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Abstract In deep space exploration, many engineering and sciergificirements require the accuracy of
the measured Doppler frequency to be as high as possibler jpaper, we analyze the possible frequency
measurement points of the third-order phase-locked lodp )(And find a new Doppler measurement
strategy. Based on this finding, a Doppler frequency measeme algorithm with significantly higher
measurement accuracy is obtained. In the actual data ingesompared with the existing engineering
software, the accuracy of frequency of 1 second integrasaabout 5.5 times higher when using the
new algorithm. The improved algorithm is simple and easynplément. This improvement can be
easily combined with other improvement methods of PLL, s the performance of PLL can be further
improved.

Key words: Doppler frequency measurement: deep space exploratiotercacking: phase locked loop:
high precision

1 INTRODUCTION stress error. In a general PLL, these two errors are usually

. controlled by the noise bandwidth of the loop. However,
Doppler frequency can be used for velocity measuremenfhen the bandwidth of loop noise is reduced, the dynamic

in deep space exploration. With the development of deeyress error increases even though the random noise is
space exploration, the missions of deep space explorati%ppressed' and vice vershlgo etal. 2004aLi et al.
become more and more diverse, which requires higheo1g. In view of this contradictionMao et al. (2004
precision in various Doppler frequency measuremenpyoposed a technique of adding a fuzzy controller in PLL
methods Pong et al. 2018 On the other hand, the study g adaptively adjust the loop bandwidth, so as to minimize
of planetary science also needs higher precision Dopplghe phase and frequency tracking error of the PLL while
measurement methods. Taking interplanetary scintitiatio ensuring that the loop does not lose lock. Ren et al.
research as an example, when the electromagnetic Way$014), Liu et al. (2013 and Kou & Zhang (201§, prior
of the detector passes through the solar wind, variougformation is used to dynamically compensate the signal
particles in the solar wind will cause the occurrence ofyq 45 as possible, so that smaller loop noise bandwidth
the random fluctuation of the amplitude and phase ofan pe used to track the signal and the total phase and
the electromagnetic wave. Therefore, by measuring thequency tracking errors can be reduced. Further, linear
frequency and phase of the electromagnetic wave passingman filter (LKF) (Miao et al. 2009, extended Kalman
through the solar wind, the density, wind speed andijier (EKF) (Xu et al. 2012 Tang et al. 2013Jwo 200)
structure of the plasma in the solar wind can be deduceg, ,nscented Kalman filter (UKFMHan et al. 201pis also
(Ma et al. 2015, used for performance improvements in the PLL. To some
Phase-locked loop (PLL) is an algorithm that is ablegxtent, the tracking accuracy and weak signal detection
to measure the Doppler frequency and phase. The error @hpapility of PLL are improved, but its computational
PLL is mainly divided into two parts: one is the random complexity increase obviously. I et al. (2011, wavelet
error (mainly caused by thermal noise and oscillator noiseﬁ,acket de-noising technique is applied to PLL, which also
and the other is the steady-state error, that is, the dynamif?nproves the tracking accuracy and allows broadening
the PLL bandwidthli et al. (2019 proposed a strategy
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to estimate the steady-state phase error and compensa2td MPLEMENTATION OF HIGH PRECISION
the tracking result. When the noise bandwidth of the PHASE-LOCKED LOOP ALGORITHM
phase-locked loop is small, the method can significantly o .
reduce the dynamic stress error of the phase-locked loopl Output Positionsof Doppler Frequency in
and enhance the tracking ability of the transient phase ! hird-order CostasPLL

changg ofthe phase-logked loop. However, when Fhe nOiS@lgure 1 shows the structure of Costas PLL adopted by
bandV\_ndt_h of the loop is I_arge, even the F’y”am'c st_ressfhe classical Doppler frequency measurement software.
error is inversely proportional to the noise bandV\”dthLoop filter is JR (Jaffe-Rechtin) filter which is designed

of the loop, more random errors are introduced in theaccording to Minimum Mean Square Error (MMSE). The

