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Abstract

The multipath effect is well known as one of the dominant error sources in most high-precision GNSS applications, as its
site-dependent and fast-changing nature render it challenging to model and mitigate using differencing techniques. However,
in this study, we present a novel approach of using the multipath effect of GNSS signal in the case of oscillatory motion
of a GNSS antenna to determine the characteristics of the oscillatory motion by utilizing the signal-to-noise (SNR) ratio
measurements of the GNSS signals and without applying the positioning solution or the use of other sensors. The proposed
method is based on the hypothesis that for a short time period, while the multipath conditions remain constant and the satel-
lites are approximately at the same position, an oscillation-type motion of the antenna should generate changes in multipath,
expressed as oscillatory pattern variations in the SNR measurements of the satellites. This approach can be used to identify
the multipath parameters and extract characteristics of the oscillatory motion of the GNSS antenna. The SNR-based mod-
eling of cm-level antenna oscillations was demonstrated in simulated and field experiments. The benefits of this method
include immunity to poor satellite constellation geometry, adaptability to changing multipath geometry and fast processing
time. This approach could potentially, under conditions, contribute to GNSS reflectometry (GNSS-R) applications, where
the oscillatory motion of the GNSS antenna generates the same effect as the satellite motion-induced multipath, limiting

simultaneously the observation periods and the amount of data to be processed.
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Introduction

Multipath is one of the major error sources in GNSS posi-
tioning, significantly affecting GNSS navigation (Hsu et al.
2015) and deformation monitoring applications (Stiros et al.
2019). Especially, in monitoring of major civil engineering
structures response, such as long-span bridges, where GNSS
measurements play a significant role in the estimation of
the characteristics of structure response (amplitude and fre-
quency; Msaewe et al. 2021), under conditions of extreme
loading (Meng et al. 2019).

One of the main parameters to monitor the potential mul-
tipath effect for each GNSS satellite is the signal-to-noise
ratio (SNR), which primarily indicates the signal strength
and the noise density of the received satellite signal (Strode
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and Groves 2016). The SNR data derive from the composite
signal (i.e., direct and reflected satellite signals) and reflect
any distortion of the correlation function due to constructive
or destructive multipath interference (Hsu et al. 2015). Com-
mon multipath mitigation techniques involve the integration
of GNSS with other sensors (Moschas et al. 2013) and filter-
ing the frequencies, which include the multipath frequency
band (Psimoulis and Stiros 2012). The latter is a common
technique in structural health monitoring, which, however,
may remove the information on the structure response cor-
responding to low frequencies (Peppa et al. 2018). SNR-
based phase multipath estimation and mitigation techniques
(Betaille et al. 2006; Lau and Cross 2007; Strode and Groves
2016) use the multipath effect on SNR to estimate the mul-
tipath characteristics and mitigate the code and carrier phase
errors.

In recent studies, the multipath effect on GNSS satellite
signals has become a tool as it is employed in mapping
the multipath environment (Bilich and Larson 2007) and
GNSS remote sensing applications (Roussel et al. 2016;
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Wei et al. 2019; Steiner et al. 2019), where the SNR is
analyzed to identify variations of (1) moisture and soil
parameters (Chew et al. 2014; Wu et al. 2018), (2) the
tides and the mean sea level (Lofgren et al. 2014; Jin
et al. 2017) and (3) the snow height (Larson and Nievin-
ski 2013). The principle of those studies is that the GNSS
antenna remains stable for the recording period and the
SNR variations are the result of the satellite orbit and the
reflection point as it moves across the reflecting surface,
while day-to-day variability is the result from changes of
the multipath environment.

For the hypothesis of this study, we reverse the above
principle and assume that for a very short period (i.e.,
about 1 min), the GNSS satellite is considered still at its
trajectory and the multipath conditions do not change.
Hence, the potential oscillation-type motion of the GNSS
antenna for a short period is the main driver for temporary
changes in the multipath conditions, expressing the vari-
ation of the antenna-reflector distance, and which should
be reflected in the SNR of the GNSS satellites signal. By
analyzing the SNR satellite time series, the characteris-
tics of the GNSS antenna oscillation-type motion could be
estimated. This hypothesis has been described by Braasch
(2017), without, however, following by further investi-
gation, theoretical, analytical or experimental applied to
GNSS measurements. The first evidence of this hypoth-
esis was presented by Peppa et al. (2018), who estimated
(1) the frequency of an oscillated GNSS antenna in con-
trolled experiments and (2) the main modal frequency of
the Wilford Suspension Bridge in Nottingham, UK, by
analyzing the SNR of GPS satellites signal. In both cases,
the oscillation-type waveform of the SNR satellites signal
for the short period of the imposed excitation was evident
(i.e., 1 min).

