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Abstract The joint transfer of frequency and one pulse—per—second time signals based on dense wavelength
division multiplexing technology is demonstrated over a compensated cascaded fiber link of 230 km, consisting
of two stages of fiber links with lengths of 150 km and 80 km . A bi—directional erbium—-doped fiber amplifier is
inserted in the center of 150 km fiber link to compensate for significant optical attenuation. After every stage
has achieved the steady state by optical compensation, the Allan deviation of frequency signal of the cascaded
system is 3.1x10™" at 1 s and 6.3 x 10" at 10*s respectively; the time deviation of time signal is less than 3.5 ps
at an averaging time of 10°s to 10's. Further, it is verified that the stability of the cascaded link is the standard
deviation of the stabilities of the two stages links for both frequency and time signals. After calibration, time
synchronization is also realized and the accuracy is within 90 ps.
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1 Introduction
Remote transfer of ultra—stable frequency and time standards is of great importance in many fields such as time

measurement, communications, and astronomy. Because of rapid developments in the stabilities of the frequency

[1-2] [3-4]

and time standards’ ', especially that of optical clocks™ ™™, the traditional methods based on satellites may no longer

satisfy the high stability requirements® ®. Of late, using optical fiber links to realize such a transfer has been
considered a promising approach that delivers a much better performance”™".

However, when the total loss along the fiber link is large enough such that the photodetector in the remote end cannot
detect the signal, signal regeneration must be consider. Signal regeneration includes two aspects: one is direct optical
regeneration and the other is repeater station. Owing to its direct optical amplification, the bi-directional erbium—-doped
fiber amplifier (Bi—EDFA) has been widely applied in long—distance frequency and time transfer®"". On the other hand,
the transferred distance imposes an ultimate limitation on the feedback bandwidth based on the round—trip compensation
method. Therefore, a series of multiplexed Bi— EDFAs connected along the fiber link to realize a long— distance
transmission are not suitable for high noise—cancellation bandwidths. A repeater station would be necessary and some
experiments on cascaded systems have been carried out to obtain good performances both in the microwave frequencies
and in optical frequency transfer'” "), However, in many areas such as long baseline interferometry and deep space
networks, time synchronization is also a basic requirement"""”, Consequently, based on the dense wavelength division
multiplexing (DWDM) technology, along with transfer of frequency, the transfer of a time signal simultaneously over a
compensated cascaded fiber link 230 km in length and time synchronization have also been demonstrated. Relative
stabilities of 3.1x10™ at 1 s and 6.3x107"* at 10" s for frequency signal have been obtained. A time stability of less than
3.5 ps for an averaging time of 10” s to 10" s and a time synchronization precision of 90 ps have also been achieved. In
addition, apart from frequency signal, time signal also agrees in qualitative with the theory that the stability of the cascaded
link is the standard deviation of the stabilities of the two stages. The precision of time synchronization of the cascaded
system is almost the sum of these two stages.

Structure of the cascaded system consisting of two stages and the use of an optical compensation method to realize a
joint transfer of frequency and time as well as time synchronization between two locations 230 km in distance are
described. The detailed principles of phase noise compensation and time synchronization are demonstrated. The
experimental results of frequency and time signal stabilities of the two stages and the cascaded system are presented by
calculating phase drift and time delay variation, whilst the time synchronization performance is also shown by comparing

the absolute time delay between different locations. Finally, the relative result analysis is discussed in detail.

2 Structure of the cascaded system

The schematic diagram of the cascaded system for the joint transfer of frequency and one pulse— per—second
(L PPS) time signal is shown in Fig.1. The local and the remote ends are connected by a repeater station and two
fiber links with lengths of 150 km and 80 km, and losses of 38 dB and 18 dB, respectively. A Bi-EDFA is inserted
in the center of the 150 km link for compensating significant fiber loss. The cascaded transfer system contains two
stages. Stage 1 and stage 2 are similar except that in the fiber link of stage 2 there is no Bi—-EDFA, therefore, only
stage 1 is described in detail. The experimental temperature is around 23 °C+ 1 °C without air conditioning.