compensation process of dynamic stress error, apd ﬂ}f’ansformation between continuous system and discrete
total phase measurement accuracy of the PLL is S“ghtl%ystem is given bfian et al.(2016

decreased. )
1 Tz~
- = : 1)

s 1—2z"1

In Planetary Radio Interferometry and Doppler
Experiment (PRIDE) of Joint Institute for Very Long The discrete structure used to analyze the third-order
Baseline Interferometry (VLBI) in Europe, phase-lockedphase-locked loop is shown in Figu where T is
loop is used as the basic technical unit of measurintegrate and dump period and also is loop updating
ing signal's phase and frequency in carrier trackingtime. The function of the integrate and dump filter is
(Duev et al. 201p Shanghai Astronomical Observatory to accumulate the data with time lengthinto a point
also developed a Doppler frequency measurement softwags output. In Figure, there are two output positions of
based on second-order Costas phase locked loop, amkeasured frequency.if; is selected as the output position
compared the results with PRIDE’s processing results imf Doppler frequency, the frequency of signal measured by
the measurement of interplanetary scintigraphy, it waLL can be expressed as
found that the frequency and phase measurement results of wy

the two software were highly consisteMd et al. 2018 fi= on ©)

If wy is selected as the output position of Doppler

In order to further improve the tracking accuracy frequency, then the output frequency can be expressed as
of Doppler frequency, we analyze the available output wy

=¥z 3)
27T

positions of the frequency in third-order Costas PLL, and f2

propose a new measurement method of Doppler frequency. , N

The simulation and real data processing show that the new For the case of using; as the C?Utp‘%‘ position of

algorithm has a strong ability to suppress random noise. frequency, the d|scr§te structgre in Figdtes converted .
into the corresponding continuous form, as shown in

Figure3.

. The innoygtion points gf this paper are as follows: In Figure3, 9, is the measured phasag; is the error
first, the positions of the third-order PLL, which can besignal. Its error transfer function is

used as Doppler frequency output, are pointed out, and

the similarities and differences between the two Doppler b1e(s) = 2wy s + wy, (4)
frequency measurement schemes are compared. Second, ¢ 53 + 2w, 52 + 2wis + w
a kind of high precision Doppler frequency method is  \ynen the input signal phase is a parabolic signal
proposed based on the first discovery. 0(t) = 0.5at?, the steady-state error of the measured phase
is
; ; ; ‘i : . a 2a
The first section of t.hIS paper is introduction about Ay (00) = lim s —d1e(s) = — . (5)
PLL and related technical improvement. The second 520 s wy
section is to give the concrete realization structure @diagr The steady-state error is a value related,timdicating

of the classical third-order Costas PLL and differentthat although the system at this time is a third-order
measurement schemes of Doppler frequency based on tegstem, it cannot track the second-order change of Doppler
third-order PLL. In the third section, by analyzing the frequency because it chooses as the output position of
simulation data, the differences between the improved PLIrequency. Therefore, from the perspective of eliminating
algorithm and the traditional third order PLL algorithm steady-state error, although the JR filter is a second-order
in accuracy of Doppler frequency measurement ardilter, the PLL is still a second-order PLL in this case.
compared. In the fourth section, some real data were If ws is selected as the output Doppler frequency po-
processed. The fifth section presents the summary and tiséion, the corresponding transfer function block diagram
work outlook. can be shown in Figuré
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Fig.3 Structure of third order Costas phase locked loo

with w; as output position of frequency. IC1:|g.4 Structure of third order Costas phase locked loop

with wo as output position of frequency.

