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Abstract— Global Navigation Satellite System (GNSS) receivers
operating in urban environments frequently encounter multipath
interference, a phenomenon wherein direct and reflected signals
interact. The Doppler frequency estimation by the GNSS receiver
holds critical significance for precise signal synchronization and
plays a pivotal role in user velocity estimation. However, a notable
research gap exists concerning the multipath effects on the receiver
frequency-locked loop (FLL). Therefore, this paper provides a
quantitative characterization of the receiver Doppler frequency
measurement error in urban areas. A realistic receiver FLL simu-
lator, integrating the ray-tracing at the base-band signal processing
level, is introduced to simulate the continuous feedback tracking
performance under multipath interference. Real experiments are
conducted in urban areas for the validation of theoretical findings
and the simulator’s reliability. An 81% simulation similarity can
be attained. Consequently, the Doppler frequency and velocity
measurement errors are quantified by considering factors such as
the signal ray parameters, tracking loop architecture, and user
dynamics.
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I. INTRODUCTION

In urban areas, multipath interference stands as one of
the prominent sources of error in high-precision applica-
tions of the Global Navigation Satellite System (GNSS).
Multipath signals are a composite of the desired line-
of-sight (LOS) or simply direct signal and an undesired
reflected signal [1, 2]. The reflected signal, delayed due
to interactions with obstacles along its propagation path,
reaches the GNSS receiver with shifted synchronization
parameters, such as the code phase, carrier phase, and
carrier Doppler frequency. Consequently, the interaction
of synchronization parameters from the multipath sig-
nals may confound the receiver and influence the GNSS
receiver navigation solution accuracy. Many researchers
have made progress in understanding the impact of mul-
tipath on code tracking, establishing theoretical pseudo-
range error envelopes, and enabling an assessment of
worst-case performance scenarios [3, 4, 5]. In the receiver
tracking loops, the carrier Doppler frequency plays a piv-
otal role in achieving accurate signal synchronization and
may exert a considerable impact on the code tracking per-
formance [6]. In challenging environments, the frequency-
lock loop (FLL) can be considered an assisting tool in
tracking weak and high-dynamic signals [7]. In addition,
the receiver Doppler frequency measurement is primarily
used in vehicle velocimetry and adding for instantaneous
positioning [8, 9]. Therefore, the Doppler frequency error
due to multipath reception deserves further investigation,
and a considerable amount of research work has been
devoted to the error characterization. The existing body of
research can be categorized into two focal areas: the true
Doppler frequency and the receiver Doppler frequency
measurement.

First, the Doppler frequency of the received signal
results from the relative motion between the transmitter
and receiver, which can be estimated with knowledge
of the signal ray geometries and dynamics of the user
and satellite. Numerous studies have reported the exis-
tence of the Doppler frequency difference between the
reflected signal and the LOS signal, often referring to
it as the multipath fading frequency, multipath Doppler
shift, or simply fading frequency [10, 11, 12]. To avoid
potential confusion, this paper denotes the Doppler fre-
quency difference between the reflected signal and the
LOS signal as the frequency shift of the reflected signal.
Ray-tracing is a powerful technique for estimating pos-
sible satellite-reflector—antenna geometries, enabling the
Doppler frequency of the received signal to be calculated
under various scenarios. For instance, researchers have
characterized the frequency shift of the reflected signals
in scenarios such as a static receiver [13], varying user
velocity [11], and different geometrical relationships be-
tween satellite, reflector, and receiver [10]. The statistical
distribution of the frequency shift of the reflected signal
is discussed, considering various satellite orbit types and
user velocities as outlined in [12]. The results from these
studies indicate the potential for frequency shifts of the
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reflected signal to reach magnitudes in tens of Hertz (Hz)
in urban environments. Additionally, it is noted that these
shifted signals may not be entirely rejected by the receiver
tracking loop. Therefore, the reflected signals may distort
the receiver tracking point from the LOS signal and
finally result in the degradation of the tracking accuracy,
introducing errors in velocimetry, positioning, as well as
signal-to-noise measurement [10, 11, 14, 15, 16].
Second, the receiver Doppler frequency measurement
is the output from the GNSS receiver during a continuous
tracking period, which depends on the synchronization
results between the incoming signals and the receiver’s
local replica in the tracking loop. Therefore, in urban
areas, the Doppler frequency measurement error, indi-
cating the Doppler frequency difference between the
desired LOS Doppler frequency and receiver-measured
Doppler frequency, may escalate due to the intersection
of multiple signals. Over the years, researchers have made
significant progress in characterizing the GNSS receiver
code tracking error in multipath environments. However,
a neglectable Doppler frequency error is assumed in the
code tracking process. For example, some have assumed
that the Doppler frequency of the LOS and reflected
signals is approximately the same and that the carrier
tracking loop is perfectly tracking the LOS signal [17, 18].
This assumption, however, is only suitable in limited
scenarios, such as static-user scenarios, scenarios when
the LOS signal power significantly exceeds that of the
reflected signal, or scenarios when the user velocity is per-
pendicular to the signal propagation vector. Furthermore,
it is often assumed that the receiver rejects the reflected
signals because their frequency shifts so fast that they
may be filtered out in the tracking loop [14]. However, the
frequency shift of the reflected signal can remain within
the bandwidth of the tracking loop for urban applications
with slow user dynamics. Additionally, researchers have
concluded that when multiple signals are received, the
GNSS receiver only tracks the signal with higher power
[19]. However, the conclusion, based on the analysis
of the period-averaged Doppler frequency (the receiver-
measured Doppler frequency over a certain period), may
not comprehensively represent the Doppler frequency
estimation at a single epoch. Recently, the frequency
shift of the reflected signal has been reported to cause
noticeable oscillation in the signal power measurement,
carrier phase, and frequency discriminators’ output [20].
In summary, existing research presents several limi-
tations. First, while the frequency shift of the reflected
signal has been verified in the literature of the first
category, limited attention has been paid to the field of
receiver tracking performance characterization. Second,
the prevailing assumptions about neglectable Doppler fre-
quency error may only be applicable in limited practical
scenarios. Third, some research may overlook the impact
of the noise and the signal amplitude degradation due
to the reflected signal on the carrier frequency tracking.
Last, visualization and validation of the receiver Doppler
frequency measurement error in the urban environment

remain inadequate. This gap can be attributed to the
complex and evolving nature of urban environments,
signal strengths, satellite-reflector-receiver geometry, re-
ceiver dynamics, and the architecture of receiver tracking
systems in practical applications.

Therefore, the previous work characterized the con-
tinuous carrier frequency tracking performance and sim-
ulated the mutipath-induced Doppler error, or simply
Doppler multipath error, based on the theoretical model
[21]. This paper extends it with the modeling of Doppler
multipath error and noise impact and proposes a realistic
ray-tracing-aided carrier tracking simulation algorithm.
This simulator quantifies the Doppler multipath error in
complex environments, such as various signal strengths,
satellite-receiver geometries, and receiver tracking archi-
tectures in practical applications. This simulator combines
the GNSS measurement-level data prediction with the car-
rier frequency tracking parameter estimation at the base-
band processing level. Ray-tracing is utilized to predict
the optical LOS and reflected signal rays with the knowl-
edge of 3-dimensional (3D) building models, satellite
ephemeris, and the user position, velocity, and time (PVT)
information. Consequently, the GNSS measurement-level
data, including the signal strength and Doppler frequency,
are updated on each epoch for the simulation of contin-
uous tracking of the compound signals. In addition, this
paper concerns the slow dynamic scenario of receivers,
where the frequency shift remains within the bandwidth
of the tracking loop—a scenario frequently encountered
in urban applications.