In this study, an attempt has been made to model the
multipath effect in the SNR for a short term vertical oscil-
latory motion of GNSS antenna and estimate the antenna
oscillation characteristics and the multipath conditions.
Firstly, an analytical model is developed to describe the
SNR variations, which are induced through multipath
and generated by GNSS antenna oscillatory motion, and
evaluate the impact of the multipath parameters. Then,
the analytical model is validated and evaluated based
on simulated and experimental GNSS data, for vertical
GNSS antenna oscillatory motion. This study leads to a
novel approach, which can potentially broaden the applica-
tions in deformation monitoring and GNSS reflectometry
(GNSS-R), and enhance the GNSS positioning for com-
plex multipath environments. Since the scope of this study
was to prove the main hypothesis and develop a model
relating SNR with the GNSS antenna oscillation-type
motion, we focused only on GPS satellites and the impact
on their SNR time series.
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Modeling SNR and carrier phase multipath
for short-term antenna oscillation

The multipath effect occurs when the direct signals from
the satellites interfere with those reflected from objects
in the vicinity of the antenna. Objects with large, smooth
surfaces (e.g., ground, wall, water/metal surface) produce
specular reflections which have a significant impact on the
positioning solution. The reflected signal that produces
interference is characterized by; (1) the path delay, é (in
meters), (2) reflected signal amplitude, A, (in volts), (3)
the relative multipath phase with respect the direct signal, y
(in radians), (4) the relative phase rate and (5) the polariza-
tion with respect the direct signal. Following Snell’s law,
the angle of incidence of the reflected signal equals to the
angle of reflection. Thus, for horizontal reflections, the path
delay, o, of the reflected signal is related to the height of the
antenna, H (in meters), and the satellite elevation angle, 8
(in degrees), expressed through the following relationship

(Fig. 1):

6 = 2H sin (6) (H
or
6=2Hsin(6 —vy) )

for the general case, where y is the inclination angle of the
reflector (in degrees).

The interference of the reflected signal(s) with the direct
signal results to the composite signal. The SNR, which is
affected by many errors (i.e., atmospheric errors, receiver
noise, etc.), among them the multipath, is a function of the
composite signal amplitude, A . By applying the geometric

Line-of-Sight signal

reflected signal

2Hsin®

Fig. 1 Multipath geometry of a GNSS antenna with a planar and hor-
izontal ground reflection (y=0), with antenna-reflector distance H,
and satellite elevation angle 0
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relations of the phasor diagram that express the direct (4,),
reflected (A,,) and composite signal (A.), we can express
SNR as (Bilich et al. 2008):

SNR® = A2 = A] + A% + 2444, cos y 3)

where the amplitude of all signals is in volts. Furthermore,
the relative multipath phase, v, is the angular equivalent to
the additional path length, §, and it can be expressed as fol-
lows (Bilich et al. 2008; Braasch 2017):

W= 2—7[6 = 2—7I2Hsin @ -y 4)

A A

For the case of one dominant reflector and SNR time series
of short time interval (~ 1 min), Eq. (3) can be simplified to
(Bilich et al. 2008):

SNR=A;+A, cosy+¢ (®)]

where SNR is the result of (1) the direct signal of amplitude
Ay, (2) the reflected signal, expressed as a periodic function
of the multipath relative phase y and multipath amplitude A
and (3) the noise € of the SNR observables. Two points that
need to be clarified are that (1) the amplitude of the direct
signal is significantly larger than that of the multipath ampli-
tude (A4> >A,,) and (2) for a long time interval of SNR time
series, the direct signal component has a long-period effect
which is usually detrended by using a polynomial fit, and the
remaining offset due to the imperfect nature of the polyno-
mial fit is expressed by the term A; (A in Bilich et al. 2008).
However, for a short time interval of SNR time series (e.g.,
1 min), such as those examined in this study, the long-period
effect of the direct signal is limited and the impact of the
direct signal, A, can be assumed as constant or slowly vary-
ing linearly with time, whereas the second term expresses
the variations of the SNR time series, as it is governed by
the change rate of multipath relative phase y which is driven
by the oscillatory motion.

The motion of the satellites along their orbits produces
the sinusoidal pattern of the SNR time series, where the
frequency depends on the antenna—reflector distance (Strode
and Groves 2016). However, for the case of the oscillatory
motion of a GNSS antenna for a very short period (e.g.,
1 min), where the satellite motion along its orbit is null, and
the parameters € and y can be assumed constant with respect
the antenna motion, the reflection point oscillates across the
reflector, following the motion of the antenna (Fig. 2). For
the vertical oscillatory motion of the GNSS antenna, the
equation of the antenna—reflector perpendicular distance,
H, is:

H(t) = H, + (Apy cosy) - sin 2zft (6)

Line-of-Sight signal

3

&y

Fig.2 (top) Geometry of planar and horizontal ground reflections
(y=0) for a GNSS antenna which executes a vertical oscillatory
motion. For a short time interval, the path delay variations are mainly
driven by the antenna height variations. (bottom) Phasor diagram
representing the carrier tracking loop operation and the relationship
between the in-phase (/) and quadrature-phase (Q), with the vectors
of the direct (4,), multipath (A,,) and combined (A,) signals and the
relative multipath phase, y. The two peripheral arrows indicate the
oscillation of the multipath phasor due to the antenna oscillation
(modified after Bilich and Larson 2007)

where H, is the antenna—reflector distance for the equilib-
rium position (in meters), A, is the amplitude of the oscil-
lation (in meters) and f'is the oscillation frequency (in Hz).
The antenna motion introduces variations in y and SNR,
forming the following equations:

_4rx

v=— (H, + (Apog cosy) - sin2zft) - sin (0 — y) )

SNR(7) = A + Ay, cos [47” (H, + (Ao c0s 7) - sin 2ft) - sin (6 — y)] +e
®)
where the relative multipath phase and the SNR time series
are expressed as a function of the antenna oscillatory motion.
Based on (8) and for a short period (i.e., 1 min), it can
be assumed that (1) the satellite elevation angle 8 and the
multipath conditions (A, y and H,) remain constant, and
(2) the direct signal amplitude A4 can be modeled by apply-
ing a linear function (as explained above a polynomial fit is
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used for the long-period effect of direct signal in SNR; see
Bilich et al. 2008). Therefore, the impact of the oscillation
motion (A, f) of the GNSS antenna should be reflected on
the SNR time series. In the current study, the raw data of
SNR were converted from dB-Hz to the linear unit volts, V,
to measure the SNR composite signal and apply (7) and (8).

