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Overview of multipath mitigation
technology in global navigation
satellite system

Zhihao Xue, Zukun Lu*, Zhibin Xiao, Jie Song and Shaojie Ni*

College of Electronic Science and Technology, National University of Defense Technology, Changsha,
China

The global navigation satellite system is a high-precision radio navigation
system based on artificial satelltes. Among the factors affecting the
positioning accuracy of the navigation satellite system, the multipath signal
is the most significant and challenging to eliminate. Furthermore, the multipath
environment of the receiver is also becoming more complex, and it seriously
threatens the measurement accuracy and stability of the receiver. The multipath
mitigation technology is also continuously improved and developed in practical
application. This paper firstly introduces the concept and characteristics of
multipath signals, and summarizes the influence of multipath signals on
navigation satellite systems from two aspects of code tracking loop and
carrier tracking loop. Furthermore, the existing multipath mitigation
technology is summarized in four stages: signal system design, antenna
design, baseband signal processing, and navigation data processing. Finally,
according to the summary of the existing technology and the new demand, the
future development direction of multipath suppression technology is
prospected.
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global navigation satellite system, multipath mitigation, new signal system, anti-
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1 Introduction

Global Navigation Satellite System (GNSS) is an all-round, all-weather, all-time and
high-precision radio navigation and timing system based on artificial satellites. The main
functions of GNSS include positioning, navigation, and timing, it has been widely used in
many fields. Such as, it can be used to confirm waypoints, routes, and tracks in geographic
data collection [1]. Compared with traditional measurement methods, satellite navigation
has higher accuracy, easier operation, and smaller instrument size [2] in high-precision
surveying. It can also achieve high-precision and high-stability time synchronization
functions [3]. In-vehicle navigation systems combine GNSS with automotive electronic
technology to provide drivers with real-time road guidance [4, 5]. In modern aviation and
navigation systems, GNSS has also played a huge role in surveying, navigation, automatic
dependent surveillance, terrain awareness early warning systems [6, 7].

The GNSS generally consists of three independent parts: the space constellation, the
ground monitoring, and the user equipment. The ground station realizes satellite orbit
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Functional modules of GNSS receivers.

determination by receiving satellite signals. The satellite receives
the orbit information transmitted by the ground station and then
completes the rebroadcast. The user receiving equipment realizes
its precise positioning by receiving satellite signals. The influence
of multipath signal is mainly aimed at the user receiver, so the
working principle of the receiver will be briefly introduced below.
As shown in Figure 1, GNSS receiver generally includes the
following three functional modules: 1) Antenna and front-end
processor; 2) Baseband signal processor; 3) Navigation data
processor.

In general, the signal processing flow in the GNSS receiver is
as follow [8]:

1) The antenna receives the signal from the free space. The
front-end processor converts the carrier frequency from the
radio frequency (RF) to the intermediate frequency (IF)

The

frequency signal is also digitally sampled and input to the

through ~ down-conversion. analog intermediate
baseband signal processing module;

2) The baseband signal processor realizes the demodulation of
the received signal by calculating the correlation value
between the Pseudo-Random Binary Sequence (Pseudo-
code), carrier reference signal generated internally, and the
digital sampling signal output by the RF Front-End of the
receiver. Then the calculated correlation samples are
accumulated and sent to the ranging processor in order to
realize the tracking of the code phase and carrier phase;

3) When the carrier phase is tracked and locked, the navigation
data processor demodulates the navigation message. The
receiver can calculate the position and velocity of the
satellite and the ambiguity (such as ionospheric delay, etc.)
in the propagation time of the satellite signal. Then, according
to the estimated signal parameters in the tracking loop and
navigation information, measurement information such as

GNSS pseudo-ranges can be calculated to achieve positioning.

There are many factors that can affect the positioning
accuracy of the GNSS, including satellite and receiver clock
errors, satellite orbit errors, ionospheric and tropospheric
propagation delays, Earth rotation, relativistic effects and
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receiver noise, radio frequency interference and multipath, etc.
Among them, the multipath signal is a significant error source,
which is difficult to eliminate. Many error sources can be
eliminated by differential technology. Such as ionospheric
delay. The ionospheric error refers to the time delay of the
GNSS signal caused by the influence of the ionosphere. It is
difficult to calculate directly through mathematical formula. As
for dual-frequency receiver, if the measurement noise is not
considered, the pseudo-distance obtained by the two frequency
measurements of the receiver is only different in the ionospheric
delay part, so the dual-frequency receiver can reduce the
measurement error caused by the ionosphere through
differential technology. However, since the multipath signal
error changes with the receiver environment in real-time, it
cannot be effectively eliminated by differential technology.

There are also many effective suppression algorithms for
interference signals. Many mature technologies, including
onboard anti-jamming technology [9], auxiliary anti-jamming
technology [10, 11], and receiver anti-jamming technology
[12-14], are currently under further development.

The multipath signal is the interference signal formed by the line of
sight (LOS) signal reflected (scattered) one or more times by other
objects. Due to the actual complex environment of the receiver, solar
panels on the satellite, tall buildings, and trees on the ground, etc., may
become the source of the multipath signal for receivers. So the signal
received by the antenna of the user equipment is a composite signal of
the LOS signal and multiple reflected (scattered) signals. Due to the
influence of the multipath signal, the amplitude, code phase, and carrier
phase of the LOS signal may be distorted to a certain extent. The
receiver’s acquisition and tracking of the LOS signal will also be affected,
resulting in measurement errors. In severe cases, the deformed
autocorrelation function and the superimposed wave signal with
drastic changes in power will cause the receiver to lose lock [15, 16].

The research on multipath signals in GNSS can be traced
back to the early 1970s [17]. After the Global Positioning System
(GPS) was officially opened and put into use, NovAtel has
successively proposed a series of multipath mitigation
technologies [18, 19], which are also widely used in GPS
systems. However, due to the complex characteristics of
multipath signals. It is difficult to eliminate the errors caused
by multipath signals entirely. To this day, multipath mitigation is
still the most important research content in reducing
measurement errors in GNSS systems.

2 The characteristics of multipath
signal

2.1 Mathematical model of multipath
signal

In general, multipath signals are mainly formed by the
reflection of objects on the ground and around the antenna,
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Generation of multipath signals.

the reflection of satellites, and the scattering of the atmospheric
propagation medium. Figure 2 shows a simplified scenario of
multipath signal generation.

