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Global Navigation Satellite System signals are often affected by multipath errors, which impact the
accuracy of positioning measurements. Traditional methods frequently fail to effectively mitigate
multipath errors across different environments, primarily due to their inherent sensitivity to varying
conditions. Here, we propose a multipath error cancellation method that utilizes antenna jitter, which
mitigates multipath errors by rapidly changing the relative phases of direct and multipath signals
without requiring changes to the receiver structure. The model that combines theoretical analysis with
experimental verification is conducted to identify the minimum jitter amplitude required for effective
error reduction in straight-line jitter scenarios. Moreover, extensive satellite data collection and
verification were performed in Changsha, China, from December 2023 to August 2024. The results
indicate that the proposed method enhances robustness and applicability across various
environments compared to traditional approaches. Notably, it enables a vehicle-mounted antenna,
priced at just a few dollars, to achieve positioning accuracy comparable to that of high-precision
antennas costing thousands of dollars, making advanced positioning technology more accessible.

Global Navigation Satellite System (GNSS) is widely used in spatial and
temporal positioning, mobile connectivity, unmanned driving, and other
fields, whose rapid development also puts forward higher requirements for
positioning accuracy. However, multipath error, intricately tied to the
observation environment and challenging to anticipate, plays a dominant
role in degrading the accuracy performance of GNSS positioning within
urban canyons'’. Unlike other error components such as those stemming
from satellite and receiver clocks, ionospheric and tropospheric propaga-
tion, and satellite orbits, multipath error remains intractable to the differ-
ential approach’.

Various strategies have been devised to address multipath errors, with
conventional approaches typically falling into three primary classifications
as outlined: antenna-based technology, algorithms for baseband processing,
and post-processing methods*’. In particular, the antenna-based technol-
ogy forces the antenna to receive the indirect signals as little as possible.
Although strategically positioning a GNSS antenna in an optimal location is
the most effective method for mitigating multipath effects, achieving such
ideal conditions is often impractical within the confines of urban canyons®.
Another effective strategy to mitigate multipath interference involves the
deployment of meticulously engineered antennas, encompassing both sig-
nal antennas and antenna arrays. The single antenna, such as dual-
polarization antennas’ and choke ring antennas®, can suppress the short-

delay multipath. The antenna array™'’ requires prior knowledge of the direct

signal direction and the assistance of inertial navigation. Although these
well-designed antennas mitigate multipath interference effectively, they are
expensive and bulky'.

Moreover, baseband processing algorithms are used to mitigate
multipath errors through signal processing links, which can be primarily
categorized into non-parametric and parametric methods". On one side,
the methods based on the nonparametric estimation mainly include the
narrow-spacing correlation”’, the High-Resolution Correlator, and
the strobe correlator””. The narrow-spacing algorithm limits multipath
interference but is constrained by practical bandwidth limits, becoming
ineffective when errors are below the channel’s reciprocal bandwidth. Both
the High-Resolution Correlator and strobe correlator variants struggle with
short-delay multipath. Besides, the nonparametric estimation method has a
simple structure, but its mitigation capability is not as good as the parametric
estimation method"”.

On the other side, the parametric estimation method, often employing
a maximum likelihood algorithm, is integral to the development of corre-
lator array structures. Techniques like the multipath estimated delay locked
loop and its enhancements'’, such as multipath mitigation technology’, the
coupled amplitude delay lock loop', and enhanced multipath estimated
delay locked loop"’, are the main applications of parametric estimation.
These methods estimate and mitigate multipath through recursive proces-
sing. However, the accuracy of such techniques is ultimately limited by
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correlator spacing, and their computational complexity is high, which may
limit their application in real-time GNSS receivers'.

In addition, various postprocessing methods have been developed to
mitigate multipath errors. Traditional post-processing methods include the
Gaussian-Newton method”, multifrequency combination processing’’,
and precise point positioning”’, which are primarily based on physical or
empirical models. Recently, some interesting postprocessing methods that
utilize external information have emerged, such as the terrain network-
based assistance method”, stochastic state estimation™, and sparsity-
promoting regularization”. Nevertheless, the additional external assistance
of static, long-term observation data is required for the mentioned
methods™”.

In summary, despite the effectiveness of traditional algorithms, they do
come with notable application limitations”**. Multipath errors associated
with Geostationary Earth Orbit (GEO) satellites are more severe than those
of Inclined Geosynchronous Orbit (IGSO) and Medium Earth Orbit (MEO)
satellites, due to the relatively fixed position of GEO satellites and GNSS
receivers”. Furthermore, researchers have identified a persistent deviation
caused by multipath signals when analyzing the pseudorange observations
of GEO satellites. This phenomenon, known as the “Standing Multipath”,
cannot be mitigated through traditional methods™.

Fortunately, there is evidence that the dynamic relationship between
GNSS receivers and satellites is crucial in multipath error. In view of this, a
technique for mitigating multipath errors through antenna jitter was
introduced’. Particularly, this method can be seamlessly implemented
across various GNSS receivers without structural modifications and shows
excellent adaptability to diverse environmental conditions.

Previous investigations into the cancellation of multipath errors
through antenna motion have encompassed a spectrum of methodologies.
The relationship between antenna motion and multipath error was initially
studied by Brekel and Nee’'. However, they did not propose or evaluate a
specific multipath reduction method using an actual GNSS receiver. Sub-
sequently, Ertan et al. utilized known antenna motions for multipath esti-
mated delay locked loop. Nevertheless, this approach could not be
implemented with existing GNSS receivers™”’. Moreover, a technique for
detecting multipath sources using array antennas has been prestnted. This
method enables the estimation of signal arrival directions but is complex
and cost-prohibitive, so it is unsuitable for large-scale commercial
deployment™®. A recent development introduced a method to identify
GNSS antenna multipath parameters based on the SNR of received signals™.
They extracted the oscillatory motion characteristics of the antenna from the
multipath signals. Furthermore, pioneered the use of rotating antennas for
mitigating multipath errors, achieving notable results with a 25 cm rotating
radius”. However, the existing studies lack an analysis of the general
influencing factors of antenna jitter and the effect of the deviation of the
direct signal. As a result, the practicality and safety of the research results are
greatly reduced.

