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Abstract

Obtaining high-precision Doppler frequency for very weak signals in deep space exploration is challenging. A phase-locked loop
(PLL) is a widely used high-precision Doppler frequency measurement method, and the arctangent phase detector is the most
widely used phase detector. However, the arctangent phase detector cannot correctly identify the signal phase for signals with
very low signal-to-noise ratio (SNR) and very high dynamic. Therefore, the arctangent phase detector is the key module limiting
the weak-signal and high-dynamic tracking abilities of a PLL. This study proposes a new phase discrimination method in which
the phase difference between the real and the reconstructed signals is obtained by using the coefficients of signal transformation.
By replacing arctangent phase detector with novel phase detector, the high-dynamic and weak-signal tracking abilities of PLL
are greatly improved. This method is expected to provide a good reference for radar, navigation, and other fields involving
carrier tracking, and it provides feasible technical solutions for high-precision carrier tracking of high-dynamic and low-SNR

signals on some occasions.
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Key Points:

+ Obtaining high-precision Doppler frequency for high-dynamic and very weak signals
in deep space exploration is challenging.

e By replacing the arctangent phase detector with novel phase detector, the perfor-
mances of PLL are greatly improved, including the high-dynamic and weak-signal
tracking ability, tracking accuracy.

e The new proposed method is suitable for carrier tracking in deep space exploration,
especially when large dynamic is contained in signals.
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Abstract

Obtaining high-precision Doppler frequency for very weak signals in deep space exploration is
challenging. A phase-locked loop (PLL) is a widely used high-precision Doppler frequency
measurement method, and the arctangent phase detector is the most widely used phase
detector. However, the arctangent phase detector cannot correctly identify the signal phase
for signals with very low signal-to-noise ratio (SNR) and very high dynamic. Therefore,
the arctangent phase detector is the key module limiting the weak-signal and high-dynamic
tracking abilities of a PLL. This study proposes a new phase discrimination method in
which the phase difference between the real and the reconstructed signals is obtained by
using the coefficients of signal transformation. By replacing arctangent phase detector with
novel phase detector, the high-dynamic and weak-signal tracking abilities of PLL are greatly
improved. This method is expected to provide a good reference for radar, navigation, and
other fields involving carrier tracking, and it provides feasible technical solutions for high-
precision carrier tracking of high-dynamic and low-SNR signals on some occasions.

1 Introduction

In deep space exploration, the signals received by ground stations are often very weak
and contain a large dynamic Doppler effect. Consider the examples of the Mars Exploration
Rover (MER) missions MER-A and MER-B : in the entry, descent, and landing (EDL) phase,
the range of the first and second derivatives of the Doppler frequency is 0 ~ 1200H z/s and
around —25Hz/s?> ~ 40H z/s?, respectively(Satorius et al., 2003). The first derivative of
the Curiosity probe’s Doppler frequency is even close to 3500H z/s(Soriano et al., 2012; Hao
et al., 2018). At the same time, the signals received by the ground stations are very weak.
For signals of the Curiosity probes EDL phase received by the 70-m antenna, the carrier-to-
noise ratio (CNR) is around 27dB-H z under normal conditions(Hao et al., 2018). During
the Jupiter probe’s Jupiter orbital insertion (JOI) phase, the CNR of the signal received by
the ground station was as low as 12 ~ 15dB-H z(Soriano et al., 2012). These observations
indicate that high-precision tracking of signals with very low signal-to-noise ratio (SNR) or
high dynamic is one of the focal problems in communication for deep space exploration. This
problem also applies to other application fields involving carrier tracking, such as a global
navigation satellite system (GNSS) receiver: the satellite signal received by the receiver is
very weak under the action of some natural or artificial factors. Therefore, it is also essential
to develop a corresponding high-sensitivity and high-precision carrier tracking algorithm.

For estimating the Doppler frequency in Mars rover’s EDL phase, one method com-
pensated a series of phases for the original signal in the time domain and then detected
the compensation value corresponding to the maximum energy to determine the Doppler
frequency(Satorius et al., 2003). Maximum likelihood estimation is also a feasible method
for carrier tracking in EDL phase(Cattivelli et al., 2008). However, the both methods
are open-loop methods which require considerable computational resources to realize real-
time processing, especially when sampling rate of data is large. Further, since only linear
frequency model is considered, these two methods have limited tracking accuracy. Anoth-
er study proposed an adaptive linear prediction method (ALP) to estimate the Doppler
frequency(Lopes et al., 2006). Compared with the method proposed in(Satorius et al.,
2003), ALP requires significantly lesser computational resources; however, its tracking ac-
curacy remains inadequate.

