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ABSTRACT

In this paper, a new application and the development of a highly integrated GPS receiver that uses
reflected GPS signals for ground object detection and Digital Terrain Elevation Data (DTED) map-
ping are described. First, both right-hand circular polarisation (RHCP) and left-hand circular polari-
sation (LHCP) antennas are employed so that direct and reflected signals can be acquired simul-
taneously. The direction of arrival of the signals may be along the reflected signal path or along the
line of sight of a particular satellite. The aim of this study is to exploit the carrier phase, reflectivity
of L1/L2 signal-to-noise density ratio components of the reflected signals, and direct signals for
fresh stream water, ocean water, and ground object detection. The sea states are predicted by
using the Doppler shifts resulting from the surface reflection from a moving surface. An integer
ambiguity algorithm is also implemented. During the development and test stage, the DTED and
satellite images are used and mapped using the integrated software.

Keywords: Reflection coefficient, object detection, sea surface, terrain mapping, global positioning
system

INTRODUCTION

A reflected GPS signal contains information on the reflecting object since the characteristics of the
reflected signal vary substantially depending on the reflecting object. In this paper, a new applica-
tion and the development of a highly integrated GPS receiver that uses reflected GPS signals for
ground object detection and visual element function mapping are described. Several application
considerations have been analysed in order to successfully acquire and track weak, reflected GPS
signals from the ground surface. First, both RHCP and LHCP antennas are employed so that direct
and reflected signals can be acquired simultaneously. The direction of arrival of the signals may be
along the reflected signal path or even along the line of sight of a particular satellite. Unlike most
existing GPS reflection experiments, the aim of this study is to exploit the carrier phase and reflec-
tivity of L1/L2 SNR components of the reflected signals and direct signals for the detection of
stream calm water, disturbed water, and bare soil (1). A stream flow is predicted by using the Dop-
pler shifts resulting from the surface reflection from the moving surface. Rough sea states and
wind speeds are estimated by using the time delay in ocean-scattered signals and Doppler shifts.
The terrain moisture classes and the visual element terrain are defined by using two GPS-derived
reflectivity classification features and land-cover classes containing a surface/soil moisture compo-
nent, respectively. An integer ambiguity algorithm has also been implemented. During the devel-
opment and test stages, DTED level 2 (~30 m pixel accuracy) and visual elements of satellite im-
ages (~2.0 m pixel accuracy) have been used and mapped using the integrated software (2). For
the remote sensing of oceans, landscapes, and streams, the accuracy of each reflection altitude is
between 10 cm and 30 cm. The accuracy of each reflection area is between 2 cm and 10 cm.

ALGORITHM DESCRIPTION

In this section, algorithms for the processing of direct and reflected dual-frequency GPS signals
are delineated. The integrated GPS receiver system utilises two antennas, RHCP and LHCP an-
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tennas, to receive direct and reflected GPS signals at two frequencies L1 and L2. At any meas-
urement epoch, when all the signals are available, there are eight measurements in total. These
measurements are pre-processed so that outliers are removed and used for the determination of
the position of the two antennas at the bridge. The height of the bridge is 13.2 m (from the bridge
floor to the bridge pier). The altitude of the bridge floor is 446.25 m with regard to the ground sea
level. Consequently, information pertaining to the water level of the stream, stream flow, and
ground reflective index can be obtained. Figure 1 depicts a typical experimental setup in which a
6.5-m boom is extended from a base so that the two antennas are placed above a stream. The
three LHCP antennas are placed orthogonally on the stream surface so that the reflected signals
from different directions can be observed. In contrast, only one RHCP antenna is used to receive
direct GPS signals.

Figure 1: Antenna setup during data collection at Lon Ann Bridge.

