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ABSTRACT Radio frequency (RF) relative measurement provides an effective means of communication and
autonomous navigation for the spacecraft formation flying. Multipath and Doppler are two main factors that
affect the accuracy of RF relative measurement. In this study, a framework that exploits joint multipath-
Doppler diversity is proposed to reduce multipath errors and improve the measurement accuracy. The
proposed framework first utilizes an Extended Kalman Filter (EKF) estimator to estimate the parameters of
Doppler and multipath. Different from existing research, the proposed framework reconstructs the received
signal according to the estimated parameters, so as tomitigatemultipath signals and enhance the direct signal.
Numerical results demonstrate that the framework is suitable for both multipath and multipath-Doppler
scenarios, and has a significant performance improvement over existing multipath mitigation methods.

INDEX TERMS Multipath mitigation, multipath-Doppler, RF relative measurement, EKF estimation.

I. INTRODUCTION
One distinctive showcase of a distributed space system
(DSS) is known as spacecraft formation flying [1]. Radio
Frequency (RF) measurement presents a relative naviga-
tion solution that can be of interest to the earth-orbiting
satellites. It also provides a way for communication and
network of satellites in the group [2]. Accurate relative
navigation between satellites can be executed by onboard
embedded systems with RF relative measurement abilities.
Using the onboard embedded system to perform relative mea-
surement has various benefits for satellite formation flying.
On the one hand, relative measurement could be used to
enhance the accuracy achieved byGlobal Navigation Satellite
System (GNSS). On the other hand, RF relative measure-
ment provides an alternative solution for relative navigation
in deep space where GNSS is unavailable [3]. Numerous
missions with high-accuracy demands on the inter-spacecraft
position have been flown or proposed. National Aeronautics
and Space Administration has developed the Autonomous
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Formation Flying (AFF) technology for many missions (Star-
Light/DS3/ST3) [4]–[6]. Formation Flying Radio Frequency
(FFRF) sensor is another RF-based technology developed by
the National Center for the PRISMA mission [3], [7].

In spacecraft formation flying scenarios where multiple
spacecrafts utilizes inter-spacecraft links to transmit signals
and perform relative measurement, signals are likely to be
reflected on the surface of spacecrafts. Some reflections
may occasionally come from a third close-by spacecraft in
the formation, or from the spacecraft’s body, such as solar
panels [8], but generally within a short time duration.
Especially, RF measurement sensors are used for space
station rendezvous and docking. When the space station
and the spacecraft are in relative motion, and between the
direct signal and multipath signal there is a relative velocity,
thence, a relative Doppler shift is generated between the
both. Therefore, in this case there is a carrier frequency
difference between the multipath and direct signal, that is,
the multipath-Doppler described in this study.

The existing multipath mitigation methods mainly
include: the narrow correlator (NC) [9], the strobe cor-
relator [10], the multipath estimating delay lock loop
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method (MEDLL) [11], the multi-antenna multipath esti-
mation method [12]. However, the methods proposed in
[10] and [11], to a certain extent, mitigate multipath on delay
lock loop (DLL), but cannot completely eliminate multipath
errors, especially in the presence of the short delays multi-
path, the DLL’s tracking range will be reduced. As [11] point
out MEDLL is proposed based on the maximum likelihood
theory. This technique is computational expensive [13], [14].
The method proposed in [12] is a tool of multipath mitigation
by utilizing the geometrical relationship of multiple anten-
nas, and thus requires the addition of hardware equipment,
is not applicable to this study. Moreover, these methods
do not take into account the carrier frequency difference
between the multipath signal and the direct signal, thus it
cannot accurately estimate multipath parameters when the
multipath-Doppler is present.

It’s worth noting that in most existing research, multipath
signals are considered as undesirable signals and are elimi-
nated from the received signal [19], [20]. Different from the
above methods, [15] presented a novel method in which the
signals are used to reconstruct the received signals instead
of being eliminated. However, this method do not enhance
the direct signal, even the correlation peak is reduced in the
presence of the multipath-Doppler.

Aiming at the shortcomings of the existing methods,
in this study a promising framework of multipath miti-
gate is proposed for space applications where multipath or
multipath-Doppler is existed, in which Doppler andmultipath
parameters are accurately estimated by an EKF estimator,
and then the received signal is reconstruct based on the joint
multipath-Doppler diversity. Therefore, the multipath error
is mitigated and the direct signal is enhanced in present of
multipath-Doppler; in addition, the proposed framework is
still valid for scenes with only multipath.

The organization of the study is as follows: Section 2
describes RF relative measurement model and presents
multipath-Doppler; Section 3 analyzes multipath and
multipath-Doppler in code tracking loop; Section 4 presents
a framework of multipath mitigation based on the joint
multipath-Doppler diversity; results of experiments are
shown in Section 5, and finally we conclude the study in
Section 6.

