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1. Introduction

High-precision time-frequency transfer has significant applica-
tions in atom clock comparison!'), navigation and position-
ing!?!, 5th generation mobile networks!®!, very long baseline
interferometry'), and other fields”®~”). With the continuous
development of modern atom clock technology, atom clocks
have achieved unprecedented frequency stability, which is better
than 1 X 107!3 at 1 s for the RF signal. The Global Navigation
Satellite Systems (GNSS) enable time and frequency dissemina-
tion with near-global coverage. However, the stability of the RF
signal is limited at a level around 1 X 107> over one day due to
the environmental conditions'®*). Time and frequency transfer
via optical fiber provides advantages such as high stability, low
signal attenuation, and immunity to environmental factors that
can affect RF signals. Furthermore, optical fiber networks have
been widely deployed, providing a large and well-connected
infrastructure that can be utilized for time and frequency trans-
fer. These advantages make time-frequency transfer over optical
fiber a promising solution for meeting the growing demand on
high-precision time and frequency signaling.
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We demonstrate a simultaneous transmission of time-frequency and data over a 160-km urban business network in
Shanghai. The signals are transmitted through a cascaded optical link consisting of 48 km and 32 km, which are connected
by an optical relay. The metrological signals are inserted into the communication network using dense wavelength division
multiplexing. The influence of the interference between different signals has been discussed. The experimental results
demonstrate that the radio frequency (RF) instability can reach 2.1 x 10~* at 1s and 2.3 x 10" at 10,000 s, and the time
interval transfer of one pulse per second (1 PPS) signal with less than 10 ps at 1s is obtained. This work paves the way for the
widespread dissemination of ultra-stable time and frequency signals over the communication networks.

Keywords: simultaneous transmission; radio frequency transfer; communication network; wavelength multiplexing.

Various methods for the transmission of time and frequency
over the optical fiber links have been investigated'*'*l. By
steering the frequency of an acousto-optic modulator (AOM),
the stable transmission of frequency signals can be realized!"”).
Although the stability of the RF signal is only 6.4 x 107'° at
10,000 s, this scheme is compact in size with a robust perfor-
mance. The phase fluctuations introduced by the link can be
compensated by frequency mixing!'®!. This passive phase cor-
rection method has a simple structure and good robustness.
The scheme using dense wavelength division multiplexing
(DWDM) has been proposed for time-frequency transmission,
where the 9.1 GHz radio frequency stability is 7.0 X 10" at 1 s
and 4.5 x 107"% at 1 day at 80-km fiber link, and the precision of
time synchronization is about 50 ps!'”). The system has been
extended for simultaneous transmission of optical frequency
reference, RF reference, and a 1 PPS (PPS, pulse per second) time
signal'’®. However, these experiments are still conducted on
dedicated fiber networks without data transmission.

Furthermore, parallel transmission of metrological signals
with data communication by DWDM technology is also made.
The scheme for simultaneously transferring metrological signals
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with Internet data over a 540-km public telecommunication net-
work has been constructed!"*). To reduce channel resource con-
sumption, all optical signals are co-located in a single DWDM
channel to reduce the optical bandwidth used for metrological
signals’®”), The scheme for simultaneously transmitting stable
time-frequency signals and data with a single wavelength has
been proposed?!). With active compensation based on an opti-
cal delay line, the frequency instability 5.9 x 10~'7 at 10,000 s
over a 106-km urban fiber link is obtained. Much excellent
research has been done on long distance optical frequency'*?),
radio frequency®*?*, time/**?°), and simultaneous transmis-
sion® ! All of the present research is focused on the joint
transmission of metrological signals over longer or more com-
plex optical fiber links. However, the analysis of interference
between different signals is important for practical application.
Compared to other simultaneous schemes, our proposed
scheme offers a simple structure that is well-suited for long-dis-
tance transmission. Moreover, it exhibits strong scalability,
making it convenient for network transmission and expansion.

In this paper, we demonstrate a simultaneous transmission of
time-frequency and data with co-amplification over a 160-km
urban business network in Shanghai. The metrological signals
are inserted in the communication network using a DWDM
scheme. The overlapping Allan deviation (OADEV) for the
2.2 GHz radio frequency achieves 2.1 X 1074 at 1 s and scales
down to 2.3 x 107!7 at 10,000 s, and the experimental results
demonstrate that the proposed method can meet the require-
ments of transmitting ultra-stable time-frequency signals over
a public communication network. We also analyze the effects
of the interference between different signals with the common
amplifiers. This work paves the way for the development of
ultra-stable time-frequency network distribution in public tele-
communication networks.