In the local end, a 10 MHz frequency signal from a high—precision clock is multiplied to a higher frequency (1 GHz),
because the distributed feedback (DFB) laser generally has a lower intensity of noise at higher frequency levels which
results in a higher signal-to—noise rate for the transfer. The 1 PPS time signal is also locked by the same clock. The
1 GHz frequency and the 1 PPS time signals are intensity—modulated on two independent transmitter modules with
different wavelengths (A,=1548.59 nm and A,=1549.33 nm), each of which contains an electro—optic modulator (EOM)
and a DFB laser. In particular, for the 1 PPS signal, the bias point of the EOM is stabilized by a bias controller'”. DWDM
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PDA:pulse distribution amplifier; PZT ODL: piezoelectric optical delay line; TC: temperature controlled; FTM: frequency transmitter module;
TTM: time transmitter module; DDC: digital delay controller; PID: proportional-integral-differential; PD:phase detector; TIC: time interval counter

Fig.1 Experimental setup of the cascaded system for a joint 1 GHz transfer of frequency and one PPS time signal
technology has been adopted to multiplex the 1 GHz frequency signal and the 1 PPS time signal. After passing through
a polarization scrambler and a circulator, the two carriers enter the fiber link. The polarization scrambler decreases the
polarization mode dispersion influence. To compensate the loss in the 150 km fiber, a Bi—-EDFA is inserted in the center
of the link. In the repeater station, the frequency and time signals demultiplexed by DWDM are detected by two separate
low noise photodetectors. The recovered frequency and time signals are divided into three branches. One is used as
reference for the next stage and the other is used for signal analysis. Without effective phase—noise cancellation, the
stability of the transmitted signals will degrade owing to the phase—noise accumulated along the fiber link. Therefore,
the basic concept of the compensation method in fiber frequency and time transfer is the round—trip method"”. Hence,
the other branches are modulated on two other carriers (1;=1547.70 nm, A,=1550.13 nm) and through the same process
as forward transfer, the frequency and time signals reappear in the local end by backward transfer. In the local end, a
phase—noise compensation module, including a phase discriminator (PD), a proportional—integral—differential (PID) circuit
and a controlled optical delay line (ODL), is applied. The ODL contains a piezoelectric (PZT) ODL and a temperature
controlled (TC) ODL. The PZT ODL is a fast fiber stretcher with a bandwidth of 2.2 kHz and a range of 17 ps for the
compensation of fast and small variations. The TC ODL has a bandwidth of 10 Hz and ranges of 9.5 ns (5 km) and 16.1 ns
(10 km) for the compensation of slow and large fluctuations. For a 1 GHz frequency signal, the returned frequency and
reference frequency are sent to the PD 1 to obtain phase noise, and than is processed by the PID circuit to control the
PZT ODL and TC ODL. Finally, the fluctuation noise is compensated along the fiber.
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3 Methods of frequency compensation and time synchronization

Details of the frequency compensation: the 1 GHz reference signal is set as V= cos(wt + ¢,) without considering
its amplitude. At the repeater station, it changes to V, = cos(wt + ¢, + ¢, + @, + Ap,), where ¢, and ¢, are the in-
herent phase shifts of the ODL and the fiber link considered as constant values, while the one trip phase fluctuation
Ag, is the variation term caused by temperature, stress, etc. With a round trip, the signal is detected in the local end
and it can be expressed as V, =cos(wt + ¢, +2¢, +2¢,,, + 2A¢@,) . Both the local reference and the transferred fre-
quency are sent to PD 1, hence, the beat note signal that is proportional to ¢, +¢,,, +A¢, is obtained. After the
PID circuit processing, the error signal —A¢, is sent as feedback to the ODL and the phase of the ODL is changed
0 @y = Pop. — A@, . Then the signal in the repeater station is stabilized to V, = cos(wt + ¢, + ¢, +@,). The phase
difference between the local reference and the transferred frequency in the repeater station is recorded by PD 3. It
reflects the stability of stage 1.