Analysis of the SNR dependency
on the multipath geometry and antenna
motion characteristics

Based on the model of (8), we examined the effect of the
multipath conditions and the antenna motion characteristics
on the SNR time series. More specifically, we analyzed the
impact of (1) the antenna—reflector distance H,, (2) the satel-
lite elevation angle 6 and (3) the antenna oscillation ampli-
tude A, ;, on the SNR time series for the case of the vertical
oscillatory motion of the GNSS antenna, and a planar, hori-
zontal reflector (i.e., y=0) to simplify the geometry between
satellite-receiver-reflector. We also examined the impact of
the reflection angle (i.e., @ —y) on the SNR variations phase
difference with respect to the antenna oscillation motion. For
this analysis, we did not consider the antenna gain pattern
effect on the SNR time series, as it is antenna-specific, and
the aim is to investigate the impact of the antenna motion on
the SNR time series regardless the type of the antenna (i.e.,
antenna gain pattern).

Apart from the sinusoidal pattern on the SNR time
series due to the satellite motion (Bilich et al. 2008), the
antenna oscillation creates a superimposed effect on the
SNR time series, which has a sinusoidal pattern defined by
the frequency of the antenna motion. This can also be rep-
resented by the phasor diagram in Fig. 2, where the satellite
motion along its orbit results in the multipath phasor A, to
spin slowly, while the oscillatory antenna motion causes
the multipath phasor A, to oscillate around its equilibrium
position (indicated by the peripheral arrows in Fig. 2), with
the same frequency as the antenna oscillation, concurrently
to this slow spin. Figure 3 presents the analytical residual
SNR time series, i.e., after removing the direct signal con-
tribution, for various antenna—-reflector distances, where
the amplitude and frequency of the antenna oscillation are
1 cm and 0.5 Hz, respectively, and the satellite elevation
angle ranges between 28° and 31°. Apart from the domi-
nant effect of the satellite motion in the frequency of the
SNR time series (i.e., the slow spin of the multipath pha-
sor), there are also observed variations of smaller ampli-
tude and higher frequency corresponding to the antenna
oscillation (i.e., oscillation of multipath phasor). The fre-
quency of the SNR oscillation due to the satellite motion
effect increases significantly for large antenna-reflector
distance, approaching the one of the antenna motion effect,
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Fig.3 (top) Residual SNR time series for antenna-reflector vertical
distance of a2 m, b4 m, ¢ 16 m, d 32 m and e 64 m, and antenna
oscillation of 1 cm and 0.5 Hz. The 1-min interval is highlighted.
(bottom) Residual SNR time series, of the 1-min interval, extracted
after removing the initial trend due to the satellite motion and corre-
sponding to satellite elevation angle from 28.8° to 29.2°

making the separation of the two superimposed patterns
challenging. For relatively short antenna—-reflector verti-
cal distance (e.g., 2—4 m), the trend due to the satellite
motion effect can be removed without distorting the SNR
pattern due to the antenna oscillation. The 1-min period
of the antenna oscillation-generated SNR pattern was
extracted from the initial SNR time series (Fig. 3-bottom),
corresponding to antenna—reflector distance between 1 and
5 m and the satellite elevation angle in a range of 0.4°
was assumed constant. The residual SNR amplitude varies
between 0.5 and 1.5 V with the antenna-reflector distance,
driven by the cosy.

By applying a similar approach, we examined the ampli-
tude variance of the SNR residual time series caused by the
antenna oscillation as a function of the satellite elevation
angle. As seen in Fig. 3 (top), the amplitude of the antenna
oscillation—induced SNR variations is not fixed; it mini-
mizes at intervals coinciding with the crests and troughs of
the dominant SNR variation due to the satellite motion and
maximizes in-between.
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Fig.4 Residual SNR peak-to-peak amplitude against the elevation
angle of the satellite with a horizontal reflector and perpendicular
distances between antenna and reflector of a2 m, b4 m, ¢ 6 m, d
8 m and e 10 m. The antenna motion amplitude and antenna motion
frequency are 1 cm and 0.1 Hz, respectively. For this example,
A;=100VandA, =10V

Figure 4 shows the variation of the SNR peak-to-
peak amplitude with the elevation angle for various
antenna-reflector distances. The derivation of the SNR
peak-to-peak amplitude is explained explicitly in Electronic
Supplement and Figures S1-S4. The SNR peak-to-peak
amplitude variations are of higher frequency for low-ele-
vation angles in the same way that a low-elevation satellite
will produce a higher frequency SNR multipath pattern in a
stable antenna (Bilich and Larson 2007). In a superimposed
effect of concurrent satellite and antenna motion, the rate of
change of the elevation angle does not affect the frequency
of the SNR time series, as is the case for a stable antenna,
since the frequency of the SNR time series is driven by the
frequency of the antenna motion. Instead, it affects the rate
of change of the amplitude of the SNR oscillations. Like-
wise, the SNR amplitude variations are more frequent for
large antenna-reflector distances in the same way large
antenna—reflector distances produce higher frequency SNR
multipath oscillations in a stable antenna (Bilich and Larson
2007). The general trend also shows that the maximum SNR
peak-to-peak amplitude increases with the satellite eleva-
tion angle, as it is driven by the sin(@) in the relative mul-
tipath phase (5), as the reflector was considered planar and
horizontal (y=0). Since this analysis is free of antenna gain
pattern effects, the above observations are only due to the
satellite—antenna—reflector geometry; by adding the antenna
gain pattern effect, would limit the maximum SNR peak-to-
peak amplitude for high satellite elevation angles, depending
on the antenna-specific gain pattern.