II. THEMULTIPATH AND MULTIPATH-DOPPLER IN RF
RELATIVE MEASUREMENT
A. RF RELATIVE MEASUREMENT MODEL
The RF relative measurement between spacecrafts is a com-
pelling technology in the space mission aimed at detect-
ing, acquiring, and tracking the relative position and attitude
between spacecrafts. The application of RF relative mea-
surement technology provides an effective relative navigation
and control method for low-earth-orbit (LEO) spacecrafts
whose visibility of GNSS constellation is limited and space-
crafts at altitudes above the GNSS constellations. RF relative

FIGURE 1. RF relative measurement system.

measurement system is shown in Fig. 1, enabling a joint
inter-spacecraft communication and relative navigation.

There are two types of antennas on each spacecraft in the
RF relative measurement system, that is, two transmitting
antennas and three receiving antennas. Each transmitting
antenna generates and transmits GNSS-like RF ranging sig-
nal, and the multiple access of multiple signals from different
transmitting antennas employ CodeDivisionMultiple Access
(CDMA). At any measurement epoch, a ranging observation
can be measured between any transmitting antenna and any
receiving antenna on a different spacecraft. Therefore, for the
RF relative measurement system, 12 ranging observations as
shown in Eq.1 can be obtained at each measurement epoch.

ρ =
[
ρA1b1 , ρA1b1 , ρA1b1 , ρA2b1···ρB2a3

]
(1)

where ρA1b1 is the ranging observation measured between the
i-th transmitting antenna of spacecraft A and the j-th receiving
antenna of spacecraft B. The capital letters A and B represent
the transmitting antennas on spacecraft A and spacecraft B,
respectively, while lowercase letters a and b represent the
receiving antennas. The ranging model is given by:

ρAibj =
√
rAibjr

T
Aibj+c1τ (2)

where Vτ is the clock error between two spacecrafts; c is
the velocity of light; rAibj is the vector from i-th transmitting
antenna of spacecraft A to the j-th receiving antenna of space-
craft B and can be expressed as:

rAibj = [d cosα cos γ, d cosα sin γ, d sinα]

+
[
Q (ϕB, θB, ψB) ubj−Q (ϕA, θA, ψA) uAi

]
(3)

where d is the relative distance of two spacecrafts; α and γ are
the relative elevation angle and azimuth angle of two space-
crafts, respectively; uAi is the location of i-th transmitting
antenna in the local co-rotating Cartesian frame of space-
craft A. ϕA, θA and ψA are the rotation angles of spacecraft A
with respect to the reference frame, as shown in the Fig.1.
For convenience, the local co-rotation Cartesian frame of
spacecraft A is set as the reference frame of the whole system,
so that ϕA = 0◦, θA = 0◦, ψA = 0◦, and ϕB, θB, ψB are the
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relative rotation angles of two spacecrafts;Q(·) is the rotation
matrix corresponding to rotation angles.

The Least Square algorithm or EKF can be employed to
solve the ranging equations, and the estimates of relative
position and attitude can be obtained as follows:

X = [d, α, γ, ϕB, θB, ψB,1τ ] (4)

B. MULTIPATH-DOPPLER IN RF RELATIVE MEASUREMENT
During RF relative measurement between spacecrafts,
themeasurement signalmay be degraded bymultipath signals
being reflected by the spacecraft itself or other spacecrafts
operating nearby. In addition, in the case of distance between
spacecrafts is small, such as the rendezvous and docking of
spacecrafts, multipath signals can cause large ranging errors
in the receiver at ranges below a few hundred meters. This
kind of ranging error caused by multipath signals makes the
RF relative measurement system incorrectly determine the
relative position and attitude of spacecrafts, and seriously
affect the operation of the spacecrafts. The existing researches
show that the solar array panel on the spacecraft is one of the
main reasons for the reflection of the measurement signal.
Figure 2 shows an example of multipath signal reflected by
the solar array panel of the International Space Station (ISS)
in the scenario of rendezvous and docking of a spacecraft and
the ISS [8], [18].

FIGURE 2. Multipath and Doppler in rendezvous and docking scenario.

The red line in Fig.2 is the direct signal from the spacecraft,
and the green line is the multipath signal. θ1 is the angle
between the relative velocity vector and the direct signal, and
θ2 is the angle between the relative velocity vector and the
multipath signal [18].

It is worth noting that the Doppler and multipath can be
observed in the signal received by the receiver due to the
relative motion of the spacecrafts during the RF relative
measurement [16], [17].Moreover, when the projection of the
relative velocity vector in the direction of the direct signal is
not the same as the projection in the direction of the multipath
signal, the instantaneous Doppler shift of the multipath signal
received by the receiver can be significantly different from
the direct signal. Taking the scenario shown in Fig. 2 as an
example, the Doppler shift of the direct signal received by
the ISS receiving antenna compared to the multipath signal

(in units of Hz) is given by:

1fd =
|V | (cos(θ1)−cos(θ2))

λ
(5)

where V is the relative velocity vector between spacecraft and
ISS, and λ is the wavelength of the measurement signal.

To improve the precision of ranging to satisfy the require-
ments of attitude estimation, the carrier frequency of the mea-
surement signal used in this study is increased compared with
that used in PRISMA [3], [7]. Considering ranging accuracy
and other factors comprehensively, the carrier frequency of
the RF relativemeasurement system is set to Ku band (10GHz
or so). When the rendezvous and docking is operated in the
final stage, the relative velocity is approximately 1-3m/s. The
angles between relative velocity vector and direct signal and
multipath signal are θ1 = 5◦ and θ2 = 45◦, respectively,
the Doppler shift difference between the direct signal and
multipath signal can reach approximately 30 Hz.