GPS Measurements

The GPS signals being broadcast from orbiting satellites may be reflected from a water body or the
ground surface. Since the direct line-of-sight signals are right-hand circular polarised, the reflected
signals introduce left-hand circular polarisation. The reflected signals can then be better received
by an LHCP antenna. The direct line-of-sight signal can be represented as (3)

Xd(t)=g[t—M—£2j-eXp(fzﬂfc [t—r"(t)éj} (1)
c c f

where g(s) is the code, f. the carrier frequency, ry(f) the distance between the receiving antenna
and the satellite, and k/ f? the ionospheric delay. After reflection, the signal becomes

X, (0= [ FPNoTP). g(t—@—f%]-exp(—jzﬂt (t— LB +f—’§J]dA(P> @
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where P is the reflection point on the surface, F(P) the voltage gain of the receiving antenna in the
direction of the reflection point, o(P) the bistatic radar cross section, r(P,f) the geometric path
length of the ray scattered from P, and dA(P) a small element of area centred at P. By comparing
the two Egs. (1) and (2), it is evident that the reflected signals carry information pertaining to the
reflection surface.
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For a dual-frequency GPS receiver, both code and phase measurements can be used to determine
the time, position, and relevant parameters such as ionospheric delays. In addition, when meas-
urements from two antennas with different polarisations (RHCP and LHCP antennas) can be ob-
tained (4), the terrain information can be extracted. GPS satellites broadcast signals at L1 and L2
frequencies. Let f; and f, and 4, and A, be the frequencies and wavelengths of L1 and L2, respec-
tively. It is known that dual frequency measurements can be used to effectively remove ionospheric
delays. The code and phase measurements at the two frequencies can be expressed as (5)

P, =R, +c(dt—dT) —1+T +é,, (3)

@, =R, +c(dt—dT) —1+T + 4N, + &, (4)
P =R, +c(dt—dT) +(f/LP1+T +&,, (5)

@, =R +c(dt —dT) —(f/6P1+T + LN, + 5, (6)

where Pis and P,s and @45 and @, are the code and phase at the L1 and L2 frequencies, respec-
tively. The subscript s is used to represent either the direct (d) signal or the reflected (r) signal. The
terms on the right-hand sides of Eqgs. (3)-(6) can be explained as follows: R; is the distance be-
tween the satellite and the observation point, ¢(dt-dT)s is the satellite clock time delay, / the iono-
spheric delay at the L1 frequency, T the tropospheric delay, N;s the integer ambiguity at the L1
frequency, and Ny the L2 integer ambiguity. The remaining terms g5, gss, &p2s @and gy, represent
noise.

When the dual-frequency code and phase measurements are available, one can employ estima-
tion techniques to estimate the position, clock offset, integer ambiguities, and ionospheric/tropo-
spheric delays. The act estimation can be performed in an iterative manner, especially when
measurements from the LHCP and RHCP antennas are used.

The software used for the processing of reflected GPS signals determines the antenna position
through carrier phase measurement processing with integer ambiguity resolution, calculation of the
reflection point through the use of the digital terrain elevation database and multispectral satellite
images, estimation of the reflectivity of a ground object, and estimation of a stream flow through
Doppler frequency shift. The procedure for the processing comprises the following steps:

1. Determination of the antenna position. Typically, a GPS receiver gives a position estimate
of the antenna in the range of several meters. Using carrier phase measurements and inte-
ger ambiguity techniques, the position of the antenna can be estimated with an accuracy of
several decimetres (6). In the software, an altitude iteration loop is also used so that the
accuracy is further improved.

2. Compensation for ionospheric and tropospheric errors. Since dual frequency receivers are
used, processing the dual frequency measurements can compensate for ionospheric er-
rors. The tropospheric error is corrected using a tropospheric delay model.

3. Estimation of the reflection point. The reflection point depends on the path of signal propa-
gation. As the positions of the antenna and satellite can be computed, the reflection point is
constrained to the plane established by the two positions and the geo-centre. In the deter-
mination of the reflection point, special care is exercised to estimate the altitude as one of
the objectives is to estimate the ground object height through the processing of reflected
signals. To this end, the digital terrain elevation database is used so that the measure-
ments are correlated with the existing model.

