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10 Abstract: This paper focuses on two types of frequency lock loops (FLL) in Global
11 Navigation Satellite System (GNSS) receivers, namely the conventional scalar frequency
12 lock loop (SFLL) and the vector frequency lock loop (VFLL).The VFLL has been proven
13 to have a better tracking performance than the SFLL in scenarios such as intermittent
14 signal outages, high dynamics, etc.. However, the FLL tracking performance under the
15 equivalent noise bandwidth has not been explored in literature. To do this, we
16 implemented three kinds of FLL, i.e., the SFLL, the weighted least square-based vector
17 frequency loop (WLS-VFLL), and the extended Kalman filter-based vector tracking loop
18 (EKF-VFLL). All these FLLs have the same noise bandwidth, based on which we made a
19 fair comparison between them. The experimental static data and simulated high- dynamic
20 data have been tested. Results show that the EKF-VFLL has a similar tracking performance
21 with WLS-VFLL under static environment, both better than the SFLL. In high- dynamic
22 environment, the advantages of EKF-VFLL are more prominent than the other two
23 methods. Furthermore, EKF-VFLL takes the longest time in terms of computational

24 efficiency.

25 Keywords: global navigation satellite system (GNSS); Extended Kalman filter (EKF);
26 weighted least square (WLS); frequency lock loop (FLL); equivalent noise bandwidth
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1. Introduction
In the global navigation satellite system (GNSS) field, receivers’ signal tracking process

is actually an estimation process for carrier frequency and the pseudo-random noise (PRN)
code phase. For carrier tracking, the traditional scalar frequency lock loop (SFLL), is widely
used. The SFLL can deal with moderate high dynamics. However, in some severe scenarios
like huge dynamics and weak signals, it is incapable of action. To solve those problems, the
concept vector tracking loop (VTL) was proposed in [1]. Generally, the extend Kalman filter
(EKF) is used in the vector tracking loop architecture as the navigation estimator, referred to
as EKF-VTL in this paper. In the SFLL, each channel tracks only one satellite, therefore the
tracking architecture is simple and easy to implement. Unlike the SFLL architecture, the
VTL combines the tracking loops and the navigation solving together using a single Kalman
filter [2], taking full advantage of internal links between each tracking channels.

The advantages of VTL against the STL have been extensively exploited by many
scholars [3,4]. Existing researches have shown that vector frequency lock loop (VFLL) has
a better tracking performance in many harsh scenarios, such as high dynamics, low
carrier-to-noise ratio (CNR), intermittent signal outages and multipath [5-8]. In [5], Lashley
and Bevly reviewed the vector delay/frequency lock loop (VDFLL) and made a
comparative analysis with the scalar tracking loop. The work in [9] demonstrated that
VFLL can provide more reliable Doppler measurements and make the satellite signal easy
to track by using an ultra-tightly couple (UTC) receiver. Furthermore, some analyses of the
VFLL are carried out by [10] in terms of the robustness of the VFLL in different
experimental conditions through a software defined GPS receiver, achieving a better
tracking accuracy even when the signal is getting weaker.

However, those comparisons neglected the fact that, unlike the fixed noise bandwidth
in STL, the VTL has different noise bandwidths for each channels [11]. For EKF-based

VFLL, the bandwidth of each channel is adaptively adjusted according to the receiver
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dynamics. In addition, to the best of the authors’ knowledge, the comparison of
computation load for those two methods is rarely found in existing literatures.

In response to the above two limitations, we draw on Bhattacharyya’s argument in
terms of the noise bandwidth of the VTL [11] and use it to adjust the noise statistics of
EKF-VFLL to the same level as SFLL. As mentioned earlier, since the noise bandwidth has
a great influence on tracking performance and it was ignored by the existing researches. A
larger loop bandwidth is needed for high-dynamic applications, but will introduce more
noise, resulting in lower tracking precision. On the contrary, a smaller loop bandwidth
should be considered to ruduce the noise level and improve the tracking accuracy.
Therefore, it is necessary tocomapre the STL and VTL on the common ground.
Specifically, a weighted least square based vector frequency lock loop (WLS-VFLL) is
considered, which has the same noise bandwidth statistics with that in FLL. Besides, the
computational efficiency needs to be taken into account in some special applications. To
determine the efficiency of SFLL and VFLL operation, we use the same signal length and
simulate the tracking process over several Monte-Carlo (MC) runs.