On the other hand, examining the SNR peak-to-peak
amplitude for various antenna oscillation amplitudes A,
(1-10 cm) shows that the SNR amplitude fluctuations
show the same pattern. The maximum value increases
with the antenna oscillation amplitude A, (Fig. 5).
For instance, for an oscillation amplitude of 1 cm and
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| | | |
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Elevation angle (deg)

o

Fig.5 Residual SNR peak-to-peak amplitude against the elevation
angle of the satellite for oscillation amplitude between 1 and 10 cm

10 cm, the maximum SNR amplitude is 12.3 and 20 V,
respectively. Also, the larger the oscillation amplitude,
the smaller is the elevation angle for which the maxi-
mum SNR amplitude will be reached; for instance, for
3 and 10 cm oscillation amplitude, the maximum SNR
amplitude is achieved for elevation angles of 44° and
16°, respectively. The maximum threshold, 20 V, is deter-
mined by the multipath intensity; in real application, it
will depend on the reflection coefficient of the reflec-
tor and the antenna gain pattern attenuation. Besides, the
antenna oscillation amplitude also affects the waveform of
the SNR multipath time series, as the SNR time series has
a more complex waveform for large antenna oscillation
amplitude (i.e.,> 10 cm), for the given antenna-reflector
distance (Fig. S5).

Regarding the phase difference between the SNR mul-
tipath oscillation pattern and the antenna oscillation, it was
observed by Peppa et al. (2018) that the phase between the
two time series differs either by zero or z (see Fig. 9, 11
in Peppa et al. (2018)). The phase difference depends on
the reflection angle, which is formed by (1) the geometry
between the satellite elevation angle (0) and the reflector
inclination angle (y), (2) the reflector—antenna distance
(H,) and (3) the oscillation amplitude (A,,). Focusing on
the reflection angle, as it continuously changes due to the
satellite trajectory, four different back-scatter and forward-
scatter multipath cases are generated based on the relation-
ship between € and y (Fig. S6; Peppa, 2020). By correlating
the SNR multipath time series with the antenna oscillation
time series, it is proved that the phase shift depends on the
reflection angle (Fig. 6). There are frequent alternations
of the phase shift between zero and # for small reflection
angles, which are reduced with the reflection angle, finally
leading to a zero phase shift between 78° and 90°. The lat-
ter practically means that if a satellite with high elevation
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Iphase shiftl x pi
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Reflection angle (deg)

Fig.6 Phase shift between residual SNR and antenna oscillation time
series, alternating between 0 and 7 with the reflection angle

angle has variations in its SNR in-phase with the antenna
motion, then the reflector is probably horizontal under-
neath the antenna (e.g., ground). In Electronic Supple-
ment can be found more details about the phase difference
between SNR and oscillation amplitude and the impact of
antenna—reflector distance (Fig. S7).

Analysis of simulated SNR time series
for antenna vertical oscillations

The simulations aim to validate the accuracy and robustness
of the analytical model between the SNR time series and the
GNSS antenna oscillation by introducing hardware noise
derived from the GNSS receiver. Further, the effect of the
oscillation characteristics, the multipath intensity and the
antenna gain pattern on the effectiveness of the SNR model
was examined.

The GNSS simulations were conducted by using the
GSS8000 GNSS hardware simulator, the signal of GPS sat-
ellites and the ground as the only source of the simulated
multipath. The ground is simulated as a horizontal homo-
geneous surface underneath the antenna. Simulations with
activated ionospheric and tropospheric effects did not show
any influence, thus were not further used in the simulations.
A Triumph-1 Javad receiver recording at 10 Hz was used for
the GPS data simulations, and the location of the antenna
was simulated as being at the Nottingham Geospatial Insti-
tute (NGI), 1.6 m above the ground.

Figure 7 presents the simulated SNR time series with
and without activating ground motion for various cases of
antenna oscillation. For the multipath-free environment, the
SNR time series is characterized by a constant average, with
the variations reflecting only the noise of the simulator and
the GNSS receiver. The multipath-contaminated SNR time
series consist of two superimposed patterns; (1) the slowly
varying sinusoidal pattern due to the satellite elevation angle
changes and (2) the oscillation pattern occurring during the
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Fig.7 SNR time series for PRN11 in a multipath-free (top-gray) and
ground multipath (bottom-red) simulated environment. The antenna
motion corresponds to vertical oscillations of 0.1 Hz with amplitudes
ofalcm,b2cm,c3cmandd4 cm. The multipath-free SNR time
series have been offset for clarity

intervals of antenna oscillation. Hence, the oscillation-pat-
tern component of the SNR is due to the oscillation-induced
multipath since no oscillation-pattern signal occurred in
SNR for a multipath-free environment.

Several simulations were designed to investigate the fit
of the model for antenna oscillations of different character-
istics (amplitude and frequency), different satellite signal
attenuation and the impact of the satellite elevation angle
and antenna radiation pattern. For the validation of the ana-
lytical model, the following methodology was followed:

Step I: The relative multipath phase for each oscillation
is constructed using (7) and the pre-defined parameters of
the multipath conditions: (1) elevation angle 8, (2) the GPS
L1 signal wavelength, (3) the reflector inclination angle y,
(4) the antenna-reflector distance H, and (5) the antenna
oscillation characteristics (amplitude, frequency).