4. Estimation of reflectivity. When the attenuated reflected signal is compared with the direct
signal, information pertaining to the properties of the ground object is obtained. The signal
strengths of the direct and reflected signals are processed to estimate the reflectivity in this
step. Multispectral satellite images around the reflection area are also used so that the
measurements can be compared with the existing data model.
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5. Estimation of stream flow. When the reflection points are located on the surface of a
stream, the computed reflection points are subject to variations in Doppler shifts of the
stream. Such information is examined to estimate the speed and direction of the stream
flow.

In the following, the algorithms for the determination of the reflection point, reflectivity, and stream
flow are described. Essentially, the reflection point is determined by comparing the time delay be-
tween the direct and the reflected signals. In contrast, the reflectivity is estimated by comparing the
signal-to-noise ratios between the direct and the reflected signals. Furthermore, the stream flow is
estimated by studying the Doppler variation of the reflected signals.

Determination of Reflection Point

In order to extract stream flow information from the reflected signal, it is essential to obtain the co-
ordinates of the reflection point. As illustrated in Figure 2, the reflection point can be computed
when the positions of the satellite and receiver are known. The LHCP antenna position (Lon, Lat,
H )LHCP transforms to (X, Y,,Z,) (ti: instantaneous number of satellites for LHCP receiver), and satel-
lite position (Lon, Lat, HY transforms to (X', Y’s,Zs) (i ID of satellite).
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Figure 2: The mean ground altitude profile.

The altitude of ground or water surface is given by Eq. (7) (7). Since the projection of the reflected
point on line of sight is (Lon, Lat, H)", the coordinate on the ground transforms to (Xg, Yg.Zg). Eq. (8)
used the radius of the ground for receiver position R! and the reflected multi-pole point
(Xomuit, Y,mu,t,Zrmu,t)’ is derived by the satellite position using the satellite’s elevation angle and RHCP
position.

Hi — (HRHCP + H LHCP ) (7)
ground 2
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RY .. is the radius of the reflected multi-pole point between the reflection position and the line of
sight; Eq. (9) for R+ was obtained from Eq. (8). Egs. (7), (8), and (9) give Eq. (10). The reflection

point centre is represented by (X.s, Y.+, Z.1) and the elevation angle of the satellite by EL'.

; 2 2 2)95
R rmult = {(erult ) + (Yrmult ) + (Zrmult ) } (9)
ti i
X L1 R ti rmult
Yi1 = 5i =1 Yomun (10)
ZL1 it Zrmult

An alternative is to use suitable relative heights. The authors use GPS data for Hy,., and H/ .,
for the subtraction as well as the Digital Terrain Elevation Data (DTED) level 2 (~90 ft pixel) map-
ping with hynguiation- The value of hypauaiion is provided from the output of the GPS solution tool in the
GPS receiver to the notebook (control log command: BESTPOSITION). Hence, the ground or wa-
ter surface altitude of Taiwan’s local height is given by Eq. (11) as follows:

i g
H RHCP H RHCP hundu/alion
i gt
H LHeP — H LHCP hundu/ation (1 1 )
i ti
i _ (HRHCP + HLHCP )

ground - 2 undulation

Object Detection and Reflectivity

The reflection or scattering of the GPS signal by an object depends on the surface roughness and
electrical properties (conductivity and permittivity) of the reflecting material. In fact, different mate-
rials such as dry ground (grass), wet ground (different compositions of sand, silt, and clay), tree,
forest, fresh stream water, ocean water body, road, and concrete may provide different reflectivities
(8). The surface reflectivity R, which is defined as the ratio of the reflected power to the direct
power, can be used for the classification of ground objects. Dinesh Manandhar (9) showed that the
resultant reflection coefficient is the sum of the co-polar and cross-polar reflection coefficients.
Since GPS signals are circularly polarised, the reflection coefficient is actually a function of the
elevation angle from the receiver to the satellite. This coefficient is denoted as F. and it can be
computed once the elevation angle is known. The surface reflectivity ., is related to the reflection
coefficient and the relative signal-to-noise ratios between the reflected and direct signals. More
precisely,