With the purpose of making a fair comparison between SFLL and VFLL, in this paper,
the equivalent noise bandwidth was expected to bring them into alignment. Firstly, the
structure and principle of the FLL, WLS-VFLL and EKF-VFLL are compared for GNSS
application. Secondly, the high dynamic GPS L1-like signals are generated and the field
static signals are collected to assess those three methods. Finally, the frequency tracking
deviation of the signals and the Central Processing Unit (CPU) times are presented for a
more overall analysis of performance. The contributions of this paper could be summarized

as:

(1) We make a fair comparison between the SFLL and VFLL, in which the equivalent
noise bandwidth and computation time are taken into consideration, different from the

existing experimental comparisons.
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(2) Comparative analyses are implemented in terms of tracking accuracy and efficiency,
which provide reasonable reference for the future research of VTL and develop a
comprehensive understanding of why VFLL achieves a better tracking performance

than SFLL.

The rest of the paper is organized as follows. The methodology of the assist each other
channels during the VTL and the relationship with STL are introduced in section
“Superiority of the VTL”. Frequency lock loop error sources and equivalent comparison
conditions are reviewed in the section “Characteristic analysis” and the equivalent noise
bandwidth calculation is detailed described in the section “Noise bandwidths analysis”. The
section “Results and analysis” shows the comparison results under low CNR signal and high
dynamic situations and the analysis is provided. Finally, “Conclusions” concludes the paper,

including future work.

2. Superiority of the VTL
The architecture and implementation of the VTL and STL are illustrated in this section.

In addition, the reason why the vector-based method outperforms scalar tracking loop is
analyzed in detail. To make a comparison between the STL and VTL, both the similarity and

the difference of them are also described.

2.1. Architecture
As shown in Figure 1, the tracking processes in different channels are independent of

each other in the STL. The feedbacks driving the carrier and code NCOs are obtained from
the discriminators directly. It is obviously that there is no information shared between
channels in the STL. But for VTL, by making the most of the internal connections between
the tracking channels, VTL couples all the channels information together using a single
navigation processor. Based on the navigation solutions and the satellite ephemeris, the

navigation processor can predict the receiver states information including position, velocity,
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clock bias and drift. In specific, the code phase errors and the frequency errors that obtained
from the discriminator output are not used to correct the corresponding NCO directly. The
discriminator outputs are converted to pseudo-range error and pseudo-range rate error
measurements. With the navigation solution and satellite ephemeris, the code and frequency
errors at next epoch can be predicted to drive the NCO. If only use the pseudoranges
information in the state formulation of EKF, the vectorized method is called VDLL.

Furthermore, both pseudoranges and pseudoranges rate can be used to establish the VDFLL.
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Fig. 1. Block diagram of the STL and VTL.

2.2. EKF-based tracking loop
In this paper, the comparison between the VFLL and the SFLL is made, and the

extended Kalman filter (EKF) model and method is used in the integration unit. The EKF
consists of two steps, i.e., prediction and correction. First of all, the state vector and
covariance is initialized, on the left of the picture 1, the state vector is predicted by the
measurements after correction and the estimation uncertainty is updated according to the
process noise. In the correction stage, the Kalman gain matrix is updated for the purpose of
making the state estimation optimal. The covariance matrix of estimation error is updated

based on the new information from the measurements.
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In the VTL, the EKF estimates the receiver states of position, velocity and time (PVT)
through its system integration and measurements. After that, the pseudorange and its rate
and the line-of-sight (LOS) vector between the satellites and the receiver are obtained from
the ephemeris, which is known as a priori information. Finally, carrier NCOs are formed
with the predicted pseudorange rates, for adjusting the frequency of local carrier replica in
each channel.

The state vector of EKF is presented as:

X =[ov, ov, ov, o] (1)
where 6o, , 0v, and ov, are the three dimensional receiver velocity errors in an
earth-centered and earth-fixed (ECEF) coordinates; otis the receiver clock drift error. The

system state equation at epoch k is as follows:

A

X, =®_X,, 2
where

Qi =l (3)

Here assumed that there are n visible satellites. The measurement of EKF is

pseudorange rate error which is the difference between the measured values and the

predicted ones. The pseudo- range rate error of satellite j is as follows:

ébj = ijoppIer 'L—(Vu —Vsj).|j _fu +tsj (4)

le

where f/

Doppler

is the Doppler shift frequency in Hz; f,, is the carrier frequency; v,and v/are
the velocity vector of the receiver and satellite j, respectively; 1'is the LOS unit vector
form the receiver to satellite j; f, andt’are the estimated receiver clock drift and the satellite
clock drift, respectively. The measurement vector of EKF-VFLL can be presented by:

Z=[op, &, - ) ®)

The measurement equation is the function of the state vector with a first-order Taylor’s

expression, which is given by:
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Z,=H,- X,

where H is the measurement matrix, calculated by

e, &, €, 1
e e e, 1

n,x ny

(6)

(")

According to literature [12,13], the discrete time process noise covariance matrix can be

divided into user dynamic noise and receiver clock noise, as shown in Equation (8).

