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ABSTRACT
The received signal in high dynamic environment will cause a large Doppler shift and change rate. In the
high dynamic environment the traditional carrier tracking algorithm is not proper and reliable. Therefore it is
needed a better performance of tracking algorithm. This paper first analyzed the traditional second order
CPAFC with third order Phase lock loop carrier tracking loop and a high dynamic Kalman filter. Also a new
high dynamic carrier tracking loop based on Kalman filter for second order CPAFC loop with third order
Phase Lock Loop carrier tracking is designed. The simulation results of different Carrier to noise ratio of
35dB-Hz, 45dB-Hz and 55dB-Hz show that the new design of Kalman filter with CPAFC algorithm has better
adaptation to the high dynamic environment. Also the tracking performance is better than traditional
algorithm.
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I. INTRODUCTION
The high dynamic condition causes the GPS
carrier signal to generate a large Doppler shift. If
the carrier phase-locked loop of the traditional
receiver can be kept locked, the bandwidth of the
loop filter must be increased. This will cause
broadband noise to enter, and when the noise level
increases beyond the loop threshold, the carrier
tracking will be lost. The traditional high dynamic
carrier loop adopts the Cross Product of an
Automatic Frequency Control Loop (CPAFC)
assisted phase-locked loop (PLL) method to achieve
high dynamic tracking [1]. When the frequency
error is large, the frequency-locked loop is used for
tracking, and the frequency error is reduced to a
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certain range, and then converted to the
phase-locked loop. In this paper, the Kalman filter
is added on the basis of the traditional tracking
loop; when the loop is turned to the phase-locked
loop, the phase-detection result of the phase
detector output is input into the Kalman filter, and
the filtered output is fed back to the carrier NCO
(Numerically Controlled Oscillator) to adjust the
frequency of the carrier generator. Tracking
accuracy can also be guaranteed.
II. SECOND-ORDER CPAFC-ASSISTED THIRD-ORDER
PLL

By comparing and tracking the PLL phase
detector and FLL discriminator characteristics [2],
this paper selects the cross product automatic
frequency control loop (CPAFC) as the FLL
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discriminator, and the PLL loop uses the Costas
loop.
A. cross product automatic frequency control loop
The cross product automatic frequency control
loop algorithm is a commonly used FLL
discriminator algorithm, which has good working
performance in a high dynamic environment. Its
composition block diagram is shown in Fig. 1.

composed of carrier phase detector, carrier loop
filter and carrier NCO. Structure is similar to
CPAFC; the signal passes through the integrator of
the carrier tracking loop, performs low-pass
filtering, and then obtains a phase error signal
through the phase detector; the 𝐼 channel data can
obtain the navigation message after bit
synchronization and bit extraction, and the carrier
Doppler can be extracted at the loop filter output
end.

Figure1. Block Diagram of CPAFC
As shown in Figure 1, the in-phase and quadrature
components obtained after the GPS signal is
integrated and can be expressed as:

Figure2. Block diagram of Costas loop

sin ∆𝑓𝑘 𝜋𝑇
𝐼𝑘 = 𝑑𝑘 𝐴
. cos 2𝜋∆𝑓𝑘−1 𝑇 + 𝜋∆𝑓𝑘 𝑇 + ∅
∆𝑓𝑘 𝜋𝑇
+ 𝑛𝑖 𝑘
(1)
sin ∆𝑓𝑘 𝜋𝑇
𝑄𝑘 = 𝑑𝑘 𝐴
. sin 2𝜋∆𝑓𝑘−1 𝑇 + 𝜋∆𝑓𝑘 𝑇 + ∅
∆𝑓𝑘 𝜋𝑇
+ 𝑛𝑞 𝑘
(2)

The Costas loop is insensitive to data modulation
and provides the least amount of data
demodulation. In order to improve the tracking
ability of the PLL to Doppler shift, a high-order loop
filter, generally a second-order digital loop filter, is
required, which can reduce the frequency step and
the phase error caused by the frequency ramp.