From the above analysis, it can be concluded that the
multipath can occur during the relative measurement between
the spacecrafts, and the Doppler shift of the multipath signal
can be different from the direct signal. In this study this is
described as multipath-Doppler.

III. MULTIPATH AND MULTIPATH-DOPPLER IN CODE
TRACKING LOOP
The ranging signal architecture of RF relative measure-
ment adopted in this study is GNSS-like signal architec-
ture. Compared to other signal architecture (UWB, FMCW,
etc.), GNSS-like ranging signal architecture has the highest
technical maturity and takes full advantages of experiences
on GNSS hardware and software in space applications [18].
In this study, a novel multipath mitigation framework is pro-
posed. This framework can make full use of joint multipath-
Doppler diversity, and increase the intensity of direct signals
in the presence of the multipath-Doppler. At the same time
this method can be compatible with multipath scenarios.
Therefore, the signal analysis is carried out from both the
multipath scenario and the multipath-Doppler scenario.

A. MULTIPATH OF RANGING SIGNAL
In the RF relative measurement, a sampled GNSS-like Inter-
mediate Frequency (IF) ranging signal received by a single
direct path can be written as follows:

rd (kTs) = Ac(kTs−ε) cos((ωIF+ωd )kTs+θd )+n(kTs)

(6)

where A is amplitude of the sampled IF signal (V); c(·) is
the PRN code in the GNSS-like ranging signal; cos((ωIF+
ωd )kTs+θ ) is the sampled IF carrier; Ts is the sampling
period (s); ωIF is the IF frequency down-converted from the
radio frequency (rad/s);ωd is the Doppler shift of the sampled
IF signal (rad/s); θd is the initial phase of IF carrier (rad);
n(kTs) is the noise.
Following the usual signal flow in a RF measurement

receiver, the sampled IF signal rd (kTs) is input to a coherent
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FIGURE 3. Coherent delay lock loop.

DLL shown in Fig.3. In DLL the incoming IF signal is mixed
with the locally generated in-phase and quadrature-phase
replicas of the carrier. After that, the signal is correlated with
the early (E), prompt (P) and late (L) versions of the locally
generated PRN code, and the correlation values are integrated
for a certain integration period. The local in-phase prompt
signal combining the code and carrier generated by the local
PRN code generator and carrier generator can be expressed
as:

SIP (kTs) = c(kTs−ε̂) cos((ωIF+ω̂)kTs+θ̂ ) (7)

where ε̂ is the estimate of the received signal code delay (s); ω̂
is the estimate of the received signal Doppler shift (rad/s); θ̂ is
the estimate of the received signal initial carrier phase (rad).
Without loss of generality, assuming that the Doppler shift of
received signal and its estimate are the same, that is, ωd = ω̂.
Then, the in-phase prompt correlation value is given by:

IP =
k0,j+N−1∑
k=k0,j

rd (kTs)SIP (kTs)

≈
ATj
2Ts

R(Vε) cos(Vθd ) (8)

where k0,j is the sample point at which the j-th integration
begins; N is the number of sample points to be integrated;
Tj is the integration time corresponding to N sampling
points. R(·) is the auto-correlation function of the PRN code;
Vε = ε−ε̂,Vθd = θd−θ̂ . Similarly, the in-phase
early (IE ), in-phase late (IL), quadrature-phase prompt (QP),
quadrature-phase early (QE ) and quadrature-phase late (QL)
correlation values can be expressed respectively as:

IE =
ATj
2Ts

R(Vε−Vτ ) cos(Vθd ) (9)

IL =
ATj
2Ts

R(Vε+Vτ ) cos(Vθd ) (10)

QP =
ATj
2Ts

R(Vε) sin(Vθd ) (11)

QE =
ATj
2Ts

R(Vε−Vτ ) sin(Vθd ) (12)

QL =
ATj
2Ts

R(Vε+Vτ ) sin(Vθd ) (13)

where Vτ is the spacing in chips between the prompt and
early, or the prompt and late code. A coherent early-minus-
late (CELP) discriminator is used for code tracking in this
study. Assuming that the frequency and phase of locally
generated carrier are the same as the frequency and phase
of received carrier, the discriminator function is given by:

Dc = IE−IL

=
ATj
2Ts

[R(Vε−Vτ )−R(Vε+Vτ )] (14)

In the presence of multipath, the sampled IF signal consists
of a direct signal and Mmultipath signal can be expressed as:

rcm(kTs) = rd (kTs)+
M∑
i=1

rmi (kTs)+n(kTs)

= Ac(kTs−ε) cos((ωIF+ωd )kTs+θd )

+A
M∑
i=1

αic(kTs−ε−li) cos((ωIF+ωd )kTs+θi)