A frequency-locked loop (FLL) based on a fast Fourier transform (FFT) frequency
discriminator has a strong ability to track a weak signal. However, the FFT frequency
discriminator has low frequency resolution, resulting in low tracking accuracy of Doppler
frequency. Furthermore, the dynamic tracking ability is restricted by the characteristics of
the FFT frequency discriminator itself.

A phase-locked loop (PLL) is a high-precision Doppler frequency tracking algorithm.
Phase-locked loop (PLL) architectures are still widely used in many modern receivers. How-
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ever, a traditional PLL is seriously compromised by many factors, including high dynamics,
shadowing, strong fadings and so on(Vila-Valls et al., 2017).

Therefore, many PLL improvement strategies have been proposed. One is to combine
the FLL with the PLL; doing so combines the high-dynamic tracking capability of the FLL
with the high-precision tracking capability of the PLL(Mao & Chen, 2008). The tracking
accuracy and weak-signal tracking ability of the PLL can also be improved by adopting
Kalman filters (KF)(Won et al., 2012). Furthermore, adaptive KFs (AKFs) provide robust
solutions compared with KFs(Vil-Valls et al., 2015; Won, 2014). It is also feasible to com-
bine wavelet packet denoising with a PLL to improve the tracking accuracy or weak-signal
tracking ability of a PLL(Li et al., 2011). In addition, discrete wavelet transform filtering
and Kalman filters(KF) are combined to enhance signal carrier tracking robustness(Ruan
et al., 2017).Wavelet de-noising adaptive Kalman filter (AKF) are also presented in Sun et
al. (2017); Pengyue et al. (2016).

In this study, the phase discriminator is recognized as a key module that limits PLL
performance improvement, and a new phase discriminator is designed by signal transforma-
tion which basis function is new defined. The novel phase detector is used to replace the
traditional arctangent phase detector, resulting in a large improvement in the PLL perfor-
mance. This improvement enables accurate estimation of Doppler frequency of extremely
weak and high-dynamic signals.

2 Realization of novel phase detector

2.1 The structure of Costas PLL

. Integrate/ X (mT;)
Dump filter
Uy (T}

| Carrier | | . AG(mT)[  Phase I
Generator NCO Loop filter detector
A

UaQ(?’ﬁT:)

Integrate/
Dump filter Xy(n T

Figure 1. Costas PLL structure.

Ui(mI)
—

Figure 1 shows the structure of the PLL. The input signal and the reconstructed sig-
nals of the two branches are respectively mixed, and then, the mixed signals are sent to
integrate/dump filter. Integrate/dump filter is a low pass filter. We assume that the period
used in integrate/dump filter in figure 1 is 70, and the function is summing up the data for
each continuous period of time(7°0). The phase difference between the real and the recon-
structed signals can be identified by phase detector. The phase detector’s output is used as
the input of the loop filter (LPF). NCO is an integrator. Finally, the NCO’s output is used
to generate the reconstructed signal.

Figure 2 shows the linear discrete structure of a third-order Costas PLL. The transfor-
mation between a continuous system and a discrete system is given by

1 Tz71
-=—07. (1)

S 1—=2
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The measured Doppler frequency is
w1
= —. 2
fi= 2)
As is seen in figure 2, loop filter is JR(Jaffe-Rechtin) filter(Tian et al., 2016), w; is the
output of JR filter. T is sampling period of input data of JR filter. w, is natural frequency
of PLL.

JR filter

Ny
N
A J

Figure 2. Linear discrete structure of third-order Costas PLL.

2.2 Basic principle of novel phase detector

Wavelet transform is suitable for signal denoising by decomposing signal and noise into
different spaces. In the field of optics, wavelet transform can be used for phase retrieval from
fringe pattern(Zhong & Weng, 2005). Similar to wavelet function used in wavelet transform,
a new basis function is defined and which is given by

1 t2
Y(t) = (E - ﬁ)ewp(—TRg) (3)
In equation (3), R is an adjustable parameter. In a practical application, R would be set to
a fixed constant.