Where, ∆𝑓𝑘 = 𝑓𝑘 − 𝑓𝑘 estimate
residuals
for
frequency;
𝑛𝑖 𝑘 𝑎𝑛𝑑 𝑛𝑞 𝑘
in-phase
and
quadrature components of the input noise, they
are close to each other Gaussian random variables;
𝑇 is the integration time, 𝜑 𝑘 = 𝜋∆𝑓𝑘 𝑡𝑘−1 + 𝜑0 is the
phase after mixing the local oscillator and satellite
signals, 𝑡𝑘−1 is the starting time of the integration
time, 𝜑0 is the initial phase of the input signal.
CPAFC discriminator correction algorithm is
shown in equation (3):
𝐼 𝑘 − 1 𝑄 𝑘 − 𝐼 𝑘 𝑄(𝑘 − 1)
𝑓 𝑘 =
𝐼 𝑘 𝐼 𝑘 − 1 + 𝑄 𝑘 𝑄(𝑘 − 1)
≈ tan ∆𝜑
(3)
The sign of the discriminator algorithm of equation
(3) is independent of the change of the data symbol,
and only changes with the frequency offset; the
essence of the CPAFC algorithm for frequency
tracking is tracking the carrier phase difference.
B. Costas Loop
The
Costas
loop,
also
known
as
the
in-phase-orthogonal loop, is a type of PLL used to
track input carrier phase changes. It is mainly
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C. Combined Loop
Considering the requirements of dynamic range,
implementation complexity, tracking time and
tracking accuracy of the signal, the traditional high
dynamic carrier loop adopts the carrier tracking
structure combined with the frequency-locked loop
FLL and the phase-locked loop PLL can be used.
This can take advantage of the low threshold of the
FLL, short lock frequency time, and high dynamic
condition, while also obtaining the carrier tracking
accuracy of the PLL.
In a combined loop, FLL tracking uses a shorter
integration time and a larger filter bandwidth; PLL
tracking uses a longer integration time and a
narrower filtering bandwidth. When the loop
dynamics are high, the tracking loop of the FLL is
used to adapt to the dynamic performance and
when the loop dynamics is reduced, the PLL
tracking loop is immediately transferred to obtain
more accurate tracking results. So, when the
dynamic performance of the carrier signal changes,
the loop automatically switches between the FLL
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and PLL tracking modes through frequency
decision and phase decision. In this way, the
contradiction of bandwidth selection in the high
dynamic tracking loop is solved.
III. KALMAN FILTER DESIGN
Kalman filtering is an optimal estimation method.
It continuously and recursively corrects the
estimation process, and is very suitable for
real-time dynamic data processing because it does
not need to store a large amount of data. The
schematic diagram of the newly designed high
dynamic carrier tracking loop is shown in Figure 3.
The GPS digital intermediate frequency signal [3] of
the L1 band can be expressed as:
𝑆 𝑘 = 𝐴𝐷 1 + 𝜉 𝑘𝑇𝑠 − 𝜏 cos 𝜔𝑏 𝑘𝑇𝑠 + 𝜃 𝑘
+𝑁 𝑘
(4)

𝜔1 𝑘 + 1 = 𝜔1 (𝑘)+ 𝑇𝑠 𝜔2 𝑘 + 𝜂3 𝑘
𝜔2 𝑘 + 1 = 𝜔2 (𝑘)+ 𝜂4 𝑘
(11)
Obtain the state transition matrix
1 𝑇𝑠 𝑇𝑠2 2 𝑇𝑠3 6
𝑇𝑠
𝑇𝑠2 2
𝛷= 0 1
1 𝑇𝑠
0 0
0 0
0 1
𝜃(𝑘 + 1)
1 𝑇𝑠 𝑇𝑠2 2 𝑇𝑠3 6
𝜔0 (𝑘 + 1)
𝑇𝑠
𝑇𝑠2 2
= 0 1
𝜔1 (𝑘 + 1)
1 𝑇𝑠
0 0
𝜔2 (𝑘 + 1)
0 0
0 1

(10)

