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Abstract: This paper designs a cascading vector tracking loop based on the Unscented Kalman
Filter (UKF) for high dynamic environment. Constant improvement in dynamic performance is
an enormous challenge to the traditional receiver. Due to the doppler effect, the satellite signals
received by these vehicles contain fast changing doppler frequency shifts and the first and second
derivatives of doppler frequency, which will directly cause a negative impact on the receiver’s stable
tracking of the signals. In order to guarantee the dynamic performance and the tracking accuracy,
this paper designs a vector carrier structure to estimate the doppler component of a signal. Firstly,
after the coherence integral, the IQ values are reorganized into new observations. Secondly, the phase
error and frequency of the carrier are estimated through the pre-filter. Then, the pseudorange and
carrier frequency are used as the observations of the main filter to estimate the motion state of the
aircraft. Finally, the current state is fed back to the carrier Numerical Controlled Oscillator (NCO)
as a complete closed loop. In the whole structure, the cascading vector loop replaces the original
carrier tracking loop, and the stable signal tracking of code loop is guaranteed by carrier assisted
pseudo-code method. In this paper, with the high dynamic signals generated by the GNSS signal
simulator, this designed algorithm is validated by a software receiver. The results show that this loop
has a wider dynamic tracking range and lower tracking error than the second-order frequency locked
loop assisted third-order phase locked loop in high dynamic circumstances. When the acceleration of
carrier is 100 g, the convergence time of vector structure is about 100 ms, and the carrier phase error
is lower than 0.6 mm.

Keywords: cascading vector tracking; prefilter; high dynamic signal; software receiver; feedback loop

1. Introduction

Since the advent of the global positioning system (GPS), the global navigation satel-
lite system (GNSS) has become the most efficient technology for positioning. Normally,
according to some location solution methods, such as the Real Time Kinematic (RTK) or
the Precise Point Positioning (PPP), the accuracy of GNSS positioning is guaranteed, but
the upper limit of positioning accuracy is determined by the quality of signal tracking. In
some special circumstances (e.g., low signal to noise ratio or high dynamics), the GNSS
receiver has no tracking ability or low tracking quality, causing invalid positioning.

In 1998, NF Krasner [1] introduced the automatic frequency control (AFC) loop into
the GNSS receiver for locking carriers for better navigation signal tracking. The AFC
method tracks the carrier frequency by repeatedly adjusting a series of CNC oscillators
with simple structures and low accuracies [2]. In 1987, maximum likelihood estimation
(MLE) was used to track GPS signals [3], with high estimated frequency accuracy but a
complex structure [4]. Many estimation methods are being used in signal tracking, such
as fast Fourier transform [5] and adaptive least mean square [6]. However, the many
tracking methods are limited to the signal field, only utilizing a single channel to deal with
signal tracking.
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The carrier loop structure using Kalman filter (KF) is more flexible than MLE and
other estimation technologies [7,8], and the estimation accuracy varies with the KF type
selected. We used unscented KF (UKF) technology in our subsequent carrier tracking
solutions because UKF has been proven equally accurate as the third order EKF [9].

In 1996, J.J. Spilker first proposed the vector tracking loop [9], which combines the
tracking loop with the positioning module as an integral loop. In the traditional receiver
structure, the tracking loop and the positioning module are independent of each other,
with data flowing in one direction and independent signal channels. Thus, no information
exchange occurs between channels, which makes aiding weak signals according to the
strong signals of channels impossible.

Compared with the traditional loop, the vector loop can make full use of the infor-
mation of each channel [10,11] and the positioning message feedback in the tracking loop
to easily achieve deep integration with other sensors [12,13]. The vector loop completely
utilizes signal information for the receiver to work in a low Carrier to Noise Ratio (CNR)
environment [14]. The vector loop is an advanced structure that provides performance
improvements in many circumstances. The advantage of vector tracking technology in a
highly sensitive receiver is explained with a theoretical formula in [14]. On the basis of the
vector loop, the structure of the ultra-tight integration navigation system was explored.
The advantages of vector tracking in anti-jamming were verified [15]. Vector tracking is a
navigation signal processing structure in which different estimation methods form differ-
ent vector loops. The influences of different KFs on the ultra-tight integrated navigation
system based on vector tracking are discussed in [16], which can serve as a reference for
the implementation of subsequent projects.

Given the tracking loop and positioning module combination, the frequency of posi-
tioning must be promoted to guarantee the accuracy of tracking. Therefore, the computa-
tional cost of vector tracking must be considered. Continuous explorations are conducted
to reduce the calculation cost. In terms of structural improvement, a study [17] provides a
balance between the pure Vector Phase Lock Loop (VPLL) and the classic scalar tracking
loops and results in increased tolerance to ionospheric disturbances. According to the
corresponding decision conditions of the vector structure, optimal positioning results can
be obtained with the minimum computation based on indoor navigation [18]. A study [19]
used the vector tracking structure to minimize the effect of multipath interference and aid
NLOS detection.