2. Implementation Principle and Experimental Setup

The DWDM schemes allow for the transmission of multiple
optical signals on different predetermined slots of optical
channels, which is commonly used in long-haul optical net-
works. The urban fiber link consists of three sites located at
the Shanghai Institute of Optics and Fine Mechanics (SIOM),
Chinese Academy of Sciences, the Shanghai Branch of Chinese
Academy of Sciences (SHB), and the Shanghai Institute of
Measurement and Testing Technology (SIMT). The location
of these three sites is shown in Fig. 1.

The length of the urban fiber link between the SIOM and the
SHB is 48 km, and the length between the SHB and the SIMT is
32 km. The total length of the urban fiber link is 160 km, with a
loss of 52 dB, which is higher than the standard loss of laboratory
fiber links due to unclean or aged connectors and fiber compo-
nents. To avoid the degradation of transmission performance
due to low received signal power, the bi-directional erbium-
doped fiber amplifiers (Bi-EDFAs) are placed in the relay station
(SHB).
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Fig. 1. Schematic of the urban fiber link connecting the SIOM, the SHB, and
the SIMT.

To eliminate the effects of the environmental temperature
changes and mechanical vibration on the stability of metrologi-
cal signals in actual links, we propose the scheme for simultane-
ous transmission of time-frequency and Internet data, as shown
in Fig. 2.

The simultaneous transmission scheme consists of three main
components: the stable RF transmission, the accurate time
transmission, and the data transmission. In the DWDM system,
the wavelength spacing of the adjacent channels is 0.8 nm, and
the power level of each channel is set to 6 dBm to avoid nonlin-
ear effects. The specific composition of the transmission systems
is depicted in Fig. 2. The local site (LS) and remote site (RS) are
both located at the SIOM for ease of performance evaluation.
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Fig. 2. General scheme of transmitting metrological signals with data in the
public telecommunication network. BPF, bandpass filter; PD, photodetector;
VCO, voltage-controlled oscillator; DFB, distributed feedback laser; LF, loop
filter; PS, power splitter.
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We will describe each transmission system component in the
following paragraphs.

For RF transmission, an active compensation approach based
on an electrical phase-lock loop (PLL) is adopted. The concrete
composition of the solution is shown in the red box in Fig. 2. We
use two distributed feedback (DFB) lasers with different wave-
lengths, 1550.1 nm (C34) and 1549.3 nm (C35), to suppress the
impact of the mutual interference between the signals and the
Rayleigh scattering during fiber transmission. The RF signals
are modulated directly to the DFB lasers and the modulation
depth is 0.51.

At the local site, the RF reference can be written as the follow-
ing equation without regard to its exact amplitude for brevity:

Vo1 o cos(wg it + @o1), (1

where w,; is the angular frequency, and ¢, is the initial phase.

After the signal is phase locked with a 100-MHz thermostatic
crystal oscillator, the power is divided into two channels, with
the frequency multiplied by 21 and 23, respectively. After pass-
ing a band-pass filter, two signals of 2.1 GHz and 2.3 GHz are
obtained,

Vi1 o« cos(wy it + @1), 2)

V3 & cos(wy 5t + @,3), (3)

where w,; and w, ; are the angular frequency, and ¢, ; and ¢, ;
are the initial phase.

The frequency of the voltage-controlled oscillator (VCO) in
the electrical compensation module is 2.2 GHz. The signal of
VCO can be expressed as

V,2 o cos(wy ot + ¢25) 4)

and is split into two parts. In that case, w, 3 + @, = 2w, ,, and
@21 + @23 = 2¢,,. One branch of the V,, signal is mixed with
the V, signal to obtain

V3 o< cos[(w35 — 0y1)t + @22 — @21]
+ cos[(wy, + @21)t + @25 + P21]. (5)

Then, V5 is filtered by low-pass filters (LPFs) to obtain
Vip o cos[(w,, = @21)t + @25 — @24]- (6)

The other branch of V,, signal is modulated to the DFB laser
and transmitted to the remote site, which is then detected by a
photodetector (PD). Since the round-trip signal is transmitted
over the same urban fiber link, the phase changes caused by
the transmission over the fiber link can be assumed to be the
same, and the signal transmitted back can be expressed as