To address these research gaps, this paper unifies all modes of antenna
jitter into linear jitter and quantitatively analyses the effects of jitter angle
and amplitude. In addition, the deviation of the direct signal due to jitter has
also been considered, which greatly enhances the practicality of this tech-
nique. In summary, the contributions of this thesis can be summarized as
follows:

1. In this paper, all jitter methodologies have been mapped onto a linear
jitter framework, substantially reducing jitter amplitude. This paper
consolidates various jitter techniques into a linear model for analysis,
examining the effects of jitter angle and amplitude on the suppression
of multipath errors. Specifically, we identify the minimal jitter ampli-
tude necessary for optimal multipath error cancellation with a single
reflecting surface. Then, this minimum jitter amplitude is generalized
to scenarios featuring multiple reflecting surfaces, offering a theoretical
benchmark for jitter method selection.

2. The efficacy of the optimal amplitude for antenna jitter was rigorously
validated. Empirical data from experiments substantiate that a straight-
line jitter of +6.2 cm effectively mitigates multipath errors. Moreover,

the practical utility of employing a straight-line jitter approach lies in its
spatial efficiency, conserving an obvious amount of space that is
advantageous for applications with constrained dimensions.

3. To ascertain the applicability of antenna jitter in various settings, a
series of cancellation effect tests have been conducted across diverse
environmental conditions. The experimental results demonstrate that
the introduction of antenna jitter obviously diminishes the correlation
between multipath errors and environmental factors. Consequently,
this approach not only enhances the precision of satellite navigation
positioning but also has the potential to reduce antenna-related
expenses. The necessity for choke ring antennas may be obviated,
leading to a more cost-effective solution in eliminating multipath error.

Results

We conducted two experiments in different scenarios to evaluate the pro-
posed method. Testing in different scenarios allows for verification of the
effect of jitter direction on randomized multipath error and the environ-
mental adaptability of antenna jitter. This chapter focuses on testing the
antenna jitter performance based on the BeiDou signal in both an open
platform and an artificially complex multipath platform. Furthermore, to
empirically highlight the merits of the antenna jitter technique, we have
implemented our method on an easy vehicular antenna and conducted a
comparative analysis with a high-precision monitoring antenna.

Open platform

The open platform multipath environment is favorable as it allows for
calibrating the main reflective surface. Moreover, azimuth notation accu-
rately depicts the antenna jitter direction and satellite position in this
experiment, where 0° indicates the north direction and clockwise incre-
ments after that. The antenna undergoes jitter along a straight line facilitated
by a motorized slide. To further clarify, Fig. 1 provides a schematic repre-
sentation of the measured environment, outlining the spatial relationship
between the multipath source from the GEO satellite and the direction of the
antenna jitter.

In Fig. 1, Beidou No. 1 and No. 59 satellites have azimuths of 127° and
133°, respectively, where the main reflective surface is the wall in the 300°
direction. According to theoretical analysis, the optimal jittering mode for
the antenna involves moving it in a straight line along the normal of the
reflecting surface. Therefore, the best antenna jittering direction for satellites
No. 1 and No. 59 is 120°. Additionally, we arrange jittering in the 210°
direction, parallel to the reflecting surface, for comparison with the optimal
jittering direction. The specific experimental parameters are listed in

No.1 127°
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Fig. 1 | Measured scene in open platform. The figure provides a schematic
representation of the measured environment, outlining the spatial relationship
between the multipath source from the GEO satellite and the direction of the
antenna jitter. Beidou No. 1 and No. 59 satellites have azimuths of 127° and 133°,
respectively, where the main reflective surface is the wall in the 300° direction. The
best antenna jittering direction for satellites No. 1 and No. 59 is 120°. Additionally,
we arrange jittering in the 210° direction, parallel to the reflecting surface, for
comparison with the optimal jittering direction.
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Table 1 | Parameters of open field experimental platform

Parameters Values

Site Changsha, China
Antenna Monitoring antenna
GNSS receiver Monitoring receiver
Positioning mode B1l

Jitter angle 120°/210°

Jitter amplitude +6.2cm

Angle a (reflective surface) 90°

Angle 8 (No.1/No.59) 41.4°/ 40.3°
Motorized slide speed 5cm/s

Table 2 | Result of single-point positioning Root Mean Square
(RMS) and Maximum error in the open platform

Antenna type RMS error (m) Maximum error (m)
Static 2.45 18.16
120° 1.51 15.49
210° 1.58 14.64

Table 1, where the product information for the antenna and receiver can be
found in Supplementary Note 1.

The theoretical minimum jitter amplitude can be derived through Eq.
(1) based on Table 2 and Theorem 1 in method chapter, where the carrier
frequency f, = 1561.098MHz

— c
™= 4f | sin(a+pB) cos v, | (1)

A 6.2cm

Furthermore, the procedure for testing the cancellation of multipath
errors based on antenna jitter has the following steps: The first step is to
measure precise raw data. Subsequently, the two-frequency formula is
applied to extract the multipath error. It should be noted that the receiver
used in this experiment outputs data once per second, which has been
smoothed.

Procedure for testing the cancellation of multipath errors
based on antenna jitter.

1. Set up the antenna and slide rail. Place the antenna and slide 5 m from
the wall in the 300° direction and 5 m from the low wall in the 30°
direction.

2.Raw data were collected when the remains were static, jittered in the 120°
direction, and jittered in the 210° direction.

3. Pseudorange (p;), wavelength (,), carrier frequency (f,), and carrier
phase (6;) were solved for different frequency points.

4 Calculate the multlpath error for different frequency points.
pl=FP1— f fz/l ¢ + 7z fz A,

of 24 f
My, =p, _W/M% +fi2722/\2¢2

To quantitatively compare the effect of the proposed method, we
selected two statistics: MS error and range (max-min) error, where Fig. 2
demonstrates the extraction of multipath error for select satellites under
different conditions, including static antenna, antenna jitter at 120° direc-
tion, and jitter at 210° direction. Additionally, a comparative plot of mul-
tipath error statistics for all observed satellites is presented in Fig. 3.
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Fig. 2 | Multipath error in the open platform. a NO. 59, and b NO.1. The figure
demonstrates the extraction of multipath error for select satellites, where (a) and (b)
illustrate satellite 59 and 1, respectively. There was an obvious effect in eliminating
the original constant error of GEO satellites with antenna jitter. The code multipath
error of the static antenna is slowly changed in the figure. In contrast, the multipath
error of the jitter antenna is smaller than that of a static antenna. Specifically, MS
error for the Bl carrier frequency for the No.1 satellite, decreased from 0.33 m to
0.15 m post antenna jitter. Furthermore, the range error is reduced from 2.08 m to
0.76 m. This indicates that the multipath error can be suppressed by the jittering
antenna.