Given the limit of noise bandwidth and wavelength, the carrier loop, whether the
phase-locked loop (PLL) or the frequency-locked loop (FLL), is more prone to lose locking
than the delay-locked loop (DLL). To solve the receiver problem of signal loss in highly
dynamic environments based on vector tracking, we designed and verified a cascade
tracking structure to replace the original carrier loop, and as the first level of the cascade
structure, this pre-filter based on the UKF can work independently when it is close-looped
and be used for the vector structure when it is open-looped. Therefore, the switching
between the scalar and vector structures can be unified well.The rest of the paper is
organized as follows. Section 2 introduces our vector tracking method. Section 3 presents
a series of experiments to prove the performance of vector loop from tracking error and
robustness. Section 4 discusses the future work. Section 5 summarizes the main work of
this paper.

2. Structure and Methods
2.1. Tracking Loop Structure

Figure 1 shows the principles of the scalar loop and the vector loop, respectively. In
Figure 1a, signal processing and information processing are two separate parts, and each
channel processes its own signal. In Figure 1b, the current state of the receiver (receiver
reference oscillation frequency drift, user dynamics) can be utilized by every channel.
The demodulation results, I and Q values, of each tracking channel are directly used in
positioning with the KF. Then, the numerically controlled oscillator (NCO) of each channel
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is controlled by the feedback of positioning results to achieve the joint tracking of multiple
channels. According to this information fusion, different channels can complement each
other, and the tracking performance can be improved.
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Figure 1. (a) Scalar tracking schematic, (b) Vector tracking schematic.

2.2. Cascading Tracking Methods

Figure 2 presents the carrier’s UKF structure with the data flow. After the demod-
ulation, given that the original observations contain the navigation code flip and other
unknown parameters, we design a restructuring module as shown in Formula (1) to elimi-
nate unknown parameters. Then, the current state vector is calculated with the UKF. Finally,
the feedback value of the loop is calculated by using the state vector to control the carrier’s
NCO, which adjusts the generation of the local carrier signal at the next moment.

Figure 2. Carrier tracking loop flow (also the pre-filter).

Equation (1) expresses the original values of I and Q after demodulation. Nk is the
number of samples in an interval. Ak is the average carrier amplitude over the integral
interval. Dk is the navigation data, and R(τ) is the autocorrelation function of the PRN
code. Given the plus or minus flip of the navigation data, Ip and Qp cannot be used directly
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as measurements. Therefore, in the rebuild module, the original I and Q are reconstructed
as Equations (2) and (3), which can be further derived from reference [20]:{

Ip = Nk
2 × Ak × Dk × cos

(
θ
)
× R(τ)

Qp = Nk
2 × Ak × Dk × sin

(
θ
)
× R(τ),

(1)

2IpQp =
(

Ip
2 + Qp

2
)

sin
(
2θ
)
, (2)

Ip
2 −Qp

2 =
(

Ip
2 + Qp

2
)

cos
(
2θ
)
. (3)

Considering the priority processing, the parameters are uncertain at moment k, except
for parameter Nk, but after the reconstruction, combined measurements Inew and Qnew
will not be influenced by the navigation data and other unknown parameters. Thus,
the observation equation is established as Equation (4), and bk is the zero-mean Gaussian
discrete-time white noise. Equation (5) expresses the mean carrier phase difference between
the replicated and actual signals over an integral period, θ(k) is the interval average of the
carrier phase error, and R(τ) is the autocorrelation function of the PRN code:

Lk =

[
Ip

2 −Qp
2

2IpQp

]
k
+ bk =

[ (
Ip

2 + Qp
2) cos

(
2θ
)(

Ip
2 + Qp

2) sin
(
2θ
) ]+ bk, (4)

θ(k) = 1
T
∫ tk+1

tk

[
∆θ(k) + ω(k)t + 1

2 ω′(k)t2 + 1
6 ω′′ (k)t3 −ωnco(k)t

]
dt

= ∆θ(k) + 1
2 ω(k)T + 1

6 ω′(k)T2 + 1
24 ω′′ (k)T3 − 1

2 ωnco(k)T

=
[

1 T
2

T2

6
T3

24

]
∆θ(k)
ω(k)
ω′(k)
ω′′ (k)

+
[
−T

2

]
(ωnco(k))

(5)

