of the up-looking and down-looking anten-
nas at the SP can be expressed as a function of fg

EF/2 [arcsin <—§E (i(:Sgs >
R E

+ arcsin (RT sin 0 >] Z c; @)

Ry cos g
Dloss 0 _ EF/2 [ . ( E >:|
5> (0s) = cos arcsin et Ra

- cos2fg

- cos2fg ©)

DS (fs) = — cos

Z Gt ®)
i=1

Equations (7) and (8) are the scanning loss models of the
iGNSS-R altimeter up-looking and down-looking digital multi-
beam phased array antenna. The new scanning loss model is the
theoretical basis of this study, and the research results obtained
by this model provide a data basis for the iGNSS-R altimetry
performance analysis in Section III.

B. Verification

After the optimization and fabrication, an exclusive antenna
array is designed and manufactured (as shown in Fig. 4). The
antenna array is connected with the beam-forming network, and
the scanning loss is tested by the WILTRON37269A network
analyzer in an anechoic chamber. The beams scanning at the
range of 0—45 degree was measured respectively in order to get
the scanning loss of the antenna. The measured data are used to
verify the new scanning loss model. The specific parameters of
the antenna are shown in Table L.
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TABLE I
PARAMETERS OF THE PROPOSED ANTENNA

Parameter Value
Antenna Aperture (mmxmm) 300x300
Elements Number (unit) 9 (3x3)
Center Frequency (MHz) 1575.42
Frequency Bandwidth (MHz) 10
Polarization LHCP
Axis Ratio (dB) <3
Beam Width (°) 413
Directivity at the boresight (dB) 14.1
25 . - .
—simulated
=~ 5 measured
o L~_Mmeasured
=
815
2
c
o]
8]
0 0.5
0 L

0 5 10 15 20 25 30 35 40 45
Scanning angle (degrees)

Fig. 5. Difference between the simulated data based on the model and the
measured data.

According to (2) and the parameters in Table I, the simulated
results are obtained (as shown in Fig. 5). The EF is set to 1.5
[25]. It can be seen from Fig. 5 that the measured data and the
simulated data are in good agreement. The scanning loss model
proposed in this article is based on (2) and obtained through geo-
metric relationship conversion, so it can be proved that the model
can express the actual scanning loss well. The average deviation
between the measured data and the simulated data is 0.07 dB,
which is due to signal coupling between adjacent elements. The
energy of one element in the array will enter the adjacent element
and then stimulate the adjacent element’s secondary radiation.
The signal of the secondary radiation is superimposed with the
current signal to form the pattern of the phased array antenna, and
this superposition must comprehensively consider the amplitude
and phase characteristics of each element.

III. RESULTS AND DISCUSSIONS

The scanning loss leads to a deviation in the estimation
of the cross-correlated signal power and directly affects the
SNR estimation. Meanwhile, the SNR is a key factor affecting
iGNSS-R ocean altimetric precision. Therefore, the scanning
loss finally leads to the deviation of the estimation of iGNSS-R
ocean altimetric precision. This section obtains the scanning
loss at different elevation angles according to the scanning loss
model, and then analyzes the influence of the scanning loss on the
SNR and precision estimation of the iGNSS-R ocean altimetry.
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Fig. 6.  Scanning loss as a function of elevation angle at SP.

A. Scanning Loss

It can be seen from (7) and (8) that when the digital multibeam
phased array antenna is applied to iGNSS-R altimetry, the main
factors affecting the scanning loss are the altimeter orbit altitude
and the elevation angle at the SP. In the present study, taking the
TDS-1 orbit altitude (635 km) as an example, the scanning loss
at the elevation angle of 45°-90° was calculated (as shown in
Fig. 6).

It can be seen from Fig. 6 that the scanning loss gradually
decreases as the elevation angle increases. Compared with the
down-looking antenna, the up-looking antenna’s scanning loss
is more obvious, which is determined by the iGNSS-R altimetry
geometry. The scanning loss of the two antennas differs by up
to 1.5 dB.