𝛷 as:
(12)
𝜂1 𝑘
𝜃(𝑘)
𝜔0 (𝑘)
𝜂2 𝑘
+
𝜔1 (𝑘)
𝜂3 𝑘
𝜔2 (𝑘)
𝜂4 𝑘

The phase difference between the output 𝐼𝑝 𝑛 and
𝑄𝑝 𝑛 measured by the in-phase branch (I branch)
and the quadrature branch (Q branch) after
passing through the discriminator is ∅𝑒 (n).
∅𝑒 =

1 𝑇𝑠
𝑇𝑠 0

1

1

1

2

6

2

𝜃 + 𝜔0 𝜏 + 𝜔1 𝜏 2 + 𝜔2 𝜏 3 𝑑𝜏 = 𝜃 + 𝜔0 𝑇𝑠 +

16𝜔1𝑇𝑠2+124𝜔2𝑇𝑠3

(14)

The observation equation of the system is:

Fig. 3 Block diagram of High dynamic carrier loop
based on Kalman filter
The state transition equation of the system can be
expressed as:
𝑋 𝑘 + 1 = ∅𝑋 𝑘 + 𝜂 𝑘
(5)
𝜂 𝑘 = [𝜂1 𝑘 , 𝜂2 𝑘 , 𝜂3 𝑘 , 𝜂4 𝑘 ] Is the motion noise
vector, generally considered to be Gaussian white
noise, its covariance matrix Q is:
𝑇𝑠6 252 𝑇𝑠5 72 𝑇𝑠4 30 𝑇𝑠3 24
𝑁𝑦
𝑇𝑠2 6
𝑇 5 72 𝑇𝑠4 20 𝑇𝑠3 8
𝑄=
𝑇𝑠 𝑠 4
3
2
𝑇𝑠 30 𝑇𝑠 8
𝑇𝑠2 3 𝑇𝑠 2
3
2
𝑇𝑠 2
1
𝑇𝑠 24 𝑇𝑠 6
The phase difference between the received signal
carrier and the local carrier 𝜃(𝑘) , Doppler
shift 𝜔0 𝑘 , Doppler shift rate of change 𝜔1 𝑘 , the
second derivative 𝜔2 𝑘 of the Doppler frequency is
used as a state variable. which is:
𝑋 𝑘 = [𝜃 𝑘 𝜔0 𝑘
𝜔1 𝑘
𝜔2 𝑘 ]𝑇
(7)
When the sampling interval 𝑇𝑠 is small enough,
each state variable can be expanded as a Taylor
series:
𝜃 𝑘+1
= 𝜃 𝑘 + 𝑇𝑠 𝜔0 𝑘
+ 𝑇𝑠2 𝜔1 (𝑘) 2 + 𝑇𝑠3 𝜔1 (𝑘) 6 + 𝜂1 𝑘
(8)
𝜔0 𝑘 + 1 = 𝜔0 (𝑘)+ 𝑇𝑠 𝜔1 𝑘 + 𝑇𝑠 𝜔2 𝑘 2 + 𝜂2 𝑘
(9)
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𝑧𝑘 = 𝑯𝑥𝑘 + 𝑛𝑘 (15)
Where the observation matrix 𝐻 = [1 0 0 0] ;
𝑛𝑘 observation noise of zero mean; the filtering
process is divided into a prediction process and an
update process. The forecasting process is:
−
𝑥𝑘− = 𝜱𝑥𝑘−1
(16)
−
𝑇
𝑷𝑘 = 𝜱𝑷+
𝜱
+
𝑄
(17)
𝑘−1
The update process is
𝑦𝑘 = 𝑧𝑘 − 𝑯𝑥𝑘−
(18)
𝑇
𝑆𝑘 = 𝑯𝑷−
𝑯
+
𝑅
(19)
𝑘
− 𝑇 −1
𝑲𝑘 = 𝑷𝑘 𝑯 𝑺𝑘
(20)
𝑥𝑘+ = 𝑥𝑘− + 𝑲𝑘 𝑦𝑘
(21)
+
−
𝑷𝑘 = 𝑰 − 𝑲𝑘 𝑯 𝑷𝑘
(22))
IV. SIMULATION AND ANALYSIS
The simulated high dynamic signal adopts JPL
high dynamic model [4], the initial velocity is
1000m/s, the initial acceleration is 20g, the jerk is
70g/s, the duration is 1000ms, g=9.8 𝑚 𝑠 2 , and
the velocity model is shown in Fig. 4.
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In this paper, the high dynamic GPS signal
tracking performance of the above two tracking
loops is analyzed and compared by using Matlab
simulation in the cases of carrier to noise ratio
𝐶 𝑁0 = 35, 45 𝑎𝑛𝑑 55𝑑𝐵 − 𝐻𝑧 respectively.
simulation results of 𝑪 𝑵𝟎 = 𝟑𝟓, 𝟒𝟓, 𝟓𝟓 𝒅𝑩 − 𝑯𝒛
b)