Since the multipath signals originate from the reflection
(scattering) of the LOS signal, there are the following essential
characteristics [20]:

1) Compared with the LOS signal, the multipath signals travel a
longer path during propagation, so their arrival time is always
later than the LOS signal;

2) When reflected by the passive reflector, the signal always has
an inevitable energy loss, and the longer propagation path will
also make the energy loss of the multipath signal greater than
that of the LOS signal. So when the LOS signal is not blocked
(This paper only considers this situation), the signal power of
the multipath signal is lower than the LOS signal;

3) The wavelength of the satellite navigation signal is generally at
the decimeter level, and the multipath delay is much larger
than its carrier wavelength. The phase change of the reflected
wave caused by the multipath can be regarded as a random
number with a value of [0, 27].

Due to the complex environment where the receiver antenna
is located, it is not easy to describe the multipath signal with a
general mathematical model. Although there are some models
that established on the multipath characteristics in specific
scenarios such as forests, cities, and suburbs [21-25]. By
analyzing the modeling methods of the references, these
models are too complex to popularize. The reasons are: 1)
These methods require long-term measurement in a particular
area; 2) The characteristics of multipath signals will change
slowly with time; 3) The receivers are used in many scenarios,
and each scenario’s reflective surface features and quantity are
very different. According to the above characteristics, the
described
propagation delay, and carrier phase difference. In general, we

multipath signal is in terms of attenuation,

can express the reception of the direct signal r(t) as [26]:
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r(t) = AP(t) cos [(wo + wa)t + @ ] + n(t) (1)

where A is the LOS signal amplitude, P(t) = R(1)D(t), R(t) =
+ 1,D(t) = * 1 respectively pseudo-code and data code, wy is the
carrier frequency, w, is the signal doppler frequency, ¢ is the
carrier phase offset, n(t) is the noise.

Then the reception of the ith multipath signal r;’ (¢) of the
LOS signal can be expressed as [26]:

i (t) = AP (t = &) cos [(wo + w)t + ¢, — ¢;) +n(t) (2)

where «; is attenuation coefficient of the ith multipath signal, and
a; < 1, §; is the propagation delay of ith reflected signal, ¢; is the
total phase change generated by the ith reflected signal at each
reflector surface.

Assuming the GNSS receiver can receive M reflection signal,
the received signal can be expressed as [26]:

r(t) = AP(t) cos [(wy + wa)t + @]

M
+ Zoc,—AP(t — &) cos [(wo + wa)t + ¢, — ;) +n(t) (3)

i=1

2.2 Impact of multipath signal on global
navigation satellite system

The signal transmitted by GNSS can be divided into three
levels: carrier, pseudo-code, and data code. The data code is first
modulated to pseudo-code, then modulated on a sinusoidal
carrier through the digital baseband modulation method.
Finally, the modulated signal is transmitted by the antenna.
For precise positioning, the GNSS receiver generates two basic
range measurements, pseudo-range and carrier phase, for each
satellite. The multipath signals influence GNSS mainly through
these two basic measurements.

2.2.1 Impact on the code tracking loop

The aim of the code tracking loop is to copy a pseudo-code
whose phase is consistent with the pseudo-code phase of the
received signal, and to strip the pseudo-code from the GNSS
signal by correlation operation. Delay-Locked loop (DLL) is a
form of code tracking loop, the principle of which is shown in
Figure 3.

In the pseudo-range measurement, the code phase is directly
measured by the receiver, which is obtained by the pseudo-code
generator and pseudo-code correlator on the internal code
tracking loop of the receiver. The transmission time of the
signal can be obtained through the code phase, and the
pseudo-range value can be calculated according to the
reception time of the receiver and the transmission time. The
traditional code signal tracking loop in the receiver adopts a DLL
(As shown in Figure 3), it calculates the correlation value between
the early-prompt-late three-way local pseudo-code signal and the
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received signal. By adjusting the duplicate pseudo-code phase,
the code tracking loop makes the correlation value output by the
early correlator and the late correlator equal. Finally, a non-
coherent tracking loop is used to track the pseudo-code. The
multipath signal will distort the correlation function. Therefore,
the measurement accuracy of the GNSS receiver will be affected,
and in severe cases, the receiver may lose lock.

As shown in Figure 4, in the absence of the influence of
multipath signals, the auto-correlation function of the pseudo-
code of the receiver is an isosceles triangle [27]. When multipath
signals are received, the peak of the auto-correlation function
may be shifted, resulting in the center of the early correlators and
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late correlator sampling point deviates from the arrival time of
the LOS signal. The code phase measurement error results from
this. The actual offset is related to the delay, amplitude, and phase
parameters of the multipath signals relative to the LOS signal,
this is also the reason for the measurement error. Generally
speaking, the error caused by the multipath signal to the code
phase is in the order of meters [28], which can significantly affect
the positioning solution result.

2.2.2 Impact on carrier tracking loop

The purpose of carrier tracking loop is to copy the same
carrier signal as the received satellite carrier signal, so that the
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received signal can be easily separated from the carrier. Phase-
Locked Loop (PLL) is a form of carrier tracking loop, the
principle of which is shown in Figure 5. By constantly
adjusting the phase of the output signal, the phase of the
output signal and the input signal is kept consistent at all times.

In the carrier phase measurement, the carrier phase of the
receiver and the satellite are directly measured at the same time.
The distance from the satellite to the receiver can be calculated
using the phase difference between the two and the carrier
wavelength. Nevertheless, it cannot directly output the
positioning result because of the weekly ambiguity. In
practical applications, the code phase is used to obtain a
rough pseudo-range value, and the carrier phase provides a
basis for higher-precision pseudo-range measurement.

As shown in Figure 6, when there is a multipath signal, the
GNSS receiver directly receives the composite signal of the LOS
signal and the multipath signal, and the composite signal has a
phase change relative to the LOS signal 6,. Then when the
composite signal is correlated with the copied pseudo-code
inside the receiver, the measurement error (i.e., phase change)
0, of the composite signal relative to the LOS signal is:

&R (7 - 1;)sin ¢,
R(7) + a;R (7 — 7;) cos ¢,

0. = arctan< 4)
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where R(7)
function. In general, the error caused by multipath to the

represents the pseudo-code auto-correlation

carrier phase is in the order of centimeters, much smaller
than the error caused by the code phase [28]. The error
caused by multipath to the carrier phase will directly affect
the positioning accuracy and the solution of the integer
ambiguity. Finally, it will affect the actual performance of the
whole receiver [29, 30].