B. Signal to Thermal Noise Ratio

The scanning loss has a direct impact on iGNSS-R SNR
estimation. The iGNSS-R altimetry obtains the delay through
the cross correlation of the reflected signal and the direct sig-
nal. Therefore, the thermal noise of the up-looking channel
and the average cross-correlated noise need to be additionally
considered when calculating the SNR. The iGNSS-R SNR at
correlator’s output is given by [20]

(I%s (1))

SNRigr (1) = W

(I¥s ("))
(IWaa )+ (Ve (D) + ([¥var (7))

_ SNRe (1) SNRp i (7) ©)
~ 1+ SNRg,in (7) + SNRp i (7)

where (|Ys(7)[?) and (|Yx(7)|?) are signal power and thermal
noise power, respectively, (|Yxa(7)|?) and (|Yx.(7)[?) are the
thermal noise power of the up-looking channel and the down-
looking channel, respectively, and (|Yna.(7)|?) is the cross-

correlation power of the up-looking noise and the down-looking
noise. The SNR,(7) , SNRp in(7), and SNRg in(7) are the
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TABLE III
IGNSS-R SNR UNDER DIFFERENT DIRECTIVITY AT THE BORESIGHT

Parameter Value
GNSS-R satellite orbital altitude (km) 635
Elevation angle at SP (°) 55/175
Receiver bandwidth (MHz) 40
Signal bandwidth (MHz) 40 (GPS L1 Full Composite)
Signal frequency (MHz) 1575.42
EIRP (dBw) 34 (optimistic)
Antenna equivalent noise temperature up-looking 500
(K) down-looking 550
Antenna radiation efficiency (%) 100
Wind speed at sea level (m/s) 10
Coherent integration time (ms) 1

*EIRP: Equivalent isotropically radiated power.
SNRISSYes g =55°
iR s

20 3 25 30| o
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E] 10.25 3 11.68

15 20 23 25 30 15 20 28 25

DY (dB) Dp™ (dB)

The deviation of SNRI>*"® and SNRI*Y*%, §,=55° The deviation of SNRZ*"° and SNRI>*¥*%, § =757

" ————— ”
oo R—
@ 25 ; 2 825 " 04
o B mmmmmmeemeeeemeeeibecmeceeeeeoo-o- Pl S e DL L e
. 11.90 185 031
B 20 H e 20 03
Eee———
15 15 0.2
15 20 23 25 30 15 20 23 25 30
Dp™ (dB) DG (dB)
(@) (b)
Fig.7. iGNSS-R SNR and deviation as a function of directivity at the boresight

considering or not the scanning loss. (a) Elevation angle is 55°. (b) Elevation
angle is 75°.

SNRs of the clean-replica cross-correlation, direct, and reflected
signal, respectively [28].

In this study, the scenario of the TDS-1 was used to evaluate
the iGNSS-R altimetry performance, so the system parameters
of the iGNSS-R altimeter were as consistent as possible with
TDS-1 (as shown in Table II).

Unlike cGNSS-R altimetry which only uses L1 C/A code,
this study uses GPS L1 full composite (C/A code, P code,
M code, and inter-modulation components) [21], [29]. Com-
bining the parameters given in Table II and (7), (8), and (9),
the SNR when scanning loss is considered (SNRI%™®Y), the
SNR when scanning loss is neglected (SNR}%SS*HO), and the
deviation ASNR;g = SNRIS®™10 — SNR/% Y is calculated
separately. The results are shown in Fig. 7 and Table III.

It can be seen from Fig. 7 and Table III that as the directivity
at the boresight of the up-looking and down-looking antennas
increases, the influence of the scanning loss on the estimation

Up-looking and down-looking

Elevation SNR (dB) antenna’s directivity at the boresight
angle (°) (dB)

15 20 25 30

SNRSYS 1602 -672 161 85I

55 SNRIES™ 1364 459 332 98l
ASNRg 2.38 1.87 1.71 1.30
SNRSYS 1246 344 442 1087
75 SNRISS™ 1205 -3.08 470  11.09
ASNRg 0.41 036 028 0.22

of the SNR can be reduced. Furthermore, the influence of the
scanning loss on the estimation of the SNR is more obvious
in the region with a lower elevation angle. This is because as
the elevation angle decreases, the up-looking and down-looking
antennas’ scanning angles become larger, resulting in the more
significant loss of the scanning beam’s directivity.