However, two main challenges exist. The first chal-
lenge lies in the practical impossibility of accurately
predicting signal propagation paths, reflection points, and
signal power at every epoch due to the variety of potential
interferences in the real environment. Second, the noise
term in the receiver-measured Doppler frequency, which
may result from signal propagation and receiver process-
ing, presents a significant challenge to estimation [22, 23].
Therefore, achieving a highly accurate simulation for
every epoch is currently unattainable, and the proposed
simulator is designed to estimate the possible distribution
and the evolution pattern of the Doppler frequency mea-
surement under multipath interference. The contributions
of this study are summarized below:

1) A theoretical exploration of FLL-based tracking
mechanisms under multipath interference is con-
ducted, encompassing the derivation of a Doppler
frequency model that considers multiple signal rays.
The theoretical impact of the noise on Doppler
measurement errors is derived.

2) A realistic ray-tracing-based Doppler simulator is
developed. This simulator estimates the practical
performance of the receiver feedback tracking loop
in urban areas.

3) The simulated receiver-measured Doppler frequency
performance under multipath is validated utilizing
real data collected from urban environments.
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4) The pseudorange rate error envelope is developed,
which provides a quick estimation of receiver
Doppler frequency measurement behavior in a given
multipath reception scenario. The Doppler multipath
error and receiver velocity estimation error are sim-
ulated for varying user dynamics scenarios.

II. DOPPLER FREQUENCY MODEL

The Doppler frequency of the incoming signal results
from the relative motion between the satellite and the
receiver. Fig. 1. illustrates the LOS signal path in the
green line and the reflected signal path in the red line.
The Doppler frequency of the LOS signal can be written

Fig. 1. Illustration of the LOS and reflected signals.
as [1] ~
(v —v*)Iros

fros = 7/\) (1
where A is the GNSS signal carrier wavelength. v and
v® are the receiver and satellite velocities, respectively.
I10s is the unit vector pointing towards the LOS signal
propagation path. Similarly, the Doppler frequency of the
reflected signal from the satellite to the reflector and from
the reflector to the user receiver can be expressed as

(0— US)fRefll

fRefi1 = — (2)
— 0)Ige
fRefi2 = w 3

where 1 Refnn and T Refl2 Tepresent the unit vectors point-
ing in alignment with the propagation paths from the
satellite to the reflection point and from the reflection
point to the receiver, respectively. The reflection point’s
velocity can be assumed to be zero. Next, the Doppler
frequency of the reflected signal transmitted from the
satellite to the user receiver can be found as

v Igepiz — v° - Tpepnn
fRefl - fRefll +fR€fl2 = ef A ef (4)

Therefore, the Doppler difference between the LOS and
reflected signals results from the different projections of
the receiver velocity onto the signal vectors. In user-static
scenarios, the Doppler difference between the LOS and
reflected signals could be small because vectors I LOS
and I, Refnn are similar due to the large distance between
satellite and receiver [13].
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[ll. DOPPLER FREQUENCY ESTIMATION IN
RECEIVER TRACKING LOOP

In urban scenarios, it is likely that the signals reflected
from the buildings with time delay lie within one code
chip length, distorting the receiver tracking point from
the correct position. Therefore, this section investigates
the GNSS receiver’s typical carrier frequency tracking.
The following analysis neglects the influence of multiple
reflection signals on the Doppler frequency measurement,
as the reflected signals arriving at the antenna after
multiple reflections are generally too weak [24]. Assume
that the received multipath or compound signal consists
of one LOS signal and one reflected signal, which can be
expressed as [25]

S(t) =+v2CLosD(t — TLos)x(t — TLos) sin(wrost + ’19LOS)
+1/2CRef1D(t — TRef1)T(t — TRef1) Sin(WRef1t + I Refi)
+vrp (5)

where ¢ represents the sample time. D(¢) and x(t) are
the navigation data and pseudorandom noise (PRN) code,
respectively. Cros and Crey; are the received power of
the LOS and reflected signals, respectively. The square of
the signal power /2Cros and /2CRgcy; are the ampli-
tudes of the LOS and reflected signals, respectively. The
set of /2 added to the amplitude is to ease the subsequent
manipulation without loss of generality. 705, wros and
Yros are the code phase, angular frequency, and initial
carrier phase of the LOS signal, respectively. Tre 1, WRe fi
and Yg.s; are the code phase, angular frequency, and
initial carrier phase of the reflected signal, respectively.
vy indicates the intermediate frequency (IF) noise, which
is assumed to be additive white Gaussian noise, whose
variance is decided by the power spectrum density of the
thermal noise.

The incoming IF signal is multiplied by the sine and
cosine local replica signals, where the cosine function
is supposed to be 90° out of phase with the incoming
carrier wave. The local replica’s amplitude contains no
navigation data due to the unpredictability of the bit
transition. For example, the prompt in-phase (I) channel
is

ip(t)

= [V2CLosD(t — TLos)x(t — TLos) sin(wrost + ILos)

+1/2CRef1D(t — TRef1)%(t — TRef1) SiN(WRe f1t + I Ref1)]

X V2x(t — 0) sin(wot + 9g) (6)

where wg, ¥9 and 7y are the carrier angular frequency,
initial carrier phase, and code phase of the receiver
replica, respectively. The detailed calculation is displayed
in Appendix A, and a similar expression can be written
to describe the quadra-phase (Q) channel. Note that the
correlation output consists of the high-frequency and low-
frequency components, whereas the low-frequency com-
ponent consists of the carrier phase difference between the
incoming and local replica signals. Then, the integrate and
dump process suppresses the high-frequency component
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and noise. After the integrate and dump process, the
prompt I- and Q-channel correlation values are shown
in (7) and (8) [1]. tp is the initial integration time.
R(-) is the base-band auto-correlation function (ACF).
ATros = Tros — To and ATRefl = TRefl — To are the
code phase errors of the LOS and reflected signal in chips,
respectively. T is the coherent integration time, and it
should be set to an appropriate value so that the integrate
and dump process does not cross the navigation data bit
transition boundaries. Therefore, the navigation data bit
value D(n) can be assumed to be a constant.

In the digital phase tracking loop, the I- and Q-
channel output can be characterized by the relative phase
and amplitude. To avoid possible confusion, this paper
describes the difference between the incoming signal and
receiver local replica signal parameters as the ’error’; the
difference between the incoming LOS signal and reflected
signal parameters as the ’shift’; and the difference be-
tween receiver measurement and LOS signal parameters
as the “measurement error’. For example,

frosn — fo_ ,», = Frequency error of LOS signal

fRefin — fo_ ,, = Frequency error of reflected signal

frefi,n — fros,n = Frequency shift of reflected signal
fo,n — fros.n = Receiver Doppler measurement error

Doppler frequency at epoch n, respectively. The symbol
the LOS signal at epoch n, which can be expressed as a
ALosm = —3 in ((wLosm — wo,n)

€))
component at epoch n is
The carrier phase error of the LOS and reflected signal

frosns frefi,n and fo_ ,, are the Doppler frequencies of
the LOS signal, reflected signal, and receiver-predicted
(~) indicates the receiver’s local replica value, and (—)
is the predicted value. Appg,, denotes the amplitude of
function of the frequency error
N\/CrLosnR(ATLOS 1) y Z)
3 (wros,n —won) T 2
= N/CL0oS,nR(ATLOS,n)sinc ((fLos,n - fo_,n) T)
where N is the number of sample values in the integration
time. Similarly, the amplitude of the reflected signal
ARegi;n = Ny/CRef1,n R(ATRef1,n)sinc ((fRefl,n - f§n> T)
(10)
components can also be written as
s T
$rosm =27 (frosm — fo,n) (to + 2) + 91050 — Yon

- T
Grefin =27 (fRefin — fo,n) (to + 2) + VRefin — Yon

12)

Therefore, the phase error for every epoch consists of the

average phase error due to the frequency error and the

initial phase error. Finally, the correlation output can be
simplified

I(n) = ALos,n cOS ros,n + ARefi,n COS Prefin (13)

Qp(n) = Arosnsin@rosn + Arefin Sin Prepin (14)

The carrier synchronization is usually achieved by a
carrier phase tracking loop, which is often implemented
as a phase-locked loop (PLL). The PLL discriminator esti-
mates the signal carrier phase error between the incoming
and local replica signals. The additional energy of the
reflected signal with different relative phases causes the
compound signal to be tracked instead. The carrier phase
error of the compound signal at epoch n can be expressed
as

¢rpn = arctan(Qp(n)/Iy(n))

arctan is the two-quadrant arctangent function.