SNRY

R =Fo(EL, C) o
d

s (12)
where SNR!. and SNR! are the signal-to-noise ratios of the reflected and direct signals, respec-
tively. F,(EL, C!) is the reflection coefficient factor for the reflecting surface and it depends on
the ground surface object and the propagation angle of the GPS signals. In this study, both L1 and
L2 GPS signals are used and hence the reflectivity at the two frequencies can be separately com-
puted. Since the image around the observation area can be obtained, a database is constructed
based on multispectral data for the classification of the ground object. Consequently, the reflectivity
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computed on the basis of the measured data can be correlated with the existing database for the
purpose of training/tuning the system parameters and for object classification. An apparent advan-

tage of using the multispectral database is that the reflection point (whether it be a water surface or
a tree) can be identified.

Variation of Doppler and Stream Flow

When the reflection point can be determined and the ground object can be identified at each ep-
och, the stream flow velocity can be roughly estimated by computing the variation of the reflection
point as a function of time and processing the Doppler measurements. This situation is depicted in
Figure 3. The Lorentz transformation A is given by Eq. (13). This equation has been used to relate
the wave four-vectors between the incoming wave and the reflected wave (10). A similar approach
is adopted for the determination of the stream flow.

Stream flow

Stream soil
moisture

Figure 3: Reflection from a moving surface such as a stream flow, which is determined using the
RHCRP receiver position.
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We consider a frame centred at the reflection point; the z-axis is perpendicular to the surface, the

x-axis is toward the receiver, and the y-axis is obtained by the right-hand rule. We assume that the
flow velocity vector in this frame is
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and the speed is v = ,/vZ +Vv} +Vv: . The wave four-vector of the incoming signal is denoted by

2rxf,/c

where f; is the Doppler frequency and c is the speed of light. According to Snell’s law, the Doppler
frequency of the reflected signal is related to the Doppler frequency of the direct signal and the
flow velocity by the following formula:
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where f, is the Doppler frequency of the reflected signal and

3 1
A FIvayp

We determine « as the elevation angle and £ be the angle between the flow direction and the x-
axis in the plane. From the figure, the three terms y°k, /z, y°k,/z , and y’k,/z can be approxi-
mated, respectively, as

. Z%COS(Q)Cosz(ﬁ) ~ %COS(O()COSz(ﬂ)

-2%cos(a)sin2(ﬂ)z%cos(a)sinz(ﬂ) (15)
Yk 2V 27 cin(a) < 2si
7k = lem(a) lsm(a)

z

where A is the wavelength. Hence, the Doppler frequency of the reflected signal becomes
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2v, 2v,

2v
f=f - 2 cos(a)cosz(,b’)—Tycos(a)sinz(ﬂ)— 2 sin(a) (16)
The two angles can also be approximated by (11)
Sin(a) ~ 5(hground )/ dground
COS(O() ~ S(hRHCP - hground )/ dground
Sln(ﬂ) ~ 5(dground )/ dground
COS(ﬂ ) ~ (dground - 5(dground )) / dground :
Within a time interval, the reflection angle changes by
dsin@)~ (@)
Ssin@)~ (FB)
and the frequency shift changes by
, PR\
S(af) /s(Time) ~ (Sf1_08dj
according to Eq. (17), and thus:
SO (fy —fg ) -2 2 5 .
= ~—\v, cos(a)cos +Vv, cos(a)sin +V,sin 17
e o] <2 costarcos? )+ vy costasin(p) vz sinted)  (17)
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(Hgr0una) A Dyround A Ryround 0.00019 22000 km
5(af)’ 1 S5 (af)’
—~ =25 Hz/km=——Hz/m, for the present case ——~—=(3.5-8.0) Hz/km
5(H ground) 400 H ground)