+n(kTs) (15)

where rmi (kTs) is the sampled IF signal received by i-th reflect
path, that is, i-th multipath signal. αi is the relative amplitude
coefficient between the direct signal and the i-th multipath
signal. li is the time-delay between the direct signal and
the i-th multipath signal, and must be positive given in the
convention used in the Eq.13. θi is the initial carrier phase
of the i-th multipath signal. With this new received IF signal,
assuming that the frequency of direct signal and the frequency
of locally generated carrier are the same (ω̂ = ωd ), the output
of correlator becomes:

IP =
ATj
2Ts

R(Vε) cos(Vθd )+
ATj
2Ts

M∑
i=1

αiR(Vε+li) cos(Vθi)

(16)

where Vθi = θi−θ̂ . Assuming that the frequency and phase
of locally generated carrier are the same as that of the direct
signal’s carrier, the output of discriminator becomes:

Dc =
ATj
2Ts

[R(Vε−Vτ )−R(Vε+Vτ )]

+
ATj
2Ts

M∑
i=1

[R(Vε+li−Vτ )−R(Vε+li+Vτ )]

∗ cos(θi−θd ) (17)

Therefore, Eqs.16 and 17 are respectively the correlation
function and the discriminator function, based on this the
curves of the both can be drawn. Figs.4 and 5 show the cor-
relation function and discriminator function for the received
signal containing a single multipath signal respectively, when
Vθd = 0, α1 = 0.5, l1 = 0.5 (chips), Vθ1 = 0◦or180◦.
It is clear that the correlation function of the received sig-
nal is distorted due to the presence of multipath, and the
zero-crossing point of the discriminator function is no longer
at Vε = 0. Since the DLL tracks the code phase of input
signal by tracking the zero-crossing point of the discriminator
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FIGURE 4. The curve of correlation function.

FIGURE 5. The discriminator curve.

function, the code tracking result output by DLL contains a
remaining bias due to multipath. This bias between the point
Vε = 0 and the zero-crossing point of the discriminator
function is defined as multipath error.

Multipath error envelope is a common and recognized way
to analyze the multipath, and it’s definition is the multipath
errors corresponding to all the potential multipath delays
from 0 to 1.5 chips with a given relative amplitude coefficient.

The upper and lower bounds of multipath error envelope
is defined when Vθ1 = 0◦ and Vθ1 = 180◦, respectively.
When α1 = 0.5, Vτ = 0.1 (chips), multipath error envelop
is shown in Fig.6.

FIGURE 6. Multipath error envelop.

B. MULTIPATH-DOPPLER OF RANGING SIGNAL
For the purpose of getting the difference between multipath-
Doppler and multipath. It is also discussed from the follow-
ing three aspects as multipath, that is, correlation function,
discriminator function, and multipath error envelope.

In the presence ofmultipath-Doppler, the sampled IF signal
consists of a direct signal and M multipath signal can be

expressed as:

rcmd (kTs) = rd (kTs)+
M∑
i=1

rmdi (kTs)+n(kTs)

= Ac(kTs−ε) cos((ωIF+ωd )kTs+θd )

+A
M∑
i=1

αic(kTs−ε−li)

∗ cos((ωIF+ωd−Vωmi )kTs+θi)+n(kTs) (18)

where rmdi (kTs) is the sampled IF signal received by i-th
reflect path whose Doppler shift is different from the Doppler
shift of the direct signal, that is, i-thmultipath-Doppler signal;
Vωmi is the Doppler shift of the direct signal compared to the
i-th multipath-Doppler signal.

Assuming that the frequency of direct signal and the fre-
quency of locally generated carrier are the same (ω̂ = ωd ),
the output of correlator can be derived as follows:

IP =
k0,j+N−1∑
k=k0,j

rcmd (kTs)SIp (kTs)

=

k0,j+N−1∑
k=k0,j

A
2 c(kTs−ε)c (kTs−ε̂) cos(Vθd )

+

M∑
i=1
αic(kTs−ε−li)c(kTs−ε̂) cos(−VωmikTs+Vθi)


≈

A
2Ts

∫ T0,j+Tj

T0,j
c(kTs−ε)c(kTs−ε̂) cos(Vθd )dt

+
A
2Ts

M∑
i=1

[
αi

∫ T0,j+Tj

T0,j
c(kTs−ε−li)c(kTs−ε̂)

cos(−VωmikTs+Vθi)dt
]

≈
ATj
2Ts

R(Vε) cos(Vθd )

+

M∑
i=1

ATj
2Ts

R(Vε+li) sin c(−VωmiTj/2) cos(Vφi,j) (19)

where T0,j is start time of the j-th integration, and Vφi,j =
−Vωmi (T0,j+Tj/2)+Vθi. Since sin c(VωmiTj/2) ≈ 1, when
VωmiTj/2� 1, the output of correlator can be expressed as:

IP =
ATj
2Ts

R(Vε) cos(Vθd )+
ATj
2Ts

M∑
i=1

αiR(Vε+li) cos(Vφi,j)

(20)

In addition, the output of CELP discriminator function in
the presence of multipath-Doppler becomes:

Dc =
ATj
2Ts

[R(Vε−Vτ )−R(Vε+Vτ )]

+
ATj
2Ts

M∑
i=1

[R(Vε+li−Vτ )−R(Vε+li+Vτ )] cos(Vφi,j)

(21)

VOLUME 8, 2020 166843



W. Mu et al.: Framework of Multipath Mitigation With Joint Multipath-Doppler Diversity

Note that Vφi,j change over time (number of integration)
in the presence of multipath-Doppler, thus the outputs of the
correlator and discriminator are both the functions of time.
This is themost significant difference compared to the normal
multipath in code tracking.

