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An ultra-highly precise and long-term stable frequency transmission system over 120 km commercial fiber link has 

been proposed and experimentally demonstrated. This system is based on digital output compensation technique to 

suppress phase fluctuations during the frequency transmission process. A mode-locked erbium-doped fiber laser driven 

by a hydrogen maser serves as an optical transmitter. Moreover, a dense wavelength division multiplexing system is 

able to separate forward and backward signals with reflection effect excluded. The ultimate fractional frequency insta-

bilities for the long-distance frequency distributed system are up to 3.14×10-15 at 1 s and 2.96×10-19 at 10 000 s, re-

spectively.   
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Due to the need for long-distance highly stable frequency 
transfer, radio frequency transfer via fiber links has attracted 
growing research interests in recent years[1-7]. Its prerequi-
site is to considerably improve the frequency stability of 
atomic clock serving as the frequency reference[8-10]. More-
over, compared with free-space radio frequency transfer, 
fiber-optic links are more desirable for their low attenuation 
and high reliability[11,12]. And the key issue is to employ 
electrical-optical converters in long-distance frequency 
transfer fiber links. In these techniques, since periodic opti-
cal pulses could provide highly accurate repetition rate and 
high signal-to-noise ratio, mode-locked lasers (MLLs) 
are normally used as optical transmitters[2-4,7]. Therefore, 
precise radio frequency transfer has been widely applied in 
various cutting-edge scientific as well as engineering areas, 
from microwave and optical communications[13-16] to optical 
frequency metrology for accurate positioning and naviga-
tion applications[11,17,18]. 

Although fiber link transfer is an attractive approach for 
topological distribution, the greatest challenge is environ-
mental perturbation, such as physical vibration and tem-
perature changes, which will result in phase fluctuation 
during the frequency transmission process. A variety of effi-
cient methods, including optical group delay[1,2] and elec-
tronic compensation techniques[3-7], have been proposed in 

recent years to suppress phase noises caused by environ-
ment perturbation. O. Lopez et al[1] utilized optical delay 
lines for different dynamic ranges to correct fast as well as 
slow phase perturbations, by which frequency dissemination 
could be achieved over an 86-km urban optical link with a 
fractional frequency instability of 1.3×10−15 at 1 s integra-
tion time. Giuseppe Marra et al[2] demonstrated a transfer 
compensation model with a fiber stretcher and a thermally 
controlled spool, which helped to achieve a 1 s fractional 
transfer instability of 5×10−15 over 86 km fiber link. The 
optical group delay method is limited by its narrow dynamic 
range. For longer fiber link systems, phase drift during the 
frequency transfer process may accumulate over the com-
pensation range. Moreover, the measurement precision is 
limited by increased fiber length introduced by the fiber 
stretcher or delay line. To resolve this issue, electronic 
compensation techniques have been proposed based on 
phase detectors and phase shifters[3-7]. Bo Ning et al[3] em-
ployed pump power modulation technique in combination 
with a phase shifter to precisely control phase shift within a 
wider dynamic range, and the frequency instability reached 
6.6×10−18 at 16 000 s. However, all of the aforementioned 
methods are based on fiber splicing without introduction of 
interconnectors, which allows for reflection at remote end 
with an optical circulator at the local end to separate the
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feedback signal and the emission signal. This scheme may 
not be applicable for the commercial fiber distribution sys-
tem presented in this work.  

We have proposed and experimentally demonstrated 
an ultra-highly stable and long-term phase-locked loop 
system for synchronization of an optical frequency comb 
laser to a hydrogen maser in our previous work[8]. In this 
letter, the mode-locked erbium-doped fiber laser 
(MLEDFL) is still used as a radio-to-optical wave con-
verter without stability loss. And we will demonstrate a 
radio frequency dissemination system over a 120-km 
commercial urban fiber distribution link based on digital 
output compensation (DOC) technique. Moreover, dense 
wavelength division multiplexing (DWDM) system, bi-
directional erbium-doped fiber amplifier (EDFA) system 
and data transceiver module have been also utilized in 
our system for frequency dissemination. 