Figure 3 shows the structure of cascading vector tracking. Compared with Figure 2,
the original UKF carrier loop becomes the pre-filter with an open loop. The pseudorange
differential, the Doppler frequency, and the first order of the Doppler frequency are pro-
vided to the main filter by the pre-filter. This structure mainly aims to replace the original
carrier loop with a cascade vector structure. Given that the influence of the high dynamics
in the signal is mainly reflected on the carrier, the stable tracking of the carrier must be
ensured. Then, the carrier-assisted code tracking method can be used to obtain the tracking
performance under high dynamics while reducing the loop structure changes. For the
feedback, the carrier phase difference must be provided by the pre-filter, and the rest of the
frequency feedback values can be provided by the relevant velocity results of the main filter
rather than the pre-filter frequency results. Therefore, in this tracking structure, the main
filter and its feedback ensure that the channel with a strong signal can assist the channel
tracking with a weak signal. Furthermore, the pre-filter can be a rampart for blocking
extremely bad signals from contaminating other channels.
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Further, if the vector receiver works in the low dynamic environment, with the
cascading filtering, the pre-filter and the main filter can work in different rates. The
pre-filter frequency is the same as that of the coherent integration, but the main filter can
decelerate the frequency of computation to reduce the calculation because the carrier signal
changes caused by low-speed motion are not very large.

In Figure 2 and Equation (6), considering the feedback, the states of the pre-filter
are ∆θ, ωk, ω′k, and ω′′ k. ∆θ is the difference between the true carrier phase and the
receiver NCO’s carrier phase at the start of an integral interval. Therefore, the carrier phase
relationship can be expressed as Equation (6), where T is the length of the accumulation
interval, and f IF is the intermediate frequency (IF). (ωnco)k is the feedback to the carrier’s
NCO at time k;

∆θ(k + 1)
= θ1(k) + (ω(k) + 2π f IF )T + 1

2 ω′(k)T2 + 1
6 ω′′ (k)T3 − (θ2(k) + (ωnco + 2π f IF)T)

= ∆θ(k) + ω(k)T + 1
2 ω′(k)T2 + 1

6 ω′′ (k)T3 −ωncoT
(6)

Combined with the Doppler angular frequency, the carrier phase kinetic model is
expressed as Equations (7) and (8). At moment k, ωk, ω′k, and ω′′ k express the estimated
Doppler angular frequency and the first and second order change rates, respectively. wk is
the state noise matrix of the kinetic model. The detailed noise covariance matrixes of the
carrier pre-filter formula are provided in [21];

∆θ
ω
ω′

ω′′


k+1

=


1 T T2

2
T3

6
0 1 T T2

2
0 0 1 T
0 0 0 1




∆θ
ω
ω′

ω′′


k

− (ωnco)k


T
0
0
0

+ wk, (7)
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(ωnco)k =
∆θk
T

+ ωk + ω′k
T
2
+ ω′′ k

T2

6
. (8)

In the main filter, the user states consist of three-axis coordinates xk, yk, and zk, three-
axis velocities vx,k, vy,k, and vz,k, three-axis accelerations ax,k, ay,k, and az,k, clock error tk,
and clock drift ∆tk. The state equations of the main filter are (9) and (10). Wk is the discrete-
time state noise matrix of the main dynamic model. The initial value of the state quantity
of the main filter here is provided by the least square module of the scalar tracking;

xk+1
yk+1
zk+1

vx,k+1
vy,k+1
vz,k+1
ax,k+1
ay,k+1
az,k+1
tk+1

∆tk+1



= F ;



xk
yk
zk

vx,k
vy,k
vz,k
ax,k
ay,k
az,k
tk

∆tk



+ Wk
→
Xk =



xk
yk
zk

vx,k
vy,k
vz,k
ax,k
ay,k
az,k
tk

∆tk



, (9)

F =



1 0 0 T 0 0 0.5T2 0 0 0 0
1 0 0 T 0 0 0.5T2 0 0 0

1 0 0 T 0 0 0.5T2 0 0
1 0 0 T 0 0 0 0

1 0 0 T 0 0 0
... 1 0 0 T 0 0

1 0 0 0 0
1 0 0 0

1 0 0
1 T

0 · · · 1



(10)

The output states of the pre-filter are the measurements in the main filter, and the
observation equation can be obtained through Equations (11)–(15):

Zcode,i
gi

c =[√
(xk − xi,k)

2 + (yk − yi,k)
2 + (zk − zi,k)

2 + tk

]
−
[√

(xk−1 − xi,k−1)
2 + (yk−1 − yi,k−1)

2 + (zk−1 − zi,k−1)
2 + tk−1

]
,

(11)

Z f req,i =

[→
ii,k
( →

vi,k −
→
vk

)
+ ∆tk

]
fL1

c
, (12)

Z f req_ f irst,i =

[→
ii,k
( →

ai,k −
→
ak

)] fL1

c
, (13)

→
i i =

→
r i −

→
r u∣∣∣→r i −
→
r u

∣∣∣ , (14)

gi =
−2(1− d/2) fCA

(1− d/2)2 + 1/(CNi ·T)
= −3

2
× fCA

9
16 + 1

(CNi ·T)
(15)

Zcode,i is the code phase difference provided by the code phase detector. Z f req,i,
Z f req_ f irst,i, and tk are the carrier frequency, the first order change rate of the pre-filter,

and the clock error of time k, respectively. c is the speed of light.
→

xi,k,
→

vi,k, and
→
ai,k are

the position, velocity, and acceleration information of the i-th satellite. fCA is the CA
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code frequency, and CNi is the CNR of channel i. gi is the slope between the code phase
difference and the corresponding pseudocode distance difference [22]. d is the spacing
of correlators. When the narrow correlation technique is not considered, the spacing is
generally considered as 0.5 code slices.