Moreover, a more effective and intuitive way to analyze the
time-variant characteristics of multipath-Doppler is to study
the variation of multipath error with time. Figure 7 shows the
multipath error envelopes of a received signal at four different
moments in the presence of the Multipath-Doppler, where
the received signal consists of a direct signal and a single
multipath-Doppler signal. The Doppler of the direct signal
compared to the multipath signal is 25Hz (157rad/s).

FIGURE 7. Multipath error envelopes with time.

Figure 7 shows multipath error envelopes at different
moment. The upper and lower bounds look the same as
those in Fig.6 which is only present of multipath. However,
the multipath error curve corresponding to a specific ini-
tial carrier phase difference (Vθ1) changes with time.
Therefore, the multipath error curve with time is simulated
and restored, and then produced the surface ofmultipath error.
Figure 8 shows the surface of multipath error formed by
the variation of the multipath error curve corresponding to
Vθ1 = 0◦ with time.

In Fig.8 the pink pattern is the projection of the multipath
error surface on the multipath delay-multipath error plane,
and the blue pattern is the projection of the multipath error
surface on the time-multipath error plane. It is clear that,
the shape of the pink pattern is the same as the shape of the
multipath error envelope in Fig.7, and the shape of the blue
pattern has a sinusoidal feature with time. Thus, it can be
concluded that the multipath error corresponding to a specific
initial carrier phase difference Vθ1 and multipath delay l1
changes periodically in a sinusoidal formwithin themultipath
error envelope over time.

As analyzed in this section, in the presence of multipath-
Doppler, there are time-varying multipath errors in the output

FIGURE 8. The surface of multipath error.

of code tracking loop. Therefore, the time-variant character-
istics of multipath errors are the most significant difference
between the multipath-Doppler and the normal multipath in
code tracking.

IV. MULTIPATH-DOPPLER MITIGATION FRAMEWORK
As mentioned in Section 3, multipath-Doppler in the RF
relative measurement exhibits unique time-variant charac-
teristics. For this reason, the existing multipath mitigation
methods based on estimation of multipath parameters do not
work effectively in the presence of themultipath-Doppler (the
analysis results are shown in Fig.14). In addition, it is very
noteworthy that most of the existing methods consider the
multipath signals as undesirable signals and always remove
them from the received signal. On the basis of analyzing the
disadvantages of the existing methods, a framework which
can both effectively mitigate the multipath error and enhance
the direct signal is proposed in the presence of multipath-
Doppler. Moreover, in the case of only multipath exists,
the proposed framework is still valid to mitigate multipath.

As shown in Fig.9, the proposed framework incorporates
three essential parts: the parameters estimator, the reference
signal generator and the signal reconstructor. The followings
are the functions of each part of the proposed framework.

1) The parameter estimator is the core of the framework,
and its function is to estimate themultipath andDoppler
parameters (relative amplitude coefficient αi, relative
time-delay li, etc.) of the received signal.

FIGURE 9. The multipath-doppler mitigation framework.
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2) The function of reference signal generator is to gener-
ate the desired reference signals for the signal recon-
structor, based on the estimated parameters from the
parameter estimator.

3) The signal reconstructor reconstructs the received sig-
nal utilizing the locally generated reference signals to
correct the distortion of received signal’s correlation
function, and the peak value of correction function is
increased. Once this process is complete, the recon-
structed signal is input to a DLL.

In the rest of this section, a detailed introduction of the
theory and design of multipath-Doppler mitigation frame-
work will be conducted from two aspects: estimation of
multipath-Doppler and reconstruction of signal.

A. ESTIMATION OF MULTIPATH-DOPPLER PARAMETERS
In the proposed framework, to achieve the optimal signal
reconstruction result, the reference signals generated by
the reference signal generator need correspond to the
multipath-Doppler characteristics of the received signal.
Thus, before generating the reference signals, precise esti-
mation of multipath-Doppler parameters of received signal
should be obtained by the proposed parameter estimator. The
structure of parameter estimator is shown in Fig.10.

FIGURE 10. Multipath-doppler parameters estimator.