If the difference between R (7 — 77) and R(7) is ignored, the
above equation can be simplified to:

sin @.
0, = arctan _l—(P,
o' + cos ¢,

It can be seen that when ¢y is in 0° ~ 180°, the superposition

®)

result of the LOS signal and the multipath signal enhances the
power of the received signal. When varphi; is in 180° ~ 360°, the
superposition result reduces the power of the received signal.
Since the measurement error 0, of the multipath signal is a
random variable, the amplitude and phase of the composite
signal (received signal) are also unstable. It even causes the
receiver to lose lock in severe cases.

2.3 Summary

In this section, taking the multipath signal generated by the
reflection of the ground and objects around the antenna as an
example, a simplified mathematical model of multipath signal
reception is established by the attenuation, propagation delay,
and carrier phase difference parameters of multipath signals.
Secondly, according to the model, the possible influence of
multipath signals on the code tracking loop and carrier
tracking loop is analyzed, which proves the importance of
multipath suppression technology research.

3 Multipath mitigation technology

Existing multipath mitigation technology can be divided into
the following four stages:

3.1 The design of new signal system

This stage focuses on designing in order to improve the
ability of GNSS signal in multipath mitigation. It is an
improvement before GNSS signal transmission. By designing
the new signal system, there are two ways to achieve multipath
mitigation: one is to improve the modulation mode of the signal;
the other is to choose a more appropriate pseudo-code type and
carrier frequency. They will be introduced in detail below:
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BPSK modulation signal flowchart.

3.1.1 Signal modulation for multipath mitigation

The signal needs to be modulated and transformed into a
suitable signal before it can be transmitted in the channel. This
section provides ideas for designing new multipath
methods by the

principles and multipath mitigation performance of the

suppression comparing generation

classical and new signal systems.

3.1.1.1 Classical signal system

Traditional satellite navigation systems such as the C/A
signal of GPS and the BII signal of BDS both use Binary
Phase Shift Keying (BPSK) or Quadrature Phase Shift Keying
(QPSK) modulation. In the actual processing, the QPSK signal
can be regarded as two BPSK signals to be processed separately.
This section will mainly analyze the BPSK signal.

As shown in Figure 7, in the navigation system, first of all, the
data code d(t) needs to be directly modulated to the pseudo-code
c(t) to obtain the spread spectrum signal s(t). Finally, the digital
modulation method is used to modulate s(f) on the high-
frequency carrier with the center frequency w,. The traditional
digital modulation methods are BPSK and QPSK modulation, the
specific implementation principle can be found in the book [31].

Then the time-domain expression of the BPSK signal in the
navigation system is:

sppsi (£) = V2P - d(t) - c(t) - cos(wct + @) 6)

where P represents the signal power, and ¢, represents the initial
carrier phase.

As mentioned in Section 2.2, for BPSK modulated signals,
when performing pseudo-range measurement of the receiver, the
local correlation operation is performed on the pseudo-code
modulated signal, so the auto-correlation and cross-correlation
characteristics of the pseudo-code are very important [32], the
calculation of its auto-correlation function is as follows,

N-1

7y (n) =% Z x[m]x[m —n]

m=0

™
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BOC modulation signal flowchart.

The auto-correlation function of the pseudo-code only has a
single main peak at the zero point, and there is no apparent
secondary peak. Secondly, it has been fully applied in the early
navigation satellite system due to the simple implementation of
BPSK modulation, constant modulus, and high-frequency band
utilization.

3.1.1.2 New signal system

In 2001, Jhon W. Betz proposed to use binary offset carrier
modulation to replace the BPSK modulation that is widely used
in GNSS [33], which became the beginning of a new signal system
for GNSS. The BOC («, ) modulation signal is the most typical
representative of the new signal system, and # = %‘" is usually
called the modulation order. The data channel of GPS L1C and
BDS BIC is modulated by BOC (1,1). The Composite Binary
Offset Carrier (CBOC) modulation, Time Multiplexed Binary
Offset Carrier (TMBOC) modulation, and Quadrature mixed
Binary Offset BOC (QMBOC) modulation is based on the
combination of the original BOC (1,1) and BOC (6,1). In
addition, another form of spectrum multiplexing is Alternate
binary offset carrier (AItBOC) modulation [34].

BOC modulation is a new modulation method proposed to
meet the signal spectrum separation, which not only enables the
sharing of frequency bands between different satellite navigation
systems but also has better-ranging performance and multipath
mitigation performance than BPSK modulation. The modulation
process [35] is shown in Figure 8. Different from the classical
BPSK signal, the BOC modulation is obtained by re-modulating
the sine or cosine sign function after pseudo-code modulation.

The time-domain expression is as follows:

sgoc (t) = spps (t) sign [sin (27 f3t)] (8)

The frequency-domain expression is as shown below [36]:
Ssoc (f) = aSeesc () ® [8(f = fo) =0(f+ fu)] (9

It can be seen from the Eq. 9 that the power spectrum of the
BOC signal can be regarded as the result of moving the power
spectrum of the traditional BPSK signal up and down,
respectively. According to the analysis and simulation of the
power spectral density and auto-correlation function of the BOC
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Auto-correlation function and power spectrum of BOC(6, 1)
signal. (A) Auto-correlation function. (B) Power spectrum.

signal [37], taking BOC(1,1) and BOC(6,1) modulated signals as
examples, their auto-correlation function and power spectrum
characteristics are shown in Figures 9, 10, respectively.

It can be seen from the figure that the power spectrum of the
BOC signal is far away from the center frequency of the original
BPSK, which realizes the spectrum sharing of the signal.
Secondly, the narrower main peak of the auto-correlation
function also enables the BOC signal to have higher precision
code tracking performance and better multipath mitigation
performance [38]. However, higher requirements are placed
on the receiver acquisition and tracking due to the increase in
the number of peaks of the auto-correlation function. The new
signal obtained by mixing different modulation orders with a
specific power ratio has a narrower main peak of auto-correlation
and stronger multipath mitigation ability. It is also the idea of
designing new modulation signals such as TMBOC, QMBOC,
and CBOC.