Through Equations (11)–(13), the nonlinear observation equation can be integrated
as follows (16). Each tracked channel provides three observation values to the main filter
through the corresponding pre-filter:



Zcode,1
g1
·c

Z f req,1
Z f req,1

...
Zcode,n

gn
·c

Z f req,n
Z f req,n


=



h1

(→
Xk

)
h2

(→
Xk

)
h3

(→
Xk

)
...

h1

(→
Xk

)
h2

(→
Xk

)
h3

(→
Xk

)



+ Vk (16)

In (8), the feedback of the pre-filter only consists of the tracking results of a single
channel, but in the main filter (17)–(19), the feedback is provided by the navigation re-
sults. Meanwhile, the position of the receiver is determined by the pseudorange, which
causes the carrier phase information to be covered by the pseudo-distance information
with large perturbations. Therefore, the difference (∆θ) between the actual signal and
replication carrier phases must be obtained through the pre-filter rather than the main
filter. Compared with the feedback of pre-filter (8), in Equations (17)–(19), the effect of the
second derivative of the Doppler frequency on the feedback can be ignored. ∆θ is still the
difference between the true and receiver NCO’s carrier phases. fv represents the carrier
Doppler frequency converted from the carrier and corresponding satellite velocities. fa
represents the carrier Doppler frequency first derivative converted from the carrier and
corresponding satellite accelerations:

(ωnco)k =
∆θk
T

+ 2π fv + π faT, (17)

fv =

[→
ii
(→

vi −
→
v
)
+ ∆tk

]
fL1

c
, (18)

fa =

[→
ii
(→

ai −
→
a
)] fL1

c
(19)

3. Results
3.1. GPS Signal Source Used

First, this paper takes the GPS L1 CA code as the main verification object, and the
data is divided into two types: highly dynamic and static. Given the particularity of highly
dynamic data, this study adopted two methods, namely, self-generation and navigation
signal simulator acquisition.

Three GPS signal sources were used in this study. The first one was generated from
a self-designed signal generator and is described in detail in Section 3.2.1. The second
signal source was generated by the Spirent GSS8000 GNSS signal simulator. OLinkStar
NS210M was used as the sampler, the corresponding intermediate frequency was 4.123968
MHz, the sampling frequency was 16.367667 MHz, and the sampling bit width was set to
2 bits. The final source is a low dynamic signal measured from an outdoor antenna. The
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measured data’s bit width was 8 bits, the sampling frequency was 38.192 MHz, and the IF
was 9.548 MHz.

3.2. Results Analysis

In this section, the verification of the vector loop is divided into two primary aspects.
One is the testing with the simulated signal generated by a self-designed signal generator,
which is used to inspect the dynamic performance of the loop. The other is illustrating
the completeness of the entire structure in highly dynamic environments with the signal
of the navigation signal simulator, and the convergence performance of the vector loop is
verified by these signals. Finally, the positioning results of actual data and simulator data
are added as supplementary verification results.

3.2.1. Simulation and Analysis of High Dynamic Signal

The simulation conditions are summarized as follows: the sampling frequency is
set as 40 MHz, the IF frequency is set to 4 MHz, and the sampling bit width is set to
8 bits. The signal is unblocked, and the carrier to noise density of each tracking channel is
above 40 dB·Hz. The selected satellite PRN is 05. Without navigation data, the acquired
carrier Doppler frequency (f) is approximately 26,572 Hz (The relative velocity between the
receiver and the satellite is 5060 m/s).

First, to illustrate the difference in dynamic performance of the FLL-PLL and the
vector tracking loop, we designed 15 scenarios, ranging from 0 g/s to 140 g/s, in the unit
of 10 g/s. In Figure 4, the X coordinate is the acceleration jerk (g/s) in different dynamic
conditions, and the Y coordinate represents the tracking standard deviation (STD) of the
code phase. The blue and red curves represent the code phase errors of the FLL-PLL and
the vector loop, respectively. The dotted curves are the corresponding results without the
carrier loop assistance. Although the high dynamic signal will deteriorate the tracking
accuracy of the independent code loop, the lock loss in the high dynamic signal is mainly
caused by the carrier loop. Furthermore, the code loop is not very sensitive to the change
in receiver dynamics. This result also shows that we need not to modify the code loop, but
rather use the carrier frequency to assist the normal code tracking for high dynamic signals.
The carrier-assisted method will also be adopted later and will not be described again.