WhenR = 1, 9(t) is known as Mexican hat wavelet, and the admissibility condition is
satisfied. When R # 1, the admissibility condition is not satisfied, that is, the 1 (¢) does not

satisfy
oo |7 2
ey = [ g <o (4)

—eo wl

n (w) is Fourier transform of ¢(¢). It means that when R # 1, ¢(¢) isn’t a wavelet func-
tion because the traditional definition of wavelet requires that it satisfies the admissibility
condition. But 9(t) can be still a basis function used in signal transformation.

The Fourier transform of equation (3) is

P(w) =V2r(1— R+ R3w2)exp(—%R2w2). (5)

1[ (w) is shown in Figure 3. When the frequency exceeds a certain range, the amplitude
rapidly decays to close to 0.

Just like family of wavelets defined in wavelet analysis, the corresponding family of ()

Pan(t) = %w(t b

is

)- (6)
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Figure 3. Spectrum of ¥ (¢) with different R value.

The I way mixed signal is

X1(t) = Acos(2m fot + ¢(t)),t > 0. (7)

The Taylor expansion of ¢(t) at t = b is
p(t) = @(b) +¢' ()t —b) + -+ (8)
If the higher-order terms are ignored, ¢(t) in the neighborhood of ¢t = b can be expressed

as o(t) = (b)+¢'(b)(t—0b). Therefore, equation (7) in the neighborhood of ¢t = b is expressed

h X (t) = Acos(27 fot + p(b) + ¢’ (b)(t — b)), t € (b—¢€,b+¢). (9)

The Fourier transform of equation (9) is

X (w) = And(¢' (b) + 2fom — w)exp(—ibe' (b) + ip(b)) 10)
+AT (' (b) 4 2 fom + w)exp(iby’ (b) — ip(b)).

The signal transformation of equation (9) is

Wig(a,b) = / X1 (t)Yab(t) XI %b w)dw
(11)
/ X (w aw)elb‘”dw = B(a, b)cos(p(b) + 2bfom).

In equation (11) B(a,b) = V21 A(1— R+a*(¢' (b) +2fom)?) R*)exp(—L1a? (¢ (b) +2fom)* R?)
and overbar ” —” denotes a complex conjugation. Wiy (a,b) is the projection coefficients of

X](t) on ’l/)a’b(t).
Similarly, for the Q way mixed signal

Xo(t) = Asin(2r fot + (1)), > 0. (12)

The signal transformation of X¢(¢) is
War(a,b) = Bla, bysin(p(b) + 2bfom). (13)
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B(a,b) in equation (13) is the same with B(a,b) in equation (11).
The complex variable is constructed by using equations (11) and (13):

Zr(a,b) = Wiys(a,b) + iWgy(a,b). (14)

When «a is determined, Z;(a,b) degenerates into a complex variable Z;(b) that is only
related to the parameter b. Then, ¢(b) is expressed as

p(b) = arg(Z; (b)) + 2bfor. (15)

In this study, center frequency fo = 0Hz. Thus, equation (15) can be simplified to

@(b) = arg(Z;(b)). (16)

b is the translation parameter. If a series of time values are taken for b, the phase
difference between the real and the reconstructed signals at each time can be obtained.
The appropriate value of R in equation (3) is important. As shown in figure 3, the R
value determines the spectral characteristics of the basis function. In our application, the
spectrum of the basis function should be characteristic of a low pass filter. Therefore, R
should be between 0 < R < 1, with a bias towards small values.

From equation (6), it can be seen that the scale parameter a affects the scaling of the
spectrum of 1, 5(t), and the translation parameter b affects the shift of the spectrum of

Yap(t).

Since the duration of the data used in each signal transformation is no more than 0.01
seconds, it means that b < 0.01. Therefore, the influence of b on the spectrum of v, (t) can
be ignored. Thus, the spectrum of 1, 5(¢) is mainly determined by a and R. For example,
when R = 0.02 and a = 50 are selected, the spectrum of 4,4 (¢) is characteristic of a low
pass filter and also has an appropriate cut-off frequency. In fact, there are many other
combinations of R and a that can also meet the application requirements, and parameters
can be selected according to the characteristics of the actual signal.

In short, we define a new function family ¢, (), then project two signals X;(t) and
Xq(t) onto 14,(t). When a is a fixed value, the phase can be reconstructed by the projection
coeflicients of these two signals. The process of signal projection is essentially a signal
filtering process, that’s the reason why this algorithm proposed here is feasible.