BOC modulation has a series of advantages such as simple
implementation, the narrow main peak, high positioning
accuracy, strong anti-interference ability, large effective signal
bandwidth, strong multipath mitigation performance, and strong
[39].
synchronization of the BOC signal, it is effortless to lock on

code tracking performance However, during the
the wrong correlation edge peak, resulting in errors in the
pseudo-range measurement, which is generally referred to as

tracking ambiguity [40]. At the same time, when the modulation
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order becomes larger, the frequency spectrum at both ends of the
IF is too far apart, and time delays of different magnitude will be
generated during the receiving process of the receiver, thereby
affecting the measurement and positioning of the receiver.

3.1.2 Pseudo-code and carrier selection for
multipath mitigation

Generally speaking, the pseudo-code with a higher code rate
has a more robust multipath mitigation performance for the long
delay, which is also why the BOC signal has better multipath
mitigation performance by being added with sub-carrier square
wave modulation after the pseudo-code modulation. Secondly,
selecting pseudo-code series with good auto-correlation and
cross-correlation characteristics and the period as long as
possible is also significant for multipath mitigation [41].

The carrier frequency determines the electromagnetic
signal’s reflection (scattering) characteristics, So choosing an
appropriate carrier frequency can significantly improve the
multipath mitigation capability of the system. For example,
Signals of different frequencies also have different degrees of
diffuse reflection when they are reflected, the diffuse reflection
will further weaken the multipath effect [42, 43].

The core idea of realizing multipath mitigation through the
signal design of the new signal system is to increase the code rate
of the signal to make the auto-correlation function as narrow as
possible. It also makes this method effective against pseudo-code
and carrier phase multipath. However, the disadvantage is that
the multipath mitigation capability is limited, and it is difficult to
directly modify the signal system of GNSS, which also
dramatically limits the use of such methods. For example,
BOC modulation was not initially designed to achieve
multipath mitigation but to realize the isolation of military
and civilian codes and the sharing of spectrum.

3.2 The anti-multipath antenna

The function of the receiver antenna is to receive the signal
broadcast by the satellite and recover the original signal by
removing the clutter and interference signal as far as possible.
There are many mature to suppress interference signal [44, 45]
and deception signal suppression [46] method, also has obtained
a good effect, the following will introduce the primary antenna of
the multipath signal suppression measures.

3.2.1 Polarized antenna

The polarized antenna is the most common, simple, and
effective anti-multipath antenna. The LOS signal is a right-hand
circularly polarized wave, and the signal after the odd number of
reflections is a left-hand circularly polarized wave. According to
the right-hand, circularly polarized antenna can reject the left-
hand circularly polarized signal; the signal received by the right-
hand circularly polarized antenna only contains the LOS signal
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FIGURE 11

A typical circularly polarized antenna. (A) The reverse side of the antenna. (B) The front side of the antenna.

and the even number of reflected signals. It makes the polarized
antenna effectively realize the multipath mitigation effect [47].
Figure 11 shows a typical circularly polarized antenna.

The dual polarized antenna provides another degree of
freedom to distinguish LOS signals and composite signals
based on a small amount of increase in the complexity of the
receiver. It makes dual polarized antenna [48] in many areas
has made the application. On this basis, the dual polarized
antenna is generalized to multipath suppression, such as
literature [49] based on maximum likelihood estimation to
design a kind of double polarization multipath suppression
algorithm—this algorithm in alleviating the short delay
multipath better than single polarized antenna. Literature
[50] adds dual-polarization technology to baseband signal
processing and achieves a better multipath suppression
effect. Although the dual-polarization technique has a
better multipath suppression effect, it still faces some
problems, such as the need for higher quality polarized
more channels, correlators, and

antennas, output

computational loads.

3.2.2 Choke ring antenna

In GNSS, the more mature technology is the choke ring
antenna. The design idea of the choke ring antenna is to reduce
the antenna’s low elevation angle and backward gain by
designing the antenna pattern [51]. So that the gain of the
receiving antenna in the direction where the multipath signal
arrives is small, and the number of reflected signals can be
reduced. Effectively suppresses multipath signals from below
ground level. Figure 12 shows a typical 3D choke ring antenna.

There have been many choke designs [52, 53] for reducing
the cross-polarized component (multipath signal). However,
under low elevation conditions, both the cross-polarized signal
and the right-hand circularly polarized signal are suppressed,
i.e., The LOS signal will also be weakened. In order to solve this
problem, literature [54] uses the polarizer characteristics of
omnidirectional antennas to design an anti-multipath antenna
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FIGURE 12
A typical 3D choke ring antenna.

that can provide the maximum right-polarized and the minimum
cross-polarization gain, which reduces the influence of the choke
ring antenna to the LOS signal. The three-dimensional choke
ring antenna proposed in [55] can alleviate the problem of
insufficient antenna gain under low elevation angle conditions
while preserving the stable phase center, amplitude, phase, and
other properties of the signal. At present, the choke ring antennas
have been widely used in GNSS of various countries.

Secondly, under the radiation pattern requirements, there are
many kinds of structures for the anti-multipath antenna to
achieve the miniaturization of the antenna and reduce the
cost of the antenna. Such as Circular Patch Antenna [56],
Four-L Probe Coupling Patch Antenna [57], Compact Dual-
band Substrate Integrated Choke Ring Antenna [58], Annular
Slot the Loaded Ground Plane Antenna [59], and the Integrated
Multipath-Limiting Antenna [60] designed for local area
enhancement system.
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3.2.3 Other multipath mitigation measures

In addition to polarized antennas and choke ring antennas, there are
many antenna technologies that can achieve multipath mitigation. For
example, the spatial and temporal information of the signal can be
extracted by the antenna array to estimate and suppress the multipath
(61, 62]. Alternatively, the antenna array can be used to adjust the
antenna direction by estimating the direction of the incoming wave to
reduce the receive gain for multipath signals [63]. However, such
algorithms are more complex, costly, and less versatile.

For large antennas with high-performance requirements, the
multipath mitigation can also be considered from the location and
erection of the antenna, such as: erecting the antenna in a high or empty
place, far away from high-rise buildings, mooring, a large area of
vegetation, and other environments easy to generate signal reflection,
laying absorbing materials on the ground around the antenna.