Step 2: For the given multipath relative phase, the model
of (5) is applied on the simulated SNR time series to esti-
mate the reflected and the direct signal amplitude, A
and A, respectively, by using the nonlinear least-squares
method.

Step 3: The effect of the oscillation characteristics and
the multipath intensity is evaluated based on the goodness
of the model fit, and the estimation of the multipath signal
amplitude A . The goodness of the SNR model fit expresses
the effect of the hardware noise on the motion-generated
SNR pattern.

It should be noted that the values of the antenna—reflec-
tor distance and the antenna oscillation characteristics in
Step 1 were considered as known to construct the relative
multipath phase when examining the effect of the antenna
oscillation characteristics and the multipath intensity, as the
aim was to evaluate the robustness of the SNR modeling for
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different types of antenna motion and multipath intensity in
the presence of hardware receiver noise. The effectiveness
of the SNR model in real conditions was examined in the
experiments of vertical oscillation-type movement of the
GPS antenna.

Effect of antenna oscillation characteristics

In Fig. 8 are presented the SNR time series corresponding
to oscillations of amplitude between 10 and 40 mm and fre-
quency between 0.1 and 2 Hz. Generally, the fit of the model
is improved when the oscillation amplitude and the oscilla-
tion frequency increase and decrease, respectively. For small
oscillation amplitudes, the SNR variations are minor and
mainly masked from the SNR time series noise, whereas for
relatively high-frequency oscillations (1-2 Hz) with large
oscillation amplitude, the relatively poor SNR resolution
(i-e., 0.1 dB) cannot reflect precisely the oscillation pattern
in the SNR time series. The latter is also revealed from the

spectral analysis of the SNR time series (Fig. 9). The fit
of the model, expressed through the correlation coefficient
(R?), to the simulated data is improved as the oscillation fre-
quency decreases and especially for oscillation amplitude of
30—40 mm; for 0.1 Hz and 0.5 Hz the correlation coefficient
is R2>0.9 and R*>0.7, respectively, while for oscillation
frequency of 2 Hz, the correlation coefficient is very low
(i.e., R><0.5; Fig. S8).

Effect of multipath intensity on SNR time series

Another series of simulated oscillations was conducted for
three cases of reflected signal attenuation, 10 dB, 20 dB
and 30 dB, with oscillation amplitude ranging from 5 to
40 mm and an oscillation frequency of 0.1 Hz. The simu-
lations were made for the same satellites and intervals of
their orbits. Based on the SNR model, the SNR amplitude
is proportional to the multipath intensity, represented by
the reflected signal amplitude A ,,. Thus, the SNR amplitude
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Fig.8 SNR time series and the fit of the model, for simulated vertical antenna oscillation of (left) amplitude a 1 cm, b2 cm, ¢ 3 cm and d 4 cm
and frequency 0.1 Hz and (right) amplitude 20 mm and frequency e 0.1 Hz, £0.5 Hz, g 1 Hzand h 2 Hz
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Fig.9 Spectral analysis of the
SNR time series with (top)
oscillation frequency of 0.1 Hz
and amplitude ranging between
1 and 4 cm and (bottom) oscil-
lation amplitude of 20 mm and
frequency ranging between 0.1
and 2 Hz

Fig. 10 SNR time series and
the fit of the model for antenna
oscillation of amplitude 20 mm,
frequency 0.1 Hz and reflection
attenuation (top) 10 dB, (mid-
dle) 20 dB and (bottom) 30 dB

should be reduced for reflection of strong attenuation, con-
sidering all other parameters unchanged. Figure 10 presents
the SNR time series for an antenna oscillation simulation
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20 dB and 30 dB, the correlation coefficient is 0.97, 0.94 and
0.68, respectively. Furthermore, the correlation coefficient
seems to have more spread for the 20 and 30 dB reflection
attenuation, as in these cases, the fit of the model depends
on the oscillation characteristics (amplitude, frequency,
etc.), while for the 10 dB attenuation, the fit of the model is
excellent (R2 >0.9), regardless the oscillation amplitude, as
the SNR pattern is amplified significantly by the multipath
interference (Fig. S9).

Effect of antenna radiation pattern on SNR time
series

To investigate the impact of the antenna radiation pat-
tern on the antenna oscillation-generated SNR pattern,
the SNR time series of a 4-h satellite orbit was analyzed,
while antenna oscillations of specific characteristics were
simulated. Vertical antenna oscillations (30 cm, 1 Hz) of
1-min time interval were simulated repeatedly during the
4-h SNR time series of the PRN 25 satellite, correspond-
ing to elevation angle from 0° to 70°. The ground reflec-
tion was fixed to 20 dB, and the antenna radiation pattern
resembles the Leica AS 10 GNSS antenna. Figure 11 pre-
sents the SNR time series with respect the satellite eleva-
tion angle, expressing the two multipath-induced effects:
(1) the slow varying pattern produced by the satellite
trajectory and (2) the fast, intermittent oscillatory pat-
tern created by the antenna oscillations. Both effects are
more dominant for low satellite elevation angles, getting
more subtle and finally disappearing for high elevation
angles due to the attenuation of the reflected signals from
the antenna radiation pattern. Apart from the direct and
the reflected-to-direct signal amplitude (attenuation fac-
tor a), the antenna—reflector vertical distance H, and the
oscillation amplitude A, were also treated as unknown
parameters in the model and estimated (Step 2 of the
methodology).