2.3 Data preprocessing by wavelet soft threshold denoising

In practice, the mixed signals X;(t) and X¢(¢) still contain a lot of noise after being
processed by integrate/dump filter. Therefore, if the mixed signal is processed by signal
transformation directly, the obtained phase is inaccurate. Therefore, the data preprocessing
part must be included in the novel phase discrimination module. Wavelet soft threshold
denoising is used in data preprocessing. The discrete Meyer wavelet (Dmey) is selected
in this study. The level of wavelet decomposition n = [logaN] — 1, N is the number of
data points which are used in each wavelet transform. [logsN] represents taking the integer
portion of logoN. Then, the preprocessed data can be processed by phase discrimination
based on signal transformation.

In the process of obtaining the phase of signal when using novel phase discriminator,
two steps are included. The first step is preprocessing. Given the frequency of signal is small,
a large amount of noise is eliminated by soft threshold denoising. The second step is to use
new defined basis function to carry out signal transformation, because the selected basis
function is characteristic of a low pass filter, so the noise is also removed in the process of
phase extraction by signal transformation. Using an arctangent phase detector to calculate
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the phase of signal with a duration of T is to directly calculate the argument angle of the
accumulated value of the data in that period. Compared with arctangent phase detector,
new phase detector optimizes signal denoising process.

3 Simulation
3.1 Verify correctness of novel phase detector

The two signals are respectively expressed as X(t) = cos(t + 1000t?) and Xq(t) =
sin(t + 1000t?). This study sets the data sampling rate as F, = 4M Hz, time length as
T = 1ms, and N = 50, where N means that the data with a duration of T is evenly divided
into N parts according to time and each part is accumulated into 1 point, N is also the
number of data points which is used in phase discrimination once. No noise is added.

=102

m—True phase
1871 = = = hleasured phase

0 01 02 03 04 05 06 07 08 09 1
Time(ms)

Figure 4. Set R = 0.02,a = 50, and the measured phase is shown.

Figure 4 shows that the phase of signal can be reconstructed accurately by using signal
transformation based on a new defined basis function. The average phase is obtained by
averaging the measured phase, then the average phase is used as the output of novel phase
detector and the input of loop filter.

3.2 Validation of performance improvement

In this simulation, a novel phase detector is used to replace arctangent phase detector.
The weak signal is expressed as U;(t) = cos(2m ft) + ng, no represents noise. Set 23 sets
of signals with different SNR and the signal-to-noise ratios of these signals are respectively
—55dB, —49dB, - - - , —33dB. SNR is calculated as 1010910%, where P; and P, are the power
of the signal and the noise, respectively. For third-order PLL based on arctangent phase
detector and third-order PLL based on novel phase detector, 50 times of carrier tracking
experiments were conducted randomly for each group of signals with a set signal-to-noise
ratio, and tracking data for 30 seconds at a time. The residual frequency is obtained by
subtracting the measured frequency from the true frequency, and root mean square(RMS) is
calculated for the residual frequency of last 20 seconds. Frequency of signal is assumed to be
locked correctly when RMS< 1H z, thus the probability that the frequency is locked correctly
was calculated. In this simulation, sampling rate is Fx = 4M H z, the first derivative of the
Doppler frequency is 4Hz/s and initial frequency is 1M Hz. Make w, gradually decrease
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from 10 to 2 in the first 10 seconds. The time length of the data for phase discrimination
once is T = 10ms. The scale parameter is a = 1000, R = 0.02, and N = 50. Because
T = NTp, then Ty = 0.2ms. The estimated initial frequency is set to 1000002H z in each
carrier tracking experiment, so as to eliminate the effect of initial frequency estimation on
tracking results.

Root mean square level(RMS)/Hz

Probability of being locked correctly(RMS<1 Hz)
o
()]

Signal to Noise Ratio(SNR)/dB

Figure 5. Label 1 and 2 represents Probability of being locked correctly obtained by PLL
with novel phase detector and PLL with arctangent phase detector, respectively. Label 3 and 4
represents root mean square level(RMS) of 1 second Integral of residual frequency obtained by
PLL with novel phase detector and PLL with arctangent phase detector, respectively. The first
derivative of Doppler frequency is 4Hz/s.

As is seen in figure 5, the weak-signal tracking ability of the PLL is greatly improved
when arctangent phase detector is replaced by novel phase detector. In addition, the accu-
racy of Doppler frequency measurement is also significantly improved.

Further, the first derivative of Doppler frequency is set as 100Hz/s, and make w,
gradually decrease from 20 to 2 in the first 10 seconds. Another simulation result is shown
in figure 6. High-dynamic tracking capability and the robustness of PLL algorithm are
significantly improved by using novel phase detector.