Q = chk + Qdyn

where the process noise covariance matrix due to the clock noise is drawn by:

@ - O

0 =[eiT*/3 0iT?/2; 0iT?/2 o} ]

The process noise covariance matrix due to the receiver dynamic is given by:

q1d,1 qld,z qfn
Qdyn: q%j,l q;j,z q%n
qr?,l qr?,z ql'(lj,n
q;sz[Ei,jﬂ/s E T?/2; E T?/2 E”T]

E., =eelo; +eelo; +eelo?

XX X yoy“y vz

(8)

©9)

(10)

(11)

(12)

(13)

As shown in equation (8), (9) and (10), both the clock noise and the dynamic state affect

the noise covariance. As discussed earlier, VTL coupled all the channels together for the

tracking performance enhancement. In particularly, because of the noise covariance is an

off-diagonal matrix, the measured pseudo-range rate error obtained from one channel would

affect the others. In other words, the signals are coupled together through the nonzero

off-diagonal elements. The VTL can be converted to STL if makes the noise covariance

matrix off-diagonal elements zeros.
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The measurement noise covariance matrix is determined by the innovation-based

adaptive estimation method. For detailed information, readers are referred to [14].

2.3. WLS-based tracking loop

As mentioned earlier, the superior performance of VFLL benefits from the Kalman filter,
refer to the self-adjusted noise bandwidth. In order to guarantee the fair of comparison, here
we use the WLS estimator to predict the user positioning, velocity, and time (PVT)
information. The noise bandwidth of WLS-VFLL is fixed to the same with SFLL.

The state equations of three-dimensional velocity errors and clock drift errors in

WLS-VTL is given by

A9 =(G"CG) G'Cb (14)

b=[-AfH -Af® - —Af0] (15)

where G is equivalent to H in the formula (1); c denotes the weighted matrix; b
represents vector of pseudo-range rate error, obtained by the carrier Doppler shift

measurements; . is signal carrier wave length, f is the Doppler shift measurement.

Furthermore,Cc =w 'w , w denotes n dimension diagonal matrix:

(16)

wherew, =1/o, , o,is the standard deviation of Doppler shift measurement error [15]. For a

SFLL, the main sources of the Doppler tracking errors consist of thermal noise and dynamic
stress error, which will be separately introduced in next section.

So, the predicted three-dimensional velocity can be given by

<5 <
x

<
5 <

YO+ AV
z,0

<>
Il
Il

(17)

c
<>
<>

> N
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Because the noise term in pseudo-range rate measurement is ignored, the pseudo-range

rate measurement can be given by
PV =0 +5f -510 (18)
where sf, and §f" are receiver clock shift and satellite clock shift, respectively; r® is the
rate of geometric distance change between user receiver and ith satellite, which can be

written as
r® :(vu —vg‘))- |® (19)
where v, is the velocity of the user receiver; v is the velocity of satellite i; 19is the line of

sight (LOS) unit vector from receiver to satellite i. Combine equations (16), equations (18)

and equations (19), the Doppler frequency estimation can be given as

fo_ ((vu —v® ) I(”)+ StOx T, (20)

c

where cis the speed of light; f_is the carrier frequency.

Finally, the carrier NCO updating as

0§ 4§04 sf, 21)

c,nco

where f. and sf, arethe intermediate frequency and the carrier frequency error estimation,

respectively.

Both the VFLL and SFLL are used to track the frequency error within the loops. The
superiority of the VFLL is illustrated in the earlier sections. Even so, STL is still must to be
mentioned, as it is a very development technology and is widely used in many traditional
receivers. Furthermore, the tracking information like pseudo-ranges rate that obtained from
the STL is required to initialize VFLL before the integration filter worked [16]. One more
thing, for a long time at the beginning, the tracking error of the VTL is larger than STL due to

the noise variance correction process [13].

3. Characteristic analysis
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Before the comparison, the equivalent conditions of VFLL and SFLL have to be
determined. In this paper, the same coherent integration times, CNR, and tracking threshold
are used to make the comparison reasonable. Besides, another condition that has to be taken
into consideration is the equivalent noise bandwidths. Because the noise bandwidth is a
significant parameter of GNSS receiver design and the loop noise performance assessment,
which indicates the ability of the loop to suppress noise. Large noise bandwidth allows the
loop to deal with large dynamic, while smaller bandwidth can achieve a better tracking
precision [17]. Equivalent noise bandwidth is the premise of a fair comparison. In this section,
the frequency measurement errors and the tracking threshold are introduced briefly; the noise

bandwidths of both VFLL and SFLL are illustrated and analyzed in detail.