When the input phase is a parabolic sighél) =
Figures3 and4 are equivalent transfer function block 0.5at?, the steady-state error of the output phase is
diagrams, both of which are continuous representations

~ . a
of the discrete system in Figue In Figure4, 6, is the Abz(c0) = lim s - —d2e(s) = 0. 7
measured phaséyd, is the error signal of input phase. Its
error transfer function is The steady-state error is 0, indicating that the second

derivative of Doppler frequency can be tracked when the
positionws, is the output frequency position of the system.
s3 In order to compare the difference between two
$3 + 2w s? + 2w2s + wd (6) Doppler frequency measurement strategies in suppressing

P2e(s) =
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random phase noise. It is assumed that the random noi:
in the input phase can be described as white noise. Tt ! ! : B —
power spectrum of the white noise $& (w) = £¢, and o
Ny is constant. For the case wheig is the measuring

point of Doppler frequency, the corresponding noise powe
transmission function is

.
<
=

,_.
<
S

Hi(w) = |1 = ¢1e(jw)*. (8)

Then the output power spectrum of the noise aftel
passing through the system is

RMS of residual frequency(Hz)

[N
o
&

Sy1(w) = Hy(w)Sx (w) . 9)

10 | | |
10°° 1072 10t 10° 10* 10?

Finally, the average noise power of the output is Integration time(s)

o Fig.5 The RMS of residual Doppler frequencies and
1 - abscissa represents the integration time of the measured
2 _ _ wT
E[Y{ ()] = By1(0) = Y- / Sy1(w)e’" dwlr=o frequency. The residual frequency is obtained by sub-
—o0 tracting the measured frequency from the real frequency.
Loop updating time is 5ms. Label 1 represents the results

17 : 1 : ; o
= — | H/(w)S JUT dwl,—o = ~w, No. obtained from PLL withw, as frequency output position,
2m / 1(w)Sx (w)e wlr=o g nito label 2 represents the results obtained from PLL with
- as frequency output position. Label 3 represents dynamic

(10)  stress error in this case. Loop noise bandwidth is set to
4.17Hz when the PLL tracks frequency stably. Sgt=
Similarly, for the case wherev; is the measuring 1MHz, f; = 300Hzs™!, fo = 0.012Hz s2, ¢ = 0.

point of Doppler frequency, the average noise power of the

outputis The time domain expression of the phase difference
E[Y2(t)] = gwnNO ) (11) A can be expressed as
E[YZ(t)] < E[Y#(t)], it means that for the case where A, :b(ﬁ 3 e
wy is the measuring point of Doppler frequency, the wy o w; w; (13)
measurement results will contain less random noise. QCOS(%)Q*%
).
w3

3 PERFORMANCE ANALYSIS
In practice, we often sety,, > 0.5, then with the

—wnt

3.1 Dynamic StressError increase oft, e=*~* ande 2" gradually decrease to 0,

and | cos(%ﬂ < 1. Therefore, when the PLL stably

After selectingw; as the frequency output position, thet ks the sianal. the time-d : . f the ph
analysis of Figur® shows that when the phase of the input racks the sighal, the time-domain expression ot the phase
difference is simplified to

signal is a parabolic signal, there is a steady-state error
between the phase of the input signal and the measured 9t 3
phase. Therefore, when there is a non-negligible second Aby(t) = b(
derivative of Doppler frequency, the measurement results

will introduce a large dynamic stress error, resulting in @ |4 this case. the phase difference of the main loop

serious decline in tracking accuracy. is the ramp signal, and the second and higher derivatives
For the Doppler frequency and phase measuremeny the phase difference are 0. The derivative/d, (¢)

method shown in Figur8, when the input phase signal \yith respect to time is the dynamic stress error of angular

is 6(t) = &bt*, the Laplace transform of the input phasefrequency, which can be expressed as

signal is©(s) = Z. Then the Laplace transform of the

phase differencé; is 2b
Aw =

W w—%)- (14)

— . (15)
wn
AB(s) = O(s)¢1e(s)

b(s + 2wy,) (12) Equation (5 will be used for accuracy analysis in

T 0 4 2wyst + 2u2s® +wds? simulation.
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Fig. 6 Probability of frequency being locked correctly and RMSesdidual frequency under different CNR3represents
the probability of frequency being locked correctly. Wheralgzing P under different CNRs, 100 Monte Carlo trials
were conducted for each fixed CNR and the RMS of residual &equless than 1Hz was believed to be correct. Label 1
represents the results obtained from PLL withas frequency output position, label 2 represents the seshtained from
PLL with w; as frequency output position. Label 3 represents optinagking accuracy of frequency which is square
root of CRLB. Label 4 represents dynamic stress error ofufeegy in this case. Sey, = 1 MHz, f; = 300Hz s,

f2 = 0.012Hz s72, ¢ = 0. Loop updating time i$ ms.