Furthermore, adaptive beamforming has been widely used in
multipath mitigation of antennas. Such as, The adaptive
beamforming method [64] is proposed based on a Fractional
Order Bidirectional Least Mean Square (FOBLMS), which
achieves an excellent multipath mitigation effect. Since the
anti-multipath antenna can directly attenuate the power of the
multipath signal, it has the same effect on pseudo-code phase
multipath and carrier phase multipath [65, 66]. In particular,
there are some specific carrier phase multipath mitigation
methods [67]. Secondly, using the characteristics of the
receiving antenna can reduce the reception of multipath
signals to a certain extent. However, the characteristic of anti-
multipath antennas is that they can only suppress multipath
signals at a specific angle. The rest of the multipath signals will
enter the following signal processing stage. Therefore, it is
necessary to process the multipath signals entering the
receiver from other angles to reduce the impact of multipath
signals on receiver measurement accuracy.

3.3 Multipath mitigation in baseband
signal processing

The GNSS antenna receives the composite signal of the LOS
signal and the multipath signal, so it is also the composite signal that
is directly matched with the local pseudo-code and carrier during
baseband signal processing, which will cause the receiver to generate
measurement errors. Comparing the simulation analysis results of
BPSK and BOC modulated signals under the two technologies of
narrow correlation and high-resolution correlator [68], it can be
found that the multipath mitigation effect will be of significant
difference when the multipath mitigation technology is applied to
different signal systems. Therefore, this section will analyze and
compare their performance under different signal systems while
summarizing various multipath mitigation techniques. This stage
focuses on signal processing in order to eliminate multipath signals
from received signals. It is an improvement after GNSS signal
reception.
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There are usually two ways to achieve multipath mitigation in
baseband signal processing. One is to reduce the sensitivity of
multipath signals by improving the correlator or discriminator of
the receiver loop; the other is to use a statistical signal processing
method based on measurement data to estimate signal
parameters (LOS or multipath signals). These multipath
mitigation techniques will be described in detail below.

3.3.1 Multipath mitigation technique based on
improving correlator/discriminator
3.3.1.1 Narrow correlation technique

The correlator spacing used in the receiver code tracking loop
of the traditional correlator is generally one chip, and the
multipath mitigation ability is weak, which is difficult to meet
the needs of users for high-precision positioning [69]. According
to Section 2.2.1, the receiver obtains the measured code phase by
equalizing the correlation results output by the early correlator
and the late correlator. If the correlation interval of the correlator
is smaller, the early-late tracking point will be closer to the peak
value of the correlation function. At the peak value of the
correlation function, the influence of the multipath signals on
the phase measurement is the least [70], and the narrow
correlation technology is designed based on this idea [71]. By
reducing the correlation interval, the multipath error can be
reduced to a maximum of one-tenth of that of a conventional
correlator. However, the cost of reducing the correlation interval
is wider pre-correlation bandwidth, higher sampling rate, and
higher digital signal processing rate [71]. Secondly, when the
correlator interval is reduced, the operating range of the code ring
discriminator will be reduced. As a result, the dynamic
performance of the code tracking loop is further reduced.

Due to the narrowing of the main peak range of the
correlation peak of the BOC signal, the linear pulling range of
the traditional narrow correlation technique is minimal when
applied to the high-order BOC signal [72]. Secondly, the BOC
signal suffers from tracking ambiguity caused by side peaks in the
auto-correlation function. In using narrow correlation
techniques, a wrong locking point in the code tracking loop
discriminator will likely lead to missed or false detections.
Therefore, the multipath mitigation performance of the
traditional narrow correlation technology in the BPSK signal
system is better than that of the BOC signal.

3.3.1.2 Code correlation reference waveforms

technology
Young Lee first proposed Code Correlation Reference
Waveforms (CCRW) technology. A better code ring

discriminator can be obtained by designing correlators and

particular code reference waveforms to sharpen cross-
correlation functions so that we can obtain better multipath
mitigation performance [73]. Compared with the structure of the
traditional receiver, the receiver no longer generates early and

late local pseudo-code signals. However, it generates a series of
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Typical local reference waveforms in CCRW.

reference waveforms in the form of gate wave combination to
correlate with the received signals, thereby constructing the
desired discrimination error curve to achieve better multipath
mitigation performance [74]. In the gate wave design, the desired
discriminant error curve is generally constructed first; then the
local reference waveform is constructed according to the
discriminant error curve [75]. The typical local reference
waveforms are W1, W2, W3, and W4. According to the
different reference waveform generation methods, they are
divided into two types: generation at chip flip (W1) and
generation at chip-by-chip (W2, W3, W4) [75], the structure
of each waveform is shown in Figure 13.

CCRW technology has the advantages of simple structure,
relatively low hardware resource consumption, and real-time
solid performance [76]. However, the performance of the
CCRW  algorithm is affected by the non-ideal
characteristics of the RF channel, filter bandwidth, and
anti-interference algorithm. The local reference waveform
design needs to consider these non-ideal factors. Just like
the narrow correlation technique, the tracking ambiguity may
also exist if the W2, W3, and W4 reference waveforms of
CCRW are directly applied to BOC signals. Therefore, the
multipath mitigation ability of the general CCRW technique
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in the BPSK signal system is better than the BOC signal
system.

In order to solve the ambiguity problem of CCRW in the BOC
signal, the literature [77] introduced a series of bipolar reference
waveforms based on the W2 code-related reference waveform
structure to solve the tracking ambiguity problem in BOC (1,1). At
the same time, the multipath mitigation capability is also improved.

3.3.1.3 Double DELTA correlator

Double DELTA Correlator uses two pairs of correlators to
compute and form correlation curves locally. Based on this idea,
many multipath mitigation techniques have been derived,
including Strobe Technique, Pulse Aperture Correlator (PAC)
Technique, and High-Resolution Correlator (HRC) Technique.

Strobe Technology [78] is the most representative of the
Double DELTA correlator technology, put forward in 1996 by
Astech company. The multipath mitigation is achieved by setting
two groups of correlators with unequal correlation intervals and
modifying the phase detection function. The correlator interval
of the broad correlation group is twice that of the narrow
correlation group. Because the Strobe correlator multipath
mitigation for short delay multipath signal is sensitive [79,
80], and can suppress the majority of long time delay
multipath signals. It has been widely used in GNSS. After
analysis [81], When the Strobe correlator suppresses the error
caused by the multipath signals, the multipath suppression
performance under the two signal systems of BPSK and BOC
is better than that of the narrow correlation technology [72].
However, since it requires multiple correlator calculations, the
implementation is relatively complicated. Furthermore, the
still
technology, so the traditional Strobe technology is more
suitable for BPSK modulation.