C. Altimetric Precision

The estimation of iGNSS-R altimetric precision is crucial
for the reasonable design and size determination of the digital
multibeam phased array antenna. Since the SNR is the main
factor determining the precision of the iGNSS-R altimetry, the
scanning loss will also affect the precision estimation. The
scanning loss impact analysis on the precision estimation is
based on the precision model provided in [20]

OiR (DBSS7 Digss)

2 2
_ 1 1
\/ (1 * SNRin(DE’SS,Dﬁ’”)) * (m)

o 2sin 98 . ¢SSH Vv Nincoh

(10)

where Nincon 18 the number of samples incoherently averaged,
1gsp 18 the altimetric sensitivity, which can be considered
to depend on the autocorrelation properties of the transmitted
signal in a spaceborne scenario with 1¥gg = Pﬁ,s /015375, PR’S,
and Pﬁ,s are the averaged power amplitude at the SP and the
leading derivative of the power waveform respectively [30], and
c is the speed of light in vacuum.

1) Precision Estimation Under Different Directivity at the
Boresight: According to the relevant parameters in Table II,
(10), and the SNR results obtained in Section III-B, the altimetric

L. . . . loss—
precision when scanning loss is considered (o5 ¥*), the al-
loss—no

timetric precision when scanning loss is neglected (o;g ),
.. loss— “ .
and the deviation Acyy = oin> ¥ — 0197 s calculated

separately. The number of incoherent averages is set to 1000
and the results are shown in Fig. 8 and Table IV.

It can be seen from Fig. 8 and Table IV that by increasing the
directivity at the boresight of the up-looking and down-looking
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TABLE IV
IGNSS-R ALTIMETRIC PRECISION UNDER DIFFERENT DIRECTIVITY
AT THE BORESIGHT

Altimetric ~ Up-looking and down-looking antennas
Elevation o . )
precision directivity at the boresight (dB)
angle (°)
(m) 15 20 25 30
oY 1240 160 040 025
55 o 723 104 033 0.24
Ao 5.17 0.56 0.07 0.01
ls¥es 597 087 028 021
75 foss-no 507 077 027 0.20
Acip 0.90 0.10 0.01 0.01

antennas, the altimetric precision can be significantly improved,
which shows the dependence of the altimetric precision on the
SNR. The improvement of the directivity at the boresight can
alsoreduce the influence of scanning loss on altimetric precision.
Also, the influence of scanning loss on altimetric precision
varies significantly at different elevation angles. Compared with
the altitude angle of 75°, the effect increases by the order of
magnitude when the altitude angle is 55°. This shows that the
greater the elevation angle, the smaller the impact of scanning
loss on precision estimation. More GNSS satellites can provide
better geometric configurations for iGNSS-R altimetry. There-
fore, the iGNSS-R receiver should be designed for future fully
operational global multi-GNSS.

2) Comprehensive Evaluation: Take TDS-1 as an Example:
From the analysis in Section III-Cl1, it can be seen that when
the elevation angle is high (greater than 75°), the scanning loss
has little effect on the altimetric precision estimation. However,

20

~15]
o .-

45-50 50-55 55-60 60-65 65-70 70-75 75-80 80-85 85-90
Elevation angle at SP (degrees)

Percentage (%
>

Fig. 9. Elevation angle statistics of the TDS-1 SPs within 24 h.

relatively few reflection events occurred in this range during ob-
servation. This article comprehensively evaluates the influence
of the scanning loss on the altimetric precision estimation using
the observations of the TDS-1.

The Surrey Satellite Technology Limited used the quasispher-
ical Earth approach to calculate the position and elevation angle
of the TDS-1 SPs (1 Hz) and published in the L1b products [14].
The data of 169482 SPs with 24 h from March 1, 2018 20:00:00
h to March 2, 2018 20:00:00 h were used in the present study.
Fig. 9 shows the elevation angle statistics of the SPs. It can be
seen from Fig. 9 that 86.01% of the reflection events within 24
hours occurred in the range of 45°-75°.