Figure 4. Stable tracking results of carrier frequency in the acceleration jerks 30 g/s.

Figure 5a shows the estimated and real carrier frequencies based on the IF. When the
acceleration jerk is 30 g/s, the blue curve oscillates around the truth value with the motion.
In Figure 5b, the Doppler frequency error is calculated by subtracting the true Doppler
value from the filter output. Frequency tracking can be stabilized around the real value
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(for tracking highly dynamic signals, the frequency bandwidth is 20 Hz, and the phase
bandwidth is 40 Hz).
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Figure 5. Stable tracking results of carrier frequency in the acceleration jerks 30 g/s.

The red curves represent the results of the vector structure, and the blue curves
represent the results of the FLL-PLL. In Figure 6a, the STD of the carrier frequency error of
FLL-PLL increases slowly with the acceleration jerk. The original STD of FLL-PLL is much
larger than that of the vector loop because of the amplification of the noise bandwidth. In
Figure 6b, the steady-state phase tracking error of FLL-PLL is constant in the acceleration
jerk scene, which is consistent with the theoretical trend of the steady-state tracking error
of the FLL-PLL structure. However, in the pre-filter of this vector structure, we estimate
the second derivative of carrier frequency as a parameter, so the vector loop can still track
the signal with jerk acceleration accurately.

Remote Sens. 2021, 13, x FOR PEER REVIEW 10 of 18 
 

acceleration jerk(g/s)
0 20 40 60 80 100 120 140

0

0.2

0.4

0.6

0.8

1

1.2

1.4

1.6

C
ar

ri
er

 Fr
eq

ue
nc

y
 Er

ro
r S

TD
(H

z)

Vector
FLL−PLL

 

0 500 1000 1500 2000

Time(ms)

-10

0

10

20

30

 
Ca

r r
 

ph
as

e 
Er

ro
r(

m
m

) the FLL−PLL phase error
the vector loop phase error

r ei

 
(a) Mean error of the carrier frequency (b) STD of the carrier frequency 

Figure 6. Stable tracking results of carrier frequency under different acceleration jerks. 

In Figure 7, the meanings of different colors are the same as those in Figure 6. The Y 
coordinates represent the mean error of the carrier phase and the STD of the carrier phase, 
respectively. All the blue ones are approximately 80 g/s because the judgment threshold 
selected is not the theoretical steady−state tracking error threshold but the energy 
distribution of the IQ value. When the energy of the Q branch reaches half that of the I 
branch, considering the ephemeris calculation, we regard the subsequent results as having 
poor tracking accuracy and discard them. According to Figure 6 and Figure 7, we prove 
that the vector tracking structure based on the UKF has better tracking accuracy and wider 
tracking range than the FLL−PLL. 

0 20 40 60 80 100 120 140
acceleration jerk(g/s)

-2

0

2

4

6

8

10

12

14

C
ar

ri
er

 P
ha

se
 Er

ro
r(

m
m

)

Vector
FLL−PLL

0 20 40 60 80 100 120 14
acceleration jerk(g/s)

0

0.2

0.4

0.6

0.8

1

1.2

1.4

1.6

Ca
rr

ie
r P

ha
se

 Er
ro

r S
TD

(m
m

)

Vector
FLL−PLL

(a) Mean error of the carrier phase (b) STD of the carrier phase 

Figure 7. Stable tracking results of carrier phase under different acceleration jerks. 

Then, we designed a special scene to verify the tracking capability of the vector loop. 
The signal’s dynamic situation is shown in Table 1. 

Figure 6. Stable tracking results of carrier frequency under different acceleration jerks.



Remote Sens. 2021, 13, 2000 10 of 18

In Figure 7, the meanings of different colors are the same as those in Figure 6. The
Y coordinates represent the mean error of the carrier phase and the STD of the carrier
phase, respectively. All the blue ones are approximately 80 g/s because the judgment
threshold selected is not the theoretical steady-state tracking error threshold but the energy
distribution of the IQ value. When the energy of the Q branch reaches half that of the I
branch, considering the ephemeris calculation, we regard the subsequent results as having
poor tracking accuracy and discard them. According to Figures 6 and 7, we prove that the
vector tracking structure based on the UKF has better tracking accuracy and wider tracking
range than the FLL-PLL.
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Then, we designed a special scene to verify the tracking capability of the vector loop.
The signal’s dynamic situation is shown in Table 1.

Table 1. Comparison of two tracking structures under different dynamics.