In order to solve the problem of tracking ambiguity in BOC

problem of tracking ambiguity exists in Strobe

signal, literature [82] proposed a narrow correlation-assisted
Double-DELTA tracking method, which can detect the false-
lock problem of Double-DELTA, making it suitable for BOC
signal. The improved method enhances the robustness and
compatibility of the tracking loop and reduces hardware
resource consumption and algorithm complexity.

In addition, the double DELTA Correlator includes PAC
technology and HRC technology. The PAC technology uses two
early correlators, two late correlators, and one immediate
correlator to compensate for the distorted correlation peak
jointly. The phase detector function is a linear function of two
pairs of early, and late narrow correlators [19].

HRC technology achieves multipath mitigation by changing
the local reference waveform signal [83], which is also a CCRW
technology. Its local reference waveform is shown in W1 of
Figure 11, and multiple correlators are also used to achieve better
multipath mitigation. However, the disadvantage of these
techniques is that the implementation is complicated due to
the need for multiple correlators.
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In order to solve the problem of high complexity, literature
[84] proposed a time-division multiplexing Strobe scheme for
TMBOC modulation. It generates two time-multiplexing strobes
to track the BOC(1,1) and BOC(6,1) components, simplifying the
hardware structure and improving the tracking performance in
thermal noise and multipath. Literature [85] adds a specific
compensation factor to the traditional Strobe phase detector
formula, uses the TK operator as the detection module, and
constructs a new multipath suppression strategy so that the
receiver has good performance for short-delay in-phase
multipath signals.

3.3.1.4 Other multipath mitigation techniques

In addition, many multipath mitigation techniques are based
on baseband signal processing. Such as the Multipath
Elimination Technique (MET) [86], by setting two groups of
narrow correlators on both sides of the correlation peak, the
slopes on both sides of the correlation peak are obtained to reflect
the code phase tracking error caused by multipath. It is worth
noting that MET is also called Early Late Slope (ELS) in some
literature. Finally, by adding a compensation factor / to the phase
detector, the loop can be tracked at the correct position to achieve
the purpose of multipath mitigation. Figure 14 shows a schematic
diagram of the principle of MET. According to the geometric
relationship, the slopes on both sides a,, a, can be calculated, and
then we get the difference between the early and late correlation
values h = 4 (a; + a,). Finally, as long as a fixed offset h is added
to the phase detector of the tracking loop affected by multipath,
the loop can be tracked in the correct position.

Since early GNSS generally adopts BPSK modulation, the
current multipath mitigation technology for BPSK signals is
these
techniques generally have the problem of tracking ambiguity

relatively mature. However, multipath  mitigation
under BOC signals, especially for high-order BOC signals. There
are many side peaks in the correlation peak, and the amplitude

difference from the main peak is slight, and the code tracking
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loop is very easy. Falsely locked to the side peak, the tracking
ambiguity is the most severe [87]. The multi-peak auto-
correlation function can usually be solved by Dual-BPSK
tracking technology. On this basis, literature [88] proposed a
multipath mitigation method based on an offset correlator for
BOC signals, which can effectively suppress multipath signals
under the premise of low complexity.

Table 1 summarizes the characteristics of these technologies,
ranking them according to the complexity of the implementation
structure (from simple to complex): CCRW > Narrow
Correlation > Double DELTA. According to the actual
multipath mitigation performance (from best to worst), the
following sorting is possible: Double DELTA > CCRW >
Narrow Correlation. In the application, the appropriate
method can be selected according to the actual requirements
for multipath mitigation. Furthermore, these technologies can
achieve code phase multipath mitigation. However, only CCRW
technology can achieve carrier phase multipath mitigation, which
is one of the reasons why CCRW is particularly favored in
practical applications.

Moreover, the literature [89] has developed a neural
network-based DLL for multipath mitigation in a GPS
That spaced of
autocorrelation functions and is trained using a statistical

receiver. manipulates equally samples
distribution model of multipath time delay and power
attenuation. It provides a new idea for the integration
development of artificial intelligence algorithms and multipath

mitigation technology.

3.3.2 Multipath mitigation technique based on
signal parameter estimation
3.3.2.1 Multipath estimation delay locked loop
technology

Multipath Estimation Delay Locked Loop (MEDLL) [18, 90]
was proposed by NovAtel in 1995. It uses the structure of
multiple correlators to sample a series of correlation values
and obtain the correlation peak envelope and then uses the
maximum likelihood estimation criterion to obtain the
estimation and direct access of the parameters of the LOS
signal. The correlator output of the signal, and finally realize
the feedback of the tracking loop by using the phase detector and
loop filter in the traditional tracking loop. Based on this basic
idea, multipath suppression techniques have been derived. Such
as Multipath Mitigation Technology (MMT) [91] and Vision
Correlator [92, 93] Technology, the advantages of these methods
is excellent multipath mitigation performance, and the
maximum theoretical performance limit can be reached.
better
frequency and more correlators, which greatly increases the

However, performance requires higher sampling
system complexity and computational cost. Secondly, these
estimation methods need long-term integration to obtain a
good signal-to-noise ratio. Therefore, the application of these

techniques is limited to static conditions.
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TABLE 1 Characteristics of improved multipath mitigation techniques based on correlator/discriminator.

Anti-multipath
technology

The main design idea

Narrow correlation technique Reduce correlator interval

CCRW Technology Change the local reference code

Double DELTA technology Increase correlators

3.3.2.2 Coupled amplitude delay locking loop
technology

Coupled Amplitude Delay Locking Loop (CADLL) [94] is
developed based on MEDLL technology. CADLL uses multiple
parallel tracking units to separate the LOS signal from the
multipath signal through the feedback loop. Then parallel
tracking units track the code phase, carrier phase, and
amplitude of the received signal. When the multipath signal is
estimated, CADLL subtracts the multipath component from the
input composite Signal to eliminate the influence of the
multipath on the LOS signal [95]. Compared with MEDLL
technology, CADLL technology requires a shorter integration
time and lower system complexity; it also has some advantages,
such as better noise performance and can track dynamic
multipath signals. However, in some cases where the carrier-
to-noise power ratio is very weak, the performance of CADLL
will deteriorate sharply [94].

3.3.2.3 Other multipath mitigation techniques

In addition, there are many multipath mitigation methods
based on parameter estimation. For example, literature [96]
proposed a multipath signal delay estimation algorithm based
on correlation model. The algorithm takes the correlation output
of the received signal and the local C/A code as the model. It can
accurately estimate the delay of LOS and multipath signals when
the signal delay is unknown. Literature [97] proposed a multipath
mitigation technology based on fast orthogonal search. It can
achieve a higher code tracking effect in urban, canyon, and other
multipath ~ signal-intensive environments. The multipath
mitigation performance was significantly better than the
traditional multipath mitigation algorithm.

