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Abstract: In the optical fiber time transfer system, fiber optic time transfer is limited by the pulse sig-
nal time delay measurement precision, and cannot benefit from a higher precision of the carrier phase
information. Its transfer precision compared to the frequency transfer exists in a larger gap transfer.
This paper proposes a time delay measurement method based on carrier phase and pseudo-code
ranging for optical time transfer. The time signal is modulated with pseudo-random code and carrier
at the transmitter, and the time delay is measured at the receiver by the methods of pseudo-code rang-
ing and carrier phase measurement. The time transfer is achieved by eliminating the transmission link
delay through a two-way method. The first-order difference value of the carrier phase measurement
and the pseudo-code ranging measurement are used as the observation quantities, and they are fused
through a Kalman filtering method to finally obtain the high-precision time difference measurement.
We validate the theory on the common-clock experimental platform over a 50 km fiber link, The
time transfer stabilities of the systems are 5.2254 x 10714 /s and 2.146 x 10716 /10* s (modified Allan
deviation), 3.0169 x 10~ /s and 1.2392 x 10~12/10% s (time deviation). The standard deviation of
the time transfer system after fusion can reach 2.4255 ps.

Keywords: optical time transfer; pseudo-code ranging; carrier phase measurement; Kalman filter

1. Introduction

As one of the seven basic physical quantities, time has the highest measurement
precision, and the measurement of other physical quantities can usually be converted into
the measurement of time. At present, the stability of the optical clock has reached the level
of 2 x 10718 [1]. How to transmit the high-precision time signal generated by the clock
is of great significance for global satellite navigation systems [2—4], atomic clock group
time comparison [5], deep space exploration [6] and other fields. The traditional satellite-
based common view method [7] and satellite bidirectional time—frequency transmission
method [8,9] are greatly affected by the environment and have limited precision. It can no
longer meet the increasing precision requirements. Compared to traditional satellite-based
wireless time transfer methods, fiber optical time transfer has the characteristics of high
precision and strong anti-interference ability. So it has become a key research topic in the
field of time transfer. Multiple international laboratories have conducted research based on
fiber optic time transfer technology [10-17].

At present, the main methods of time transfer based on optical fibers are optical time
transfer based on white rabbit time synchronization network [18]; optical fiber bidirectional
time transfer based on optical amplitude modulation 1 pulse per second (1 PPS) time
signal [19]; optical bidirectional time transfer based on optical amplitude modulation
pseudo-random code [20]. Optical time transfer over a white rabbit network requires
transmission over a dedicated white rabbit time synchronization network with limited
precision. The synchronization precision can only reach sub-nanoseconds, so it is often
used for networked time synchronization that does not require high precision. There are
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two problems in the optical bidirectional time transfer method based on optical amplitude
modulation for 1 PPS time signal. Firstly, the time interval counter used for the 1 PPS time
signal measurement has a measurement precision of 25 ps, which can no longer meet the
requirements of high-precision time transfer. Secondly, the time signals transmitted in
both directions need to be modulated to different wavelengths to prevent backscattering
from deteriorating the short-term stability of time transmission. Due to the dispersion
and birefringence effects of optical fibers, different wavelengths can cause asymmetry
of two-way delays [21]. Moreover, for long-distance transmission, the compensation for
asymmetric delay is complex and difficult to achieve. Chen Zufeng et al. proposed a single-
fiber time-division multiplexing bidirectional time transfer method [22], which simplifies
the compensation structure and improves the transfer precision due to the bidirectional
transfer using the same wavelength optical carrier and avoiding the noise of backward
scattering by time-division multiplexing, which does not need to compensate for the fiber
link but only needs to calibrate the site equipment. However, the time-division multiplexing
method requires time synchronization of the time transfer equipment, and is not applicable
to multi-site time transfer.