When using the same hardware, the calculation amount of the two algorithms is com-
pared in Table 1. In simulation, we set sampling rate Fy = 4M H z, the duration of data is
1 second and N = 50. N is the number of data points which are used in each signal trans-
formation and calculation amount is positive correlated with N. But in our application,
N =50 is a proper value, so let N be constant.

In addition, T is a flexible parameter, and the value of T affects the dynamic tracking
capability and weak signal tracking capability of PLL. When different values are taken for T,
the comparisons between the two PLL algorithms are similar to the results shown in Figure
5 and Figure 6. Table 1 shows the calculation amount of the two kinds of PLL when different
values are taken for T. For data of every second , the number of phase discriminations is
1/T. The smaller the T is, the more phase discriminations are required per second, and
the computation is also larger. The new algorithm is currently running in MATLAB, if the
code is rewritten by C programming language or some other programming language, then
computing time will be decrease significantly.
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Figure 6. Label 1 and 2 represents Probability of being locked correctly obtained by PLL
with novel phase detector and PLL with arctangent phase detector, respectively. Label 3 and 4
represents root mean square level(RMS) of 1 second Integral of residual frequency obtained by
PLL with novel phase detector and PLL with arctangent phase detector, respectively. The first

derivative of Doppler frequency is 100Hz/s.

Table 1. The amount of computation for both algorithms
T=10ms | T =bms T =2ms T =1ms
Algorithm type | computing | computing | computing | computing
time [s] time [s] time [s] time [s]
PLL with
arctangent 0.81 0.78 0.78 0.80
phase detector
PLL with
novel 1.97 3.04 6.26 11.62
phase detector

3.3 High-dynamic and extremely weak signal processing

Consider carrier tracking in the entry, descent, and landing (EDL) phase of Mars prober
is most challenging. So large dynamic is set in simulation data, figure 7 shows Doppler
shift and the first derivative of Doppler shift of simulation data. The maximum second
derivative of Doppler shift is 540H z/s?, and the maximum first derivative of Doppler shift
is 3612.1Hz/s. The sampling rate of simulation data is 4MHz, the signal-to-noise ratio(SNR)
is set to —40dB. T is 2.5ms. The loop noise bandwidth is set to 16.67H z(w,, = 20). Other
settings are the same as above.

Most of the signal is drowned out by noise, including the first second data. Therefore,
the strategy for rough estimation of initial frequency is to compensate a series of phase
values for the first second data and then the frequency index corresponding to maximum
amplitude is detected. The obtained frequency index can be used for initialization of PLL.
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Figure 8. (a) The recovered frequency of simulation data; (b) Tracking accuracy of Doppler

frequency at different integration times.

4 Actual data processing

When processing actual data, the loop noise bandwidth is set to 8.33Hz(w,, = 10).
Actual data consists of four channels of signals which received by UR telescope during
the Chang’e-3 landing phase. Figure 9 shows that the actual data processing results also
demonstrated the excellent performance of new method and this method will be very useful
in deep space exploration.

5 Conclusion

This study proposes a novel phase detector to replace the arctangent phase detector.
The new phase discriminator greatly improves performance of PLL, including the weak-
signal tracking ability, tracking accuracy and high-dynamic tracking capability. The simu-
lation and actual data processing results demonstrate the effectiveness of this new proposed
method.

Data preprocessing in the new phase detector is very important. Data preprocessing
can effectively remove noise, an indispensable part of the whole new phase detector.

—10—
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Figure 9. (a) Estimation of the carrier-to-noise ratio of data received by UR telescope during

the Chang’e-3 landing phase; (b) The recovered frequency of actual data.

When proper R and a values are selected, the spectrum of ), (¢) should be character-
istic of a low pass filter and also has an appropriate cut-off frequency.

There are two reasons not to use traditional wavelets. First, because admissibility
condition should be satisfied, the spectrum of wavelets always have the characteristics of a
band-pass filter, not a low-pass filter. Second, the phase of the signal may not be obtained
by using the coeflicients of wavelet transform.

The correct phase detection range of the new phase detector is +7. The reconstructed
phase needs to remove the phase value of an integer multiple of 27 to ensure that the
phase difference between the real and the reconstructed signals does not exceed the phase
discrimination range of the new phase detector. In this way, the divergence of the phase
discrimination error can be limited.
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