However, tracking the carrier phase directly in some
real applications can be challenging since it is susceptible
to user dynamics. In order to help with phase monitoring
with dynamic robustness and to increase efficiency, many
receivers employ frequency tracking [26]. The type of dis-
criminator determines whether this is a PLL or a FLL. The
frequency discriminator measures the frequency/Doppler
frequency difference between the incoming signal and the
local carrier [1]. The Doppler frequency error 6 fo,, is
equivalent to the change of the carrier phase error between
two adjacent epochs, which can be obtained as

(15)

5o = PuMPn — PMPR-1
’ 27T

The change of the carrier phase error between two epochs
can be monitored with the two-quadrant arctangent or
the four-quadrant arctangent (arctan2) functions. For
example, the change in the carrier phase error can be
written as (17) where P.,.ss and P,,; are calculated based
on trigonometric manipulations

Piot = Ip(nﬂp(n -1)+ Qp(n>Qp(n -1)
Peross = Qp(n)lp(n - 1) - Ip(n)Qp(n - 1)

The detailed calculation is displayed in Appendix A.
Similar models can be derived for the arctan 2-based fre-
quency discriminator. It is worth noting that the principal
value of the carrier phase error change lies between —7
and m when applying the arctan2 function. Therefore,
with the knowledge of the carrier phase error and am-
plitude of the LOS and reflected signal components, the
prompt correlator output and the frequency discriminator
output can be estimated.

Fig. 2. presents a vector diagram that includes the
LOS signal, the reflected signal, and the compound sig-
nal components. This diagram demonstrates an example
where the carrier phase error of the LOS signal remains
unchanged in adjacent epochs. It is used to illustrate the
relationships among the signal components and visualize
the Doppler multipath error. The area shaded in blue is
the change in the carrier phase error due to the multipath
effect, which is equivalent to the Doppler multipath error.

(16)

(18)
19)

The FLL is a feedback control loop comprising the
correlator, a discriminator, a loop filter, and a carrier
generator. The discriminator’s output is the input of the
loop filter. Diverse loop filters, distinguished by their
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,f’ (Reflected signal atn — 1)

>
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Fig. 2. A vector diagram of phase error shift with one reflected

signal component.

designs and parameter settings, exhibit varying loop sta-
bility and tracking performance [1]. For instance, tra-
ditional scalar tracking loops usually employ second-
order or higher-order loop filter designs for tracking a
single channel, whereas vector tracking-based receivers,
relying on navigation filters, estimate signal parameters by
integrating tracking information from multiple channels
[27, 28, 29]. In practical receiver setups, these filters are
designed for the purpose of enhancing noise management
and dynamic tracking capabilities [30, 23]. In sum, the
discriminator output serves as the measurement residual

AUTHOR ET AL.: SHORT ARTICLE TITLE

— ¢1r.0Sn-1) + ARefi.nARefl,n—1COS(PRefi,n — PRefln—1)

for the prediction of the measurement and provides the
update for the next epoch’s correlation and integration.

This study aims to illustrate the typical performance
of FLL under multipath interference without averaging
sample values during navigation processing. Therefore,
the measurement update interval corresponds to the co-
herent integration time. The loop filter produces the
estimated Doppler error indicated as ¢ fo,n- Ultimately,
the estimated Doppler error is updated, and the receiver
Doppler measurement is obtained

fon = Jon-1+0fon (20)
The receiver-predicted Doppler frequency at the next
epoch is updated

f(;n+1 = fO,n 21
In sum, in FLL, the receiver estimates the Doppler
frequency by monitoring the Doppler frequency error of
the compound signal over the continuous tracking time.
Therefore, the Doppler frequency of the compound signal
biases the receiver replica signal and causes an error in
the receiver Doppler measurement. The receiver Doppler
measurement error, or equivalently, the Doppler multipath
error, is defined as the difference between the Doppler
frequency of the LOS signal and the receiver-measured
Doppler frequency as

ferrorm, = fO,n - fLOS,n (22)



In conclusion, the receiver Doppler multipath error is
time-varying based on the amplitude and carrier phase
error of the LOS and reflected signals in the continuous
tracking time. It’s worth mentioning that the carrier phase
errors of the signal components represent the total phase
difference between the incoming signal and the receiver
replica, including the frequency error part and the initial
carrier phase error part. The initial carrier phase error
is time-varying due to environmental influences on the
incoming signal and may also change due to the receiver’s
local replica’s carrier phase updates. Therefore, in the
FLL-only architecture, only the frequency error can be
estimated. In other words, the ambiguity of carrier phase
error exists. Without further knowledge of the PLL, the
signal vectors move along a circle with a radius of signal
amplitude and can point in any direction.

A. Pseudorange rate error envelope

The pseudorange rate error due to multipath interfer-
ence can be expressed as

(23)

The theoretical deviations in the previous sections indicate
that the frequency discriminator output is predominantly
influenced by the signal parameters at the adjacent epochs.
Several assumptions are made to streamline the analysis
process in this section. First, it is assumed that there
is no receiver update between the two epochs, such
that f(;n_l = fo_n and Yo -1 = von,. Second, the
receiver accurately tracks the LOS signal at the preceding
epoch n — 1 and the LOS signal carrier phase remains
constant, such that ¢ro0sn — ¢rosn—1 = 0. Third, it is
assumed that the reflected signal injects at epoch n, then
ARefin—1 = 0. Therefore, the frequency and phase errors
of the reflected signal can be expressed as the frequency
and phase shifts of the reflected signal with respect to the
LOS signal, denoted as fqnifs,n and 954 f¢,n. According to
(16), (17) and (23), the multipath pseudorange rate error
can be simplified as (24). The amplitude of the signal
components at the two epochs are similar and can be
derived from (9) and (10) as

Arosn = Nv/Cros-R(ATtLosn) (25)

Aprefiin = N\/Crefin R(ATRef1,n)sinc( fonifenT)
(26)

The mathematical models can be used to visualize the
Doppler multipath and pseudorange rate errors induced by
the reflected signal in the specific scenario. For example,
Fig. 3 (a) plots the pseudorange rate error and Doppler
multipath error envelopes for a binary phase shift keying
(BPSK) signal under different coherent integration times
and received reflected signal-to-direct signal (R/D) power
ratios. The x-axis values are normalized by the coherent
integration time. A normalized frequency shift value of
1 corresponds to the FLL discriminator pull-in range of
1/T. In this plot, the influence of the carrier phase shift of
the reflected signal is neglected (Yspife,n = 0). When T

Perror,n = )‘ferror,n

and R/D power ratio remain unchanged, the upper bound
of the pseudorange rate error occurs when the amplitude
of the reflected signal vector is large, such as when the
code phase errors of the LOS and reflected signals have
the same magnitude (R(ATges1n) = R(ATrosn)). The
shaded areas with the same colors indicate cases where
R(ATgefin) < R(ATros,n). This occurs because larger
code phase errors result in smaller values in the ACF,
thereby decreasing the amplitude of the signal vector. The
envelopes cross zero when the normalized frequency shift
is 0.5, due to the zero value of sin(27 fspnifen T + Oshift,n)
in (24). As the fopien increases, the pseudorange rate
error becomes negative due to the properties of trigono-
metric functions. Additionally, a lower bound of the pseu-
dorange rate error is observed with increasing fsn;rtn-
This occurs because the amplitude of the reflected signal
vector degrades according to sinc (fspifenT) in (26).
In summary, the pseudorange rate error decreases with
longer coherent integration times and a lower reflected
signal amplitude. Fig. 3 (b) illustrates the pseudorange
rate and Doppler multipath errors across different carrier
phase shifts of the reflected signal. In this plot, the
pseudorange rate error varies significantly with different
settings of Yspife,n. The maximum (max) and minimum
(min) error bounds are identified, showing decreasing
errors as fshife.n increases. The possible reason is the
attenuation of the reflected signal amplitude caused by a
larger fonife,n. A detailed derivation of the maximum and
minimum error bounds is provided in Appendix B.