3.1. Measurement errors

Frequency measurement errors include frequency jitter error and dynamic stress error.
The thermal noise is treated as the only source of frequency tracking error because of the
vibration- induced and the Allan deviation are too small to consider for a short coherent
integration time [18]. Hence, thermal noise and dynamic stress error are the dominant error
sources for SFLL.

In an SFLL, the 1-sigma frequency jitter due to thermal noise is [18]:

1 [aFB, 1
T T T \/ SNR (HT ~SNRJ(HZ) (22)

where F=1 at high CNR; F=2 near threshold; T =10is the integration and dump time;

B, is the noise bandwidth (Hz). In this paper, an integration time of 10 ms is used.

n

Because the EKF used the position, velocity, and acceleration information, which
provide VFLL the ability to tack step and ramp changes in velocity with zeros steady-state
error. While fail to track a ramp change in acceleration with zero steady-state error.
According to the analysis from literature [3], only a second-order SFLL has comparable

capabilities compare with VFLL. For this reason, this paper focuses on the second-order
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SFLL and VFLL. The frequency measurement error accused by dynamic stress error can be

calculated as [18]:

0.53

f
f,=F =2
RS

)* (23)
where F, =Jerk dynamic (m/s®).

From equation (22) and (23), the second-order SFLL is capable of a larger dynamic

stress with the noise bandwidth increases, but this will causes a lot of noise to be brought in.

3.2. Tracking Threshold

Assuming that the receive signals are already acquired. While the tracking threshold
determines whether or not the captured signals can be tracked. If the SFLL discriminator
outputs exceed the threshold, the frequency tracking loops lose the lock. The tracking
threshold is the first guarantee for providing a fair comparison. Therefore, the same tracking
threshold is required in this paper. Rule of thumb tracking thresholds are used to analyze the
tracking performance of VFLL and SFLL, which shown as [18]:

30p, =30, + f, <Y4T (Hz) (24)

According to Equation (24), assuming the noise bandwidth and the CNR are determined,
the maximum dynamics stress can be determined if the largest SFLL discriminator outputs
does not exceed the tracking threshold. Furthermore, the increase in both thermal noise and
dynamic stress error may result in loop unlocking. Thus, the programmable design of the
noise bandwidth determines the characteristics of the SFLL in response to signal dynamic

and noise statics.

4. Noise bandwidths analysis

As mentioned above, the noise bandwidth plays a key role in both accuracy and dynamic
performances. Noise bandwidth is an excellent tool to suppress the input noise. Actually,

both SFLL and VFLL can be seen as a closed-loop control system. For a second-order SFLL,
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the noise bandwidths can be derived from its transfer function model, if the damping ration
and the nature frequency are known. However, it is more complicated for a VFLL. The
parameters in the EKF are time varying, and the transfer function is closely related to the
number of visible satellites, CNR, and line of sight (LOS) geometry. The noise bandwidths

formulas will be derived in this section.

4.1. Design of SFLL

As shown in Figure 2, SFLL consists of frequency discriminator, loop filter, and carrier
NCO. Here the four-quadrant arctangent discriminator is applied in SFLL to obtain the
difference of frequency between the local carrier replica and the incoming carrier,

expressed as

_ a tan Z(Pcross’ Pdot)

@)

f
where Py, = 1, x lg, + QX Qpy , Py = 15y X Q- 15, xQpy, 1, AN Q;, @re the prompt in-phase (1)
and quadrate-phase (Q) outputs of the integrated and dumped correlation process at epocht, ;

l,, and Q,, are the outputs at next epoch t,.

After being filtered by the loop filter, the frequency errors are used to control the

frequency of the NCO.

Frequency discriminator

Loop filter NCO
u;(s) U, (s) Uy (s) u(s) K u,(s)
- + —> Kd | > F(S) —> ?0 —T >

A

Fig. 2. Block diagram of SFLL in Laplace transforms.

According to Figure 2, the transfer function of SFLL can be express as the following

equation [18]:
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HE) u(s) s+K,K,F(s) s+ KF(s)

(26)
where, F(s) is the transfer function of loop filter, K, and K, are the gain of NCO and
discriminator.

The discrete time system of a second-order SFLL is shown in Figure 3. In which, the
parameters are key factors to make the system keep good performance, and the determination

of the parameters can be reference literature [18].