In general, the performance of multipath mitigation
technology based on signal parameter estimation is better
than traditional methods, and it can suppress the carrier
phase multipath. However, there are few practical applications
due to its large amount of calculation and poor real-time
performance. The performance of the BPSK or BOC Signal
System often depends on the correlator and phase detector
used in the loop.
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Non-ideal factors should be
considered
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3.4 Multipath mitigation for navigation
data processing

Due to the complex environment of the receiver and the
different characteristics of the corresponding multipath signal,
the pseudo-range measurement noise of the receiver has different
statistical characteristics. The multipath mitigation in navigation
data processing usually adopts the data post-processing method
to process the Multipath errors in pseudo-range or carrier phase
observations.

3.4.1 Multipath mitigation based on statistical
signal processing

Since multipath signals have a specific temporal correlation,
smoothing pseudo-range measurements over multiple epochs
generally cannot reduce multipath errors in pseudo-range
measurements. However, smoothing pseudo-ranges can
achieve  multipath  mitigation  using  carrier  phase
measurements with less multipath error. Literature [98]
proposed a method to correct the multipath error in
differential phase observation using the signal-to-noise ratio
information. This method can eliminate most low-frequency
multipath signals and remove the high-frequency multipath

signals through smoothing or Kalman [99].

3.4.2 Multipath mitigation based on empirical
model

For some fixed scenarios, such as detection stations or fixed
large-scale antennas, Since the environment in which multipath
signals are generated is unchanged, certain regularities will
appear over time. Based on this, a multipath error model is
established by analyzing a large amount of multipath error data.
This model, such as sidereal filtering technology [100] and
wavelet analysis technology [101, 102], Empirical Mode
Decomposition technique [103] et al, can be used to correct
the multipath error in future measurements. Although the
multipath mitigation effect of this method is good, it requires
prior knowledge and data; it is only suitable for some specific
models. Since it is a post-processing method, it is generally only
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suitable for monitoring stations and other situations where the
surrounding environment does not change much.

In the latest research, adaptive literature Kalman filter has
been applied to multipath mitigation and achieved excellent
effect [104]. As improvements, literature [105] uses Unscented
Kalman Filter (UKF) and the combination of wavelet transform
and particle filter for multipath suppression.

These methods usually do not need to improve the internal
signal processing unit of the receiver but can be implemented by
software processing of the output data of the receiver. It also
determines the characteristics of their effective mitigation of
pseudo-code phase multipath and carrier phase multipath
simultaneously [106, 107]. Secondly, its performance depends
largely on the redundancy of measurement, the level of
measurement noise, and a long observation. Therefore, an
appropriate processing method for the measurement data can
be selected according to the difference in the statistical
characteristics of the measurement noise under different
multipath  signal conditions to the

receiving suppress

multipath error.

3.5 Summary

This section summarizes some classic multipath mitigation
technologies in GNSS, as shown in Table 2. The research mainly
focuses on the four stages of signal system design, antenna
design, baseband signal processing, and navigation data post-
processing. They apply to different application scenarios.

10.3389/fphy.2022.1071539

As shown in Table 2, the existing multipath mitigation
methods are mainly reflected in the following four stages:

1) Reduce the main peak width of the auto-correlation function
through the new signal system design so as to reduce the
influence of the multipath signal on the satellite LOS signal,
thereby reducing the measurement error;

2) According to the characteristics of the inconsistency
between the incident direction of the multipath signal
and the LOS signal, design an antenna that can reduce
the reception of the multipath signals, and through the
reasonable site selection and erection of the antenna, the
generation of multipath signals can be reduced from the
source;

3) During baseband signal processing, by designing correlators

and phase detectors with different characteristics or using

parameter estimation methods to reduce the influence of
multipath signals on measurement accuracy;

4) When processing navigation data (Information Processing),

the statistical characteristics of multipath errors are used to

reduce the influence of multipath signals.

4 Future development direction of
anti-multipath technology

This section will point out the possible development
directions of future multipath mitigation technology according
to the four stages summarized in the previous section.

TABLE 2 Summary of multipath mitigation techniques in each stage of signal processing.

Stage Anti-multipath implementation idea

Signal designing

Signal receiving Receive less multipath signals

Signal processing Change the structure of correlator and phase detector

Perform parameter estimate the parameters of the signal

Information processing ~ Utilize the statistical properties of multipath signal errors
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Make the main peak of the auto-correlation function of the signal narrower
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Anti-multipath method

Change the modulation

Select the appropriate pseudo-code type and carrier frequency band

Polarized antenna
Choke ring antenna
Antenna array

Site selection and erection of antenna

Narrow correlation technique
Dual DELTA correlator
CCRW technology

MEDLL technology

CADLL technology

Sliding average method
Sidereal daily filtering technology
Wavelet analysis technique

Empirical mode decomposition
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4.1 Signal design for new system of low
orbit satellite

The carrier frequency largely determines the propagation,
reflection, and refraction characteristics of the corresponding
electromagnetic wave signal [42]. However, the carrier frequency
that the current navigation satellite system can select is minimal.
Furthermore, the International Telecommunication Union also
uniformly allocated the spectrum resources. So choosing an
appropriate carrier frequency can improve the multipath
mitigation performance, but this is usually difficult to exploit.

In general, choosing a pseudo-code series with a higher code rate,
good auto-correlation characteristics, cross-correlation characteristics,
and a period as long as possible can help reduce multipath errors [108].
A new pseudo-code series needs to be designed with the development of
low-orbit satellite systems. Due to the sharp increase in the number of
low-orbit satellites, a longer pseudo-code cycle is required to distinguish
more satellites using code division multiple access; a large signal
bandwidth is required to meet the communication needs, which are
all in line with the requirements for multipath mitigation. It indirectly
realizes the multipath mitigation. Further, it can also be considered to
realize multipath mitigation from the design of the signal modulation
method of the low-orbit satellite. Therefore, the new LEO satellite signal
system design is a huge opportunity and challenge for multipath
mitigation technology.