The optical fiber time transfer method based on optical amplitude modulation pseudo-
random codes allows two-way transmission of signals using the same wavelength at the
same time by assigning different pseudo-codes, avoiding the dispersion effect caused by
different light wavelengths. However, the measurement precision that can be achieved by
using the pseudo-range measurement method is limited , and the higher-frequency carrier
cannot be used to achieve higher-precision measurement. M Rost et al. [20] connected two
satellite bidirectional time—frequency devices at different locations over dark fiber, and due
to the advantage of the large fiber optic bandwidth, a code rate of 20 MHz was used to
transmit pseudo-random codes to achieve the highest precision. After calibration, time
transfer with an uncertainty of less than 100 ps was achieved over 73 km of optical fiber, and
carrier phase measurements have higher measurement precision than pseudo-code phase
measurements.However, the measurement value of the carrier phase has integer ambiguity;
when using carrier phase measurements for time transfer, the integer ambiguity needs to
be determined first. Time transfer techniques based on carrier phase measurements have
been widely used for satellite time and frequency synchronisation [23-25]. But it has not
been applied in the field of optical fiber time transmission.

In this paper, a high-precision clock difference measurement method in the optical fiber
time transfer system based on a Kalman filter is proposed. The pseudo-range measurement
value and carrier phase measurement value are obtained at the receiver through the tracking
loop. The pseudo-range measurement value and the first-order difference component of
the carrier phase are taken as the observation values, then the Kalman filter equation is
established. We obtain smooth and precise clock deviation measurements through filtering,
and realize high-precision fiber optic time transmission finally.

2. Theory
2.1. Fiber Optical Time Transfer System

There are two stations in the optical time transfer system, one is the receiver and
the other is the transmitter, they have a fully symmetrical structure and eliminate link
transmission delay through two-way transfer. A structure diagram of the system is shown
in Figure 1. Clock sources A and B provide the reference frequency signal and 1 PPS time
signal for the receiver and transmitter, respectively. The receiver generates the pseudo-
random code and carrier wave through the clock signal provided by the clock source.
After the pseudo-random code modulation and carrier modulation, the time transfer
signal is converted from an electrical signal to an optical signal by the laser, whose central
wavelength is 1550 nm. The optical signals are transmitted in both directions via a single
fiber loop. After transmission over the fiber optic link, the optical signal is reconverted
into an electrical signal by means of a photodetector at the receiver end. The pseudo-
range and carrier phase measurement values are obtained by means of a pseudo-range
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measurement unit and a carrier phase measurement unit. The pseudo-range and carrier
phase measurement values then include the transmission delay and the clock difference
between the two sites.
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Figure 1. Structure diagram of optical fiber time transfer equipment.

The pseudo-range measurement equation can be expressed using the following for-
mula, where py, and p,; are the pseudo-range measurement values. Tx, and Tx; are the
pseudo-code transmission delays of station A and station B. At the same time, Rx, and
Rxy, are the pseudo-code receiver delays of station A and station B. dj, and &, are the clock
differences between the two stations. 13, and 1,;, are the pseudo-code transmission delays
of the optical fiber link. {}, and {,;, are the noise of the pseudo-range measurements.

Pba = Tpa + TXp + RXg + Opg + Cpa 1)

Pab = Tab + Tx; + Rxb + 5ab + gah (2)

The pseudo-range measurements of the clock difference are as follows

5 — Pab — Ppa + Txp — Txg + Rxy — Rxp — Cap + Cpy 3
ab — > ()

The carrier phase measurement equation can be expressed using the following formula,
where ¢, and ¢, are the carrier phase measurements, Txp, and Txp, are the carrier
transmission delays of station A and B, and Rxp, and Rxy,, are the carrier reception delays
of station A and B. 7, and Ty, are the carrier transmission delays on the optical link. ¢,
and ¢, are the carrier phase measurement noise. Ny, and N, are the integer ambiguities
of the carrier phase measurements. T}, is the carrier cycle.