As can be seen from Figs. 2 and 3, antenna jitter has an obvious effect on
suppressing multipath errors, which was evidenced by a substantial
reduction in the mean square (MS) error and range error values. In parti-
cular, the following conclusions can be drawn:

1. There was an obvious effect in eliminating the original constant error of
GEO satellites with antenna jitter, where the specific data of before and
after jitter are shown in Fig. 2. It is that the code multipath error of the
static antenna is slowly changed in Fig. 2. In contrast, the multipath
error of the jitter antenna is smaller than that of a static antenna.
Specifically, MS error for the Bl carrier frequency for the No.1 satellite,
decreased from 0.33 m to 0.15 m post antenna jitter. Furthermore, the
range error is reduced from 2.08 m to 0.76 m. This indicates that the
multipath error can be suppressed by the jitter antenna.

2. The measured optimal jitter mode aligns with theoretical expectations.
For the B1 carrier frequency, the MS error of jitter in the 120° and 210°
antenna of the No.1 satellite is reduced to 45.45% and 48.48% of the
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Fig. 3 | Statistical data of multipath error in open platform. a Mean square error,
and b Range error. A comparative plot of multipath error statistics for all observed
satellites is presented in the figure, where (a) and (b) illustrate the mean square (MS)
error and Range error, respectively. The measured optimal jitter mode aligns with
theoretical expectations. For the Bl carrier frequency, the MS error of jitter in the
120° and 210° antenna of the No.1 satellite is reduced to 45.45% and 48.48% of the
static antenna, respectively. Similarly, for the No.59 satellite, the MS error of the 120°
and 210° antenna reduced to 23.12% and 32.52% of the static antenna, respectively.
This analysis demonstrates that jitter elimination is more effective along the axis
perpendicular to the vertical reflective surface than in the parallel direction, thereby
validating the optimal jitter approach.

static antenna, respectively. Similarly, for the No.59 satellite, the MS
error of the 120° and 210° antenna reduced to 23.12% and 32.52% of
the static antenna, respectively. This analysis demonstrates that jitter
elimination is more effective along the axis perpendicular to the vertical
reflective surface than in the parallel direction, thereby validating the
optimal jitter approach. However, the experimental setup’s open
platform does not allow for the exclusive presence of a single reflective
surface to be fully controlled. Consequently, the elimination effect is
still observed when jittering in the direction parallel to the reflective
surface, which is consistent with the simulation outcomes.
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Fig. 4 | Placement of the artificially complex platform. The figure displays the

experimental placement of an artificially complex platform. To further validate the
adaptability of antenna jitter, a complex multipath environment created by human
intervention is employed for testing. Building upon the initial environment setup,
iron plates with specular reflection properties are strategically positioned around the
antenna, including iron plates of different material, direction, distance, and height.

Table 3 | Result of multipath multipath Mean Square (MS) and
range error in the complex platform

Antennatype PRN=1 PRN =59
MS Range MS Range
error (m) error (m) error (m) error (m)
Static 0.53 3.12 1.20 11.54
120° 0.14 0.86 0.11 0.52
210° 0.21 3.05 0.33 2.16

Artificially complex platform

To further validate the adaptability of antenna jitter in varied environments,
a complex multipath environment created by human intervention is
employed for testing. Building upon the initial environment setup, iron
plates with specular reflection properties are strategically positioned around
the antenna. Specifically, Fig. 4 displays the experimental placement of an
artificially complex platform. It is apparent from Supplementary Fig. 1 that
even in the complex platform, antenna jitter can still play a role in sup-
pressing multipath errors. Specifically, the following conclusions can
be drawn:

1. A notable observation from Supplementary Fig. 1 is that the antenna
jitter exhibits a more pronounced multipath error reduction in com-
plex platforms than open platforms. As the complexity of the experi-
mental environment escalates, there is an obvious increase in the MS
error for static antennas. In contrast, the MS error for jitter antennas
(120° or 210°) displays a far less pronounced change. Furthermore,
Supplementary Fig. 1 illustrates a diminished difference in the jitter
direction between 120° and 210° (represented by the red and green
lines). This suggests that in complex environments, the sensitivity to
the direction of jitter is lessened, indicating that antenna jittering is
more adaptable to varying environmental conditions. To enable a
direct comparison with the open platform, Table 3 presents a com-
prehensive statistical analysis for satellites No. 1 and No. 59.

2. Antenna jitter has an additional eliminating effect on the MEO satel-
lites. Although the multipath error of MEO satellites is inherently
dynamic, it requires tens of minutes of sampling to eliminate by
averaging. What stands out is that antenna jitter can reduce that time to
seconds. Specifically, the MS error of MEO satellites can be decreased
from 0.89 m to 0.37 m, which demonstrates the substantial impact of
antenna jitter on mitigating multipath errors across various
satellite types.
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Fig. 5 | 3D positioning error in different platforms. a Open platform, and

b Complex platform. The figure shows the comparison of the jitter and static
antenna point positioning error, where (a) and (b) illustrate the open platform and
complex platform, respectively. From the figure, it is evident that antenna jitter
substantially enhances positioning accuracy by effectively mitigating multipath
errors, leading to more convergent positioning errors (green and purple points),
particularly in complex platforms. Specifically, in an open platform, the RMS error
can be decreased from 2.45 m to 1.51 m. This reduction becomes even more pro-
nounced in complex environments, where the RMS error is further diminished from
2.60 m to 0.98 m, achieving even higher positioning accuracy under such conditions.