Time: (ms) 0~300 300~700 700~1000

Initial velocity: (m/s) 5060
Initial acceleration: (g) 0
Acceleration jerk: (g/s) 100 0 −100

In Figure 8a, Tracking error results of carrier phase under varying acceleration jerks (a),
the Y coordinate represents the carrier phase error of the vector loop. Unlike the tracking
result of FLL-PLL, carrier phase tracking is very stable regardless of the magnitude and
direction of the acceleration jerk change. Figure 8a Tracking error results of carrier phase
under varying acceleration jerks (b) shows the carrier frequency tracking results of the
vector tracking under the dynamic condition in Table 1. The X-axis is the time of signal
tracking, and the Y-axis is the carrier Doppler frequency. The red and blue curves represent
the real carrier and estimated Doppler frequencies, respectively. The results of the frequency
tracking are also stable enough.
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Figure 8. (a) Tracking error results of carrier phase under varying acceleration jerks, (b) Contrast of carrier frequency under
varying acceleration jerk.

Figure 9a,b provide the comparison results between the first derivative, the second
derivative of the carrier Doppler frequency, and the true value, respectively. Both red curves
are the true first derivative and the second derivative of the carrier Doppler frequency.
The higher the derivative order is, the worse the jitter and the slower the convergence are
because of the weak constraint of the observation equation. Despite this, the cascading
vector loop can still stably track the dynamic signals with the acceleration jerk changes.
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3.2.2. Signal Analysis Based on the Simulator

To test the vector tracking mode, the initial user state must be provided, so the data
generated by the simulator is first positioned by the scalar mode and then converted to the
vector tracking mode (see detail in Table 2). In the high dynamics environment test, the
signal is unblocked, and the signal electricity is better than −130 dbm on average.

Table 2. Setting the dynamic changes in experiments.

Time (unit: ms) 0–1000 1000–2000 after 2000 ms

Velocity (unit: m/s) 5000 vary with the acceleration and
acceleration jerk

Acceleration (unit: g) 0 vary with the
acceleration jerk −100/−80/−60/−40/−20

acceleration jerk(unit: g/s) 0 −100/−80/−60/−40/−20 0

(Note 1: The first 7.5 s is scalar tracking, followed by vector tracking), (Note 2: The normal acceleration of gravity g is set to 10 m/s2).

Testing in high dynamics with the signal simulator Spirent GSS8000, the initial position
was set to the point of WGS84 coordinates (6378050, −7200, 0), with only the positive speed
(5000 m/s) of the Y-axis at the beginning of at the signal initial moment. Only acceleration
exists on the Y-axis. Five sets of dynamic data under the accelerations of −20, −40, −60,
−80, and −100g were collected, and the different accelerations were obtained through the
variable acceleration movement for 1 s. The motion mode of the carrier in the signal source
was set as shown in Table 2 (in the navigation signal simulator, g was set as 10 m/s2).

In highly dynamic environments, the mature solution is to adopt the second-order
frequency locked loop assisted third-order phase locked loop (FLL-PLL). To ensure a
good dynamic performance, the noise bandwidth of the FLL-PLL loop was large enough.
Although the noise bandwidth was big enough. Table 3 shows that the dynamic range of
the vector loop is much higher than that of the FLL-PLL loop, indicating that our vector
loop is more robust than the FLL-PLL loop. The initial values must be provided by scalar
loops, so the stability of the loop is important when different pre-filters are switched. Thus,
the FLL-PLL loop is clearly unfit for this job. Finally, in this case, the increased noise
will affect the accuracy of the tracking loop. Table 3 shows that under the same dynamic
condition, the carrier phase tracking error of the vector structure is much lower than that
of the FLL-PLL loop when the tracking is stable.

Table 3. Tracking result between FLL-PLL loop and vector loop.

Acceleration (g) −20 −40 −60 −80 −100

Carrier phase tracking error of vector
tracking structure (STD, unit: mm) 0.57 0.55 0.52 0.51 0.52

Carrier phase tracking error of
second-order frequency locked loop

assisted third-order phase locked
loop (STD, unit: mm)

3.50 3.56 3.71
The lock has been lost in
the variable acceleration

section

The lock has been lost in
the variable acceleration

section

Figure 10 shows the IQ demodulation graph after the tracking signal of the FLL-PLL
loop. The red curve is the amplitude of instant code branch I, and the blue discrete point
set is the amplitude of instant code branch Q. The black vertical lines in the figures show
the moments when the IQ values converge steadily.

Figure 10a shows the IQ demodulations of the−20 g carrier acceleration, and Figure 10b
shows the IQ demodulations of the −60 g carrier acceleration. To clarify the influence of
different dynamic environments on convergence time, the pictures show the tracking results
from the loop switches to stable tracking. In (a), the time consumed by signal tracking from
traction to stabilization is approximately 280 ms. However, in (b), the convergence time of
signal tracking is approximately 500 ms, indicating that the convergence time of this frequency
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locked loop assisted phase locked loop increases with the dynamic increase of the carrier until
signal loss (Table 3).