4.2 Miniaturization design of anti-
multipath antenna

Although the multipath mitigation effect of anti-multipath
antennas in GNSS is imposing, most of the anti-multipath antennas
have the disadvantages of considerable size and heavy weight. With
the further development of the GNSS, the receiver has a higher and
higher demand for antenna miniaturization, and traditional anti-
multipath antennas are usually challenging to take into account the
two requirements of size and performance at the same time. Many
researchers have done related work to solve this problem, such as
miniaturizing the corrugated structure by implementing multiple
folds or slits inside the corrugation and then improving the choke
ring to obtain a miniaturized antenna [109]. Even so, this is still a
direction that requires much research. Therefore, how to design a
miniaturized and low-cost anti-multipath antenna without (less)
reducing the multipath mitigation performance is a primary
development direction of the anti-multipath antenna in the future.

4.3 Correlator improves/improves the
efficiency of multipath mitigation
algorithms

BOC signals have many advantages and have been widely
used in GNSS, but applying traditional multipath mitigation
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techniques directly to the BOC signals will have ambiguity
to Dbetter multipath
mitigation of BOC signals is an important research direction

problems. Therefore, how realize
in the future.

In general, the method based on signal parameter estimation
has better multipath mitigation performance than the traditional
correlator, but due to its large amount of calculation, poor real-
time performance, and high-performance requirements of the
receiver. It dramatically limits its practical application scenarios.
Currently, many researches focus on using new technologies in
the field of signal processing to improve the computational
efficiency of algorithms [110], which achieved good results.
Therefore, there are two directions for further development of
this type of technology: one is to reduce computing requirements
through algorithm design; the other is to apply new technologies
in the computer or signal processing field to improve computing

efficiency.

4.4 Multipath mitigation algorithm that
can adapt to highly dynamic environment

These methods generally use the statistical characteristics of
multipath errors to reduce the influence of multipath signals, the
disadvantage is that they require a long time of observation data
to estimate the parameters of the statistical model of
measurement noise. However, in some practical environments,
the parameter changes of multipath signals have high dynamic
The

corresponding statistical characteristics of measurement noise

characteristicc and no noticeable change rules.
will also change with time and environment [111, 112], limiting
such methods in practical use. Therefore, designing a multipath
mitigation algorithm with better performance or high

adaptability to dynamic environment is of great significance.

4.5 Application of other new technology

Artificial intelligence is a new technical science that studies
and develops theories, methods, technologies, and application
systems for simulating, extending, and expanding human
intelligence. In recent years, many great achievements have
been made in artificial intelligence, which has accelerated the
integration of artificial intelligence technology and technology in
various fields. At present, artificial intelligence has achieved
many applications in medicine, financial trade, education and
other fields [113-115]. If artificial intelligence technology can be
applied to multipath cancellation technology, it may further
reduce the impact of multipath signals on receivers. Through
the investigation, it can be found that: some researchers have
applied artificial intelligence technology to the field of multipath
signal prediction [116-118] and achieved outstanding results,
and neural networks can also be used to simulate the effects of
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multipath signals on GNSS correlation output [119, 120], which
also provides a new idea for future multipath mitigation
techniques.  Besides, a deep learning-aided  spatial
discriminator has also been proposed to compensate for the
limitations of traditional beamforming methods, enabling
multipath mitigation during signal reception [121].

In addition, the neural network can also be used in the design of
low-orbit satellite pseudocodes to achieve better cross-correlation and
auto-correlation performance. It can be used in the design of multipath
suppression antennas to reduce the reception of multipath signals. It is
used in the baseband signal processing algorithm to solve the problem
that the complexity and performance of the current algorithm cannot be
taken into account. It is used in navigation information processing to
obtain higher-precision positioning results.

In practical application scenarios, combining the multipath
technologies of each stage can obtain better multipath mitigation
performance. For example, for a high-precision receiver, the signal
system can choose BOC modulation, choose a choke ring antenna and
consider its location and assumptions, and use CCRW technology in
baseband signal processing. However, it should be noted that for signals
with different modulation methods, the effects of each multipath
mitigation technology in baseband signal processing stage are not
consistent. Therefore, it is also an important research content to
select appropriate multipath mitigation technology in each stage of
signal processing. In this way, each stage has exerted its effect on
multipath mitigation. It is significant for the GNSS receiver to reduce the

influence of multipath signals and improve the measurement accuracy.

5 Conclusion

This paper established a simplified multipath signal model
using the multipath signal’s attenuation, propagation delay, and
carrier phase difference parameters. Then the influence of
multipath signals on GNSS’s code tracking loop and carrier
tracking loop was analyzed. The influence of the multipath
signal on the code tracking loop is mainly reflected in the
correlation function, and the influence on the carrier tracking
loop is reflected in the carrier phase measurement. The multipath
signal affects the two loops and reduces the measurement
accuracy. In severe cases, it can cause the receiver to lose the lock.

From the perspective of signal system design, this paper
introduces the principle and method of signal modulation and
pseudo-code/carrier selection to achieve multipath mitigation. It
points out that the core idea of multipath mitigation through the
new system signal design is to improve the signal’s code rate,
which provides design ideas for the future new satellite system
signals in multipath mitigation. From the perspective of antenna
design, this paper introduces the polarized antennas and choke
antennas that can achieve multipath mitigation and some
multipath mitigation measures. This dramatically reduces the
number of multipath signals entering the GNSS receiver.
However, the disadvantage is that due to hardware limitations,
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only the multipath signal at a specific angle can be suppressed,
and some multipath signals will still enter the GNSS receiver.
From the perspective of baseband signal processing, this paper
introduces the classic multipath mitigation techniques based on
correlator/discriminator ~ improvements and  multipath
mitigation techniques based on signal parameter estimation. It
is pointed out that the best anti-multipath performance is the
dual DELTA technology, and the lowest complexity is the CCRW
technology. Then the performance of each algorithm under
different modulation methods is compared, and the tracking
ambiguity problem that exists when the multipath mitigation
technology is applied to BOC modulation is analyzed. From the
perspective of navigation data post-processing, this paper
introduces the classic multipath suppression method based on
statistical signal processing and the multipath suppression
method based on an empirical model. This approach does not
require improving the receiver’s internal signal processing unit.
However, the disadvantage is that performance depends heavily
on the redundancy of the measurement and the level of
measurement noise and requires long observations.

Finally, according to the existing multipath mitigation technology of
these four links and the characteristics and development trends of each
technology, the prospect of their future development direction is made.
It is pointed out that the multipath resistance method of multiple links at
the same time is of great significance to the GNSS receiver to improve
the measurement accuracy.
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