Nan + P = Txpa + Tpab + Rpr + Oap + €ap 4)
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Npr + Pp, = Tpr + Tpap + Rxpa ~+ Opa + €pa 5)

The carrier phase clock difference measurements are as follows:

(Na — Nb)TP + Pap — Pva — €ap + €pa + TXpp — TXpa + Rxpa — Txppy
2

Sy = (6)

The optical bidirectional link has a symmetrical time delay and high stability, the re-
ceiver transmitter signal processing time delay is precisely calibrated and compensated
and has a high stability. The measurement error of clock deviation mainly comes from the
noise of pseudo code ranging and carrier phase measurement. Formulas (3) and (6) can be
simplified as follows:

(Na — Nb)Tph + Pab — Poa — €ab + Epa
2

@)

Oap =

5, — Pab = Pha ; Cab + Cba ®)

2.2. Analysis of Code Phase and Carrier Phase Measurement Precision

The pseudo-random code is modulated by binary phase shift keying (BPSK), the code
tracking loop replicates the pseudo-code with the same phase as the received pseudo-code
through the numerically controlled oscillator (NCO), and the code phase measurement
value of the received signal is obtained according to the control parameter of the NCO,
in the fiber optic channel, without considering the interference; the time transfer station
is relatively fixed, without considering the measurement error brought by the dynamic
stress. Code phase measurement errors are mainly caused by thermal noise from the link
transmission and reception equipment. The code phase measurement error equation is
shown below [26]. By is the code tracking loop noise bandwidth, C/N is the carrier ratio
of the received signal, T is the coherent integration time, B fe is the front-end bandwidth,
and T, is a code slice width.

B T. 1
UDLL—\/ZC/N%(l—i-HC/N) ©)

Assuming that the loop bandwidth of the tracking loop is 2 Hz, the coherent integration
time is 2 ms, and the front-end bandwidth B e is 50 MHz, BPSK-m means the code rate is m
times 1.023 MHz. The precision of the code phase measurement error is shown in Figure 2.

As shown in Figure 2, under the same carrier to noise ratio conditions, as the bit
rate increases, the measurement accuracy also improves. However, due to the limited
processing bandwidth of the receiver front-end, the bit rate cannot be infinitely increased,
which limits the accuracy of the pseudo code ranging method.

The measurement error of the carrier phase is generated by the carrier loading loop of
the carrier trace loop. In the optical fiber time transfer system, the position between the
sites is relatively fixed, and the transmission delay of the link will not fluctuate excessively.
Therefore, the carrier phase measurement error is mainly caused by thermal noise like the
code phase measurement error.

1 [ B 1
OPLL = 271\/C/N <1+ ?.TC/N) (19
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Figure 2. Measurement error of the code phase.

Assuming that the circular band width of the carrier tracking ring is 10 Hz and
the relevant points time is 2 ms, the measuring value error of the carrier phase is shown in
the figure below.

As shown in Figure 3, the precision of carrier tracking can reach one ten-thousandth of
a whole cycle when the carrier noise ratio condition is 75 dBHz; When the carrier frequency
is up to GHz, the measurement precision of the carrier phase can reach sub-picoseconds,
which is two orders of magnitude higher compared to the pseudo-code measurement
precision under the same carrier-to-noise ratio condition.
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Figure 3. Measurement error of the carrier phase.
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3. Kalman Filter Error Smoothing for Carrier Phase and Pseudo-Range Measurements

The time delay can be calculated using the carrier phase observation and pseudo-code
ranging observation. There is no integer ambiguity for the pseudo-code measurement,
but the measurement noise is too high. Carrier phase measurements have a high measure-
ment precision, but there is an integer ambiguity, the values of N, and Nj are unknown.
The time delay measurement cannot be directly obtained from the carrier phase measure-
ment value. Therefore, it is necessary to combine the carrier phase with the pseudo-code
ranging measurement to obtain a high-precision, non-ambiguous clock difference measure-
ment in an optical time transfer system.