As the 1 PPS time signal goes through the same fiber link along with the frequency signal, the influence of the variation
caused by temperature and humidity on the fiber is almost the same for both the signals. So the phase noise of the 1 PPS
signal is compensated at the same time along with the frequency signal. The time interval counter (TIC) 3 records the
difference in the delay between the local 1 PPS signal and the received 1 PPS signal in the repeater station to obtain the
stability of the time signal. As the fiber link is compensated, time synchronization can also be obtained"*"”. The method
is shown in Fig.1. In the first step, without the 150 km fiber link and the Bi-EDFA, the controlled delay time is set as
T, by the digital delay controller to realize a time synchronization between the local end and the repeater station that

is recorded by TIC 3. Thus, Ty, + T, + T+ T, + Ty, + Ty =(T'y, + T, )= 1 is obtained. The cables of equal length are
selected to make T, =T,, =T,, and T, =T, =T, . At the same time, in the local end, TIC 1 records the delay time
T, between the reference and the returned signal. Then, T, + T, + T\ + T, + T, + Ty + T, + T, =Ty, + T, )=T,is

obtained. In the second step, with the 150 km fiber link and the Bi—-EDFA, the delay time of the digital delay controller
Tzv - T,
2

assumed that T, =T, . Next, the delay time of the digital delay controller is reset as T,” to realize the time

is still set as T, , while the value of TIC 1 is T,”. Then, T,+27T,, =T, (i.e., T, =

) is obtained; here it can be

synchronization, then T, + T, + T o+ T+ T, + T, + Ty =Ty, +T,;)=1. Combining with the former equation, the

T -
final value of the digital delay controller should be set as T, - % . However, all the above equations only realize time

synchronization between B1 and J1 points. J1 (or J3) point is the real end for the user, but it is O and not the B1 point

that is the clock output. Therefore, the time delay T, must be adjusted for synchronization. Then, the time

T;_Tz

synchronization value changes to T, - =Ty, - In fact, there are two effects that should also be considered and pre—

calibrated, which will make the propagation delay time of the two directions different, resulting in T, # T, . One is the
wavelength with a 0.8 nm spacing between the back and forth light and the other is asymmetry of the Bi—-EDFA . Using
a dispersion analysis machine (MTS-8000-0ODM, JDSU), the chromatic dispersion of the 150 km and 80 km fiber spools
is measured. The discrimination of delay time is 2508.1 ps/nm and 1335.4 ps/nm, respectively. Then the propagation
delay time difference caused by the dispersion is 2.232 ns and 1.188 ns for stage 1 and stage 2, respectively. Besides,
for stage 1, the delay time difference caused by the Bi—EDFA is —1.750 ns”". Finally, for stage 1, the time synchronization
T,-T, T,-T,
2 2

value is T, - — Ty, —0.48 , and for stage 2, the relative value is 7' - —T,, —1.188. Then, the digital

delay controller can feed forward to compensate the propagation delay and synchronize the 1 PPS time signal of the local
end and the repeater station.

Stage 2 exploits the same method to compensate the fiber link and realize the joint transfer of the 1 GHz frequency

0305006-4



S I S

and the 1 PPS time signals as well as for the time synchronization. For users, the frequency needs to be down—converted

to 10 MHz by a phase-locking module. The values recorded by PD 4 and TIC 4 represent the stability of frequency and
time signals of stage 2, respectively. After the two stages have reached a stable state, the properties of the cascaded
transfer system can be obtained by the phase difference between the local reference and the transferred frequency in the
remote end (recorded by PD 5), and the time delay difference between the local 1 PPS and the received 1 PPS time signals
in the remote end (recorded by TIC 5). The bandwidths of all the PDs are 5 Hz. The bandwidths of the detectors for time
and frequency are 125 MHz and 1 GHz, respectively, and the sensitivity is 1.05 A/W and 1.00 A/W, respectively. All
TICs are Stanford SR620 and the sample interval is 1 s.