The velocity of the stream flow is obtained from the wavelength of the L1 or L2 band frequency, the
Doppler shifts §(Af)ﬁ/1000 ~Hz/km of the reflected and direct signals, the reflection angle, and
the relative distance and altitude of the reflection points. Egs. (16) and (17) give Eq. (18). The re-
flection angle o changes by oo EDground / o (ngound) with the distance Dy, between the reflec-
tion point and the RHCP receiver position. The stream flow vector angle S changes by
5ﬂzDgound/5(ngund) when 5(D’ ) depends on the satellite and reflection points.

n ground
[ ti ti i 2
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2 1000 5(HRHCP - ngound) 5(Dground)
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G A SN Db G (18)
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1z

ﬁ. §(Af)n . Dground
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EXPERIMENTAL RESULTS

In the data collection campaign, a specially designed antenna is used so that both direct RHCP and
reflected LHCP GPS signals can be received. The RHCP antenna (NovAtel GPS-700) is used to en-
sure the quality of GPS signals as well as to provide correction information for the processing of the
reflected signals. The LHCP antennas (H601) are used to collect the reflected signals and conse-
quently to derive remote sensing related information. In fact, three LHCP antennas are used. These
three antennas are mounted perpendicular to each other so that signals reflected from different direc-
tions can be received. The incoming signals from different LHCP antennas are combined and received
by a GPS receiver (SOKKIA 2600). The RHCP signal is received through another GPS receiver.
Hence, at each epoch, dual-frequency and dual-polarised measurements are obtained. The process-
ing tool is developed using MATLAB software. In addition, satellite imagery and the DTED around the
experimental region are used to enhance the development of the processing tool and for the verifica-
tion of the result. Figure 1 illustrates the antenna setup in the data collection campaign at Lon Ann
Bridge near Tai-Chung, Taiwan. An aluminum bar of length 6.5 m is extended from the bridge over the
stream. At the tip of the bar, the three LHCP antennas are mounted perpendicular to each other. The
GPS signal traces are also plotted in the figure so that the collection of the reflected signals can be
visualised. The RHCP antenna and receiver are installed on the bridge. Figure 4 illustrates the an-
tenna setup in the data collection campaign at Wu-Chi pier near Tai-Chung Port; the three LHCP an-
tennas on the aluminum bar are extended from the Pier over the ocean area. The RHCP antenna and
receiver are installed on the pier.

Figure 4: Three LHCP antennas mounted on an aluminium bar are extended over the ocean area
at Wu-Chi pier.

Determination of Reflection Points

The locations of the RHCP and LHCP antennas can be determined by using the GPS measure-
ment data. Typically, the receiver would provide a float position and the computed position would
be obtained from a fixed ambiguity solution method. The data were collected on November 2, 2006
from (UTC time) 06:07:56 to 07:25:56 around Da-Ga River near Tai-Chung, Taiwan. The results of
a comparison between a high-resolution (~50 cm pixels) satellite image and a DTED resolution
(~30 m pixels) raster image are shown in Figure 5. The location of the LHCP antenna is deter-
mined to be at longitude 120.8373°E, latitude 24.17211°N, and altitude 419.282 m. In contrast, the
positions of the LHCP/RHCP antennas are LHCP fixed position (24.17211°N, 120.8373°E,
419.282 m) and RHCP fixed position (24.17182°N, 120.83732°E, 446.682 m). With regard to the
reflection points, the satellite signals PRN 8, 11, 27, and 28 are reflected from the stream and the
satellite signal PRN 19 is reflected from the ground. The altitudes of the reflection points on the
stream are 434.126 m, 434.083 m, 434.147 m, and 434.160 m. The altitude of the reflection point
on the ground for PRN 19 is 455.195 m.
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The GPS signal traces for another reflected GPS measurement are also plotted in Figure 6 so that the
collection of reflected signals can be visualised. The reflection areas of calm sea water, disturbed sea
water, a wave, and a concrete road on Wu-Chi Pier at Tai-Chung Port, Tai-Chung, are determined and
described. The reflection area of the ocean and tides are determined and described.