Frequency
error + + +
w » T » > X w12 Y
Tt
z? T
aw,

Fig. 3. Block diagram of FLL in discrete time system.

The transfer functions of filter loops of a second-order SFLL can be expressed as [18]:

F(s) = 2, + % (27)
According to Equation (26), the transfer functions can be expressed as:

2bw,s+ @}

H(s) = -2 %
®) s’ +2Lm,5+ @}

(28)
From mentioned above, the noise bandwidth can be derived from the transfer functions,

according to (26), the noise bandwidth of SFLL can be given by [18]:

B, = [|H. (127 el =2 (+2) 29)

4g
where, H.is the frequency response function of a second-order SFLL. The damping ratio

ot—3

and noise bandwidth B, both determine the frequency at the -3dB point.

4.2. Design of EKF-VFLL
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Similarly, the noise bandwidth of the VFLL can be derived from the transfer function

with a vector-based model. Assuming there are n satellites available, the prediction of the

frequency in n channels can be expressed in vector f, , =[f}+l o fn T, and the updated

n

frequency is:

f,=f +Af (30)
where, f, stands the frequency estimates at epoch Kk; Af is the frequency error estimation,
and is used for carrier frequency correction at epoch k+1.

Because the frequency NCO is fed back to the local frequency generator, in which, the
Doppler shift caused by user-satellite relative motion and the frequency residuals caused by
the pseudo-range rate estimation errors are obtained. As for a VFLL, only the velocity term
and the clock drift term are involved in EKF, therefore, the frequency NCO values can be

calculated by [16]:

Af = E-AV (31)
E=le e ¢ -1] (32)
AV =[AV, AV, AV, Af] (33)

where, f, isthe carrier frequency of GPS L1 (1575.42 MHz); c is the speed of the light; E

stands the projection of user-satellite relative motion and clock error on LOS vector; Av
involves predictions of user-satellite relative velocity and clock drift at current epoch and

estimation errors of next epoch. Hence, the formula (20) can be extended to [11]:

A

f .
Af =2 B, (AV/ -AV)) (34)

where, AV, and AV, are the correction terms of velocity and clock for satellite and user at

epoch k+1, respectively. According to Kalman filtering theory, AV, is updated in the EKF.

Thus,



289

290

291

292

293

294

295

296

297

298

299

300

A\ikr = A‘}qu +K, (Af, - EkAVkr—l)

. 35
=(I-K.E)AV', +K,Af (35)

where, K, denotes the EKF gain matrix; Af , which is obtained by the frequency

discriminator, is the carrier frequency residuals.

Combine formula (28) with formula (33), the updated frequency can be extended as:

£ £ E s r
f,=f +/1—k[—AVk + (1=K E DAV, + K Af, | (36)

L1

where, 4, =c/f,, stands for the wavelength of GPS L1 signal.

Because AV and AV, involved in EKF always remain constant during short carrier

pre-detection time (e.g. 1ms), the performance of VFLL wouldn’t be affected by these two
terms. Thus, in order to simplify the algorithm, here these two terms are ignored. Then the

simplified transfer function can be written as [11]:

E K,

fk+1 = fk + Af,

L1

E K,

-

(f-f) (37)

E K,

L1

=(| _ EkKk
A

)f, +

L1 L1

fk

Taking the Laplace transform of (37), the transfer function can be written as:

f.n(5) = G(s) f, () (38)

E K E, K

G(s) = (sl k™ y-1 B v
(9= (sl + =y == (39)

Because of E, K, is an idempotent matrix. Hence,

EkKkz(EkKk)Zz"'=(EkKk)n (40)

In addition, as discussed in literature [11], the transfer function model of a VFLL

consists of nxn matrices, which expressed as:
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Gn(s) Gl,Z(s) Gl,n(s)
G(S) _ GM;(S) Gz,zz(s) Gz,r;(s) (41)
Gni(s) Gn,Z(S) Gn,n(s)

In which, G,(s) denotes the transfer function of the i row and the g™ column.

According to equation (33), the corresponding noise bandwidth B, can be calculated.

Because the geometric corrections of the channels are time varying, the noise bandwidth can
be achieved from the diagonal noise bandwidth due to the empirical experience. So,
According to the definition of noise bandwidth in literature [19], the noise bandwidth of

VFLL can be derived as:

diag(E K,) T

2, n  y1+o’T
_ diag(E, K,)
42,7

By, = [IGCH[ df ~

(42)

It can be seen from the Equation (42); factors affecting noise bandwidth of VFLL
include the number and geometry of visible satellites, carrier pre-detection time, and the EKF
gain matrix. For example, the noise bandwidth is reduced by increasing the integral time,
which means a good performance to suppress the input noise. And it is also illustrated that

B, elements are adaptively changed according to user-satellite geometry and gain matrix.