In our previous work, by using optical delay line and fi-
ber stretcher, we have employed the optical group delay 
technique to suppress the phase fluctuations induced by 
environmental perturbations during frequency dissemina-
tion process. However, the phase drift over the 120-km 
commercial fiber link is over the compensation ranges of 
the above two devices. In successive experiments, an elec-
tronic compensation system is employed to overcome the 
limitation of narrow dynamic ranges, as illustrated in Fig.1. 

 
PS: phase shifter; PLL: phase locked loop; FPS: fixed phase shift; PR: 
phase of return signal; BR: back reflector; PU: phase at user end; 
DWDM: dense wavelength division multiplexing 
 
Fig.1 Schematic diagrams of (a) basic phase com-
pensation system, (b) feedback phase compensation 
system, and (c) improved DOC system 

Fig.1(a) shows the schematic diagram of basic phase 
compensation system[4,19]. A reference source with the 
initial phase of φref is firstly shifted by φPS(t) using an 
electronic phase shifter and then a fixed phase shift of  
φPLL is applied by employing mode-locked fiber laser. 
Phase fluctuation φf(t) is introduced into the signal dur-
ing the frequency dissemination process. At remote end, 
the backward reflection signal is generated through a 
back reflector. The phase shift for each process when the 
source signal transits from the source to its destination 

could be expressed as 

φL(t)=φref+φPS(t)+ φPLL,                       (1) 

φU(t)=φref+φPS(t)+φPLL+φf(t),                 (2) 

φR(t)=φref+φPS(t)+φPLL+2φf(t),                  (3) 
where φL(t), φU(t) and φR(t) denote the phases for local 
site, user end and returned site, respectively. In consid-
eration of the bi-directional propagating signal through 
the same fiber link[20], according to Eq.(3), the phase 
fluctuation for the round trip fiber link is 2φf(t). By mix-
ing φL(t) and φR(t), we can obtain the phase fluctuation 
φf(t) after a low-pass filter using a phase detector[4]. In 
order to stabilize the user end signal, according to Eq.(2), 
the relationship between φPS(t) and φf(t) could be simply 
expressed as 
φPS(t)+φf(t)+Constant=0.                     (4) 
In this way, the phase correction value could be ac-

quired to eliminate the phase fluctuation during the fre-
quency dissemination process. However, the error signal 
calculation method has so serious drawback that the rela-
tionship between the phase and the voltage retrieved 
from the error signal is nonlinear. Hence, it is rather dif-
ficult to acquire the exact phase error signal for compen-
sation. Even though other phase analysis system has been 
proposed to calculate the phase, such difficulties as un-
certain amplitude and low voltage-phase resolution also 
make it hard to estimate the exact phase error signal[20]. 
In this case, we need to set up a new compensation 
structure instead.  

The improved feedback phase compensation system is 
proposed[5,6], as illustrated in Fig.1(b). In this scheme, the 
PLL-locked laser is not utilized. Consequently, after 
mixing φL(t) with φR(t), the error signal φe(t) passing 
through a band-pass filter could be described as 
φe(t)=2φref+2φPS(t)+2φf(t).                    (5) 

In the meantime, the reference signal is doubled by using 
a frequency multiplier to acquire a phase signal of 2φref. 
By mixing the two signals and processing by a low-pass 
filter, the final error signal could be expressed as 
2φPS(t)+2φf(t). In this way, Eq.(4) could be satisfied 
through maintaining the final error signal constant, so 
that the user end signal is stabilized accordingly. 