The sea surface reflection points and high-resolution (~50 cm pixels) images for PRNs 11, 25, and
31 do not show reflection point trajectories similar to the trajectory of PRNs 16 and 27. The sea
level of the ocean was determined to be between -4.329 m and -4.330 m from the reflection foot-
prints at Wu-Chi Pier, Tai-Chung Port.

Classification of Object Detection and Reflectivity Analysis

Since the antenna height is approximately 13 m (between the bridge and the stream surface), the
authors observed a reflected signal with an extra path length of approximately 250~300 m. The
better results and measurements of the LHCP observations have been continuously locked and
assigned by using the receiver’s log command. The disturbed water surface R@27 (58.4°...61.3°)
will provide specular reflection resulting in a reflected wave with a high amplitude as compared to
the disturbed water surface R@8 (40.1°...48.0°) (shown in Figure 7). This difference may solve the
problem of distinguishing between disturbed and calm waters. In fact, the disturbed water reflection
area sometimes appears to give a zero GPS reflected signal for PRN 7. Further, none of the
events studied are harmonic oscillation events (the disturbed water harmonic times are between
65 and 75 s). This is explained as follows: either the stream flow affects the harmonic time or the
specific grazing angle modifies it at the reflection area. In these measurements, the reflection area
for R@11 is on calm stream water. The authors believe that the R@11 reflection points are steady
at high reflection elevation angles (76.7°...86.3°) and the R@19 reflection points are unsteady and
reduce the reflected wave amplitude at low elevation angles (38.5°...31.4°) for a wet or dry ground
surface or land with tree cover.
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Doppler and Stream Flow/Ocean State

Figure 8 shows the Doppler shifts of the satellite signals of PRNs 8, 11, and 27. It can be deduced
that the flow speed around the corresponding reflection point is around 0.6270 m/s with a standard
deviation of 0.7460 m/s, as shown in Figure 8. The three components of the flow velocity can be
resolved, which gives the horizontal speed along the receiver direction as v, =0.188 +0.755 m/s,
horizontal velocity component perpendicular to the receiver direction as v, =0.035+0.397 m/s,
and vertical component as v, =0.080£0.424 m/s.

Comparison of L1 and L2 Doppler shifts and stream flow velocity vector at Lon Ann Bridge
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Figure 8: Comparison of stream flow velocity and Doppler shift at Lon Ann Bridge, Tai-Chung.

From a comparison of ocean tides by using Doppler shifts, sea surface reflection points, instanta-
neous rate of altitude Hyoung, @and range Dgyroung, the mean velocities of ocean tides are predicted to
be in the range -6.954...+6.824 m/s (for PRN 31), -5.60...+5.64 m/s (for PRN 27), and
-3.13...+3.07 m/s (for PRN 25) (Figure 9). Ocean tides and Doppler shifts for each reflected point
are simulated and described using MATLAB.

Comparison of vertical velocity and difference Doppler shift of L1 band
for reflected pomts on Wu- Chl flsherman pier sea state
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Figure 9: Compatrison of stream flow velocity and Doppler shifts at Wu-Chi Pier, Tai-Chung Port.
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CONCLUSIONS

This paper describes a GPS reflection experiment that is conducted to further explore the potential
of GPS for remote sensing applications. Based on a dual-frequency, dual-polarisation setup, a set
of direct and reflected GPS measurements are obtained. The carrier phase measurements are
used to determine the reflection points. The results are then correlated with satellite images for the
classification of the reflecting object and with digital terrain data to better quantify the data accu-
racy. An algorithm for stream flow determination is developed. The method is applied to analyse
the stream flow along the Da-Gai River and the ocean tide at the location of Wu-Chi pier.

The classification of soil ground objects will be further improved upon by building a classification
database using a reflected GPS signal analysis and measurement. The velocities of stream flow
and ocean tides are estimated to be around 0.1-7.0 m/s by using Doppler shifts and a stream
module. The authors would like to improve and remotely sense the soil classification of land cover
for geodetic studies and topography determination. This study makes a significant contribution to
GPS application and technology.
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