BPSK modulation is regarded as the most basic
spreading modulation for satellite navigation, whereas
binary offset carrier (BOC) modulation is a more complex
technique that employs subcarriers. In (25) and (26), the
normalized ACF with respect to a code phase shift 7 for
the BPSK and sine-phase BOC signals can be expressed
as [31]

R(r) =
Appsi(r), for BPSK
{ Apoc(r)+ £ (<11~ d)Asoc (7] — KTuu). or BOC
@7
where

] < Tiype

28
, otherwise (28)

7]
A 1— =
Atype(T) = { 0 Ttype

Tiype = chip width of the PRN code, for BPSK signal
Tiype = chip width of the subcarrier, for BOC signal

For a specific BOC modulation denoted as BOC(j, k),
M = 2j/k represents the order of the BOC modulation,
and T, is the chip width of the subcarrier. Assume that
the code phase error of the LOS signal is zero, such
that ATLOS,n = 0 and ATRefl,n = Tshift,n- The code
phase shift of the reflected signal, 7p;f:r, represents
the code phase difference between the LOS and reflected
signals. According to (24), the comparison between the
BOC(1,1) signal and the BPSK signal is plotted in Fig.
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Fig. 3. (a) Example of Doppler multipath error and pseudorange rate
error envelopes versus reflected signal frequency shift for a BPSK
signal when 95 ¢¢ » = 0, under varying coherent integration times 7'
and R/D power ratios. (b) Example of Doppler multipath error and
pseudorange rate error envelopes for a BPSK signal when 7" = 10
milliseconds (ms) and R/D = 0.63, under varying ¥sp; ¢, n- ()
Example of pseudorange rate error envelopes for BOC(1,1) and BPSK
signals, when Ypif¢,, = 0, T = 10ms and R/D = 0.63, under varying
fshift,n and Tshift,n-
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—— arctan (24)
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3 (c). The projection of the pseudorange rate error in
both the frequency shift and code phase shift domains
is presented. The X-Z view illustrates the pseudorange
rate error with respect to the fgp;f¢ ., Which mirrors Fig.
3 (a) for the BPSK signal. For the BOC signal, the
pseudorange rate error spans a wider range due to the
negative side peak in the ACF of the BOC(1,1) signal
[31]. In terms of absolute pseudorange rate error en-
velopes, both BPSK- and BOC-modulated signals exhibit
similar behavior. The Y-Z view shows the pseudorange
rate error decreases as Tsp; ¢, increases. This is because
the reflected signal’s amplitude in the prompt correlator
degrades significantly with increasing Tsp;¢t.,. For the
BOC signal, the pseudorange rate error decreases more
rapidly than for the BPSK signal, with a zero-crossing
point due to the properties of the BOC(1,1) ACF. In
conclusion, regarding absolute pseudorange rate error,
multipath interference has a smaller impact on BOC-
modulated signals because of the nature of the BOC
correlation curve.

There are two noteworthy points about the intro-
duced error envelopes. First, this model only describes
limited multipath scenarios in a noise-free environment
(6fo,n = dfo.n). Second, the presented envelopes depict
the instantaneous Doppler measurement error, whereas the
Doppler measurement error undergoes dynamic variations
within the continuous feedback tracking loop. Despite the
non-realistic nature of this model, it demonstrates a quick
characterization of the receiver measurement behavior in
specific scenarios.

IV. A RAY-TRACING-AIDED FLL SIMULATOR

This section introduces an FLL simulator to visual-
ize the practical performance of the receiver frequency
tracking process in urban environments. In Section IV. A,
the Doppler frequency models are introduced to eliminate
errors due to the receiver clock bias. In order to mitigate
the impact of thermal noise, the noise-induced error is
simulated based on predicting the receiver tracking loop
parameters, which will be covered in more detail in
Section IV. B. The simulated receiver-measured Doppler
frequency is compared with the Doppler measurements
collected from the commercial GNSS receiver at the same
experimental locations for validation purposes in Section
V. The overall structure of the proposed FLL simulator
and performance validation process are depicted in Fig.
4, where x and z° are the user and satellite positions,
respectively.

The proposed FLL simulator comprises two main
components: the receiver frequency tracking loop and the
ray-tracing algorithm. The ray-tracing algorithm devel-
oped in [32] estimates the optical satellite-reflector-user
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geometry in the urban environment, utilizing the satellite
ephemeris, the 3D building model, and the user PVT
information. The reception of signals can be categorized
into three types based on the number of simulated signal
paths: the LOS case, which involves only a direct signal;
the non-line-of-sight case, which involves a reflected
signal; and the multipath case, which receives direct and
reflected signals simultaneously. The attenuation of the
reflected signal power depends on the properties of the
reflector surface materials [24]. Thus, the ray-tracing al-
gorithm assumes a smooth building surface and considers
the signal reflection to be specular. In this algorithm,
the GNSS-reflectometry (GNSS-R) model is employed to
estimate the carrier-to-noise ratio (C'/Np) of the reflected
signal. This estimation depends on factors including
C/Ny in the open-sky model, reflection coefficient, and
signal propagation path [32]. Algorithm 1 outlines the
processes involved in the ray-tracing algorithm.
Subsequently, the Doppler frequency values of the
LOS and reflected signals are supplied to the correlation
model for calculation of the I- and Q-channel output.
The interval for generating the correlation output depends
on the coherent integration time, which is restricted to a
maximum of 20ms. The correlation output and receiver-
measured Doppler frequency are updated at every epoch
to simulate receiver continuous tracking. In addition, sim-
ulations are first conducted in a noise-free environment,
and the tracking loop errors are subsequently analyzed uti-
lizing loop filter parameters outlined in Section IV. B. The
receiver-measured Doppler frequency is then computed
by accumulating the tracked Doppler error. Algorithm
2 outlines the key steps of the simulation. The fifth
step of this algorithm involves adjusting the simulator’s
output frequency to a standard commercial receiver output
frequency, such as 1Hz, for simulation validation. In

The flowchart of the proposed ray-tracing-aided FLL simulator and validation processes.

Algorithm 1 Ray-tracing algorithm [32]

Input: User receiver PVT, satellite position, 3D building
model .

Output: 1705, Ircsi, Crosns Crefins fLos, fRef

1: Search possible signal propagation path: It is

assumed that the signal propagation path is a straight
line. Only the signal without any intersection with
the 3D building model surfaces will be considered as
LOS type. Define fLOS and fRefl.

2: Signal strength  estimation: The reflected
signal power is C/Nogresi = C/Noros +
20log (mﬁfoiamm,,o, where C/Nypos is

the LOS signal power estimated based on the
satellite elevation-C'/ Ny relationship. spos is the
distance between the satellite and receiver. sgefii
and sg.fp are the distance between the satellite
and reflection point and the distance between the
reflection point and receiver, respectively. x, is a
predefined reflection coefficient.

3: Doppler of the received signal: Compute f;og and
fresi based on (1) and (4).

this work, the dynamic code tracking performance is not
considered, and the code tracking error is set to zero in
the small delay multipath scenario.

According to (17), the evaluation of the receiver-
measured Doppler frequency necessitates knowledge of
each signal component’s amplitude and carrier phase
error. The signal vector amplitude depends on the C'/ Ny
and frequency difference between the incoming signal
and the replica signal, which can be estimated based
on the signal strength provided by the ray-tracing result
and the receiver frequency tracking results. However, the
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Algorithm 2 Receiver frequency tracking
Input: Ray-tracing results
OUtPUt fO ns fe'r‘ro’r‘ n

1: Classify satellite type: Select the satellites with more
than two possible propagation paths.