However, all of the aforementioned reflection methods 
are not applicable for the complex commercial urban fiber 
distribution system presented in this work, as the introduc-
tion of interconnectors at the fiber splicing may cause sig-
nal reflection and interference to transmissions. In this 
case, an improved DOC structure is proposed, as shown in 
Fig.1(c). Instead of using reflection methods, a DWDM 
system is utilized for transferring forward and backward 
signals. Moreover, phase-locking technique has been used 
for synchronization of the MLEDFL to a hydrogen maser 
without stability loss. In Fig.1(c), φ1 and φ2 denote the 
fixed phase shifts in the phase-locking system. Besides, 
φPS1(t) and φPS2(t) denote two electronic phase shifters 
utilized in this method. One is used for feedback compen-
sation of the round trip fiber link, while the other is used 
for digital output compensation at the user end. The phase
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shift for each section of this system could be expressed as 
φL(t)=φref+φ1,                              (6) 

φU(t)=φref+φ1+φf(t) +φPS2(t),                  (7) 

φR(t)=φref+φ1+φ2+2φf(t).                      (8) 
The return signal in Eq.(8) passes through an electronic 

phase shifter at local site and is mixed with the local signal 
in Eq.(6). Afterwards, the error signal is processed by a 
low-pass filter and could be simply expressed as 
φe(t)=φ2+φPS1(t) +2φf(t).                      (9) 
The feedback compensation loop detects the phase 

fluctuations and sends the digital error value to the phase 
shifter at the remote site. Afterwards, we set the com-
pensation phase value at the user end to half of the one at 
the local site. Thus we have 
φPS1(t)=2φPS2(t).                           (10) 

In this way, the phase relationship between φPS2(t) and 
φf(t) could be obtained. By keeping the final error signal 
in Eq.(9) as a constant, Eq.(4) could be satisfied and the 
user end signal in Eq.(7) could be stabilized to realize 
output phase compensation. 

Fig.2 shows the schematic diagram of the improved 
DOC frequency transfer system. At local (emission) site, 
a highly reliable H-maser with a frequency instability of 
1.5×10−15 at 10 000 s is utilized as the reference to gen-
erate 10-MHz radio frequency signal. An MLEDFL with 
a repetition rate of 100 MHz and an average output 
power of 22 mW serves as a radio to optical converter 
for frequency transfer over a long distance fiber link. In 
the meanwhile, a PLL-device synchronizes the laser 
output signal to the reference. 1% of the laser output 
signal is fed into a low-noise photodetector (Newport 
1611FC-AC) for frequency locking and phase compen-
sation, while the remnant signal is coupled into a 
DWDM channel (channel#33). The total transmission 

loss measured for the fiber link is about 40 dB. And a relay 
station is settled at the center of the 120-km fiber link for 
simultaneous amplification of the forward and backward 
propagating signals. We set up a bidirectional EDFA struc-
ture at the relay station, which consists of two low-noise 
EDFAs and two identical DWDM components. At remote 
(user) site, the laser output signal is received in channel#33 
by a DWDM coupler, which will pass through a 
MCU-controlled DDS (AD9910) to recover and transfer 
signals to the user end. In the meanwhile, the received sig-
nal is used as the reference to synchronize another MLL 
through the PLL device. Afterwards, the new locked laser 
output signal is coupled into channel#34 of the DWDM for 
backward frequency dissemination. Furthermore, a data 
transceiver module is introduced at both ends of the trans-
mission loop. Once the phase fluctuations are detected at 
local site, an optical communication will be established for 
transferring the digital error by using a pair of standard 
small form pluggable (SFP) optical transceivers at both sites. 
Since it is far away from the main frequency dissemination 
channels, channel#36 is selected to avoid possible in-
ter-channel crosstalk. In order to evaluate the performance 
of the proposed system, local site and remote site are settled 
at the same laboratory in LB town. In the meanwhile, the 
relay station is placed in another city, KT town, which is 
connected by a pair of 60-km long underground fibers as 
shown in Fig.2. For evaluation, the reference signal from 
the H-maser and the laser output signal at the user end are 
mixed together to test the frequency instability. A 
pre-amplifier (SR560) is used after the mixer to filter out the 
unwanted high-order harmonic frequency component and to 
amplify the direct current (DC) signal as well. Afterwards, a 
DAQ card (NI 6251) logs the DC signal at the sampling rate 
of 100 Hz and sends the data to the PC for future process-
ing. 