Single-point positioning error
Furthermore, we evaluate the actual positioning accuracy of the jitter
antenna, where Fig. 5 shows the comparison of the jitter and static antenna
point positioning error. Additionally, Tables 2 and 4 provide specific data on
single-point positioning errors in open and complex platforms, respectively.
From Fig. 5, it is evident that antenna jitter substantially enhances
positioning accuracy by effectively mitigating multipath errors, leading to
more convergent positioning errors (green and purple points), particularly
in complex platforms. Specifically, in an open platform setting, the RMS
error can be decreased from 2.45 m to 1.51 m. This reduction becomes even
more pronounced in complex environments, where the RMS error is further
diminished from 2.60 m to 0.98 m, achieving even higher positioning
accuracy under such conditions. Furthermore, the RMS error associated

Table 4 | Result of single-point positioning Root Mean Square
(RMS) and Maximum error in complex platform

Antenna type RMS error (m) Maximum error (m)
Static 2.60 26.77
120° 0.98 11.28
210° 1.11 13.73

with different antenna jitter directions, within the complex platform, is
negligible, being only 2 cm. This indicates that the direction of the antenna
jitter exerts a minimal influence on positioning accuracy. Consequently,
opting for linear jitter over rotational jitter not only conserves physical space
but also maintains comparable levels of positioning accuracy.

To further ascertain the generalizability of the proposed method, this
segment analyzes the 3D positioning error with vehicular antennas, which
was compared with a static monitoring antenna. The product information
of the vehicle antenna can be found in Supplementary Note 2.

Figure 6 presents the positioning error of different antennas, where the
blue represents a stationary high-precision antenna, and the purple repre-
sents a jittering standard vehicle antenna. It becomes evident that the
vehicular antenna manifests a decisive superiority with respect to cost and
portability from Supplementary Note 2. Table 5 shows the result of single-
point positioning error in complex platform with different antenna.
From Table 5, we can see that the discrepancy in the 3D positioning
accuracy of the jittering vehicle antenna, when compared to the monitoring
antenna, is observed to be 1.38 meters. In the context of 2D positioning, the
divergence is a mere 0.26 meters, indicating a negligible difference in the
precision of location.

Furthermore, empirical data analysis reveals that the carrier-to-noise
ratio (CNR) of the vehicular antenna is decremented by 7-10 dB relative to
that of the monitoring antenna. This divergence is attributed to the antenna
gain, which could lead to a reasonable inference. Therefore, if the CNR were
equivalent, the ordinary antenna could fully supplant the costly and com-
plex antenna when subjected to the proposed method.

Conclusion

This paper proposes an effective method for mitigating multipath errors by
using a jittering antenna. This model is supported by both theoretical
analysis and real GNSS data, which validate the effectiveness of the proposed
method. On one hand, theoretical analysis proves the mathematical feasi-
bility of jitter. On the other hand, real data confirms its efficacy in sup-
pressing multipath errors and its resilience to environmental variations.
Furthermore, the results underscore the universality of the jitter direction,
enhancing its security and practicality. However, the impact of antenna jitter
speed on positioning accuracy and the effect of dynamic conditions such as
in-vehicle antennas remain unproven, which will be our next focus. More
importantly, we aim to substitute the choke ring antenna with a jitter
antenna for low-cost, high-precision measurements.

Methods

This chapter provides a detailed description of the antenna jitter method
employed in this paper, including the model of antenna jitter and the
minimum jitter amplitude for scenarios involving a single and multiple
reflective surfaces.

Antenna jitter model

In the field of satellite navigation, multipath signals can superimpose direct
signals, leading to distortions in the correlation function. When the relative
positions of the satellite and the receiver remain constant or change slowly
over along period, the multipath errors become difficult to mitigate through
long-term observational averaging. Fortunately, the antenna jitter can
rapidly alter the phase between the direct and multipath signals, converting
multipath errors into pseudo-random errors. However, this also results in
estimation biases for the direct signal. Therefore, this section will model the
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Fig. 6 | 3D positioning error of different antennas. The figure presents the posi-
tioning error of different antennas, where the blue represents a stationary high-
precision antenna, and the purple represents a jittering standard vehicle antenna. It
is evident that the vehicle antenna manifests a decisive superiority with respect to
cost and portability from Supplementary Note 2. The discrepancy in the 3D posi-
tioning accuracy of the jittering vehicle antenna, when compared to the monitoring
antenna, is observed to be 1.38 meters. In the context of 2D positioning, the
divergence is a mere 0.26 meters, indicating a negligible difference of location pre-
cision. The results indicate that the jittering vehicle antenna achieves accuracy
comparable to that of high-precision antennas, reducing the cost of the antenna from
thousands of dollars to just a few dollars.

Table 5 | Result of single-point positioning error in complex
platform with different antenna

Antenna type 3D error (m) 2D error (m)
Vehicle 4.01 2.03
Monitor 2.63 1.77

antenna jitter to determine how to minimize the impact on the direct signal
while reducing multipath errors.

The impact of antenna jitter on multipath signals. If there is a wall or
building around a GNSS antenna, the antenna receives multiple delayed
signals, such as reflection and diffraction signals. In general, the presence
of multipath signals is unavoidable, as a result, the signal received at the
GNSS antenna is a combination of the direct and reflected signals™.

x(t) = As(t — 1) cos(2nf .t + 0,)

M @
+AD as(t — 1y — A1) cos(2af .t + 6, + AB,)
i=1

where s(t) denotes the GNSS spreading code sequence. A, f,7,, and 0, are
amplitude, carrier frequency, time delay and carrier phase of the direct
signal, respectively. a;, At;, and Af; denote the power ratio, time delay, and
carrier phase of the i-th multipath signal relative to the direct signal,
respectively. In the GNSS code tracking loop, we consider a simple early-
prompt-late (EPL) correlator and a simple type of code tracking loop
employs early-minus-late discriminators. The discriminator function D can
be expressed as

given by

_LT+15 OHTHT
R(T):{ 717l 7l Tc (4)

, otherwise

where T is chip length, and it is assumed to be 1 in this study. Equation (4) is
a standard case (such as PRNO1 in GPS). It is important to note that in GPS,
there are other PRN codes with different autocorrelation functions. How-
ever, we usually use the standard case as an example to provide an analysis
framework™, and the methods presented can be extended to other cases,
provided the autocorrelation function is symmetric.