4  Experimental results

The results of the overlapping Allan deviation (ADEV) of the frequency calculated from the real-time phase difference
recorded by PD 3, PD 4, and PD 5 are shown in Fig.2. The whole testing takes 8.75 h. The open—loop results are obtained
by stopping the PZT ODL and the TC ODL, in other words, without optical compensation, the closed—loop results are
opposite. The short—term instabilities of 150 km, 80 km, and the cascaded link can reach 2.3x107", 1.9x10™, and 3.1x
10 at 1 s, respectively, whereas the long—term instabilities are 5.1x107"%, 3.5x107", and 6.3x10™"* at 10" s. It can be seen
that compared to the open—loop case, the phase—noise in the closed—loop is effectively suppressed. Through the cascaded
system, the frequency signal received in the remote end is successfully duplicated from the original reference in the local
end, implying that the cascaded system maintains the coherence of the transferred frequency and the reference
successfully. As seen from Fig.2, the stability of the cascaded system is almost the standard deviation of the stabilities
of stage 1 and stage 2 that can be verified by the error theory. When a system exists with multiple random errors, the total

21
error can be expressed as™"

c’=Yadol+ z a,a,p,0,0;, (1)

i=1 I<i<j
where a, is the error transfer coefficient and p, is the correlation coefficient between different errors. Since the time—
varying propagation delay errors of the two stages are irregular and independent, the noises of each stage are random
phase errors and are independent of each other, hence, the values of a, and p, can be set as 1 and 0, respectively.

Then Eq. 1 changes to
o= 20’? . (2)
i=1

Hence, the total propagation delay error of the cascaded link is the standard deviation of the errors of the two stages.
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Fig.2 Transferred frequency stabilities of the open—loop and the closed=loop of 150 km, 80 km, and the cascaded link

The stabilities of the transferred time signal denoted by the time deviation (TDEV), calculated from the real-time delay
difference recorded by TIC 3, TIC 4, and TIC 5, can be observed in Fig.3. It can be found that the values of 150 km,
80 km and the cascaded closed—loop links decrease to only around 2.9, 1.7, 3.5 ps respectively at an averaging time of

10%s to 10*s, while in the open—loop link, the values increase sharply verifying that the optical compensation method
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Fig.3 Transferred time stabilities of the open—loop and closed— Fig.4 Time synchronization precision of 150 km, 80 km, and
loop of 150 km, 80 km, and the cascaded link the cascaded link

is effective in long—term phase—noise suppression. For the time signal, the stability of the cascaded system is almost the
standard deviation of the stabilities of 150 km stage and 80 km stage. The performance of the time synchronization is
illustrated in Fig.4. The time synchronization accuracy of 150, 80, 230 km cascaded links is within 53, 28, 90 ps,
respectively. The time difference of the cascaded link is slightly larger than the sum of that of 150 km and 80 km links
that may be due to some measurement inaccuracy in the TIC.

Relative to the transfer via satellites, all the results show better performance and can meet the high stability
requirements of most of the atomic clocks as well as the high time synchronization demands. Therefore, the cascaded

system is quite suitable for the ultra-long fiber link transfer of atomic clock signals and for time synchronization.

5 Conclusion

A system disseminating microwave signals through a compensated cascaded fiber link of 230 km with two stages
is demonstrated. Based on DWDM technology, time transmission and synchronization are also realized. By an
optical compensation method, the fluctuations in the propagation delay of each stage are cancelled out and the
entire cascaded transfer system reaches a stable state. The final frequency stability of the cascaded fiber link is
improved to 3.1x107" at 1 s and 6.3x107" at 10" s. The final time stability of the cascaded fiber link is improved to
around 3.5 ps at 10° s to 10* s. It is verified for both frequency and time signals that the stability of the cascaded
link is the standard deviation of the stabilities of the two stages. At the same time, by feeding forward to compensate
the propagation delay of the 1 PPS time signal of each stage, the time synchronization between the local end and the
remote end through the cascade fiber link is also achieved. The accuracy of time synchronization is 90 ps. At such
performance, it can be foreseen that with more stages, the transferred distance can extend to thousands of kilometers

and it can still satisfy most of the practical time and frequency applications at present.
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