 
H-maser: hydrogen maser; LF: loop filter; BPF: band-pass filter; PZT: piezoelectric transducer; MLL: mode-locked laser; PD: photodetector; FD: 
frequency divider; EDFA: erbium-doped fiber amplifier; DDS: direct digital synthesizer; DAQ: data acquisition; MCU: micro control unit; PC: per-
sonal computer 

Fig.2 Experimental setup of the high-precision frequency transfer system with improved DOC technique 
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For typical telecommunication fiber links, the tem-
perature coefficient of propagation delay is about 
38 ps/(km·K)[21], which will lead to about 4.56 ns/K 
propagation delay in the 120 km commercial fiber link. It 
is obvious that without compensation the fiber tempera-
ture change will cause slow but dominant phase varia-
tions in our proposed system. Consequently, in order to 
verify the compensation performance, we employ an-
other DDS device (DDS1 shown in Fig.3(a)) to introduce 
phase jitter artificially. The output of the mixers could 
reflect the phase difference between the H-maser and 
signals at remote site. As shown in Fig.3(b), the output of 
mixer1 is within −2.5 V and 2.5 V, which represents the 
phase difference between the H-maser and uncompen-
sated signal. For comparison, the output of mixer2 is al-
most close to zero, which indicates the compensation is 
effective.  

 
(a) 

 
(b) 

Fig.3 (a) Experimental setup for stability measurement; 
(b) Evaluation results of phase compensation  
 

The commercial urban fiber distribution system 
adopted in this work is complex, and traditional reflec-
tion method based on optical circulators is not applicable 
due to the Fresnel reflection caused by the interconnec-
tors. We have proposed the high precision frequency 
transfer system based on the following considerations: 
firstly, a PLL device is employed to lock the laser output 
signal for reference frequency stabilization rather than 
direct transfer of laser generated pulses[5,6]; secondly, a 
DWDM system is introduced into the dissemination loop, 
which could produce 0.8-nm-spacing DWDM channel 
signals and suppress Fresnel reflection; moreover, the 
bidirectional EDFA at the relay station and the MLL at 
the remote site would help to improve signal-to-noise 
ratio for accurate and long distance frequency transfer; 
finally but most importantly, the DOC system is set up to 

detect the phase error generated by the close feedback 
loop and recover the phase signal at the user end through 
the data transceiver model.  

All of the aforementioned points are acceptable and 
the fractional frequency instability is described in over-
lapping Allan deviation[22], as illustrated in Fig.4. 

 

 
Fig.4 Measured fractional frequency instability of the 
DOC frequency transmission system 

 
As frequency reference, the frequency instabilities of 

the H-maser are 2.84×10−13 and 1.5×10−15 at 1 s and 
10 000 s, respectively. Meanwhile, the fractional fre-
quency instabilities of our long-term frequency transmis-
sion system over 120 km commercial fiber link are ex-
perimentally proved to be 3.14×10-15 at 1 s and 
2.96×10-19 at 10 000 s, respectively. For comparison, the 
measured fractional frequency instability of frequency 
transmission fiber link without compensation is just 
4.2×10−11 at 1 s and 1.72×10−13 at 10 000 s, which indi-
cates that our DOC structure works efficiently to ensure 
a long-term stability of  frequency transmission system 
over a long distance commercial urban fiber link. 

In summary, we have proposed a frequency transmis-
sion system with ultrahigh precision and long-term sta-
bility. In this system, a phase-locked MLEDFL is utilized 
as an optical transmitter. Besides, DWDM technology is 
employed in our system for frequency dissemination, 
which is able to produce 0.8-nm DWDM channels and 
suppress Fresnel reflection. Most importantly, the trans-
mission system is compensated by the DOC structure 
and the fractional frequency instability could be consid-
erably improved. A frequency transmission system over a 
120 km commercial urban fiber link has been established 
to acquire fractional frequency instabilities of 3.14×10-15 
at 1 s and 2.96×10-19 at 10 000 s in overlapping Allan 
deviation. Experimental results indicate that our pro-
posed DOC system has good long-term stability and high 
precision, which ensures its potential applications in 
high-precision radio frequency transfer. 
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