3.2 Cramer-Rao Lower Bound (CRLB) of Frequency square root of CRLB, can be calculated

Estimation
The observation data are expressed as rms(fe — fc) = fs%
m
- (18)
X[n] = Acos(wn + ¢) + A[n], 16 > 1. Ll 3 -
n=01,---,N—1, (16) 7\ A2a2N(N - 1)(2N - 1)

where A is amplitude,w is frequency with unit rad¢ £, is carrier frequency of input signal with unit HZ,

is intial phase, andV is the number of sampling points s the estimated value of.. f, is sampling rate of input

independentlyA[n] is Gaussian white noise whose mean issignal. The square root of CRLB can be used as an absolute

0 and variance is”. In a phase-locked loop, the amplitude standard to evaluate the tracking accuracy of measured

and the initial phase hardly affect the estimation accuracyequency.

of frequency, so when calculating the CRLB, it can be

considered that the amplitude and the initial phase arg 5 Accuracy Analysis of Measured Frequency

known. If w is total unknown, then the CRLB af (Zhu

2019is Simulation parameters: sampling rate = 4 MHz, total

time of signal is305 s. White Gaussian noise is added, and

o 12 set carrier to noise ratio CNR40 dB-Hz. CNR is defined

ZﬁN(N—l)(QNfl)' (7 as

var(w — @)

2

2027

@ is the estimated value ab. The optimal root mean
square(RMS) of the estimated carrier frequency, that is

Py
CNR = 101og10(ﬁo) = 101log;o( ). (29)
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Fig.7 Computing time is shown when processing 1 secondrig. 8 The estimated CNR and measured frequency. Label
data and the algorithm is achieved in Matlab language. 1 represents the measured frequeficyhich is obtained
by using PLL in whichw, as the output position of

In which P, is the signal power anY, is the noise spectral frequency. Label 2 represents the measured frequéncy
density, ands? is the noise variance arifl, is sampling which is obtained by using PLL in whici; as the output
period of input signal. position of frequency.

The phase of input signal is defined as
one order, and the ability to suppress the dynamic stress
0(t) = ga+27rf0t+27T%t2 +27r%t3. (20) error is poor. However, the new algorithm has strong
random noise suppression ability, so the total noise of the
pis the initial phase. The units ¢f, f1, f» are Hz, Hzs!,  Doppler frequency of the short-period integral obtained by
Hz s72, respectively. new algorithm is still significantly less than that of the
When setting the noise bandwidth of the |oop,original algorithm. With the increase of integration time,
considering the need to reduce the adjustment time arifie random noise is suppressed, and then the dynamic
guarantee the tracking accuracy at the same time, thgiress error of frequency starts to dominate. Due to the poor
bandwidth can be decreased gradually from a large valuability of the new algorithm to suppress the dynamic stress
to a small value in a small period of time at the beginningerror, the total error of the new algorithm is larger thart tha
of the tracking, and then remain constayai et al. 2015  of the original algorithm. To sum up, the new algorithm
In this simulation, the loop noise bandwidth was set tohas obvious advantages in the frequency measurement of
decrease gradually from 20.83 Hz to 4.17 Hz fecreases short time integration, while the traditional method has
from 25 to 5) in the first 5 seconds. advantages in the frequency measurement of long time
Figure 5 shows the accuracy of frequency underintegration. In fact, when the external force on the probe
different integration time. Under the current parameteis very small, such as during the flight of the Mars probe
setting conditions, when the integration time of frequencyto Mars, the third order term of the phase can be ignored.
is less than 3 seconds, the new algorithm can improve thét this point, the new algorithm still has advantages in
tracking accuracy of frequency. Moreover, the shorter thérequency measurement of long time integration.
integration time is, the more significant the improvement  Figure 6(a) shows the probability that the PLL can
of tracking accuracy of the new algorithm is. However,track the frequency correctly when the general parameters
when the integration time is larger than 3 seconds, thare set and the signal is set with a large dynamic. It
tracking accuracy of the new algorithm is not as goodcan be seen that the PLL can track the frequency of
as that of the original algorithm. With the increasethe signal stably when the CNR is larger than 26 dB-
of integration time, the tracking accuracy of the newHz, which meets the requirements of carrier tracking for
algorithm almost does not improve and approaches thprobes in most cases. Figu6éb), (c) and (d) illustrate
dynamic stress error. that in the case that the integration time of frequency is
The analysis of the above results shows that in theshort enough and the CNR is low enough, the random
frequency of short time integration, random noise iserror of the measured frequency is dominant, then the new
dominant, and the dynamic stress error is relatively smallalgorithm can be used to improve the tracking accuracy
Compared with the original algorithm, the order of theof frequency. On the contrary, when the integration
phase-locked loop of the new algorithm is reduced bytime of frequency is long enough or the CNR is high
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on the premise that the algorithm correctly tracks the