Assuming the observed value of the pseudo-code range for the time delay is p(t;),
the derivative at ¢;

tiy1 —ti
Assuming the observed value of the carrier phase for the time delay is ¢(t;), the deriva-
tive at t;

¢,(t[) — ¢(ti+l) 7¢(tl) (12)
tiv1 — 1
The physical meaning of the pseudo-range observation and the derivative of the carrier
phase is the same, both reflecting the variation in the time delay.

o' (ti) = ¢'(t;) (13)

So, the following formula can be derived.

ti ti
pltin) = p(t) + [ o't = p(t)+ [ g/t (14)

From the above equation, it can be seen that the time delay measurement value at
the next time can be calculated from the pseudo-range measurement value at the previous
time and the change in the carrier phase during this time interval. Compared to pseudo-
range measurements, carrier phase measurements have a higher stability. Therefore, we
can use the first-order differential data of carrier phase observations as the variation in
clock deviation within the sampling interval to improve the precision of the clock deviation
measurement. By using the Kalman filtering method to fuse the pseudo-range measurement
value and carrier phase measurement value, a highly stable and unambiguous clock error
measurement result is output for high-precision time transfer between systems.

The state equation is established as follows:

X = AXy_1 + wy (15)
The measurement equation is established as follows:
Zry = HX} 4+ vy (16)

In the formula above, k represents the observation time and X}, is the estimated state.

X = [p,} .0 is a time delay measurement result. (,b/ is the average rate of change in the

¢

. . s . 1 At
time delay . A is the state transition matrix, A = [

0 1 ] . At is the sampling interval for
p(ti)

the time delay measurement. Zj is an observation, Z; = { /

¢ (t)

} ; H is the observation
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. 1 0 . o . . . .
matrix, H = [ 0 J , Wy is the state excitation noise, vy is the time delay measurement noise.

Assuming that w;, and v are white noise that conforms to a normal distribution.

p(w) ~ N(0,Q) (17)

p(v) ~ N(O,R) (18)
Q1 0
0
} . Q and R have different values in different

Q is the covariance matrix of state excitation noise. Q = { ] . Ris the covariance

Ry 0

0 Ry
time transfer links, and selecting appropriate parameters can make the filtering value
converge faster.

Kalman filter prediction process: The prediction process is also called the time update
process. In the time delay smoothing filter process, it refers to using the state equation to
predict the current epoch state value based on the state estimation value of the previous
epoch. The equation is as follows

matrix of the measured noise, R = [

R =A%, (19)

P, = AP 1AT+Q (20)

Kalman filter correction process: The correction process is also called the measurement
update process. In the smoothing process of the time delay measurement, the actual
observed pseudo-range measurement value and carrier phase measurement value are used
to correct the a priori estimated value obtained in the prediction process. The equation of
the correction process is as follows:

1
Ki = P HT (Hpk— HT + R) 1)
X = X + Ke(Z — HXY) (22)
P, = (I — KgH) P, (23)

X,: is the state prediction value, Kj is the Kalman gain, P, is the prior error covariance
matrix, Py is the posterior error covariance matrix, I is the unit matrix and Xk is the state
estimate value.

The Kalman filtering process is shown in Figure 4. The carrier phase measurements
first-order difference and the pseudo-range measurements are used as observations for the
Kalman equation together. The Kalman filter equation is established after determining the
Q and R matrix parameters. The final output is the filtered time delay measurements.

Fi.rSt Order Carrier Phase
Difference

Carrier Phase Measurement
Measurement First Order
Difference

. Q and R Matrix . .
Combined Parameter Kalman Filter Kalman Filter

Observations Selection Fusion Fusion Value

Pseudo-range
Measurement

Figure 4. Kalman filter process diagram.
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4. Experimental Verification

In order to verify the feasibility of the fiber optic time transfer method based on
pseudo-random noise code and carrier phase measurement, this paper sets up a fiber optic
bidirectional time transfer link, and the device diagram of the experimental system is
shown in Figure 5. In order to avoid the influence of the clock difference between different
clocks on the transmission results, this paper adopts the same cesium atomic clock to
simultaneously provide 1 PPS and 10 MHz as time references for the bidirectional time
transfer equipment. A bidirectional time transfer experiment using 50 km of optical fiber
was carried out. The experimental setup mainly consists of optical fiber bidirectional time
delay measurement equipment, an optical circulator, optical fiber, and optical transceiver
module. The temperature of the laboratory was controlled within 1.5 degrees Celsius using
precision air conditioning.