Figure 10. IQ demodulations of the FLL-PLL loop under different dynamics.

Testing for the vector tracking structure, when the acceleration of the carrier is −100 g,
the corresponding results of the cascading vector tracking loop are shown in Figure 10b.
The black vertical line similarly shows the moment when the IQ values converge steadily.

Figure 11a provides the energy distribution of the I branch when the code shifts are
leading, real time, and lagging. The red curve represents the energy of the instant code,
and the blue and green discrete points are the energies of the leading and lagging codes,
respectively. When the energy of a real-time code branch exceeds those of the other two
branches stably, the correctness of navigation message demodulation of the vector tracking
mode is proven. The results of the two branches in Figure 11b indicate that the I and
Q values can be completely separated after nearly 100 ms of convergence. Compared
with Figures 10 and 11 shows that the vector tracking mode is still stable for carrier and
pseudo-code tracking under the current dynamic condition of −100 g, and the vector loop
converges quickly.
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The results in Table 3, Figure 10a,b, and Figure 11b are used to compare FLL-PLL and
the vector loop. In view of vector tracking, the dynamic range is larger, the convergence
time from traction to locking is shorter during loop switching, and the influence of the
carrier’s dynamic change on the loop is smaller.

Again, taking the highly dynamic environment of −100 g for example, Figure 12a
shows the feedback input from the code loop assisted by the vector tracking structure to
the code NCO (dL2, red scatter) and that from the independent code loop to the code NCO
(dL1, blue scatter). The x-coordinate is the time, and the y-coordinate is the frequency of
the ranging code in the current tracking loop. The blue scatters stabilize after a period of
convergence, which, compared with Figure 10 and Table 3, indicates that the independent
code loop is robust during carrier loop switching and insensitive to dynamic changes when
the carrier loop can be stably tracked. The comparison between the red and blue scatters
indicates that the period of code loop stabilization can be greatly reduced with the help of
the vector carrier tracking loop, and the tracking performance can be improved.
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Figure 12. (a) Code frequencies of the feedback input, (b) Y axis acceleration under different dynamics.

In Figure 12b, the abscissa is time, and the ordinate represents acceleration existing
only on the Y-axis. As a supplement to the dynamic scene, the red, blue, yellow, black,
and green curves represent the resolving results of the carrier under different dynamic
circumstances (initial velocity is 5000 m/s in the Y-axis direction, with different acceleration,
from top to bottom, namely,−20,−40,−60,−80, and−100 g). Clearly, the current dynamic
environment is far from reaching the dynamic limit of this loop.

Finally, we provide the velocity and acceleration results of the vector loop at the static
state and the −100 g scenario. In Figure 13 (the static state), the red, green, and blue curves
represent the velocities of the three axes, which are near zero and conform to the static
positioning scene. The thumbnail represents the entire picture of the convergence process.
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Figure 13. Velocity results in static environment.

After the static testing, Figure 14a shows the acceleration changes of the X-axis and
Z-axis with time under the −100 g highly dynamic environment. Given the constant
acceleration, the graphs of the acceleration results are intuitive. After the initial oscillation
of approximately 100 ms (the same as the result in Figure 11b), the accelerations of both
axes rapidly converge to 0 m/s2. Figure 14b shows the changes in Y-axis acceleration with
time under the current dynamic condition. With an acceleration of −100 g in the Y-axis
direction, the final convergence of acceleration in Figure 14b is approximately −1000 m/s2

(in the navigation signal simulator, g is 10 m/s2).

Remote Sens. 2021, 13, x FOR PEER REVIEW 16 of 18 
 

axes rapidly converge to 0 m/s2. Figure 14b shows the changes in Y−axis acceleration with 
time under the current dynamic condition. With an acceleration of −100 g in the Y−axis 
direction, the final convergence of acceleration in Figure 14b is approximately −1000 m/s2 
(in the navigation signal simulator, g is 10 m/s2). 

7500 8000 8500 9000 9500 10,000
Time(ms)

-20

0

20

40

60

ac
ce

le
ra

tio
n

  (
m

/s
/s

)

Ax
Az

 

7500 8000 8500 9000 9500 10,000
Time(ms)

-1020

-1000

-980

-960

-940

-920

-900

ac
ce

le
ra

tio
n

 (m
/s

/s
)

 
(a) Acceleration on the X−axis and Z−axis (b) Acceleration on the Y−axis 

Figure 14. Vector loop tracking results at the acceleration of −100 g. 

Figures 11, 13 and 14 indicates that the convergence process of the entire vector 
tracking loop is completed within approximately 100 ms, which is not significantly 
different from the convergence time in the static environment. Therefore, no obvious 
linear relationship exists between the time required for the vector tracking mode to 
stabilize and the current dynamic change of the aircraft. 