Assuming that the frequency and phase of locally gener-
ated carrier are the same as those of direct signal, the base-
band signal obtained by the down conversion of sampled IF
signal in the presence of multipath-Doppler can be expressed
as:

rbmd (kTs) = Ac(kTs−ε)

+A
N∑
i=1

αic(kTs−ε+li) cos(−VωmikTs+θi)

+n(kTs) (22)

Due to the shape of correlation function can reflect the
characteristics of the received signal. Thus, after down con-
version, the baseband signal is correlated with a number of
correlators to get samples of the correlation function. In an
estimator, the locally generated PRN code corresponding to
the n-th correlator is given by:

SIn (kTs) = c(kTs−ε̂−ηn) (23)

where ηn is the spacing in chips between the code delay
of the local PRN code corresponding to the n-th correlator
and the estimation of the direct signal code delay. Then,
the correlation value output by the n-th correlator can be
expressed as:

Ien (kTs) =
k0,j+N−1∑
k=k0,j

rbmd (kTs)SIn (kTs)

≈
ATj
2Ts

R(Vε−ηn)

+
ATj
2Ts

N∑
i=1

R(Vε−ηn+li) cos(Vφi,j) (24)

where Vφi,j = −Vωmi (T0,j+Tj/2)+Vθi.
The estimator estimates the amplitude (A) and code delay

(Vε) of the direct signal, as well as the relative amplitude
coefficient (αi), relative code delay (li), relative Doppler shift
(Vωmi ) and relative carrier phase (Vθi) of each multipath
signal. According to the number of parameters need to be
estimated, the estimator requires two correlators for the direct
signal and four correlators for each multipath signal. In prac-
tice, it is very rare that there are more than two dominant
multipath signals present at one time. Thus, in normal opera-
tion, the estimator is configured to contain ten correlators to
solve for the received signal consisting of direct signal and
two multipath signals.

In this case, the matrices and vectors of the EKF estimator
can be configured. The k-th state vector can be expressed as:

Xk =
[
AkVεkα1,k l1,kVφ1,kVωm1,kα2,k l2,kVφ2,k Vωm2,k

]T
(25)

Thence, the state transition matrix is defined as:

F =



1 0 0 0 0 0 0 0 0 0
0 1 0 0 0 0 0 0 0 0
0 0 1 0 0 0 0 0 0 0
0 0 0 1 0 0 0 0 0 0
0 0 0 0 1 Tj 0 0 0 0
0 0 0 0 0 1 0 0 0 0
0 0 0 0 0 0 1 0 0 0
0 0 0 0 0 0 0 1 0 0
0 0 0 0 0 0 0 0 1 Tj
0 0 0 0 0 0 0 0 0 1


(26)

The measurement vector consisting of the correlation
results obtained by 10 correlators can be expressed as:

Yk =
[
Ie1,k Ie2,k Ie3,k···Ie10,k

]T (27)

The Jacobian matrix (H ) corresponding to the measure-
ment functions (Eq. 22) can be derived as:[
∂Iei
∂Ak

∂Iei
∂Vεk

∂Iei
∂Vα1,k

∂Iei
∂l1,k

∂Iei
∂Vφ1,k

∂Iei
∂Vωm1,k

∂Iei
∂Vα2,k

∂Iei
∂l2,k

∂Iei
∂Vφ2,k

∂Iei
∂Vωm2,k

]T
(28)

where i = 1, 2, 3L . . . , 10.
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TABLE 1. Experiment scenario.

Following the above configuration, the estimate of multi-
path and Doppler parameters can be obtained. Due to the pro-
posed framework is valid in multipath and multipath-Doppler
scenarios, and the EKF estimator is the core of the framework,
it is necessary to verify its functionality in both scenarios.
Experiments for both scenarios are presented and results are
shown in Fig.13 and Fig.14, respectively. In the presence
of multipath-Doppler, Fig.13 shows a part of parameters
estimation result, and the simulation conditions is same as
Scenario2 in Section 5, which are shown in Table 1.

As shown in Fig.11, all the estimated parameters have
converged during the estimation process. Therefore, the accu-
rate estimate of parameters of received signal can be
obtained by the estimator, and the estimation precision
of multipath-Doppler parameters can meet requirements of
signal reconstruction.

FIGURE 11. Estimate of multipath-doppler parameters.

In scenario where there is only multipath, Vωm1 and Vωm2

become zero, and other parameters are unchanged. Results of
the estimation are shown in Fig.12.

It can be found from Fig.12 that all the estimated param-
eters have converged, and results are similar to the scenario

FIGURE 12. Estimate of multipath parameters.

with multipath-Doppler. Thence, the multipath-Doppler esti-
mator is universal in both scenarios.

B. RECONSTRUCTION OF SIGNAL
After the estimates of parameters are obtained, the reference
signal generator and the signal reconstructor begin to recon-
struct the received signal utilizing the joint multipath-Doppler
diversity to mitigate the multipath signal and enhance the
direct signal. The structure of reference signal generator and
signal reconstructor is shown in Fig.13.