] frequency.
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gl A . A £ The observation data of Longjiang-2 minor satellite with
£ PN A ¥ e 2-bits sampling were recorded in Shanghai very long
z RN A/' RV S e e baseline interferometry(VLBI) data processing cented, an
o g ‘A\K,’ A\W,A’ 20 & the sampling rate and bandwidth of recorded data are
b 115 4 MHz and 2 MHz, respectively. When tracking frequency,
$ 8 % 8 ¢ ¢ $ 3% ¢ 3;10 set the loop bandwidth to 4.17Hz when loop becomes
1° stable. These data were observed by Urumugi (UR)
T, s s e v s e 0 station of Chinese VLBI network on 2018 August 24.
Scan number In observation, the VLBI station alternate observations of

Fig.9 The comparison of the accuracy of measured@dio source and Longjiang-2.

frequency obtained by different methods. Label 1 rep- When estimating the CNR of data, phase stopping
resents the accuracy of measured frequeficywhich  (Duev etal. 201pis used to concentrate the energy of
is obtained by using PLL in whichv; as the output the signal within 1Hz. The maximum amplitude of the
position of frequency. Label 2 represents the accuracy Qfgwer spectrum of data per second is taken as the
measured frequency; which is obtained by using PLL signal power and take the mean value of some amplitude

in which w; as the output position of frequency. Label 3 | h . lue in th
represents the accuracy of measured frequency obtaindg'U€s except the maximum vajue in the power spectrum

by using Doppler softwareZhengetal. 2018 which ~ as estimated noise power. Then CNR is calculated by
has been used in carrier tracking in recent deep spagaesing Equation 19). The estimated CNR and measured
exploration missions. Label 4 represents the theoreticdtequency are shown in FiguBe

optimal accuracy which is square root of CRLB. Label 5 From Figure9, several conclusions can be drawn.

represents the relative error between the accuragyafd o he third-order PLL witho, as the output position
square root of CRLB. Label 6 represents the relative error L .
between the accuracy ¢f and square root of CRLB. of frequency can obtain significantly higher accuracy of

frequency compared with the third-order PLL with,
as the output position of frequency. Second, the tracking
) _ ) ) accuracy of frequency of the new method is close to
enough, the dynamic stress error is dominant in th‘?he Cramer-Rao lower bound, which indicates that the

measured frequer)cy, then t_h? original algorithm can b(ferequency estimator obtained by the new method is close
used to achieve higher precision frequency measuremen; the minimum variance unbiased estimator even if

In practical applications, combining the advantages of th?he general parameters are set. Third, the new method

two_algonthms in fr_equency measurement, the PLL Ca%an obtain frequency estimates with significantly higher

achieve better tracking performance for frequency. accuracy than the Doppler software used for deep space
exploration Zheng et al. 2013 In addition, the coefficient

3.4 Computing Time of the quadratic term is much less than 0.1 mHZ s
when the measured frequency is fitted with a quadratic