2: Amplitude of signal components: Compute A;ype
based on (9) and (10), where Cyype.n and fiypern are
given by Algorithm 1. 7' is predefined according to
Algorithm 3. A7y, is set to zero to neglect the code
tracking error.

3: Carrier phase error of signal components: Com-
pute ¢iypen based on (11) and (12). Vrefi.n — Yon
is neglected due to the unknown cycle of ambiguity
and PLL architecture.

4: Frequency tracking: Calculate correlation results
and discriminator output. fo,n is updated in each
epoch.

5: Output frequency adjustment: Simulator output
fom € [fo,n,fO,nJrM], where m is based on the
desired output rate and M is determined by 7.

6: Receiver velocity estimation: The least-squares (LS)
method is applied to simulate the receiver velocity
based on the fy,, of visible satellites.

carrier phase error encapsulates the total phase difference,
including the initial carrier phase error and the frequency
difference between the incoming signal and the replica
signal. Simulating the initial carrier phase error of each
signal component presents a significant challenge due
to several factors. First, the carrier phase is sensitive to
user dynamics and the potential variety of interference in
the real environment. Second, the ray-tracing technique
currently lacks the capability to predict the signal rays
and reflection points with centimeter-level accuracy. Fur-
thermore, the receiver carrier phase update process and
the integer number of cycles are unpredictable due to
the unknown tracking loop architecture and oscillator of
the commercial receiver [23]. Therefore, achieving point-
to-point simulation is difficult. The proposed simulator
is thus designed to estimate the possible distribution
and evolution pattern of the receiver-measured Doppler
frequency.

A. Single-difference Doppler measurement model

The proposed simulator operates in a noise-free envi-
ronment, whereas real Doppler measurements are suscep-
tible to various interferences. A single-difference Doppler
frequency model is introduced to eliminate extraneous in-
terference during real experiments. In the GNSS receiver,
the Doppler frequency, or equivalently the pseudorange
rate, is utilized for receiver velocity estimation and may
be biased, which can be modeled as [25]

A.fé = )‘fEOS + i)u + bl - IZ + TZ =+ Asi"LL + )‘feirror
(29)

AUTHOR ET AL.: SHORT ARTICLE TITLE

where fo is the receiver-measured Doppler frequency
of a test satellite i. A\fj,q = (v—27) - IYLOS is the
received LOS signal Doppler frequency due to relative
motion between the user and satellite. b, and b’ are
the rates of change in the receiver and satellite clocks
(m/s), respectively. I and 7" are the changes in error due
to ionosphere and troposphere interference, respectively.
& +or is the Doppler multipath error. €%, denotes the
error in the FLL. It is modeled here to consist of two
dominant sources of error: the thermal noise o, ; and
the dynamic stress f.. Therefore, the standard deviation of
the FLL error is std {ek;; } = oip, + L. The 1-sigma
frequency jitter caused by thermal noise is [1]

1 |4FB, - 1 30)
GtFLL = 27T C/N() TC/N()

F =1 for high C/Ny
= 2 for low C'/Ny near threshold
B,, = Noise Bandwidth (Hz)

The dynamic stress error is calculated based on the
steady-state error in the FLL, which is determined by a
given user-satellite dynamic and the tracking loop archi-
tecture. Therefore, the dynamic stress error for different
loop filter architectures varies. To simplify our analysis, it
is assumed that a high-order FLL is utilized to precisely
track the carrier frequency, and the dynamic stress error
is small. In addition, the changes in ionospheric delay,
troposphere delay, and satellite clock error are relatively
small over a short period of time and can be ignored.
Then, (29) can be simplified as

)\fg) = )‘szS + b“ + )\S%FLL + )‘fgrror

where e}, is the thermal noise error. The single-
difference Doppler frequency (SDD) is defined as the
Doppler difference between a test satellite ¢, and a ref-
erence satellite j consisting of a LOS signal only. It can
be written as

€1y

ftype = ftiype B fg,OS (32)
where f;ype and fio ¢ are the Doppler frequencies from
the same test. The user clock error is the same for all
satellites in the same test, and its impact can be removed
by calculating the SDD. Therefore, SDD of the receiver

Doppler measurement fO is

lj = fLOS + gszLL + férror (33)

Assume that there is no correlation between the noise of
the two satellites. Therefore, the variance of thermal noise
contained in satellites ¢ and j is

. . 2 1, ) )
var {Eti“LL} = (Ut%«“LL) = (ofprr) + (UfFLL>
(34)

2

Define the single difference Doppler error (SDDE) as
AfY = 11~ Therefore, Af/ consists of thermal
noise only if satellite ¢ is LOS, and additional error by
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multipath is involved if satellite ¢ is multipath type. A féj
can be fit into a Gaussian distribution model expressed as

~ N (0, var (EEJ;LL)) i is LOS
~N(fi  var (ejjmu)) /i is MP

Therefore, the variance of the SDDE is mainly dominated
by thermal noise, and the change in the mean value of the
SDDE can be used to identify the test satellite’s signal
reception type.

AfJ (35)

B. Examination of noise impact

According to Section IV. A, the variance of SDDE
is dominated by thermal noise. Therefore, the impact of
thermal noise needs to be appropriately estimated for the
proposed simulator validation. The receiver tracking loop
parameters, including the noise bandwidth and coherent
integration time, significantly influence the thermal noise
error. Sometimes, it is difficult to discern these parameters
from commercial receivers. The 68-95-99 rule is used to
predict the receiver tracking loop parameter and enhance
the reliability of the simulation validation process. The
well-known 68-95-99 rule, also called the empirical rule,
predicts that in normal distributions, 68% of the data
falls within one standard deviation (1-sigma), 95% percent
within two standard deviations (2-sigma), and 99.7%
within three standard deviations (3-sigma). Therefore, if
the test satellite is of the LOS type, the SDDE value
should comply with this rule. The primary procedures for
predicting the real receiver tracking loop parameters and
evaluating the thermal noise impact are summarized in
Algorithm 3.

Algorithm 3 Receiver tracking loop parameter estimation

based on thermal noise error

Input: Doppler measurement from a real receiver and
ray-tracing results

Output: B, and T

1: Choose LOS satellites: Based on ray-tracing results,
select the test and reference satellites, which are all
classified as LOS.

2: Calculate SDDE of real measurement: Calculate
Afe’ = fi’ = filogs» where fg is the SDD from the
real receiver. f’, ¢ is the simulated SDD of the LOS
signal. B

3: Set possible B,, and T: Calculate 0,7.,, based on
(30) and (34). The C/Ny is obtained from the real
receiver measurement.

4: Test if Af’ satisfies the 68-95-99 rule: Set the
different values of B,, and T', and repeat from step
one until Afy’ satisfy the theoretical two standard
deviation distribution.

5: Test MP satellites: If the test satellite is multipath
type, Afy’ should not satisfy the theoretical distribu-
tion with zero mean and 0,7, ;.

V. EXPERIMENT
A. Experimental setup

The experimental equipment is depicted in Fig. 5. The
3D Light Detection and Ranging (LiDAR) sensor HDL
32E Velodyne provides a relatively high-precision ground
truth with an inaccuracy of around 0.3 meters [33]. The
common commercial-grade GNSS receiver, u-blox EVK-
F9P, is utilized to provide the real Doppler measurements
for the simulator performance validation. Experiments
were conducted in suburban areas in Tsim Sha Tsui,
Hong Kong, on July 15, 2023. Fig. 6. illustrates two
data collection scenarios in Google Earth with trajectory
denoted by the red arrows and the receiver velocity in the
East-North-Up (ENU) frame. The experiments are located
in areas near a tall building with flat walls on one side and
an open sea on the other side. This setting enables LOS
signals from the open sky to remain unobstructed. The
3D LiDAR sensor and the u-blox receiver were affixed
to the same trolley, which was carried by a pedestrian
moving reciprocally along the trajectories approximately
perpendicular to the building surfaces. This specific con-
figuration aims to maximize the frequency shift of the
reflected signal [34]. The duration of data collection for
scenario 1 (S1) spanned approximately 85 seconds, and
it was around 56 seconds for scenario 2 (S2). The sub-
figures on the right side of Fig. 6. are sky-plots with
building boundaries in gray areas and display the visible
Global Positioning System (GPS) L1 satellites. Satellites
depicted in green are categorized as the LOS type, while
those in yellow signify the multipath (MP) type based on
ray-tracing results. No alterations in the satellite type oc-
curred during the tests. Table I summarizes the parameter
settings for the proposed simulator.

u-blox receiver

Ll oo Real Measurement
M Sec. V.B
. . . Simulation Validation
3D LiDAR Sec. VD

b FLL Simulator

—
- Sec. V.C
B

Fig. 5. Experimental equipment.