Viack & €08(@;5t + @25 + 2¢1). (7)
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Then, we mix the signal Vy,q with V,; to obtain

Vown & COS[(@2, — @y 1)t + @25 — @21 + 2] (8)

Mix the signals V,, and V 4,y to obtain a DC error signal

Verror & €O8[(03 + @21 — 2w5,)t + @p1 + @23 — 202,
+2¢.], 9

and then simplify the equation to obtain
Verror & COS(Z(pL)- (10)

The signal V., undergoes proportional-integral-derivative
(PID) processing to control the VCO, resulting in the generation
of a phase shift of —¢; to obtain

Vremote & cos(wz‘zt + (/72.2)~ (1 1)

Finally, we obtain a stable RF signal, which is then divided by
22, to match the reference 100 MHz signal. Then, the signals are
injected into a phase-noise analyzer to evaluate the system
performance.

Figure 2 also shows the system structure of the time transfer
model. The time synchronization model adopts homemade
time synchronization nodes based on the White Rabbit (WR)
Project®?]. The WR protocol used for communication is com-
patible with the IEEE 1588v2 protocol, making it compatible
with commercial data communication. The time signal is
extracted from the transmitted communication digital signal,
which is modulated to the optical carriers with wavelengths of
1548.5 nm (C36) and 1547.7 nm (C37) via the DWDM small
form-factor pluggable (SFP) transceivers. The SFP is an inte-
grated transceiver consisting of a laser, photodiode, and ampli-
fier. The communication digital signal is on-off keying (OOK)
modulated to the optical carriers. We measured the time delay
drift results using a high-performance oscilloscope (Agilent
DS0-91034A).

We use BERTWave MP2100B for data transmission and mea-
surement. The BERTWave MP2100B is a commercial solution
used for data transmission in an optical communications
situation. It allows for high-speed data transfer with a tunable
speed rate. In order to measure the bit-error-rate (BER), the
BERTWave MP2100B is used to generate and detect 1.25 giga-
bits per second (Gbps) random code. For data transmission, the
digital signal is also OOK modulated on the optical carriers with
wavelengths of 1546. 9 nm (C38) and 1550.9 nm (C33) via the
DWDM SEP transceivers. The digital signal is modulated on the
optical carriers at the LS and demodulated at the RS via the SFP
transceivers.

3. Results and Discussion

We measured the radio frequency transfer instability using a
phase-noise analyzer (Microsemi TSC 5125A). Based on the
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collected radio frequency data, the OADEV of the stable radio
frequency transfer in a simultaneous transmission system is
shown in Fig. 3. The red line shows the open loop performance
of a 2.2 GHz radio frequency signal, which exhibits the instabil-
ity of the RF as it reaches 1.3 X 107!? at 1 s and then deteriorates
to 1.1 x 107!% at 10,000 s due to environmental temperature
changes and mechanical vibrations. The blue line shows the
closed-loop performance when the active noise compensation
system is on. The instability of OADEV is 2.1 X 107 at 1 s
and 2.3 X 10717 at 10,000 s, which indicates that the proposed
system can suppress the effects of environmental temperature
changes and mechanical vibrations on the stability of the RF sig-
nal. To measure the noise floor of the system, we replaced the
160-km urban fiber link with a short fiber. The black line shows
that the OADEV of the noise floor reaches 1.4 X 107 at 1 s and
1.5 % 10717 at 10,000 s. It is demonstrated that the active noise
compensation system works in a steady state.

The stability of the RF transmission outperformed the hy-
drogen maser. Therefore, the proposed system can achieve
ultra-stable RF transmission over actual fiber links, enabling
the development of atomic clock comparison and data
communication.

We measured the time delay drifts using a high-performance
oscilloscope (Agilent DSO91034A) regarding the 1 PPS time
deviation (TDEV). 1 PPS means that a pulse signal is sent every
second, and its role is to indicate the moment of the whole
second.