Inthe PLL presented in this paper, there are two parametepolynomial, which illustrates that the random error is

that affect the computing time of the algorithm. The twodominantin the actual data, so the influence of the dynamic

parameters are the sampling rate of input dtaand stress error on the accuracy of the new algorithm can be

loop updating timeT’, respectively. Figur& shows the ignored.

computing time of PLL at differenf, and7T". The f set In addition, data from Chang’e-5 on 2020 November

during simulation basically cover the values of sampling28 were also processed. The differences between the

rate of recorded data which is commonly used in deepneasured Doppler velocity and the velocity of precision

space exploration. At the same tinig,is also a typical ephemeris obtained by orbit determination are below

value in practical engineering applications. The smallen5smm s™!, which further indicates the correctness of the

the value ofT" is, the high-dynamic tracking ability of proposed algorithm for frequency measurement.

the algorithm will be improved, but at the same time, the

weak signal tracking ability will become worse. The values coNCLUSIONS

of T' can be determined according to the actual demand.

For example, the smallér is, the better it is to accurately The improved PLL algorithm chooses; rather than

analyze the time when the probe crashes onto the moon;, as the output position of frequency, this frequency
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measurement strategy shows a strong ability to suppred3uev, D., Pogrebenko, S., Cimo, G., etal. 2016, A&A, 593, A34
random noise. But from the perspective of input steady-+iu, G., Guo, M., et al. 2013, in Proceedings 2013 Intermetio
state error, although the JR filter is a second-order Conference on Mechatronic Sciences, Electric Engineering
filter, the PLL is still a second-order PLL in this case. and Computer (MEC), 2927

Therefore, when the Doppler phase of the input signaHan, S., Wang, W., Chen, X., & Meng, W. 2010, Hangkong
has the third derivative with respect to time that cannot xuebao/Acta Aeronautica et Astronautica Sinica, 31, 2393 (
be ignored, there will be a large steady-state error in chinese)

selecting the Doppler frequency measurement point  jwo, D. J. 2001, IEE Proceedings - Radar, Sonar and Navigatio
which will seriously affect the tracking accuracy of 148 241

Doppler frequency, especially when setting small loopy; v xu, X., & Zhang, T. 2011, in CSEE 2011: Advances
noise bandwidth.

When the random error of the measured frequency is
dominant, such case is often encountered if the integration
time of frequency is short enough and the CNR is low odf

enough, then the new algorithm is useful in improving Li, Y., Zhang, R., & Jiang, W. 2016, in 2nd IEEE International

the tracking accuracy of frequency. On the contrary, in the o
Conference on Computer and Communications (ICCC), 294

case that the integration time of frequency is long enough
g q y g 9 Ma, M. L., Zheng, W. M., Chang, S. Q., & Zhou, W. L. 20186,

or the CNR is high enough, the dynamic stress error T ) ) } ]
is dominant in the obtained frequency, then the original ii'.em'a)s'n'ca Physica, Mechanica & Astronomica, 46, 7 (i
inese

algorithm can be used to achieve higher tracking accurac
of frequency. In practice, combining the advantages of the"1@0: W.-L., Tsao, H.-W., & Chang, F.-R. 2004a, IEE Proc.-
two algorithms, better tracking performance of frequency Radar Sonar Navigation, 151, 171
can be achieved by PLL. Mao, W.-L., Tsao, H.-W., & Chang, F.-R. 2004b, IEEE Signal
In fact, in many cases, the third derivative of the phase Processing Letters, 11, 431

is very small and can be ignored, which illustrates thatMiao, J., Sun, Y., Liu, J., & Chen, W. 2009, in 2009 Sixth
the random error is dominant in the actual data. At this International Conference on Fuzzy Systems and Knowledge
point, the new algorithm still has advantages in estimating Discovery, 4, 438
frequency of long time integration. The improved PLL Ren, C., Liu, Q. Wang, M. & Yang, L. 2014, in
algorithm is easy to realize and the effect is extremely Proceedings of the 2014 International Conference on \iéisele
good. Communication and Sensor Network, 114

Tang, X., Falco, G., Falletti, E., & Lo Presti, L. 2013, in 21
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