4. Discussion 
For the traditional FLL−PLL, the different dynamic components of the signal are 

tracked by different orders, the high−order loop (more than third order) is unstable, and 
the noise bandwidth limits the dynamic tracking range. However, for a sequential filter, 
the current state is based on the last moment, so locking can be completed within the local 
range. Thus, the dynamic range and accuracy will be greatly improved. Furthermore, if 
the adaptive noise matrix adjustment strategy is adopted, the performance can be further 
improved. The vector loop is not the end goal but a good platform for deep combination 
with inertial navigation, and a high degree of integration and robust tracking is very 
advantageous in certain environments. 

We find that the vector tracking loop can work perfectly in highly dynamic 
conditions, and the vector carrier loop with a carrier−assisting pseudo−code method is 
sufficient for this signal tracking, indicating that we can achieve vector tracking with as 
few loop changes as possible. However, we notice that a switching relationship exists 
between the FLL−PLL and the vector loop because the vector and scalar loops are not 
completely separated. To realize vector tracking under high dynamics, the preprocessing 
part of the vector loop and the scalar tracking must be unified, as in this study, to reduce 
the transient disturbance caused by loop switching. 

In the future, in addition to the applications in weak signal tracking, real−time vector 
tracking and the research on vector deep integration navigation, we must focus on 
combining vector tracking and unlocked recapture. The theory is that after the loss of 
tracking loop lock, if we can obtain the corresponding almanac and vehicle state 
information, the carrier and code loop can still work. However, when the number of 
obscured satellites is more than or equal to one, how long the vector loop can maintain 
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Figures 11, 13 and 14 indicates that the convergence process of the entire vector track-
ing loop is completed within approximately 100 ms, which is not significantly different
from the convergence time in the static environment. Therefore, no obvious linear rela-
tionship exists between the time required for the vector tracking mode to stabilize and the
current dynamic change of the aircraft.
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4. Discussion

For the traditional FLL-PLL, the different dynamic components of the signal are
tracked by different orders, the high-order loop (more than third order) is unstable, and
the noise bandwidth limits the dynamic tracking range. However, for a sequential filter,
the current state is based on the last moment, so locking can be completed within the local
range. Thus, the dynamic range and accuracy will be greatly improved. Furthermore, if
the adaptive noise matrix adjustment strategy is adopted, the performance can be further
improved. The vector loop is not the end goal but a good platform for deep combination
with inertial navigation, and a high degree of integration and robust tracking is very
advantageous in certain environments.

We find that the vector tracking loop can work perfectly in highly dynamic conditions,
and the vector carrier loop with a carrier-assisting pseudo-code method is sufficient for this
signal tracking, indicating that we can achieve vector tracking with as few loop changes
as possible. However, we notice that a switching relationship exists between the FLL-PLL
and the vector loop because the vector and scalar loops are not completely separated. To
realize vector tracking under high dynamics, the preprocessing part of the vector loop and
the scalar tracking must be unified, as in this study, to reduce the transient disturbance
caused by loop switching.

In the future, in addition to the applications in weak signal tracking, real-time vector
tracking and the research on vector deep integration navigation, we must focus on combin-
ing vector tracking and unlocked recapture. The theory is that after the loss of tracking
loop lock, if we can obtain the corresponding almanac and vehicle state information, the
carrier and code loop can still work. However, when the number of obscured satellites
is more than or equal to one, how long the vector loop can maintain the high level of
confidence of the local carrier and pseudo code is unknown, and considering the potential
channel contamination, the problem of satellites selection on this kind of vector structure is
worth exploring.

5. Conclusions

In this study, a cascading vector tracking loop for highly dynamic environments was
designed and verified. First, two-stage filters were used to reduce the strong nonlinearity
and the computation cost. Second, the original observations were re-organized to eliminate
the impact of unknown parameters on the I-Q values. Finally, this paper proposes a feasible
feedback method, which combines with pre-filter estimation, and the main filter ensures
fast and stable loop convergence from both phase and frequency.

Testing with the high dynamic signals generated by navigation signal generators, the
results of this vector loop show that the high tracking accuracy is the same as that in the
static environment. The vector carrier loop assisting code loop in this study can work
normally at highly dynamic conditions in which the FLL-PLL loop cannot track stably. In
the test of acceleration (i.e., −100 g), the convergence time of this cascading vector loop can
be decreased to approximately 100 ms, and this convergence time has been shown to have
no obvious relationship with dynamic change through comparing with the static test. After
stable loop tracking, the STD of the carrier phase estimation is below 0.6 mm, and this STD
is only 20% that of the FLL-PLL with a large noise bandwidth. That is, the proposed vector
structure is low in complexity and can be applied to highly dynamic environments.
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