TABLE I

Parameter settings of the simulation

Frequency discriminator arctan 2
Coherent integration time (1) 10ms
Noise bandwidth (By,) 15Hz

Reflection coefficient (k) 0.6
Reference satellites S1-PRN 5, S2-PRN 5

B. Analysis of the real Doppler measurement

In this section, Doppler measurements obtained from
the commercial receiver are analyzed. The proposed
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Fig. 6. Data collection location, sky-plots with visible satellites, and

ground truth velocity in (a) scenario 1 and (b) scenario 2. Green PRN
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SDDE model in (35) is utilized to discuss the influence
of the reflected signal and thermal noise in real measure-
ments. Fig. 7. displays the SDDE values of the visible
test satellites. The results depicted in blue correspond
to the LOS satellites, while the plots in orange repre-
sent satellites classified as multipath. The results exhibit
fluctuations centered around zero, with the multipath
satellites displaying larger fluctuations compared to the
LOS satellites. Table II quantitatively summarizes the
standard deviation (STD) of the test satellites. In scenario
1, the LOS satellites exhibit STDs of no more than 3Hz,
whereas the majority of multipath satellites demonstrate
STDs exceeding 3Hz. Notably, PRN 13 displays an STD
of about 2.6Hz, which is similar to that of the LOS
PRN 6. There are two possible reasons: either PRN 13 is
incorrectly categorized as multipath while it is, in fact, the
LOS type, or the influence from the reflected signal in the
Doppler measurements of PRN 13 is small. For scenario

AUTHOR ET AL.: SHORT ARTICLE TITLE

2, the STDs of LOS satellites range from 1 to 3.5Hz,
while multipath satellites show STDs surpassing 4.3Hz.
Recall that SDDE consists of only noise when the test
satellite is LOS, while the error from the reflected signal
is added when the test satellite is multipath. Therefore, the
amplified oscillation observed in the SDDE of multipath
satellites may be attributed to multipath interference or
signal power degradation.

PRN 19
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Fig. 7. SDDE values from the real receiver for all visible satellites
in (a) scenario 1 and (b) scenario 2. Blue PRN for LOS type, orange
for MP type.

TABLE II

Statistical analysis of the SDDE values

Scenariol
Type PRNs STD (Hz) Satellite elevation (degree)
25 1.87 15
LOS 12 1.57 30
6 2.58 33
15 3.93 12
17 4.51 15
MP 13 2.55 32
19 3.49 33
Scenario 2
Type PRNs STD (Hz) Satellite elevation (degree)
12 3.46 21
15 3.31 28
LOS 13 2.88 50
20 1.34 51
11 2.31 52
19 6.45 17
MP 6 4.30 27

The next step is to ensure that the multipath effect is
the primary factor contributing to the increased variation
in the SDDE of multipath satellites. The impact of the
thermal noise is examined based on the satellite elevation
angle and the theoretical thermal noise error. Table II
furnishes the satellite elevation angles. It is known that
for LOS satellites, the received signal strength tends
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to be relatively higher when transmitted from satellites
positioned at higher elevation angles, and C'/ Ny serves as
a useful metric for multipath detection [35, 36]. Therefore,
the STD of SDDE, derived from the C'/ Ny values of the
test and reference satellites, is closely correlated with the
satellite elevation angle. Comparing the STD of PRNs 15,
17, and 19 in scenario 1, and PRNs 19 and 6 in scenario
2, with the LOS satellites that exhibit similar elevation
angles within the same test, an abnormal increase in STD
is noted.

Furthermore, the theoretical standard deviation of the
SDDE can be calculated based on C'/Ny outputted from
the u-blox receiver. Subsequently, the 68-95-99 rule
introduced in Section IV.B is applied to test whether the
real measurements align with the anticipated theoretical
distribution. Algorithm 3 sets B,, and T at 15Hz and
10ms, respectively. Fig. 8. provides examples of the
SDDE values and the time-varying 2-sigma values of the
thermal noise. For the LOS satellite PRN 12, most results
fall within the theoretical 2-sigma intervals. However,
for multipath satellite PRN 19, the results exhibit higher
oscillation and deviate from conforming to a distribution
with a zero mean value.
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Fig. 8. SDDE values from the real receiver for (a) PRN 12, and (b)
PRN 19 in scenario 2. Blue PRN for LOS type, orange for MP type.

Table III summarizes the percentage within the theo-
retical thermal noise standard deviation for all satellites.
Notably, concerning LOS satellites, the average percent-
ages within 1-sigma, 2-sigma, and 3-sigma intervals are
81%, 95% and 99%, respectively. This indicates that the
distribution of SDDE for LOS satellites closely adheres to
the theoretical distribution, with a stronger concentration
around zero. Conversely, results for multipath satellites
exhibit greater dispersion. The multipath satellites’ av-
erage percentages within 1-sigma, 2-sigma, and 3-sigma
intervals are 57%, 78% and 88%, respectively. This empir-
ical evidence suggests that the increase in the STD for the
multipath satellite may not be attributed to the decline in
the received LOS signal strength or the compound signal
C/Ny.

In conclusion, the analysis of the SDDE derived from
the real receiver indicates that the SDDE of multipath
satellites demonstrates more pronounced vibration than
LOS satellites, which is likely attributed to multipath
interference. In addition, the satellite classification result
from the ray-tracing can sometimes be wrong [37].

TABLE III
Distribution of the SDDE values

Type PRNs I-sigma (%) 2-sigma (%) 3-sigma (%)
S1-6 63.1 86.3 95.9
S1-12 84.3 94.0 100
S1-25 90.0 98.3 100
S2-11 88.1 100 100
LOS S2-12 76.6 95.7 100
S2-13 80.0 96.0 100
S2-15 73.3 93.3 97.8
S$2-20 90.2 98.0 100
Average 80.7 95.2 99.2
S1-13 53.3 80.0 92.0
S1-15 55.1 78.3 89.9
S1-17 52.5 70.4 85.9
MP S1-19 51.2 81.7 90.2
S2-6 75.5 87.8 89.7
S2-19 53.7 68.5 81.5
Average 56.9 77.8 88.2

C. Simulated receiver-measured Doppler frequency

Fig. 9. (a) presents an example of simulation results
derived from PRN 15 in scenario 1. In this figure, the ‘MP
Doppler’ represents the SDD value of receiver-measured
Doppler frequency fo under multipath reception. ‘LOS
Doppler’ and ‘Reflected Doppler’ indicate the SDD value
derived from the Doppler frequency of the LOS signal
fros and the reflected signal fr.s;, respectively. The
calculation of the SDD values follows (32), using the
Doppler frequency of PRN 5 as the reference. The subplot
within Fig. 9. (a) offers a magnified view specifically
around GPS time 535970. Several findings can be drawn
from these results. Firstly, the Doppler difference between
the LOS and reflected signals becomes significant pe-
riodically. This is attributed to the alternating velocity
projection onto the signal vector during reciprocal motion.
Secondly, although the simulated MP Doppler exhibits a
comparable shifting pattern to the LOS Doppler, it fluctu-
ates around this LOS Doppler. The difference between the
LOS Doppler and the simulated MP Doppler is denoted
as the Doppler multipath error. It is observed that the
Doppler multipath error increases in proportion to the
Doppler shift of the reflected signal. Finally, the Doppler
multipath error is zero when the LOS and reflected signals
have identical Doppler values.