In the absence of multipath signals, the code delay error is 0, ie.
& = 7, — 1, = 0, when discriminator function D = 0. However, the signal
autocorrelation function can be distorted by delayed reflection and dif-
fraction signals. As an illustration, we consider the case that the direct signal
is affected by the single reflected signal. Supplementary Fig. 2 illustrates the
GNSS signal autocorrelation function in the two cases of different relative
phases, where the multipath amplitude ratio a, is 0.5, the E-L spacing
d = 0.7 chip, and the multipath delay A, is 0.5 chip.

As shown in Supplementary Fig. 2, it is apparent that the relative phase
of the multipath signal is in-phase or anti-phase, and the maximum mul-
tipath error is €,,,, = +a,d/2. Furthermore, it should be noted that the
error is positive when the relative phase ranges from 0 to 90 degrees, and
negative when the relative phase ranges from 90 to 180 degrees, which allows
us to randomize the multipath error by manipulating the relative phase.
Although it is difficult to obtain an analytical expression cases including two
or more multipath signals, when the reflected signal is smaller in amplitude
than the direct signal, the expression for the extreme value of the error can be
expressed as

d

M
Emax = = Tax [Z a; cos(0, + A;)

3 2 ; )

where 8, = 6, — @0 represents the difference between the carrier phase of
the direct signal 8, and the local carrier phase estimate 6,), i.e. carrier phase
estimation error. As can be seen from the equation above, the maximum
value of the error caused by multipath is related to the correlation interval
T, the power ratio g;, and the reflected wave phase Af,. When the antenna
is static, a GNSS receiver is susceptible to multipath interference, which
results in a large multipath error. In contrast, the relative carrier phase
between the direct and the reflected signal changes rapidly when a GNSS
antenna is jittering. As a result, the code range error depicted in will manifest
as pseudo-random noise, and can be eliminated by averaging over a short
period. We clarify the geometry relationship between antenna jitter and
multipath error through Fig. 3.

As shown in Supplementary Fig. 3, « is the angle of the reflective
surface relative to the horizontal surface, where various angles of reflection
correspond to different scenarios (ground, buildings, slopes, etc.), and f3 is
the elevation angle of the satellite. The perpendicular distance from the
antenna phase center O to the reflective surface is D,,. Then, we establish a
polar coordinate system making O as the origin and the vertical line from O
to the reflecting surface as the polar axis. Hence, the position of the jitter
antenna phase center O’ can be determined by the distance r,, from O’ to O
and the angle y,, between O’ O and the polar axis at the sample moment n, at
which the relative time delay A7, (r, ¥) and relative phase A9, (r,,, y,,) are
respectively computed as

D = R(t, — 10 + d/2) = R(3o — 10 — d/2) 3 ATy(ry. ¥,) = 2Dy — 1, cos y,)sin(B + a)/c ©
= A1, — 2r, cosy, sin(f + a)/c,
where 7, is the estimate of the direct signal time delay, d is the early-
late correlator spacing. R(-) is a triangle-shaped autocorrelation function
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AB(r,,v,) = 4m(Dy — r,, cosy,)f . sin(a + f)/c @
= AB, — 4nr, cosy, f, sin(a + B)/c,
where A7, = 2D sin(f+ a)/c and A8, =4nDyf, % sin(a+ f)/c
denote the relative time delay and relative phase when the antenna is sta-
tionary, respectively. c represents the speed of light in a vacuum. Note that
this method may not make changes in path difference between a direct and a
reflected signal when v, = 90°0r270°(parallel to the reflective surface).
Ultimately, based on the correlator characteristics of the GNSS recei-
ver, the multipath error at each moment # when the antenna is jittering can
be expressed as Eq.(8).

e(ay, Ay, A0y, 1, v,) =

Aty (r,,y,)a, cos(0,+A0,(r,,y,
1+a, cos(0,4+A0,(r,.v,))

a,d cos(0,+A0,(r,,v,))
T L AN, Y, ST,

a, cos(0,4A0,(r,,v,))
2—ay cos(0,+A0,(r,,v,))

x (Tc + % - ATl(rrn Wn))7 Tq<AT1(rn7 Wn) < Tc + %’
05 ATl(rru V/n)>Tc + gv

) L0<AT (1, 9,) ST,

®)

where 7, = [1+a; cos(6,(r, y) + A0, (r,¥)]d/2, 1,=T.+ayd
cos(6,(r, v) + AD, (1, v))/2. 7, and 7, represent the threshold points at
which the At (r,, y,) affects the e(a,, A1\, AB,,7,,y,), primarily influ-
encedbyd. e(a;, A1y, AB,, 1, v,) will exhibit a uniform distribution with a
mean of zero when 7,<A7(r,, y,)<t, for different A, which can be
completely compensated with the method proposed in this paper. As
depicted in Eq.(8), the multipath error has been transformed into a rapid-
change error when the antenna is jittering. It can be also observed that any
jitter motion of an antenna (linear, rotational, random, etc.) can be projected
into variables related to the amplitude r,, and angle v, of linear motion.
Therefore, the following text mainly takes linear motion as an example for
analysis.

Note that, the propagation path of the direct signal to the phase center
of the antenna also changes due to antenna jitter. According to the geometric
relationship, the time delay of the direct signal at the sample moment 7 is

1o(r,, ¥,) = 1o + 1, sin(B+ vy, +a)/c 9)

As a result, the time delay at each moment n of the direct signal is
estimated as

%O(rm 1//,1) = To(rm V/n) + 8(611, ATl7 Aeh ) V/n) (10)

Following the error correction based on Eq.(9), the code delay estimate
for various sample moments # is

To(n) = 1o(r,, v,) — 1, sin(B+ vy, + a)/c
+e(ay, Ay, A0y, 1, 0,)
=1y +&a,, A1y, NGy, 1, 0,)

(11)

where 7, denotes the real time delay. Overall, it is the fast time-varying state
of (r,,, v,) that fundamentally determines whether the multipath error can
successfully transform from a “Standing Multipath” to a “Pseudo-
Random” error.

The impact of antenna jitter on direct signals. The “Pseudo-Random”
multipath errors can be effectively reduced through averaging. However,
Eq. (11) highlights that while we may achieve precise control over the
antenna jitter angle and amplitude, the accurate determination of the
satellite elevation angle and the tilt of the reflective surface is not practical.
Consequently, it is not viable to correct the estimated bias of the direct
signal with precision at every instant. Nevertheless, if the biases conform

to a specific statistical distribution, they can be eliminated by employing
the same averaging technique which was applied to multipath errors.