The direct (A,) and the reflected (A,,) signal amplitude
increases and decreases, respectively, with the satellite ele-
vation due to the antenna radiation pattern effect (Fig. 12a,
b). The derived attenuation factor o decreases with the eleva-
tion, following a parabolic trend, in agreement with previous
studies (Bilich 2006). The oscillation amplitude (4,,,,) is on
average estimated with millimeter precision for the simu-
lated oscillations corresponding to satellite elevation angle
lower than 58°. For higher elevation angles, the antenna
radiation pattern suppresses the reflected signal, leading
to poorly reflected oscillations in the SNR time series.
The antenna-reflector distance estimations vary intensely
(Fig. 12d), since a good fit can be achieved for several values
of antenna-reflector distance in the model. This fact is dem-
onstrated by computing the maximum absolute SNR time
series difference between a reference SNR model of 0.3 m

SNR (

10 20 30 40 50 60
Elevation angle (deg)

Fig. 11 SNR time series of the PRN 25 satellite for the 4-h period.
The arrows indicate the visually identified periods which correspond
to antenna oscillations

motion amplitude and 1.6 m antenna—reflector distance and
generated SNR models for motion amplitudes between 0.01
and 1 m (Fig. 12e) and antenna-reflector distance between
1.5 and 3 m (Fig. 12f), with a resolution of 1 cm in both
cases. The difference for the oscillation amplitude minimizes
only for the correct oscillation amplitude (i.e., 30 cm), while
for the antenna-reflector distance, there are multiple min-
ima, differing by approximately 0.5 m (Fig. 12e, f). There-
fore, the multiple possible solutions for the antenna—reflector
distance lead the SNR model to converge for each oscillation
to a different value.

Experimental investigation of the SNR
model for the oscillations of GNSS antenna

To assess the reliability of the SNR model, a series of
experiments carried out on the roof of the NGI, where a
geodetic antenna (Leica AS10), mounted on a heavy-duty
tripod, could execute a vertical motion through a manually
rotating handle. A full clockwise turn of the handle was
measured to move the antenna vertically by 1.5 cm. The
GNSS antenna was connected to a Leica GS10 receiver,
recording at 10 Hz sampling rate. A GNSS base station
consisted of the same type antenna and receiver, was
recording also at 10 Hz. A Robotic Total station (RTS;
Leica TS30) tracked a reflector connected to the GNSS
antenna on the tripod and recorded its motion to confirm
the exact amplitude and frequency of the oscillations, an
approach applied successfully in previous experimen-
tal studies (Psimoulis and Stiros 2012). The tripod was
set at H,=1.6 m vertical distance from the roof surface,
and vertical oscillations were executed with amplitude
and frequency ranging between 5-15 mm and 0.1-1 Hz,
respectively. The duration of each oscillation was 1 min.
For more details regarding the experimental layout of the
GNSS antenna vertical oscillatory motion, the execution
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Fig. 12 Estimated values (black dots) of the a direct signal ampli-
tude Ay, b attenuation factor @, ¢ antenna oscillation amplitude A,
and d antenna—reflector vertical distance H,, derived from the analy-
sis of the simulated SNR time series corresponding to the 4-h satel-
lite orbit, plotted against the satellite elevation angle. The red lines
express the amplitude of the oscillations (i.e., A,,,,=0.3 m) and the

of the experiments and the assessment of GPS and RTS
coordinate time series can be found in Peppa et al. (2018).

Two cases were examined for the antenna oscillation
experiments, where the constraints and the unknown
parameters were defined to represent the conditions
of two potential GNSS applications: (case A) a GNSS
reflectometry application and (case B) a structural health
monitoring application. For case A, the antenna oscil-
latory motion was considered controlled (known oscil-
lation amplitude and frequency), and the aim was to
model the multipath conditions (A4, a, H,, y). For case B,
the multipath parameters were partly constrained based
on the surrounding environment topography, and the
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antenna-reflector distance (H,=1.6 m). Also, the maximum absolute
difference between the modeled and the reference SNR time series of
oscillations with an amplitude 0.3 m and antenna-reflector distance
1.6 m is presented for solutions of different e motion amplitudes and
f antenna heights

oscillation-type motion of the GNSS antenna was con-
sidered unknown. The aim of case B was to model the
multipath conditions (A4, a, H,, y) and estimate the oscil-
lation characteristics (A, f). A similar methodology to
that of simulations was followed, where different param-
eters were unknown per case. Only the 1 min of the SNR
time series, where the antenna experienced vertical oscil-
lations, was analyzed. The 1 min of the SNR time series,
where the antenna experienced vertical oscillations, was
analyzed using a spectral analysis technique to identify
the antenna oscillation frequency.
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Case A: modeling the multipath conditions

For the case of the known oscillation characteristics, the
oscillation amplitude is derived from the RTS measure-
ments, whereas the oscillation frequency is identified from
the spectral analysis of the SNR, which proved successful
(Peppa et al. 2018). However, the detection of the oscilla-
tion frequency becomes more challenging for small oscilla-
tion amplitudes due to the relatively high noise level with
respect to the oscillation amplitude, which affects the SNR

Table 1 Boundary conditions of the parameters to be estimated based
on the SNR model and the SNR time series for Case A

time series analysis. More specifically, it was observed in
the GNSS simulated data that mainly for the relatively small
amplitude oscillation (i.e., < 1 cm), the peak in SNR spec-
trum is less visible due to the noisy spectrum (Fig. 9).