Because of the noise bandwidth characteristic of VFLL is more complicated than that in
SFLL, so in conclusion, how to fairly compare the performance of VFLL and SFLL mainly
depends on the selection of noise bandwidth. Because there is no single noise bandwidth for
vector loops as the transfer function matrix shows that it is an interactive multi-input and
multi-output system. So the noise bandwidth is defined with respect to an input channel.
However, for comparing with a scalar loop the equivalent diagonal noise bandwidth of the

vector loops may be considered as a reference.

5. Simulation and Results
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To evaluate the frequency tracking performance of the SFLL and VFLL, the signals are
processed on the same test bench, a software-defined receiver (SDR), which is based on the
MATLAB platform [20]. The VFLL include EKF-VFLL and WLS-VFLL. In addition, the
setting of parameters in the loop is also the same, such as tracking threshold, coherent
integration time, frequency discriminators and equivalent noise bandwidth. In this paper, the
coherent integration time is set as 10 milliseconds, frequency discriminator are obtained by
Equation (20). Several noise bandwidths have been set to test the performance in different
scenarios. The experimental data with different CNR and simulation data with extremely
approximate CNR are also provided in this section. The 110-second experimental data of
GPS L1 were collected in an open area in Hong Kong, with the equipment shown in Figure
4. The NovAtel antenna was mounted to the top of the automobile, which was used to receive
the GPS L1 signals. In the first 30 seconds the car kept static and then moved with a
moderate dynamic in the rest of the time. The Nottingham Scientific Ltd. (NSL) Stereo
front-end was used to convert the radio frequency (RF) signals to intermediate frequency
(IF) signal. The sampling frequency and the IF of the front-end are 26 MHz and 6.5 MHz,

respectively.

NovAtel GPS- NLS Stereo Laptop
702-GG antenna front-end

Fig. 4. Experimental setup.
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Fig. 5. The block diagram of simulation platform.

Because of the restrictions in experimental conditions, the GPS IF data in high dynamic
environment is difficult to obtain. Here we use simulated signals to assess the frequency
tracking performance of the SFLL and VFLL. As shown in Figure 5, the high-dynamic
trajectory is firstly generated using the self-developed GPS IF signal simulator, which is
based on the Matlab/Simulink platform. Then, IF GPS data is simulated by the GPS signal
generator module. Finally, the IF data is input into the software-defined receiver module for
the tracking experiments. The advantage of using simulated data is that the CNR is exactly
controllable, and the signal characteristics are exactly known, which avoids the impact such
as the ionospheric delay and multipath interference. Based on these conditions, the

comparison of VFLL and SFLL are performed.

Set system parameters —jp AACQUisition Vector
process tracking loop

Acquisition threshold.

Tracking threshold.

Coherent integration

time, Frequency

e Scalar
discriminators. etc.

tracking loop

———P» [nitialize

EKF: " : f
According to the noise : ;
bandwidth in FLL. Nosse et viaknt
adjust the gain matrix > band\\’l('ilh noise
in EKF. analysis bandwidth

' WLS:
Set the same noise Compare results
bandwidth with FLL. —»  of VFLLand <@——
: e » SFLL

Fig. 6. The system architecture of the comparison.
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Figure 6 shows the system architecture of the comparison operation. First, set the system
parameters, such as acquisition threshold, tracking threshold, and coherent integration time,
etc. Next, the signal acquisition is carried out to process the same data, in which the number
of visible satellites used to track for the loop is determined. Following that, the SDR starts
scalar tracking first, then the tracking results are used to initialize the vector tracking loop.
Meanwhile, from the noise bandwidth analysis in section 4, to set the equivalent bandwidth,
only the LOS matrix and Kalman gain matrix need to be adjusted. So the noise bandwidth
of the SFLL is analyzed, and the equivalent noise bandwidth for VFLL is set so as to achieve
the purpose of making a fair comparison. Finally, the tracking results of the VFLL and SFLL
are provided, and the performance are analytical compared.

In particular, for the EKF-VFLL, the value of the corresponding gain matrix in the EKF
is adjusted according to the bandwidth in SFLL. That is because the noise bandwidth of the
EKF-VFLL loop is the function of gain and LOS vector matrix, as mentioned above, and the
later component remain constant in a few second. For the WLS-VFLL, unlike the former,

share the same noise bandwidth with SFLL.