FIGURE 13. The structure of reference signal generator and reconstructor.
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1) SIGNAL DECOMPOSE
The first step of the signal reconstruction is to decompose the
received signal. Based on the estimated parameters obtained
by the parameters estimator, the estimate of the direct signal
and i-th multipath-Doppler signal can be expressed as fol-
lows, respectively:

r̂bd (kTs) = Âc(kTs−ε̂) (29)

r̂bmi (kTs) = Ââic(kTs−ε̂−l̂i) cos(−Vω̂mikTs+Vθ̂i) (30)

where V̂θ i = V̂φi,j+V̂ωmi (T0,j+Tj/2).
Then, the direct signal can be obtained by subtracting

the sum of the estimates of each multipath signal from the
received signal as follows:

rbd (kTs) = rbmd (kTs)−r̂bmd−d (kTs)

= rbmd (kTs)−
M∑
i=1

r̂bmi (kTs) (31)

The i-th multipath-Doppler signal is obtained by the
similar method.

rbmi (kTs) = rbmd (kTs)−r̂bmd−bmi (kTs)

= rbmd (kTs)−r̂d (kTs)−
M∑
m=1
m 6=i

r̂bmm (kTs) (32)

2) FREQUENCY COMPENSATE
Due to multipath-Doppler has the time-varying character-
istic, in some cases the direct signal can be weakened.
Therefore, Frequency compensation is proposed in this study
to maintain the positive of correlation function of the signal
in any case. Method as [15] pointed out does not consider
the time-varying characteristic, and in some cases the direct
signal is weakened. Therefore, this step is to multiply the i-
th multipath-Doppler signal by the estimate of its residual
carrier as Eq.(33).

rbmi_s(kTs) = rbmi (kTs)·cos(−VωmikTs+Vθi)

= Aaic(kTs−ε−li) cos(−VωmikTs+Vθi)
2 (33)

3) SIGNAL RECOMPOSE
In the third step, the direct signal and frequency-compensated
multipath-Doppler signal are re-composed to obtain the
desired reconstructed signal as follows:

rrmd (kTs) = rbd (kTs)+
M∑
i=1

rbmi_s(kTs)

= Ac(kTs−ε)

+

M∑
i=1

Aaic(kTs−ε−li) cos(−VωmikTs+Vθi)
2

(34)

4) RE-CORRELATION
After obtaining the reconstructed signal, the signal recon-
structor correlates the reconstructed signal and local gener-
ated reference signal utilizing a similar set of correlators as
in the parameters estimator. The reference signal generated
by the reference signal generator corresponding to n-th cor-
relator is as follows:

sln (kTs)

= sbdn (kTs)+
M∑
i=1

sbmi_sn (kTs)

= Ac(kTs−ε̂−ηn)

+A
M∑
i=1

αic(kTs−ε̂−li−ηn) cos(−VωmikTs+Vθi)
2

(35)

Then, the correlation value output by the n-th correlator
can be expressed as:

Icn (kTs) =
k0,j+N−1∑
k=k0,j

rrmd (kTs)sln (kTs)

= Irn,d (kTs)+Irn,m(kTs)+Irn,l(kTs)+Irn,r (kTs) (36)

As shown in Eq.36 the correlation value consists of two
square terms (Icn,d (kTs), Icn,m(kTs)) and two cross terms
(Icn,l(kTs), Icn,r (kTs)). In addition, each term can be derived
as A1-A4 in Appendix.

Figure 14 shows the correlation function of the recon-
structed signal and reference signal, and the simulation con-
ditions is same as Scenario 3 in Section 5, which are shown
in Table 1.

FIGURE 14. The curve of the correlation function.

It can be shown from Fig.14 that the curves of both square
terms (Ic,d , Ic,m) are symmetrical and the center of symmetry
is Vε = 0. The sum of curves corresponding to two cross
terms (Ic,l , Ic,r ) is also symmetric around Vε = 0. Thus,
the curve of correlation function (Ic) consisting of Ic,d , Ic,m,
Ic,l and Ic,r is symmetrical, this means that the multipath error
is reduced [18].
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FIGURE 15. Comparison of proposed estimator and normal multipath estimator.

It is also worth noting that, the height of the correlation
peak of the reconstructed signal (the black line) is higher than
that of the direct signal (the blue line), indicating that the
direct signal is enhanced.

Therefore, the following conclusions can be drawn: when
the multipath-Doppler effect occurs, the proposed framework
can mitigate the multipath error, and enhance the direct
signal.

V. EXPERIMENTS AND RESULTS
A. TEST OF MULTIPATH ESTIMATION
To verify the performance of the proposed framework of
multipath mitigation, a simulation experiment was designed
consisting of three experimental scenarios.

In Scenario 1, the performance of multipath-Doppler esti-
mators and normal multipath estimators is compared in the
presence of multipath and Doppler.

In Scenario 2, to verify the estimation performance of the
proposed EKF estimator in noisy environment, the root mean
square error (RMSE) of the estimated parameters under dif-
ferent signal to noise ratios (SNR) is calculated and recorded.

In addition, to verify the multipath mitigation performance
after signal reconstruction, we thus designed Scenario 3.
In Scenario 3 the proposed signal reconstructor and that in the
existing method are compared, with respect to the correlation
function and discriminator function, respectively. Details of
the three experimental scenarios are listed in Table 1.

B. RESULTS OF SCENARIO 1
Figure 15 shows a part of estimation results of experimental
Scenario 1. The following was observed:

1) In the presence of multipath and Doppler, the estimated
parameters of the multipath-Doppler estimator, which are
shown in the left part of Fig.15, converged. In contrast, those
of the normal Doppler estimator, which are shown in the right
part of Fig.15, do not converge and the estimation errors are
large.