The oscillation amplitude and frequency were used to
construct the multipath relative phase y and introduced into
the SNR model of (6). The latter was applied to the SNR
time series by using the nonlinear least-squares method to
estimate the multipath parameters (A4, o, H,, y). To optimize
the least-squares method, the boundaries of the multipath
conditions were defined based on physical assumptions/
constraints presented in Table 1. The reflector inclination
was constrained to 0°-5°, assuming the ground as the reflec-
tion source based on the Fresnel zones (Zimmermann et al.
2019). The attenuation factor @ was constrained between

Ay (V) 7(°) H, (m) a 0 and 1, covering all the cases from no reflection to strong
] - reflection. The algorithm was iterated 50 times to estimate
Min value min SNR 0 1.5 0 . . ..
the parameters by checking all the potential local minima
Max value max SNR 5 3.0 1 L. .
within the boundaries.
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Fig. 13 SNR time series and the fit of the SNR model for a PRNO1 and b PRN10 for A
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Fig. 14 Estimates of a the direct signal amplitude, b the attenuation
factor a, ¢ the antenna—reflector vertical distance and d the reflector
inclination angle with respect the satellite elevation angle, as they
derived from the modeling of the SNR time series for different satel-

Figure 13 presents the SNR time series and the fitted
SNR models for different satellites and oscillations. How-
ever, for oscillations of 7.5 and 15 mm, the SNR model
expresses the oscillation pattern of the SNR time series
successfully, even for cases where the pattern is partly
generated (Fig. 13c). From the analysis of the SNR time
series, the parameters (A4, a, H,, y) were estimated for
various satellite elevation angles. Since we assume that all
satellite reflections derive from the same large horizontal
surface, we combine the estimates from all satellites in
Fig. 14. As it is expected, the direct satellite signal and the
attenuation factor a increase and decrease, respectively,
with the satellite elevation angle, as the result of the strong
multipath interference from the low-elevation satellites.

Elevation angle (deg)

Azimuth angle (deg)

lites and antenna oscillation-type motions. Maps of e the direct and
f the reflected signal amplitude in an azimuth versus elevation angle
grid of the site. The black dots indicate the estimated values for the
parameters from the modeling of the SNR time series

Both these observations are in agreement with the simula-
tions. The estimations of the antenna-reflector distance
(H,) range between 2 and 2.5 m, whereas the majority
of the estimates (~70%) of the reflector inclination angle
is smaller than 1° (i.e., ground reflections). By pairing
the estimates of the direct/reflected satellites signal with
the satellite position (elevation angle and azimuth), the
satellite signal-intensity maps are produced for the GNSS
antenna site, where the satellite signal is strong (> 200 V)
for satellite elevation angles greater than 40°. In contrast,
the reflected satellite signal is strong for low-elevated
satellites (< 20°) at the west side of the antenna. These
maps are only indicative, due to the limited sky coverage.

Table 2 Boundary conditions for the parameters to be estimated for Case B. The parameters A, and « are constrained by the fit of the models in

Fig. 14a, b and the corresponding satellite elevation angle

Ao (mm) r(®) H, (m) Ay (V) a
Min value 1 0 1.5 Boundaries based on the fit of Fig. 14a, b +40 +0.05
Max value 30 5 3.0
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Satellite data with broader coverage are needed to create
a more accurate signal-intensity map.

Case B: modeling the antenna oscillation
and the multipath conditions

The same methodology was followed to estimate the oscilla-
tion characteristics and the multipath conditions, where the
four multipath parameters (4, @, H,, y) and the oscillation
amplitude (A, are considered unknown. The boundary
conditions set for the nonlinear least square method analy-
sis are presented in Table 2. The boundaries of parameters
y and H, are the same with case A, whereas A, is defined
between 1 and 30 mm. The boundaries of the direct mul-
tipath signal A4 and the attenuation factor a, for the given
satellite elevation angle, are defined by the trend line of
Figs. 14a, b and constrained in a zone of +£40 V and + 0.05,
respectively. Figure 15 presents SNR time series, and the
fitted SNR model for four different representative satellite
signals. For satellites with elevation angles less than 45°
(e.g., PRN 22), there is a clear oscillation pattern with sub-
stantial amplitude leads to a good fit of the SNR model. In

230 ¢
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44940 44960 44980

Time of day (s)

95
44920

Fig. 15 SNR time series and the fit of the SNR model for a PRN 01
at 36° satellite elevation angle, oscillation of 7.5 mm amplitude and
0.3 Hz frequency, b PRN 08 at 80° satellite elevation angle, 7.5 mm

contrast, for satellites of high elevation angle (e.g., PRN 08),
the oscillation pattern is less evident with a less clear signa-
ture due to the impact of the antenna radiation pattern and
the SNR noise, increasing the difficulty of applying the SNR
model. This is also confirmed by the correlation coefficient
(R?) of the fit of the SNR model to the SNR time series, as
it significantly reduces with the elevation angle (Fig. S10).