Based on the elevation angle, the altimetric precision of the
TDS-1 SPs is calculated according to the parameters in Table II
and (10) (as shown in Fig. 10). Among them, the directivity at
the boresight of the up-looking and down-looking antennas is set
to 23 dB. The precision statistics curve on the right-hand side of
Fig. 10 is obtained after averaging every 100 precision results.
It should be noted that since the iGNSS-R needs to use the
direct signal, the scanning angle of the up-looking antenna (6p)
should be higher than 0°. Under this restriction, when the orbital
altitude of the receiver and transmitter is 635 and 20 200 km, the
minimum elevation angle at the SP is 15.31°. The minimum
elevation angle in the TDS-1 observations is 45.51°, so the SPs
shown in Fig. 10 meet this requirement.

It can be seen from Fig. 10 that there is a deviation in altimetric
precision between considering and not considering the scanning
loss, which is more evident in the polar areas. This is due to the
inadequate geometric coverage of the GNSS satellites in this
area, resulting in a low elevation angle for receiving reflected
signals. The TDS-1 observations only recorded GPS signals. It
is expected that with more GNSS signal sources, the precision
deviation caused by the scanning loss will be reduced.

Fig. 11 shows the altimetric precision estimation results cor-
responding to the elevation angle. It can be seen from Fig. 11 that
in the area with an elevation angle of 45°-65°, the deviation of
precision estimation caused by the scanning loss reaches more
than 5 cm, and it can be seen from Fig. 9 that the distribution of
the SPs in this areais dense. In order to comprehensively evaluate
the influence of the scanning loss on the altimetric precision
estimation, the elevation angle range (45°-90°) is divided into
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TABLE V
STATISTICS OF THE ALTIMETRIC PRECISION DEVIATION AND THE SPS DISTRIBUTION
Elevation angle
45~50 50~55 55~60 60~65 65~70 70~75 75~80 80~85 85~90
(degrees)
Acy (m) 0.75 0.34 0.17 0.08 0.04 0.02 7.91e-03 2.79e-03 5.40e-04
r (%) 6.23 16.73 18.54 18.29 14.77 11.44 7.72 4.73 1.54
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Fig. 10.  iGNSS-R altimetric precision and deviation corresponding to the po-
sition of the SPs with 24 h. (a) Altimetric precision considering the scanning loss
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nine parts, and the average altimetric precision deviation of each
part (Ad;) and the proportion (p) of the SPs are counted (as
shown in Table V).

Then perform a weighted average of the results in Table V,
ie., AgcP* = Z];:l AG; (q)pg, where AgP* is the altimetric
precision comprehensive deviation and g is the elevation an-
gle intervals. The results show that the comprehensive effect

elevation angle at SP.

of scanning loss on altimetric precision estimation is 0.16 m.
Therefore, the design of future spaceborne iGNSS-R altimetry
missions needs to consider changes in antenna directivity caused
by the beam scanning.

IV. CONCLUSION

This work has established a scanning loss model suitable
for the spaceborne iGNSS-R altimetry scenario based on the
iGNSS-R geometry and the principle of digital multibeam
phased array antenna. The model is verified by the measured
data of a 3 x 3 phased array antenna. Applying the scan-
ning loss model, taking GPS L1 signal (full composite) as
an example, the influence of the scanning loss on altimetry
performance estimation is systematically analyzed. According
to the research results, the following conclusions are obtained.
First, compared with the down-looking antenna, the up-looking
antenna’s scanning loss is more prominent, which is determined
by the iGNSS-R altimetric geometry. Second, the influence of
scanning loss on the altimetric SNR and precision estimation
is more evident in areas with low elevation angles, and this
influence can be reduced by increasing the antenna directivity at
the boresight. Third, combined with of TDS-124 h observations,
the comprehensive analysis found that the scanning loss caused
a deviation of 0.16 m in the altimetric precision estimation. It
is worth noting that the TDS-1 only uses GPS satellites as the
illuminator, and its satellite geometry is not as good as that of
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multi-GNSS systems. If the future iGNSS-R altimetry mission
will be designed for future fully operational global multi-GNSS,
the influence of the scanning loss on altimetry performance
estimation will be reduced.

The scanning loss model proposed in this article can ef-
fectively quantify the effect of scanning loss on the iGNSS-R
altimetry performance estimation, which provides a theoretical
basis for the design of future high-precision spaceborne iGNSS-
R altimetry missions.
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