Figure4. High Dynamic Model of JPL, a) Velocity, b)
Acceleration
The Doppler frequency 𝑓𝑑 (𝑡) that receives the
signal can be expressed as:
𝑓𝑑 𝑡 = 𝑓𝑑 𝑡0 + 𝑓𝑑′ 𝑡0 × 𝑡 − 𝑡0 + 𝑓𝑑′′ 𝑡0 ×
+⋯

(23)

𝑡 − 𝑡0
2

Figures 6, 7, 8, 9, 10 and 11 show the results of
frequency tracking results under conditions of
traditional loop and the new loop design of 35, 45
and 55dB-Hz. Both traditional tracking loops and
new design based Kalman filter can converge
quickly into the tracking state and keep track in a
consistent and synchronized manner with minimal
error. But the comparison of Figures with different
carrier to noise ratio shows that the tracking error
of the new design with Kalman filter is less than the
error of the traditional loop.

The first 𝑓𝑑 𝑡0 in the formula indicates the
constant Doppler frequency of the receiving signal,
which corresponds to the relative radial motion
velocity between the satellite and receiver, the
coefficients of the other two items on the right side
of the equation, 𝑓𝑑′ 𝑡0 and 𝑓𝑑′′ 𝑡0 , represent the first
and second order change rates of the doppler
frequencies that receive the signal, respectively.
They correspond to the acceleration and
acceleration of the relative radial motion between
the satellite and the receiver respectively; Figure 5
shows the Doppler frequency shift of the GPS
signal in the JPL high dynamic model.

a)

b)

a)

Figure 6.Carrier tracking results of FLL+PLL.
(Carrier to noise ratio= 55 db-Hz); a) Carrier
Tracking Frequency; b) Carrier Tracking Frequency
Error

b)

Figure 5. Doppler Frequency Shift; a) Doppler
Frequency Shift, b) Doppler Frequency Shift First
Order Derivative
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Figure 9.Carrier tracking results of FLL+PLL and
Kalman filter. (Carrier to noise ratio= 45 db-Hz); a)
Carrier Tracking Frequency; b) Carrier Tracking
Frequency Error

b)

Figure 7.Carrier tracking results of FLL+PLL and
Kalman filter. (Carrier to noise ratio= 55 db-Hz); a)
Carrier Tracking Frequency; b) Carrier Tracking
Frequency Error

a)

a)

b)

Figure 10.Carrier tracking results of FLL+PLL.
(Carrier to noise ratio= 35 db-Hz); a) Carrier
Tracking Frequency; b) Carrier Tracking Frequency
Error

b)

Figure 8.Carrier tracking results of FLL+PLL.
(carrier to noise ratio= 45 db-Hz); a) Carrier
Tracking Frequency; b) Carrier Tracking Frequency
Error
a)

a)

b)

Figure 11.Carrier tracking results of FLL+PLL
and Kalman filter. (Carrier to noise ratio= 35
db-Hz); a) Carrier Tracking Frequency; b) Carrier
Tracking Frequency Error.
V. CONCLUSION

b)
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The carrier tracking loop based on Kalman filter
designed in this paper can quickly and steadily
track the high dynamic GPS carrier signal, and
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under the same conditions the tracking error is
smaller than the second-order CPAFC auxiliary
third-order PLL traditional carrier tracking loop.
Also when the carrier to noise ratio is low, the
advantage is more obvious, it will be more
adaptable when the GPS signal is weak.
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