Fig. 10. shows an illustrative diagram explaining the
MP Doppler oscillation phenomenon. To simplify the
analysis, it is assumed that the carrier phase error of the
LOS signal remains constant within a short time span,
such as from epoch n-1 to n+2. During this interval, the
magnitude and direction of the compound signal vector
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Fig. 9. (a) The simulated SDD values derived from fo, fros and
fReyi for P~RN 15, scenario 1. (b) The box plot of SDD values
derived from fq, the SDD values at an output frequency of 1Hz, and
the corresponding user velocity in scenario 1.

are influenced by the phase and amplitude of the reflected
signals across adjacent epochs. More specifically, the
Doppler multipath error increases with the rising phase
error change of the reflected signal until the reflected
signal vector is perpendicular to the LOS signal vector.
In this case, the maximum Doppler multipath error is
determined by the radius of the circle of the reflected
signal vector. The radius is also recognized as the am-
plitude of the signal vector. Subsequently, as the carrier
phase error of the reflected signal accumulates further, a
reversal in the sign of the Doppler multipath error occurs
when the compound signal vector rotates in the opposite
direction. To summarize, the change in the phase error
of the reflected signal significantly impacts the Doppler
multipath error, while the maximum attainable Doppler
multipath error is contingent upon the amplitude of the
reflected signal vector.

It is important to note that the coherent integration
time within the receiver tracking loop typically does
not exceed 20ms. However, the incorporation rate of
GNSS navigation measurements from a commercial re-
ceiver is generally 1Hz [1]. Additionally, due to the
uncertain updates of the tracking loop and carrier phase
tracking in the commercial receiver, the precise Doppler
frequency output remains unpredictable for the proposed
FLL simulator. To enhance the realism of the simulation,
aligning the output rate with the commercial receiver’s
frequency is necessary. Fig. 9. (b) presents the box plot
of the simulated MP Doppler, where each box exhibits a
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Fig. 10. Illustration of the receiver Doppler measurement oscillation.

distribution derived from 100 epochs. It is observed that
the simulated MP Doppler exhibits a skewed distribution
within each second, with the majority of samples concen-
trated on the side closer to the LOS Doppler. Furthermore,
considering the minimum and maximum values of the
boxes as the error bars of the simulated MP Doppler,
these bars delineate the maximum and minimum Doppler
values encompassed within one second. Consequently,
the error bars serve to describe the potential Doppler
measurement values in the presence of multipath effects.
It was observed that the error bars expand as user velocity
and frequency shift of the reflected signal increase.

D. Experimental validation of the simulator

To validate the effectiveness of this simulator, the
simulation results are compared with the commercial
receiver output. The Pearson correlation coefficient is
utilized to describe the similarity between the simulation
results and real receiver measurement, which is expressed
as [38]

oy (a—@)(b-b)
pla.b) la—al| x [[b—b]|
; | .
_ 2z (@i —a)(bi — b) 36)

VI @—a)* S, (6 - b)

where @ = %Zf:l a; and analogously for b. The closer
the Pearson correlation coefficient is to 1, the better the
match between the two datasets. In the following sections,
the Pearson correlation coefficient is referred to as the
’similarity’ between the simulation output and the real
measurements.

Due to the limited knowledge of the carrier phase,
the simulation generates an output frequency of 1Hz,
exhibiting variability in each attempt. For each satellite,
10,000 attempts were conducted to compare the simulator
output with the real measurements. Table IV shows the
similarity of MP Doppler and LOS Doppler to the real
Doppler measurement. For all the satellites, the average
maximum similarity of the MP Doppler can reach around
81%, showing that our simulator predicts the receiver-
measured Doppler frequency with satisfactory accuracy.
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The mean similarity of the MP Doppler is similar to that
of the LOS Doppler. This is because the LOS Doppler
is, essentially, a possible output of the simulated MP
Doppler, situated within the concentrated region of the
distribution and proximate to the median. Comparing the
similarity achieved by the simulated MP Doppler with
that of the LOS Doppler, there is a potential enhancement
of up to approximately 10% in simulation accuracy for
most PRNs. Notably, for PRN 13, the maximum similarity
achieved by the MP Doppler is comparable to that of the
LOS Doppler. This suggests that the signals received in
the commercial receiver from PRN 13 might solely con-
tain the LOS signal, while our simulator, due to the wrong
classification of the ray-tracing algorithm, simulates the
Doppler frequency considering multipath reception.

TABLE IV

Similarity to real Doppler measurement

PRNs Simulator output

LOS Doppler (%)

max (%) mean (%) min (%)
S1-13 88.4 81.1 714 87.6
S1-15 79.1 64.4 47.2 69.4
S1-17 74.7 61.8 47.5 62.1
S1-19 81.1 73.9 63.3 74.9
S2-6 84.3 76.3 67.2 77.9
S2-19 79.3 65.7 52.8 65.6

Fig. 11. and Fig. 12. provide the simulator output for
all MP satellites with the highest similarity and the real
Doppler measurement in scenarios 1 and 2, respectively.
There are several potential reasons for the simulation
inaccuracy and the unexpected fluctuations observed in
the real Doppler measurements. First, the carrier phase
error in the real receiver might be influenced by updates
in the PLL, resulting in an unpredictable alteration in
the output of the FLL discriminator, thereby leading to
rapid jumps in the Doppler measurements. Second, during
real experiments, unpredictable changes in the satellite
type might occur. Third, variations in the power of the
reflected and LOS signals in real experiments might occur
due to changes in the materials of the reflector surfaces
as well as potential blockages caused by pedestrians and
trees. Moreover, it’s important to note that the proposed
simulator operates in a noise-free environment. However,
in real-world scenarios, the presence of thermal noise
can exert a substantial impact on the receiver’s tracking
accuracy. Lastly, the code tracking errors affect the signal
vector amplitude, thereby impacting real receiver Doppler
measurements.

E. Simulation of more scenarios

This section simulates more scenarios with higher user
velocity magnitudes to quantify the Doppler multipath
error and receiver velocity estimation errors in urban
areas. During each simulation test, the user receiver moves
at a constant speed and direction for one second. The
simulation environment and time are identical to those in

|f -4 - -Simulator Real measurement

10 f ’ !
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GPS Time (s)
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Fig. 11.  The comparison between simulated SDD of the MP

Doppler output and SDD of the real measurement of (a) PRN 13, (b)
PRN 15, (¢) PRN 17, and (d) PRN 19 in scenario 1.
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Fig. 12. The comparison between simulated SDD of the MP

Doppler output and SDD of the real measurement of (a) PRN 6 and
(b) PRN 19 in scenario 2.

scenario 1, as depicted in Fig. 6 (a). The detailed settings
for the unchanged variables are provided in Table V.
Fig. 13. depicts the simulated maximum Doppler
multipath error and the corresponding pseudorange rate
error for PRN 13 of scenario 1, considering the varying
user velocity and R/D power ratios. The results show
that multipath-induced errors increase with higher user
velocities, reaching a maximum when the user velocity
is approximately 5m/s. This can be explained by the
error envelopes shown in Fig. 3 (a), as increasing user
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TABLE V

Settings for simulation tests

22.29306°N, 114.17423°E
2270/535923-535924

PRN 13 for Fig.13

PRNs 5, 6, 12, 13, 15, 17, 19, 25 for Fig.14
Perpendicular to the building surface

Ground truth location
GPS week/seconds

Satellite

User velocity direction

velocity leads to a greater frequency shift of the reflected
signal, resulting in larger multipath-induced errors. The
negligible error observed at around 15m/s may be due
to the compound signal’s carrier phase error approaching
the detection limit of the discriminator. This also aligns
with the theoretical envelopes, which show zero error in
the receiver measurement when the normalized frequency
shift is 0.5. As user velocity and frequency shift continue
to increase, a lower peak of the receiver measurement
error is observed. Additionally, the receiver measurement
errors increase faster and attain higher maximum values
when the reflected signal is stronger.