Reference h
1PPS Fibre Optic Two- Opttical

v

Reference Way Modem Module
Frequency
Optical
Circulator
Measurements|| Control Command
50KM
ptical
Fiber
Computer
Measurements|| Control Command
Reference 4 h
1PPS Fibre Optic Two- Optical
Reference Way Modem Module
Frequency
Optical
Circulator

Figure 5. Experimental setup.

The fiber optic bidirectional time delay measurement equipment used is self-developed
equipment which can realize pseudo-random code modulation, pseudo-distance mea-
surement, carrier modulation, carrier phase measurement, and bidirectional comparison
function. The cesium atomic clock provides a clock reference source for the bidirectional
time delay measurement module. The pseudo-code rate of the output signal is 10.23 MHz,
and different code types are used at the two sites. The carrier frequency is 1268.52 MHz,
and the device is connected to a computer through the network port to transmit the mea-
sured data and control command data.

The optical transceiver module can realize light intensity modulation and photoelectric
detection; the optical output wavelength of the optical transceiver module of the two sites
are 1560.60 nm and 1560.42 nm; the optical output power is 10.15 dBm and 10.32 dBm,
which can be used for the transmission of 1-3 GHz radio frequency (RF) signals.

The fiber optic link consists of 50 km of single-mode fiber and two optical circulators;
the attenuation coefficient of the single-mode fiber is 0.18 dB/km at 1560 nm, and the
optical circulators are designed to enable bidirectional transmission of optical signals in the
same fiber to ensure the symmetry of the bidirectional transmission time delay.

During the fiber optic bidirectional time transfer experiment, the bidirectional time
delay measurement equipment generates a pseudo-random code modulation signal, which
is modulated onto the carrier through the RF module to become an RF modulation signal.
The continuous wave laser in the optical transmitter module intensity-modulates the RF
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signal. The RF signal enters the fiber optic link for transmission after passing through
the optical circulator, and the photodetector in the optical receiver module debits the
received optical signal and recovers the RF modulation signal which is to be sent to the
bidirectional time delay measurement equipment. The time delay measurement equipment
down-converts the RF signal and then locks the received signal through the capture and
tracking loop to obtain the carrier phase measurement value and pseudo-code phase
measurement value. The measured pseudo-code phase measurements and carrier phase
measurements are fused using Kalman filtering. Based on the measured data, the clock
difference measurement value of the clock is solved by two-way comparison. The computer
collects the measured data by means of network port communication, and the two ends of
the fiber optic bidirectional time transfer have a completely symmetrical structure.

5. Discussion

Because of the hardware delay of the fiber optic bidirectional modem equipment
as well as the optical module, it is necessary to calibrate the hardware delay using the
same clock using the zero-baseline experiment before conducting the experiment, and the
calibrated delay result in the experiment of this paper is 0.728 ns, and the result of the clock
difference comparison is near the zero value after the calibration. The time reference at both
ends of the system is derived from the same cesium clock, so the settlement result of the
clock difference represents the time transfer performance of the system. The clock difference
can be solved directly by bidirectional comparison of the pseudo-code phase measurements
obtained through the two sites, but due to the existence of the integer ambiguity, the carrier
phase measurements obtained have higher precision and cannot be used directly for the
calculation of clock difference after bidirectional comparison. Therefore, a high-precision
clock difference measurement is achieved by fusing the carrier phase measurement after
comparison through first-order differencing with the clock difference obtained from the
pseudo-code phase measurement through Kalman filtering. We smoothed the measured
data for 10 s finally. The clock difference measured directly by the pseudo-code phase
measurement and the clock difference measured after Kalman fusion are shown in the
Figure 6. The peak-to-peak value of the clock difference obtained from the pseudo-code
phase measurement is 71 ps, and the standard deviation is 8.346 ps, while the peak-to-peak
value of the clock difference converged by the Kalman filter is 13 ps, and the standard
deviation is 2.4255 ps, which is a big improvement in precision.