5.1. Experimental results

Figure 7 shows the CNR of individual tracking channels during a period of 0-100 second.
In this paper, CNR is estimated using the narrow-to-wide power ratio method [21]. As seen
from the figure, there are seven satellites that have been tracked, with different CNR values.
In the first 30 seconds, the CNR values of the tracking signals are relatively stable, between
35 and 55dB-Hz. Then the CNR varies due to the motion of the car. Especially in the last 30
seconds, the CNR of PRNs 12, 21 and 25 suffer a sudden drop due to the high dynamics of

the car.
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Fig. 7. Carrier-to-noise ratios of the tracking satellites.
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Fig. 8. Equivalent noise bandwidths of the EKF-VFLL.

Figure 8 shows the diagonal noise bandwidths of the VFLL, in which they are different
from each other and time varying. The first channel in figure 6 corresponds to the PRN10 in
figure 5, and so on. As we can see, the channel with high CNR (50dB-Hz) has a small noise
bandwidth (0.58Hz). Hence, high CNR (PRN10) does not mean large noise bandwidth. That
is because only EKF gain matrix and LOS vector matrix contribute to the noise bandwidth
calculation. Any slight change in satellites geometry or measurement noise (accounts for the
gain matrix) will result in bandwidth variation. As shown in the light green shadow, the
CNR of PRNs 21, 25 and 31 decrease due to the automobile dynamics.

In order to assess the carrier frequency tracking performance of these three methods, the
metric of frequency lock indicator (FLI) is used. The FLI is obtained by frequency errors and

integration time [22]

FLI~cos(4z-5f-T) (43)
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The values of the lock indicator range from -1 to 1, where larger value indicates smaller
frequency error and 1 means perfect lock with zero Hz of frequency error. In this paper, the
second order SFLL assisted third order PLL carrier tracking loop is carried out in STL, and
the bandwidth of the SFLL and WLS-VFLL are 10Hz. For simplicity, just take channel 1 for
example, the FLI results of SFLL, WLS-VFLL and EKF-VFLL are shown in Figure 9.
Generally, the integration time is 10 ms, a FLI of 0.90 corresponds to only a few Hz of
frequency error. It is obviously to find that, the frequency tracking errors of WLS-VFLL and
EKF-VFLL are very close, both smaller than that in SFLL. This is due to that the tracking
residuals in VFLL are more likely to be reduced by the information exchange between
signals and the channels coupled together in the navigation processor. At around 75 s, the
FLI of SFLL and VFLL suffer a sudden decrease, due to the automobile dynamics. About 5

s, the FLIs of VFLL are recover to the normal level, while for the SFLL, it takes more time.

0.8

0.6

FLI

0.4
—— SFLL
ook WLS-VFLL
——— EKF-VFLL
0 1 1 1
0 20 40 60 80 100

T(s)
Fig. 9. Frequency lock indicator for FLL, WLS-VFLL and EKF-VFLL.

Table 1
RMS of frequency errors of different tracking strategies with the same noise
bandwidth.

RMS of Frequency errors (Hz)

Methods - . .
Without With 10Hz W.ith 15Hz
SFLL 42 .55 42 .55 50.20
WLS-VFLL 26.75 28.75 33.45

EKF-VFLL 26.35 27.00 28.80
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Again, takes channel 1 as an example, to test the tracking performance of VFLL and
SFLL under the same bandwidth, set the VFLL bandwidth to 10Hz (equivalent with FLL) in
Figure 4. For a short period of time, the geometry between the satellite and the receiver
remains unchanged, thus, the LOS matrix can be viewed as being constant. According to
Equation (37), set the gain matrix to corresponding values, so as to achieve the equivalent
bandwidth. The detail tracking results comparison of the traditional SFLL, WLS-VFLL and
EKF-VFLL is listed in Table 1. Interestingly, although the noise bandwidth in EKF-VFLL is
increased, the tracking error is not huge raised, still close to WLS- VFLL, superior to SFLL
on that equivalent noise bandwidth. However, the RMS of frequency errors in SFLL suffered
a sharp rise as shown in Table 1. For the other tracking channels, we get the similar results, as

shown in Figure 10.

60 : : : : : : 60 : : : : : :
<) N SFLL W WLS-VFLL EKF-VFLL < I SFLL s WLS-VFLL EKF-VFLL
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Fig. 10. RMS of frequency errors under the same bandwidth. (a) 10 Hz; (b) 15 Hz.