The estimated bias of the direct signal is denoted as
8, =r, sin(f + v, + «), and after the averaging process, the bias can be
represented as

N

6:%;1’” sin(f + v, + ) (12)

If the reflective surface angle and the satellite elevation angle remain
constant, the distribution of the direct signal bias is entirely contingent upon
the jitter mechanism. In light of this, provided that the jitter is uniform, the
estimated bias of the direct signal will conform to a uniform distribution,
with the bounds of this distribution being determined by the maximum
deviation amplitude, i.e. r,, sin(8 + v, + ) ~ U(d_, 8, ), where:

0, = max(r, sin(B+ v, + «))

0_ = min(r, sin(f + v, + @)) (13)

Then, the mean and variance of the error after averaging can be
represented as:

E(®) = (8, +4.)/2 (14)
1 N
D(8) = P ; r, sin(B + v, + ) -
_ (64— - 6—)2
T 12N

In Eq. (15), it is evident that as long as the jitter is symmetrical (with the
trajectory being point-symmetric with respect to the stationary point), the
mean of the error post-averaging is zero, thus bias can be cancellated.
Additionally, an increase in the number of samples results in a reduction of
the variance. For ease of presentation, a simulation experiment of linear
perpendicular jitter relative to the reflective surface is undertaken. The
simulation parameters are delineated in Supplementary Table 1, with the
maximum jitter amplitude of the linear specified as:r), = max(r,). The
specific results are shown in Supplementary Fig. 4.

It can be observed in Supplementary Fig. 4 that bias is fully negated
upon averaging with symmetric jitter. Conversely, the bias post-averaging
remains unmitigated with asymmetric jitter. Thus, adjustments based on the
jitter trajectory are required when symmetric jitter cannot be implemented,
yet achieving precise corrections is notably difficult. On the other hand, the
variance of the direct signal bias decreases progressively as the number of
samples increases. Once the number of samples exceeds 1000, the variance
reduction exhibits a linear trend and below 10™> m, meeting the require-
ments for real-time high-precision positioning.

Minimum antenna jitter amplitude

This section delves further into the mitigation of multipath errors. Drawing
from statistical principles, it is understood that the efficacy of estimation
post-averaging is contingent upon the comprehensiveness of the underlying
space. To be more precise, an increase in the jitter amplitude yields an
estimation that more closely approximates the true value upon averaging.
However, it is imperative to consider the practical implications, as an
excessive amplitude of jitter can engender many detrimental effects.
Therefore, in the quest to find an effective minimum jitter amplitude, this
chapter initially examines the impact of jitter amplitude and angle with a
single reflective surface. Building upon this foundation, we proceed to
analyze the interplay among multiple multipath components in the pre-
sence of several reflective surfaces.

Single reflective surface. Building on our earlier analysis, finding the
minimum jitter amplitude for a single reflective surface involves solving
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the following optimization problem.

N
arg min% Zl &lay, ATy, A0, 1, ¥,), (16)
=

arg minr;.

where N represents the quantity of co-sampling points within an observation
period. Through a quantitative analysis of the relationship between multipath
error averaged and (r,,, ¥,)), we ascertain the minimum amplitude of jitter
when solely one reflective surface exists, which is outlined in Theorem 1.

Theorem 1: The minimum jitter amplitude is affected by the jitter
angle. When only one multipath reflective surface exists, the jitter amplitude
that optimally utilizes minimal space for achieving the most effective sup-
pression can be expressed as

c
"M(opt) = 4f | sin(a + B) cos y,, |

Remark 1: Theorem 1 assumes that the minimal jitter amplitude is
influenced by the relative positioning of the reflective surface in relation to
the antenna. Specifically, the optimal jitter direction is along the normal of
the reflecting surface in the presence of a single fixed reflecting surface. In
contrast, a rotating antenna appears to offer a superior effect on multipath
signals when multiple distinct reflective surfaces are present in theory, as it
can account for reflections from all directions””. However, subsequent
experiments demonstrate that linear jitter can effectively eliminate errors
with almost the same performance compared to a rotating antenna, as the
randomly distributed reflective surfaces in the real world can counteract the
effect of jitter direction.

Moreover, it is important to emphasize that the actual minimum jitter
amplitude needs to be determined by comparing it with the random error
component in the pseudorange measurements. However, this paper aims to
transform multipath errors into random errors and explore the impact of
antenna jitter patterns on error transformation. Therefore, random errors of
the pseudorange have been temporarily neglected to demonstrate the
impact of antenna jitter. A detailed discussion of random errors will be
discussed in our future work.

Proof: Firstly, we observe that Eq. (8) is a piecewise function, yet
different segments possess symmetry. Consequently, it is beneficial to
analyze the error function of the first segment as an illustrative example.
Although it is evident that the error function is influenced by A7, (r,, v,)
and A0, (r,, v,), the small change of At,(r,, v, ) because of the antenna’s
minor-jitter. Therefore, the multipath error can be approximated as a
periodic function, thus the first subsection of Eq. (8) can be reduced to

(17)

alATI COS(ee + Ael(rna V/n))
14 a, cos(0, + Ab,(r,,v,))

S(Aeh Ty 1//”) = (18)

Based on calculus and statistics, the averaging multipath error is
equivalent to taking the expected value of the multipath error over the
period when the sampling number is enough. Consequently, the multipath
error can be simplified as:

N
cAt,

TN ; (86, = 8nrf . sin(a + ) cosy,,
26,
x / &(A0,,7,)dAb,(r,) (19)
26,
A _
= 50— 5 F46) — F(16))

N

where the upper and lower bounds of the integral can be expressed as A, =
AO, + 4nryf, sin(w+ B)/c  and AB; = AO, — 4nryf, sin(a + B)/c,
respectively, which represent the relative phase at the maximum

deviation i.e. Eq. F(x) =x — log([a, + cos(x) +

Va2 —1 x sin(x)]/[a; cos(x)+ 1])/+/a,;> — 1 = x — G(x) represents
the integral original function of the first stage, where G(x) denotes the peri-
odic part of F(x). As a result, Eq. (19) can be calculated by transforming the
upper and lower bounds of the integral into a periodicity of G(x). However,
the transformation process across the breakpoints will increase the integral
value by one cycle, which can be calculated as

ryy = max r,.
L e N

%, = F(3m) — F(m). (20)

Therefore, the multipath error Eq. (19) can be further simplified as
cAT|

£ 8nryf, sin(a 4 B)
X[Wy = Wy = (G(W)) = G(W,)) + pxl,

(21)

where W, = mod(A9, — 7, 2m) + m, W, = mod(A6, — m, 2m)+m,and p
denotes the number interruption point is crossed, which can be calcu-
lated asp = (AG; — W, + W, — A,)/(2n).