In the field of fiber optical time transfer, the stability of clock signal measurements
after transmission is usually evaluated using the modified Allan deviation and time de-
viation. The Allan deviations are shown in Figure 7a. The modified Allan deviations
of the pseudo-code ranging-based time difference measurements are 8.9408 x 10713/s,
7.1222 x 10714 /102 s and 2.2680 x 10~16/10* s. After the Kalman filter fusion, the modi-
fied Allan deviations are 5.2254 x 10~1*/s,5.7219 x 10~ /10 s and 2.1464 x 1071¢/10* s,
which is an order of magnitude improvement in the short-term stability. The time deviation
of the common clock experimental platform is shown in Figure 7b. The time deviation
of the pseudo-code ranging-based time difference measurements are 5.1620 x 10713 /s,
4.1120 x 10712/10? s and 1.3094 x 10712/10* s. The time deviations after Kalman filtering
are 3.0169 x 10~'*/s,3.3036 x 10713/10? s and 1.2392 x 10~12/10* s.

As shown in Figure 7, the short-term stability of the time transfer system after filter
fusion is significantly improved due to the introduction of a higher-precision carrier phase
measurement to smooth the measured clock difference, suppress the noise of the pseudo-
code phase measurement, and improve the precision of the clock difference measurement,
thus improving the short-term stability of the time synchronization system. The long-term
stability of the system converges. This is due to the fact that the long-term stability of the
system is related to the stability of the fiber optic link and the optical module, and improving
the precision of the clock delay measurement has a limited effect on it.
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6. Conclusions

In recent years, with the increasing demand for high-precision time and frequency in
various fields, time and frequency transfer technology has developed rapidly. In particular,
fiber optic time and frequency transfer, due to its high precision, anti-interference ability,
and wide coverage, has become the first choice of high-precision time and frequency
solutions, and fiber optic time and frequency transfer in the field of time and frequency
transfer. The development of the frequency transfer is faster than the time transfer, and it
is able to achieve transmission with a stability of the order of magnitude of 1078, but the
fiber optic time and frequency transfer is limited by the time delay measurement precision
of the pulse signals, and cannot profit from the higher precision of the carrier phase
information and its performance compared to the frequency transfer. There is a large gap in
the transmission of the frequency transfer. Therefore, in the field of fiber optic time transfer,
this paper proposes a high-precision fiber optic transfer time delay measurement method
based on Kalman filtering.
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Different from the traditional time transfer method, this paper achieves a high-
precision and blur-free time delay measurement by applying pseudo-code phase mea-
surement and carrier phase measurement to the time delay measurement of the fiber optic
time transfer system. Compared with the 1PPS fiber optic time transfer system, there is
no need to use different optical wavelengths to suppress backward scattering, and there-
fore, no need for a complex time delay compensation system. The transmission precision
is also improved. Compared with a fiber optic time transfer system that directly uses
pseudo-random codes, the introduction of carrier phase measurements for filter fusion im-
proves the precision and short-term stability of the time transfer system. M Rost et al. [20]
achieved time transfer through optical fibers over a distance of 73 km with an uncertainty
below 100 ps by directly using pseudo-random codes, compared with the fiber optic time
transfer system over a 50 km fiber optic link which achieved a peak-to-peak value of 13 ps,
a standard deviation of 2.4255 ps, and a short-term stability of 3.0169 x 10714 /s (time
deviation) in this article; the precision has been significantly improved by using the theory
in this paper.

The method proposed in this paper can be used in the construction of fiber optic time
transfer systems and has a large networking potential. By assigning pseudo-random codes
with different addresses to each site, the same wavelength transmission can be used in
the optical transmission network, which greatly simplifies the structure of the networked
fiber optic time transfer system. It can achieve high transmission precision and have good
stability, and can meet the demand of high-precision time transfer or time comparison.
The carrier phase measurement method is introduced in the fiber optic time transfer system,
which lays the foundation for the research of high-precision time transfer technology.
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