Figure 4 shows the performance of the time transmission. The
time deviation when the WR time is transferred alone over a
160-km fiber link reaches 6.8 x 10™'* at 1 s and 4.8 x 10"
at 1000 s (blue line). The red line shows that the WR time is
transferred along with the RF. It proves that the simultaneous
transfer, along with the RF, does little interference to the WR
signal. To measure the noise floor of the time transfer, we
replaced the 160-km urban fiber link with a short fiber, and the
result indicates that the TDEV reaches 5.3 X 107!2 at 1 s and
2.6 x 10712 at 1000 s (black line). The bulge of the curves after

1E-12

1 W

1E-14

1E-15

Overlapping Allan deviation

H
T
s
[=)}

—#— Noise floor

—&— Free running 160-km link

—&— Compensated 160-km link
1

10 100 1000
Averaging time (s)

1E-17
1 10000

Fig. 3. Measured overlapping Allan deviation of the RF signal.
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Fig. 4. Time deviation (TDEV) of the 1 PPS signal.

1000 s is due to the variation of the temperature. These results
demonstrate that the proposed scheme can achieve highly stable
time transfer over a long distance, making it suitable for appli-
cations such as atomic clock comparison and synchronization of
communication systems.

In order to analyze the mutual interference between the sig-
nals, the RF signal and the data signal are co-transmitted in a
short fiber using the same amplifier. We change the power ratio
of the RF signal to digital signals by adjusting the optical power
of digital signals while keeping the optical power of the RF signal
constant and evaluating the transmission instability of the RF
signal under different power ratios. In order to depict the inter-
ference between signals, we chose the adjacent channels (C35,
C36) to transmit metrological signals and data. Since the optical
power of the received signal needs to be greater than —18 dBm,
we need to choose the appropriate power ratio to avoid the SFP
transceivers not working properly. Figure 5 shows the RF
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Fig. 5. Frequency instability (OADEV) of the RF signal with different input
power ratios.
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transfer performance in terms of different power ratios. We can
see there is no noteworthy change in the stability of the RF signal
within 100 s with different power ratios. Furthermore, there is
no direct correlation between the measured frequency stability
and the different signal power ratios within 100 s.

To further investigate the mutual interference between
signals, we conducted the simultaneous transmission over a
160-km urban fiber link. Two sets of experiments were designed
and compared: one for simultaneous transmission of the RF sig-
nal with digital signals and the other for the RF signal transmis-
sion only. The obtained instabilities (OADEV) of the RF signals
in the two sets of experiments are shown in Fig. 6.

The black line in Fig. 6 represents the radio frequency transfer
performance on the 160-km fiber link, which is almost consis-
tent with that in the simultaneous transmission case (blue line)
within 1-10 s. However, the stability of the RF signal in the
co-transmission case deteriorated after 100 s. This could be
due to changes in environmental conditions, such as tempera-
ture fluctuations during the measurement period. Therefore,
the interference between different signals has little effect on
the short-term frequency stability.

As for the data communication, the BER of the data commu-
nication is measured using the MP2100B at a data rate of
1.25 Gbps. The results show that the data BER is less than
1 X 107!2 when the received power was above the minimum
threshold required for the SFP transceivers. These results dem-
onstrate that the proposed scheme will not degrade the BER
of the communication data. For the transmission of time-
frequency signals over longer or more complex fiber optic links,
the transmission distance limitation of the SFP transceiver and
the polarization mode dispersion might be the challenges that
we have to face. The SFP transceivers used here only support
the maximum communication rate of 1.25 Gbps. To further
increase the capacity of data transmission, more complex modu-
lation or multiplexing methods can be used, such as quadrature
amplitude modulation (QAM) or orthogonal frequency division
multiplexing (OFDM).
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Fig. 6. Instability (OADEV) of the RF signal over a 160-km urban fiber link.
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4. Conclusion

We demonstrate the simultaneous transmission of time-fre-
quency and data over a 160-km urban business network in
Shanghai. The results presented in this paper show that the pro-
posed scheme can achieve high stability in both time and fre-
quency domains. The stability of the radio frequency can
reach 2.1 X 107'* at 1 s and 2.3 X 107%7 at 10,000 s, which out-
performs the stability of the hydrogen masers within the same
time frame. The time deviation of 1 PPS is less than 10 ps at
1 s. When the received power is above the minimum threshold
required for the SFP transceivers, the BER of data communica-
tion is less than 1x 107'2, The impact of the interference
between different signals with the same amplifiers is also
discussed. This work paves the way for the widespread dissemi-
nation of ultra-stable time and frequency signals over com-
munication networks, enabling the development of precision
measurement and the next generation of high-speed communi-
cation technology.
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