Although itis evident that p islinked to both A, — Af;and W, — W,
AB; — AB, can be canceled without of parentheses, so that Eq. (21) will reach
its minimum value when W, = W,, G(W,) = G(W,), which can be
expressed mathematically as (Although the integrals of one period of
Eq. (10) are not zero, the selection of the integrals of the whole period
ensures that the antenna jitter obtains all the relative phase values, which is
highly approximate to 0.)

mod(Af, — Af;,2m) =0 (22)

From Eq. (22) we can see that the jitter amplitude ,, to achieve the best
suppression effect of multipath error must satisfy

c
= k4f£| sin(a + B) cos y,,| ok

What stands out in Eq.(23) is that the bigger jitter amplitude is not
necessarily more effective, due to there being a certain periodicity in
the effect of suppressing the multipath error. Therefore, in this study, the
minimum jitter amplitude can be achieved by choosing k = 1 to satisfy
the optimal suppression effect.

The other piecewise follows a similar pattern as described above. To
validate the accuracy of the jitter amplitude and angle selection, the Sup-
plementary Fig. 5 illustrates the variation trend of multipath error versus jitter
amplitude and angle. Here, the multipath delay Az, is 0.01 chip, the multi-
path power ratio a, is 0.5, the satellite elevation angle /3 is 30°, the reflective
surface inclination « is 90°, and the carrier frequency is 1561.98 MHz.

It can be seen from the comparison in Supplementary Fig. 5 that the
multipath error decreases different values with the various jitter amplitude
and angle, where the jitter angle and amplitude of minimum error are
strongly consistent with the theoretical analysis. The above jitter angle and
amplitude are equivalent to the antenna jittering +5 cm along the direction
normal to the reflecting surface, such a jitter amplitude is acceptable in the
real environment. Additionally, it should be noted that multipath error
diverges when jitter angles are 77/2 and 37/2, i.e., the jitter directions are
parallel to the reflecting surface. This also confirms the derivation in The-
orem 1, which emphasizes the need to select a reasonable angle.

amplitude and angle.

To summarize, the analytical solution of the multipath error when the
antenna is jittered in the way of theorem 1 can be given by the following
theorem.
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Theorem 2: When only one reflecting surface exists, the antenna jitter
in the method of Theorem 1 can reduce the multipath error to

At K,
2
(a;—1Dx,At|
4ma,

0, 7pp<AT; <7,

0<A7, <7)),

(1=a,*)dx,
+ 5, ; 0<AT) <70,

ql» (24)

(@-2) (@, +1)d
S AT = T+ 555 1y <Aty ST

(Tc—f-g— ATI)%quZ

0,A7,>T . +4,

&(ay, A1) =

92’
<AT ST, +4,

where 7, =(1—a,)d/2, 1, =(1+ay)d/2 7, =T~ (a; + 1)d/2,
and 7, = T, + (a; — 1)d/2. x; andx, represent the integral value for one
period of the first and third piecewise of Eq. (8), respectively.

Remark 2: Theorem 2 illustrates that even if the relative position of the
satellite and the GNSS receiver remains constant or changes slowly, the
multipath error will be converted into “pseudo-random” noise when the
antenna is jittering, at which the average error will transform into a simple
linear function. This transformation is beneficial for mitigating the short-
delay multipath, which traditional methods are challenging to eliminate.
Moreover, the multipath error at most of the delay will be canceled to zero if
the narrow correlation technique is combined simultaneously. Unless
otherwise specified, the simulation conditions used here are the same as
those depicted in Supplementary Fig. 5. Supplementary Fig. 6 illustrates the
variation trend of multipath error versus jitter amplitude for different time
delays, where “Sim” refers to the simulated results obtained through
numerical simulations, while “Ana” refers to the analytical results, which are
derived from the theoretical analysis in the paper.

As can be seen from Supplementary Fig. 6, it is evident that the mul-
tipath error does not monotonically decrease, as the jitter amplitude
increases. Instead, it reaches different minimum values at k = 1,2, 3, and4,
which validates the accuracy of Theorem 2 under conditions of short time
delay. However, multiple multipath signals with diverse time delays are
encountered in practical scenarios. Thus, assessing the efficacy of antenna
jitter in reducing multipath errors necessitates consideration of all time
delays, typically represented using multipath error envelopes. Supplemen-
tary Fig. 7 illustrates the multipath error envelopes of the 1-chip correlation
distance.

From Supplementary Fig. 7 we can see that the jitter antenna exhibits
an obvious suppression effect on multipath errors across all time delays,
where the peak value and effective area of the multipath error envelope are
notably reduced. Specifically, the peak error can be reduced by 66% when
employing half of the optimal jitter amplitude, and the peak error has been
reduced by 66 m compared to the static antenna when employing the
optimal jitter amplitude. Furthermore, the theoretical and simulation results
are in excellent agreement, which comprehensively verifies the correctness
of Theorem 2. To verify the combined performance of the methods pre-
sented in this paper with other approaches, Supplementary Fig. 8 validates
the case when the antenna jitter is combined with narrow correlation
technology.

In Supplementary Fig. 8, there is a clear downward trend of multipath
when combined with narrow correlation technology. In particular, the
envelope peak value of the correlation distance of 1/8 chip can be further
reduced by 4/5, and the effective length of the envelope can be reduced by 7/
8 compared to the correlation distance of 1/2 chip. As a result, the envelope
peak value can be reduced by 98%, equivalent to around 0.005 chips.
Moreover, approximately 87.5% of the overall time delay of the multipath
error can be minimized to approach zero when random errors in the
pseudorange measurements are not considered, indicating the theoretical
effectiveness of the antenna jitter.

