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Simulations and Analysis of BeiDou
Navigation Satellite System
(BDS)-Relectometry Delay-Doppler
Maps for Vegetation

Xuerui Wu and Shuanggen Jin

Abstract Global Positioning System-Reflectometry (GPS-R) is a new promising
technique, which uses the reflected signals of the GPS constellation to remotely
sense the geophysical parameters of the ocean and land surface. Some initial
results were obtained from GPS-R in ocean surface characteristics and soil
moisture, while, vegetation sensing is paid attention recently. With the develop-
ment of Chinese independent Beidou Satellite Navigation System (BDS), it will
play a key role in positioning, navigation and timing as well as potential appli-
cations of BDS-Reflectometry (BDS-R), e.g. vegetation monitoring using the
Delay-Doppler Map (DDM) of BDS-R. Therefore, it is extremely necessary to
simulate the vegetation BDS-R DDM maps. Z–V model is a commonly used GPS-
R scattering model and its applications include the sea wind, oil slick and soil
moisture. In this paper, it is the first time for vegetation DDM simulations from
BDS-R, while the vegetation scattering properties are simulated using the modified
Bi-mimics model, which can be used to calculate any transmit and receive
polarization combinations, assuming that the received power is coming from the
first Fresnel zone. The theoretical simulations of DDM are helpful for the further
BDS-R vegetation parameters retrieval, and some discussions and analysis are
further given.
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9.1 Introduction

GNSS-Reflectometry (GNSS-R) was first proposed by Martin-Neira in the early
1990s for altimetry measurement [1]. In the following years, its applications were
extended from mesoscale ocean [2] to land surface [3] as well as snow/ice remote
sensing [4, 5]. As for the land scenario, soil moisture and vegetation characteristics
study are the main purposes [3]. With the development of Chinese independent
BeiDou Navigation Satellite System (BDS), it will play a key role in positioning,
navigation and timing as well as potential applications of BDS-Reflectometry
(BDS-R), e.g. vegetation monitoring using the BDS-R DDM maps. Z–V scattering
model was first developed by Zavorotny and Voronovich in 2000 for ocean wind
remote sensing [2], which is commonly used for DDM simulations. An efficient
algorithm of ZV model was proposed in 2009 for the resource computation con-
sideration (both time and memory) [6]. At present, GNSS-R delay-doppler maps
simulations commonly use the Z–V model, such as DDM simulations of ocean
wind and oil slick [7]. As for land part, the reflected signal waveform was initially
modeled by Masters [8] using Z–V model. KA-GO model was used for soil
scattering calculations. However, the Delay Doppler Map simulations of vegeta-
tion analysis are still not yet.

This paper focuses on the vegetation DDM simulations using modified Z–V
model from BDS-R. The Bi-mimics model [9] is used for vegetation scattering
calculations and then Z–V model is used for DDM waveform simulations [2]. In
Sect. 9.2, the Bi-mimics model is described and the Z-V model is presented in
Sect. 9.3. Initial simulations results are given in Sect. 9.4. And finally, some
discussions and conclusions are given in Sect. 9.5.

9.2 Bi-mimics Model

As for GNSS-R remote sensing, GNSS constellations are the source of transmitted
signals and the corresponding receiver collects the reflected signals, which form a
typical bistatic/multi-static radar working mode. The bistatic scattering model
Bi-mimics [9] is adopted in our work to calculate vegetation scattering characteristics.

9.2.1 Basic Formulations

The Bi-mimics model is a bistatic forest scattering model [9], which is based on the
first order radiative transfer MIMICS (Michigan Microwave Canopy Scattering)
model [10]. The canopy structure is modeled as crown layer and trunk layer over a
dielectric ground surface. Assuming that Ii and Is are the incident intensity and
scattering intensity, respectively and ðhi;uiÞ and ðhs;usÞ are the corresponding

88 X. Wu and S. Jin



incident and scattering angles, the first-order fully polarimetric transformation
matrix T is used to relate Ii and Is.

Isðhs;usÞ ¼ Tðhs;usÞIiðhi;uiÞ ð9:1Þ

T is given in terms of the extinction and phase matrices, which are calculated by
the average modified Mueller matrices. Note that there are eight scattering
mechanisms in this model. Contributions from layers of crown, trunk and ground
amount to the final scattering.