2) In contrast, multipath-Doppler estimator has common-
ality in multipath-Doppler scenario and multipath scenario;
whereas, the normal multipath estimator do not operate in
the presence of multipath and Doppler. This is due to the
proposed estimator takes into account the unique time-variant
characteristic of multipath error, and takes Vωm which
reflects the time-variant characteristic as a parameter to be
estimated.

C. RESULTS OF SCENARIO 2
The experimental results of Scenario 2 are given in Fig.16.
From them, the following should be noted:

1) The RMSE of the estimated parameters (in logarithmic
form) is linearly related to the SNR of the received signal, and
it decreases with the increase of the SNR. This shows that the
SNR is the main factor that affects the estimation accuracy of
the proposed parameters estimator.
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FIGURE 16. The performance of estimator at different SNR.

2) In the case of lower signal-to-noise ratio, such as
SNR = −20dB, the estimator still work normally, which
means that the estimator has the strong capability of
noise immunity, and can satisfy the actual application
requirements.

D. RESULTS OF SCENARIO 3
From Section 5.3, it is evident that the estimation perfor-
mance of proposed EKF estimator can satisfy performance
requirements of the reconstructor. Thence, the received
multipath-Doppler signal can be reconstructed based on the
joint multipath Doppler diversity, and the reconstruction
result can be expressed from the correlation function and
discriminator curve. Therefore, the tracking performance of
the method in [15] and the proposed method are compared.
Figure 17 shows the results of Scenario 3, from which the
following is evident:

1) From the symmetry of the correlation function
(Fig.17 (a) and (b)) and the position of the zero crossing of
the discriminator curve (Fig.17 (c) and (d)), it can be found
that the both methods can mitigate multipath.

2) However, by comparing (a) and (b), it can be found that
the peak value of the correlation function is increased with the
proposed method; whereas, method as [15] pointed out direct
signal strength is reduced in some cases, and Scenario 3 is
one of cases. Due to the proposed method takes into account
the time-varying characteristics of multipath-Doppler.

3) By comparing (c) and (d), the slope of discriminator
curve with the proposed method is improved, due to the direct

FIGURE 17. The multipath mitigation performance comparison.

signal is enhanced. For this reason, the performance of the
discriminator is effectively improved.

VI. CONCLUSION
1) This study presents a multipath mitigation framework

which is suitable for multipath and multipath-Doppler
scenarios. In this framework, multipath and Doppler
parameters can be accurately estimated by the EKF
multipath estimator; the signal reconstructor can
effectively increase the signal strength by using joint
multipath Doppler diversity.
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2) The performance of the proposed framework and its
estimator and reconstructor are validated experimen-
tally. Compared with existing methods, the perfor-
mance of multipath mitigation is improved in present
of multipath and Doppler.

APPENDIX

Icn,d (kTs)

=

k0,j+N−1∑
k=k0,j

rbd (kTs)sbdn (kTs)

=

k0,j+N−1∑
k=k0,j

A2c(kTs−ε)c(kTs−ε̂−ηn)

= A2R(Vε−ηn) (A1)

Icn,m(kTs)

=

M∑
i=1

k0,j+N−1∑
k=k0,j

rbmi_s(kTs)sbmi_sn (kTs)

=

M∑
i=1

k0,j+N−1∑
k=k0,j

[A2α2i c(kTs−ε−li) cos(−VωmikTs+Vθi)
2

·c(kTs−ε̂−li−ηn) cos(−VωmikTs+Vθi)
2]

≈

M∑
i=1

A2α2i R(Vε−ηn)(
3
8
+
1
2
cos(2Vφi,j)+

1
8
cos(4Vφi,j))

(A2)

Icn,r (kTs)

=

M−1∑
i=1

M∑
m=i+1

rbmi_s(kTs)sbmm_sn (kTs)

=

M−1∑
i=1

M∑
m=i+1

k0,j+N−1∑
k=k0,j

[A2αiαmc(kTs−ε−li)cos(−VωmikTs+Vθi)
2

·c(kTs−ε̂−lm−ηn) cos(−VωmmkTs+Vθm)
2]

≈

M−1∑
i=1

M∑
m=i+1

[A2αiαmR(Vε+li−lm−ηn)·(
1
4
+
1
4
cos(Vφi,j)

+
1
4
cos(Vφm,j)+

1
8
cos(Vφi,j+Vφm,j)

+
1
8
cos(Vφi,j−Vφm,j))] (A3)

Icn,l(kTs)

=

M∑
i=2

i−1∑
m=1

rbmi_s(kTs)sbmm_sn (kTs)

=

M∑
i=2

i−1∑
m=1

k0,j+N−1∑
k=k0,j

[A2αiαmc(kTs−ε−li) cos(−VωmikTs+Vθi)
2

·c(kTs−ε̂−lm−ηn) cos(−VωmmkTs+Vθm)
2]

≈

M∑
i=2

i−1∑
m=1

[A2αiαmR(Vε+li−lm−ηn)·(
1
4
+
1
4
cos(Vφi,j)

+
1
4
cos(Vφm,j)+

1
8
cos(Vφi,j+φm,j)

+
1
8
cos(Vφi,j−Vφm,j))] (A4)
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