Comparison between Fig. 13 and Fig. 3 (a) shows
that the simulated multipath-induced error in Fig. 13 is
larger due to Doppler measurement oscillation during the
one-second simulation period. However, the relationship
between multipath-induced error and Doppler frequency
shift remains consistent. In conclusion, the simulated error
in the realistic FLL simulator aligns with the theoretical
error envelope in Fig. 3 (a).
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Fig. 13. Simulation of the maximum pseudorange rate error and

Doppler multipath error with increasing user velocity for PRN 13,
scenario 1 and 7" = 10ms.

The user velocity and user clock bias can be estimated
using the LS method [25]. The horizontal receiver velocity
estimation error can be written as

(37

where vp and vy represent the receiver-estimated veloc-
ities in the east and north directions, respectively. vg g1
and vy g7 represent the ground true receiver velocities
in the east and north directions, respectively. Following
Algorithm 2, the simulation results of the receiver velocity
estimation error are depicted in Fig. 14. The simulation
settings are shown in Table V, and the skyplot is the same
as that shown in Fig. 6 (a). For each sample of the simula-
tion test, the Doppler multipath error is randomly selected
from the simulated distribution of the Doppler multipath

Verr = \/(UE - UE,GT)2 + (vn — UN,GT)2
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error over one second. Fig. 14 shows that the distribution
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Fig. 14. The simulated horizontal receiver velocity estimation error
due to the multipath interference with the R/D power ratios of the
multipath satellites ranges from 0.4 to 0.5 and 7" = 10ms.

of the receiver’s velocity estimation error adheres to a
skewed distribution, becoming more dispersed as user
velocity increases from 0.5m/s to 3m/s. This phenomenon
can be explained by the theoretical envelope in Fig. 3 (a),
as higher user velocity leads to larger frequency shifts in
the reflected signals, which in turn increases pseudorange
rate errors for the multipath channels, resulting in larger
receiver velocity estimation errors. Additionally, Fig. 14
shows that the receiver velocity estimation error dimin-
ishes as the user velocity increases further, such as at 7m/s
and 20m/s. According to Fig. 3 (a), when most reflected
signals exhibit large frequency shifts, the amplitude of the
reflected signal vectors is significantly degraded, resulting
in reduced Doppler and velocity measurement errors.

In conclusion, the performance of Doppler multipath
error and velocity estimation error varies across different
scenarios, contingent upon the geometric relationships be-
tween satellites, reflection points, and receivers. Our simu-
lator exhibits satisfactory accuracy in estimating receiver
Doppler measurements and demonstrates the capability
to forecast receiver velocity estimation errors in urban
environments.

VI. CONCLUSION

This paper analyzes the Doppler measurement per-
formance of a typical FLL under multipath interference.
The Doppler multipath error and pseudorange rate error
envelopes are illustrated in a specific scenario. A single-
difference Doppler error model (SDDE) is introduced
to analyze the multipath interference and noise impact
on the real Doppler measurement. The real experiment
results show that the SDDE value of the possible mul-
tipath satellites demonstrates more pronounced vibration
compared with the LOS satellites. A realistic simulator
is introduced to visualize the receiver Doppler measure-
ment performance in urban environments. This simulator
combines the typical receiver feedback tracking loop with
ray-tracing and is able to quantify the possible Doppler
measurement error. The reliability of the proposed FLL
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simulator is validated by calculating the similarity be-
tween the simulated Doppler frequency and the real
Doppler frequency outputted from the commercial re-
ceiver. The simulation similarity is able to achieve around
81%. We further characterize the Doppler multipath error
and receiver velocity estimation error with varying user
dynamics. The results show that multipath-induced errors
increase with a larger reflected signal frequency shift
and higher reflected signal power, but the error decreases
when the frequency shift of the reflected signal is signif-
icantly large.

In the future, the performance of Doppler measure-
ments across different receiver types may be simulated
through the application of different navigation filters.
This effort aims to offer predictions of Doppler measure-
ment errors across different practical applications using
our simulator. Enhanced simulation accuracy could be
achieved by incorporating the carrier phase tracking loop
and the code tracking loop. Additionally, forthcoming
real-world experiments will involve higher user velocities
to discuss Doppler multipath errors in vehicular applica-
tions. Moreover, future research will investigate multipath
interference on receiver velocimetry and positioning accu-
racy. These efforts seek to provide valuable insights that
could significantly contribute to augmenting the reliability
of GNSS navigation applications.

APPENDIX
A. Correlation and discriminator

The I-channel output in (6) mainly consists of the
high-frequency and low-frequency output components as
ip(t)
= [V2CLosD(t — T.0s)z(t — TLos) sin(wrost +9Los)
+1\/2CRef1D(t — TRef1)®(t — TRef1) Sin(WRe 1t + Y Ref1)]
X V2z(t — 70) sin(wot + o)
= —V/CLosD(t — TLos)z(t — TLos)z(t — T0)
X [cos ((wros +wo)t +YLos + Yo)
—cos ((wros —wo)t+YLos — Vo))
= A/CRefiD(t — TRef1)2(t — TRef1)x(t — T0)
X [cos ((wRreft +wo) t +IRess + o)
— cos ((wRrefi —wo) t + Pgest — Yo)] (A1)
For (18) and (19), the detailed calculations are
Pior =Ip (n) Ip (n — 1) + Qp (n) Qp (n — 1)
= [ALOs,n c0s(¢L0Sn) + ARefl,n COS(BRefin)]
[ALOS,n—1¢c08(pLOS,n—1) + ARefl,n—1 COS(PRefi,n—1)]

+ [ALosn Sin(@L0S,n) + ARefi,n SiN(PRefi,n)]

(
[ALoS,n—150(¢Los,n—1) + ARefi,n—15n(PRref1,n—1)]

= ALosnALos,n—-1¢08(¢Los,n — PLos,n-1)
+ ALos,nARefl,n—1CoS(PLOS,n — PRefln—1)
+ ARefl,nALOS,n—1C0S(PRefl,n — PLOS,n—1)

+ ARefi,nARefl,n—1COS(PRefl,n — PRefl,n—1) (A.2)

Peross = Qp (n) Ip (n —1) — Ip (n) Qp (n — 1)

= [AL0S,nSIN(¢LOS,n) + ARefl,n SIN(PRefln)]
[ALOS,n—1c08(pLOS,n—1) + ARefi,n—1OS(PRefi,n—1)]
— [ALos,n cos(dLOS,n) + ARefi,n cOS(PRef1,n)]
[ALos,n—15n(¢r0s,n—1) + ARefi,n—1Si0(PRefi,n—1)]
= Aros,nALos,n—15(¢ros,n — ros,n—1)

+ ALosnARefl,n—18I0(¢Losn — PRefi,n—1)

+ ARefi,nALOS,n—18I0(PRefl,n — PLOS,n—1)

+ ARefi,nARefl,n—150(PRefl,n — PRefln—1) (A.3)

B. The pseudorange rate error and Doppler multipath
error envelopes

(24) can be simplified as

) A . sin(x)
error,n — S o arctan | ————————
P ’ 27T a + cos(z)

(B.1)
where

_ ALOS,n

B ARefl,n

Tr = QWfshift,TLT + 793hift,n
Define the inner function as
_ sin(z) (B.2)
a + cos(x)

Take the derivative of the function y, the maximum and
minimum values of the function y can be found when
cos(z) = —1/a. Therefore, the pseudorange rate error
reaches extremes

smax 1
error,n 2T arctan < /7&2 — 1) (B3)
smin A 1
perrm“,n = ﬁ arctan <a2_1> (B4)
According to (25) and (26), a can be written as
C ~R(A n
o L0SnR(ATLOS n) (B.5)

CRef1,n R(ATRe p1,n)8I0C( fsnife,nT)
Therefore, the pseudorange rate error envelope is non-
linear with respect to changes in fsp; . Generally, the
pseudorange rate error decreases with a larger coherent
integration time and a lower reflected signal amplitude.
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