Furthermore, it was observed that the error of the esti-
mated oscillation amplitude is not related to the satellite
elevation angle or azimuth and it did not exceed 2.5 cm
for any type of oscillation, even for the poorly described
SNR time series (e.g., PRN 08 Fig. 15b). Finally, to evalu-
ate the impact of the multiple solution problem for the
antenna height estimation, the SNR model was applied
to the experimental antenna oscillations for constrained
and unconstrained antenna—reflector distance and oscil-
lation amplitude (Fig. 16). It is observed that the motion
amplitude error is similar in both cases, suggesting that the
inaccurate antenna-reflector distance estimation does not
affect the motion amplitude estimation. In contrast, for the
antenna—reflector distance estimation, the unconstrained
solution may lead to gross error.
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amplitude and 0.1 Hz frequency, ¢ PRN 10 at 45° satellite elevation
angle, 15 mm amplitude and 0.3 Hz frequency and d PRN 22 at 19°
satellite elevation angle, 15 mm amplitude and 0.2 Hz frequency
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Discussion

The impact of the multipath-induced SNR time series pat-
tern for a vertical GNSS antenna oscillation was investigated
through the analysis of the mathematical model, simulations
and controlled experiments. All three different stages of the
investigation revealed the complexity and sensitivity of the
model to potential variations of the multipath intensity and
geometry (Ay, a, H,, y, 6) and the antenna oscillation (A,
) parameters. The main observations from the parametric
analysis of the SNR model are:

e The SNR time series frequency reflects the oscillation
frequency, as it was also revealed from the simulations of
the experiments and highlighted by Peppa et al. (2018).

e The antenna—reflector distance affects the amplitude and
the waveform of the SNR time series. The separation
of the satellite motion-induced and antenna oscillation-
induced multipath pattern in the SNR becomes more
challenging for large antenna—reflector distance when
the corresponding SNR and antenna motion frequencies
tend to coincide.

e For a certain multipath intensity and ignoring the antenna
radiation pattern effect, the maximum amplitude of the
SNR time series depends on the elevation angle (and y
for a non-horizontal reflector), with a general increasing
trend with the elevation angle and oscillation amplitude.

@ Springer
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e The SNR time series waveform becomes more atypical
but still periodic for significantly high antenna oscillation
amplitude to antenna—reflector distance ratio.

e The phase shift of the SNR and the coordinate time series

are Zero or T.

From the analysis of the GNSS simulated data, it was
proven that the variations in the SNR time series are mul-
tipath-induced, reflecting the antenna oscillation, and they
were not the effect of other phenomena (Doppler effect,
ionosphere, etc.; Fig. 10). The best fit of the SNR model is
for relatively large oscillation amplitudes (>2-3 cm) and
low oscillation frequencies (<1 Hz). The main problem is
the SNR time series noise, which masks the low-amplitude
oscillations, and the poor SNR time series resolution, which
may lead to a poorly description of the multipath-induced
oscillation pattern. The relatively poor SNR resolution is a
barrier for effective frequency-based filtering of the SNR
time series, which could potentially reduce the SNR noise
and enhance the fit of the SNR model. The SNR model fits
better in a strong multipath environment, as the oscillation
amplitude in the SNR time series increases with the mul-
tipath strength. Furthermore, the SNR model converges
to one solution for the oscillation amplitude but several
solutions (differ by multiples of a specific value) for the

antenna-reflector distance.

Finally, the controlled experiments confirmed the findings
of the simulations. They revealed that satellites of relatively
low-elevation angles could more reliably determine the
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multipath conditions and/or the oscillation characteristics
for a typical geodetic antenna. Still, the antenna—reflector
distance is the most challenging parameter to estimate due
to the multiple-converged solutions. It should be noted that
the developed approach was examined for small oscillation
amplitudes, not exceeding 15 mm, and the corresponding
error of estimation was less than 2.5 cm.

Conclusions

The current study confirmed the hypothesis that short-time-
period oscillations of the GNSS antenna are reflected in
the SNR time series induced by the multipath. This new
approach can broaden the multipath-related applications
depending on the known conditions. In the current study,
a first attempt was made to demonstrate the potential use
of the developed approach to determine the characteris-
tics of GNSS antenna oscillatory motion (i.e., frequency,
amplitude) for deformation monitoring applications, mainly
structural monitoring. The developed approach seemed
to be effective for a known dominant reflecting surface
(antenna-reflector distance, reflector angle), and more
robust when constraints of the direct multipath amplitude
A, and the attenuation factor « are applied. This applica-
tion can be useful when poor or even no GNSS solution is
available. Furthermore, the developed approach seems to
have the potential for GNSS remote sensing applications in
determining the multipath conditions (i.e., attenuation factor
and potentially antenna—reflector distance H,), when known
GNSS antenna oscillation (controlled GNSS antenna oscil-
lation) is introduced and constraints on multipath conditions
are applied. Finally, this approach can be used in urban loca-
tions to map the multipath environment, provide information
on the multipath effect on individual satellite signals and
enhance the GNSS positioning solution.

The proposed approach was evaluated for the simplified
case of vertical oscillations and a horizontal reflector, and
the initial hypothesis was proved. However, further inves-
tigation is needed to examine (1) the impact of inclined
reflectors on the SNR time series, (2) the effectiveness of the
SNR model for horizontal antenna oscillations and (3) the
applicability in the satellite signal of other GNSS systems
(Galileo, BeiDou, GLONASS). Also, further experiments
are needed to enhance the robustness and effectiveness of
this approach for GNSS reflectometry or structural monitor-
ing applications. Finally, a further systematic experimental
investigation needs to be conducted with different GNSS
antenna types to evaluate the impact of the GNSS antenna
on the SNR time series. The first results of experiments
of similar oscillation-type motion on a choke-ring GNSS
antenna and a smartphone that we conducted indicate that

the reflection of the oscillation in the SNR time series is
limited for the choke-ring antenna GNSS data and amplified
for the smartphone GNSS records.
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