9.2.2 Wave Synthesis

As for GNSS-R remote sensing, the transmitted signals are the Right-Hand
Circular Polarization (RHCP) polarization, which is different from the original
linear polarizations used in conventional microwave techniques. Therefore, we
need to make it possible for the circular polarization calculation using Bi-mimics
model [9–11].

As we know, the Bi-mimics model is a fully polarimetric model. The bistatic
scattering cross section for any combinations of transmit and receive polarizations
can be achieved by Eq. (9.2)

rrt wr; vr;wt; vtð Þ ¼ 4p~Yr
mMYt

m ð9:2Þ

where M is the Muller matrix by a 4 9 4 real matrix, see Eq. (9.3–9.5), ~R is the
transpose of R, as shown in Eq. (9.5), and Yt

m and Yr
m are the modified Stokes

vectors in Eq. (9.6).

M ¼ ~R�1WR�1 ð9:3Þ

W ¼

SvvS�vv SvhS�vh SvvS�vh SvhS�vv
ShvS�hv ShhS�hh ShvS�hh ShhS�hv
SvvS�hv SvhS�hh SvvS�hh SvhS�hv
ShvS�vv ShhS�vh ShvS�vh ShhS�vv

2
664

3
775 ð9:4Þ

R ¼

1 1 0 0
1 �1 0 0
0 0 1 1
0 0 �j j

2
664

3
775 ð9:5Þ
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Yt
m ¼

1
2 1þ cos 2wt cos 2vtð Þ
1
2 1� cos 2wt cos 2vtð Þ

sin 2wt cos 2vt

sin 2vt

2
664

3
775 Yr

m ¼

1
2 1þ cos 2wr cos 2vrð Þ
1
2 1� cos 2wr cos 2vrð Þ

sin 2wr cos 2vr

sin 2vr

2
664

3
775 ð9:6Þ

where ðwr; vrÞ are the orientation and ellipcity angles for transmitted signals and
ðwt; vtÞ are the corresponding angles for the received signals.

Using the above mentioned wave synthesis technique, the scattering coefficients
of any combination polarization can be achieved. In this paper, RR and RV
polarization of Aspen [10] is selected, and only two single scatters are needed,
branch and trunk.

9.3 Z–V Model

9.3.1 Scattering Geometry

To simplify our analysis and focus on the problem itself, we do not care about the
curvature of the Earth. We should define the coordinate system at first. The specular
point is at the origin of the system, Z-axis is vertical and the x-y plane is the plane
tangent to the surface. The scattering geometry is depicted in Fig. 9.1. The h0 and h
are the height of the transmitter and receiver, and c is the elevation angle.
~Rt is the position from transmitter to the origin of the system. ~Rr is the position

from the receiver to the origin of the system.~Rsp is the position of the specular point.

~Rt ¼ ~i ~j ~k
� � 0

h0 cot c
h0

2
4

3
5 ~Rr ¼ ~i ~j ~k

� � 0
�h cot c

h

2
4

3
5 ~Rsp ¼ ~i ~j ~k

� � 0
0
0

2
4
3
5

ð9:7Þ

R0;sp is the distance from transmitter to the specular point. Rsp is the distance from
the receiver to the specular point.

R0;sp ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
h0 cot cð Þ2þ h2

0

q
; Rsp ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
h cot cð Þ2þ h2

q
ð9:8Þ

9.3.2 Z–V Model

The final form of GNSS-R scattering model is shown in the Eq. (9.9). Essentially,
it’s the integral form of bistatic radar equation.
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The scattered power is determined by four zones. The first one is the equi-range
zones or Fresnel Zone decided by the triangular function, it is a series of elliptical
areas with the transmitter and receiver as foci, their interaction with the ocean
surface thus forming equi-range. The second one is the Doppler zone determined
by the correlation function S, it is a series of hyperbolic curves. The reflected
surface roughness is related to the glistening zone. And the function of G is used to
define the effective coverage area of the antenna. The final integral region is
defined by the above four functions.

As for the ocean part, its roughness scale is comparable or larger than the
incoming wavelength, there is a large glistening zone and it may extend several
delays away from the specular point. Therefore, not only the quasi-specular
scattering component contribute to the aggregate GPS scattering signals, but also
the diffractions scattering or Bragg scattering exerts an important role for the
finally received waveform.