It can be seen that SFLL is more sensitive to noise bandwidth; EKF-VFLL is almost
immune to noise bandwidth. In addition, to demonstrate the computational loads of those
three methods for real GPS signals, we use the MATLAB function tic-toc to find out how
much time it costs for the tracking process. The computer simulation environment is as
follows. The simulation software is MATLAB 2016b. We collected 10s IF signal. The CPU

is Intel Core i5-6500 (3.20 GHz) and the memory is 8.00 GB RAM. The system
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environment is Windows 10 with 64 bits. Table 2 listed the computational loads of those
three methods over 10 MC runs. SFLL has a faster tracking speed. Despite the performance
of EKF-VFLL was superior, but it takes longer time than the other two methods. There are
two reasons for this; one is prediction and correction steps, the other one is the complex

matrix operations involved.

Table 2
Computational loads
Item SFLL WLS-VFLL EKF-VFLL
Time (s) 225.00 318.50 390.02

5.2. Simulation results

In this section, the simulation results are carried out, in which the high dynamic scenario
is taken into consideration. The 60s generated IF signals was used here, which is similar to
real satellite signals. Because the superiority of VDLL have been proven in literature [5],
when the number of the visible satellites exceed four. As a perfection to this, here just take
into account that only four satellites available, and assumed that the satellites positions are
exactly known as: S,(26,0,0),S,(0,0,-15), S,(0,0,15), S,(9,15,0), S.(-9,7,0); the unit is km.
The coordinates of the vehicle are set at the origin. During the simulation, the maximum
velocity is 1500m/s, the maximum acceleration is 25.5¢, all satellites have the same CNR of
45 dB-Hz. The sampling frequency is 12MHz and the intermediate frequency 3.563MHz.

Figure 11 illustrates the noise bandwidth of each tracking channel in VFLL. With the
motion of the vehicle, the bandwidth show a greatly fluctuates. Since the CNR of each
channel is equivalent, the EKF gain matrix is fixed. The fluctuation is mainly caused by the
change of the vehicle-satellite geometric in the process of motion. This can also be confirmed
by channel 2 and channel 3; both of them have the same bandwidth, as they have the

symmetrical geometric relative to the trajectory of the vehicle.
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Fig. 11. Equivalent noise bandwidths of EKF-VFLL
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Fig. 12. FLI of SFLL, WLS-VFLL and EKF-VFLL under high dynamic scenario

The frequency tracking errors of VFLL and SFLL are shown in Figure 12. The
bandwidth of the SFLL is set to 30Hz. Similar to the results in experimental operation; the
EKF-VFLL has a better tracking performance than that in SFLL. However, the tracking
performance in WLS-VFLL is worse than that in EKF-VFLL, under high dynamic scenario.
This is due to its variable bandwidth in the EKF-based tracking loops, which has the ability to
suppress the noise adaptively. In contrast, the bandwidth in WLS-based tracking loop is
fixed.

In the process of simulation, it is interesting to find that, when set the SFLL bandwidth
equal to that in EKF-VFLL, the improvement tracking results are achieved. However,
although the tracking performance in SFLL is improved, it was still worse than that in WLS-

and EKF-based VFLL. For a vector-based tracking loop, since it is a multi-input and
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multi-output system, all channel information is deeply integrated via the measurement matrix
in EKF. Particularly, the information exchanges between signal tracking depend on
non-diagonal element within the matrix. That explains why VFLL can achieve a better
tracking performance although it has the same bandwidth with SFLL. Furthermore, the
results above indicate that EKF-VFLL can achieve a better tracking performance under high
dynamic scenarios due to its variable noise bandwidth. These methods employed with SFLL
and WLS-VFLL is incapable of enduring this high dynamic environment and estimates the

carrier Doppler optimally.

6. Conclusions

A fair comparison between SFLL, WLS-VFLL and EKF-VFLL has been proposed in
this paper. It took equivalent bandwidth of VFLL into consider, which based on the function
of LOS matrix and EKF gain. By bring the comparison conditions to one common ground, a
fair comparisons has been made. Both experimental data with different signal quality and
simulated data with the same Signal quality have been tested using a SDR.

Experimental results demonstrated that both EKF-VFLL and WLS-VFLL have a better
tracking performance than traditional FLL under static environment. However, the
EKF-based tracking loop has a bigger computation burden due to the complexity of filter
structure, comparing with the other two methods. In addition, because EKF- VFLL is
immune to the noise bandwidth, the tracking performance of EKF-VFLL is still superior to
FLL, even if they have the same bandwidth.

Simulation results indicate that EKF-VFLL can achieve a higher tracking accuracy than
WLS-VFLL and SFLL by its variable noise bandwidth, under high dynamic conditions.
Since WLS-VFLL has the same bandwidth with SFLL, the performance of the method under

high dynamic environment is a little better than that in SFLL, but worse than EKF-VFLL.
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The method that used to reduce the computational load and simplify the filtering process will

be studied in the future work.
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