Multiple reflective surfaces.

&(a;, AT, O, 1, ,)

%I: Aty(r,,v,)a; cos(8,4+A0,(r,y))

1+a; cos(0,+A0;(r,y)) 0< ATi(r7 V/) < Tp

i=

M
ad cos,+00,(r,.9,)
oAt el 1 < ATy(r, W) < T
= 2 A (25)

% 0; cos(8,+0,(r,.,))
=1 2—a; cos(0,+A0, (Vmwn))
P

* (T, 4+ 4= Aty(r,, v,)), 7,<07,(r,, 9, )< T +4
0,At(r,,v,)>T, +4

In the preceding section, a quantitative analysis and simulation ver-
ification were conducted to ascertain the optimal jitter paths under the
influence of a signal reflective surface. However, the sources of multipath in
real-world environments are more extensive. Consequently, this section
extends the investigation to account for the presence of multiple reflective
surfaces. The analysis and resolution of this more complex situation aim to
provide a robust theoretical framework, that offers explanatory depth and
practical guidance for experiments.

When M reflective surfaces are present, they give rise to M distinct
multipath signals. Consequently, the multipath error can be articulated
by Eq.(25).

At this point, the averaged multipath error can be expressed as:

M 1 N
&€= Zl[ﬁzs(ah AT;'7 Aeiv Tns V/n)]

=1

(26)

In practical applications, obtaining precise angular calibration of mul-
tiple reflective surfaces is typically unfeasible. Nonetheless, the optimal jit-
tering strategy tailored for a single reflective surface can remain highly
effective, particularly when a dominant reflective surface is present—one that
exhibits a substantially greater reflection amplitude than other transmitting
surfaces, such as the closest building. To this end, we have extended our
analysis with additional simulations aimed at delineating the interplay
among the number of reflective surfaces, antenna jitter, and multipath errors.

Weinitiate our study with a satellite elevation angle of 30°. The reflective
surface with the predominant reflection amplitude is designated as the main
reflective surface and the position was determined. For the remaining
reflective surfaces, the reflection amplitude, time delay, and inclination are
assigned random values within the parameters of typical values. The specific
simulation parameters are delineated in Supplementary Table 2.

We introduce the parameters of the main reflective surface into the
framework established in Section 3.1 to deduce the optimal jitter direction
and amplitude. Subsequently, we conduct 1000 Monte Carlo simulations
under three conditions: static antenna, optimal jitter, and random direc-
tional jitter. Supplementary Fig. 9 presents the mean and mean square (MS)
deviation across varying counts of reflective surfaces.

The comparison of Supplementary Fig. 9 reveals that the optimal jitter
mode, previously determined for a single reflective surface, remains effective
even when multiple reflective surfaces are present. Specifically, the MS error
associated with the jitter antenna is markedly lower than the static antenna,
and this discrepancy tends to increase with the addition of reflective sur-
faces. Furthermore, the optimal jitter method yields markedly smaller
multipath errors than other antenna states, because it accounts for the
calibration of the primary reflective surface. This suggests that the optimal
jitter direction and angle play an important role in real scenarios if the
primary reflective surface can be calibrated.

However, it is also possible to encounter a situation devoid of a main
reflective surface, with no obvious distinction in the reflection amplitude
among the reflective surfaces. In such cases, we select a reflective surface at
random for to determine the jitter amplitude and angle. Subsequently, we
compare the performance of this calibrated setup with that of a rotating
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Table 6 | Result of multipath Mean Square (MS) and range error
in the open platform

Antennatype PRN-=1 PRN =59
MS Range MS Range
error (m) error (m) error (m) error (m)
Static 0.33 2.08 0.51 2.84
120° 0.15 0.76 0.13 0.72
210° 0.16 1.95 0.17 1.16

antenna at the same amplitude, as well as with a system that employs a
random jitter amplitude but the same direction. The specific simulation
parameters for these comparisons are detailed in Supplementary Table 3
and the results can be found in Supplementary Fig. 10.

It can be observed that an increase in jitter amplitude primarily results
in a reduction of variance within scenarios featuring a higher number of
reflective surfaces in Supplementary Fig. 10. Conversely, the mean value of
the multipath error tends to increase, which underscores the efficacy of an
optimally determined jitter amplitude. Furthermore, the discrepancy
between the multipath errors generated by the optimal jitter method and
those produced by a rotating antenna is found to be minimal. This finding
validates that linear jitter is equally effective as the rotating antenna tech-
nique multiple reflective surfaces, with the added benefit of conserving space.

To further compare the performance of the antenna jitter with other
mainstream algorithms, we conducted simulations to assess the robustness
and precision of each algorithm. The number of reflective surfaces was set to
M = 6, with the angular positions of the reflective surfaces and the antenna
jitter angles being selected by Table 6. The amplitude of the antenna jitter
was determined based on Eq.(17) with an initial bias set at 0.2 chips, and the
correlator spacing d = 1/8 chip. Considering the influence of random
errors, we use signal-to-noise ratio (SNR) as the variable to observe the error
suppression effect. The relationship between SNR and carrier-to-noise
density ratio (C/N,) is*:

SNR = C/N, — 101g(B,T.,;) 27)
where the unit of C/N, is dBHz, the unit of SNR is dB, the receiver band-
width B, was set to B, = 1MHz, and the unit of coherent time T, was set
to Ty, = lms.

As shown in Supplementary Fig. 11, it is evident that the antenna jitter
possesses distinct advantages in terms of robustness and efficacy. This
technique demonstrates notable performance under low SNR conditions,
achieving steady-state convergence 10-15 dB earlier than other methods,
which is particularly suited to counteract the complexities of urban and
other challenging environments. Furthermore, the error during the steady
state of this method is reduced by approximately 80-90% compared to
traditional narrow correlation and Early-Prompt-Late (EPL) methods, even
surpassing the performance of more complex algorithms such as Code
Correlation Reference Waveform (CCRW)" and Double-delta, which is
attributed to the introduction of observables through motion. Thus, this
method enables the direct application to conventional receivers as an
independent parameter. This results in low-complexity, high-precision
positioning and it can be integrated with other high-precision algorithms to
meet the ultra-high-precision requirements of monitoring stations.
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