However, as for land scenario, its roughness scales are well below L-band
wavelength, and it does not own a glistening zone, therefore only the coherent part
of specular directions are contributed to the overall received GNSS reflected
signals. The final contribution to the received GPS signals were thought to come
from the first Fresnel Zone. That is to say, only the first elliptical contributed to the
final received signals. Here we thought vegetation is uniform in this elliptical area,
we use a specular scattering coefficient to represent the total scattering coefficients.
And it is calculated by the modified Bi-mimics model.

The final form of Z–V model [2] is shown in Eq. (9.9).

Y sð Þj j2
D E

¼ T2
i

Z
D2 ~qð ÞK2 s� R0 þ Rð Þ=c½ �

4pR2
0R2

� S fD ~qð Þ � fc½ �j j2r0 ~qð Þd2q ð9:9Þ

where Ti is coherence time. As for the low gain antenna, D is assumed to be unity
here (D = 1). Ambiguity function v is approximated by the triangular function K

s

z 

X 

BDS-R

BDS

y 

Fig. 9.1 Scattering geometry
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(also known as pseudorandom code autocorrelation function) and the Doppler
filter function S,

v ds; dfð Þ ¼ K dsð ÞS dfð Þ ð9:10Þ

where ds ¼ s� R0;sp þ Rsp

� �
=c and df is the Doppler shift due to motions of

transmitter and receiver. As for ocean part, intrinsic motions of the surface should
be considered. But as for land surface, it is static and there is no need for the
consideration of intrinsic surface motions.

df t0 þ sð Þ ¼ fD t0 þ sð Þ ¼ ~Vt � ~m� ~Vr �~n
� ��

k ð9:11Þ

where ~Vt and ~Vr are the velocities of transmitter and receiver, ~m and~n are the unit
vectors the incident wave and scattered wave. As for the Doppler shift function S,
it is depicted in the following equation,

s Dfð Þ ¼ v 0;Dfð Þ ¼ sin pDfTið Þ
pDfTið Þ e�piDfTi ð9:12Þ

As for the triangular function, when Ds is equal or smaller than sc, it is

approximated as 1� Dsj j
sc
; otherwise, it is 0.

K Dsð Þ ¼ v Ds; 0ð Þ � 1� Dsj j
sc
; Dsj j � sc

0; Dsj j[ sc

�
ð9:13Þ

We have pointed out that only the scattered signals coming from the first
Fresnel Zone contribute to the final GNSS-R scattering power. Therefore, we need
not integrate as in the ocean part. And the final form of Z–V model is simplified.

9.4 Simulations and Results

This section will give the simulations specular scattering of Aspen and its DDM.
As for airborne GNSS-R flight, the commonly incident angles vary between 5� and
45�. Theoretical and experimental data have proven that V polarization is more
compatible for the reflected signals. Azimuth angle effects is not considered here
and us ¼ ui ¼ 0	. That is to say, the incident wave and the scattered wave are in
the same plane.

We can see from the simulations (Fig. 9.2) that the co-polarization RR is larger
than the cross one RV. For the incident angles vary from 5� to 45�, the differences
of scattering coefficient are about 4.4–7.2 dB.

92 X. Wu and S. Jin



The Figs. 9.3, 9.4 give the DDM of Aspen, where hi ¼ 20	 (Fig. 9.3) and
hi ¼ 40	 (Fig. 4). The normalized power at hi ¼ 40	 is larger than hi ¼ 20	 and
the power at RR pol is larger than at the RL pol. As the delay increases, the power
increases. But it increase sharply when delay is small (0–1). The magnitude of the
power is comparable to the theoretical simulations, which use the basic bistatic
radar equation [12].
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Fig. 9.2 Specular scattering
versus specular incident
angles

Fig. 9.3 Normalized power
versus time delay hi ¼ 20	
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9.5 Conclusions

GNSS-R is a new promising remote sensing technique, particularly in land surface
applications due to its L-band working frequency, which is a better bandwidth for
penetration and suitable of soil moisture and vegetation monitoring. In this paper,
the DDM is the first simulated using the Z–V model for the land surface, here
vegetation as an example. The Bi-mimics is used for the calculations of vegetation
scattering coefficient. DDM of RR and RV pol at the specular directions are
simulated. The results show that DDM forms in the land surface are very different
from the ocean surface, whose glistening zone is much larger than the land surface.
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