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In this Letter, a passive phase noise compensation-based
fiber-optic frequency transfer scheme with frequency divid-
ing and filtering is proposed. The probe signal is divided
at the remote site and effectively discriminated from the
backscattering noises by electrical bandpass filtering at
the local site. By combining the bidirectional transmission
with the same wavelength on a single fiber, the scheme can
reach the maximum bidirectional propagation symmetry
and effectively suppress the effect of backscattering at
the same time. The proposed scheme is experimentally dem-
onstrated and compared with the scheme with backscatter-
ing. The relative frequency stabilities of 3.9 × 10−14∕s
and 1.2 × 10−16∕104 s are reached for 40 km transfer, which
obviously outperform the scheme with backscattering, espe-
cially in terms of short-term stability, and are closed to the
floor of the back-to-back experimental system. © 2016
Optical Society of America
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Many applications such as the comparison of atomic clocks,
very long baseline interferometers, and navigation require high-
stable dissemination of radio-frequency (RF) [1]. The stability
of conventional frequency transfer based on satellite is limited
to ∼10−15 at an averaging time of 105 s for multipath effects
and delay fluctuations caused by troposphere and ionosphere
[2]. Taking advantages of wide bandwidth, low attenuation
and better reliability, fiber-optic frequency transfer has been
considered as a promising way to reach higher stability and
long distance. The cancellation of phase fluctuations induced
by the temperature variation and mechanical vibration of fiber
links is one of the critical issues in the fiber-optic frequency
transfer. Active phase noise compensation schemes have com-
monly been applied, which dynamically measure the round-
trip phase fluctuations and, accordingly control tunable phase

compensators in the optical domain and/or the electrical do-
main to cancel the phase fluctuations [3–8]. The feedback loop
control-based active schemes, however, require high-precise
phase error measurement, fast and large range compensators,
and corresponding feedback control algorithms. These make
the system become complex and need a longer phase recovery
time after a fast link delay perturbation [9,10]. Recently, a
passive phase-conjugation compensation scheme based on fre-
quency mixing has been proposed. Several varieties [9–14] have
been demonstrated to improve system performance and sim-
plify system structure. Most of them employed WDM-based
bidirectional transmission to suppress the effect of backscatter-
ing noise [9–13]. TheWDM-based transmission, however, suf-
fers from the asymmetry of delay fluctuations for employing
different wavelengths, which will degrade the long-term stabil-
ity of frequency transfer links [15]. Yu et al. have proposed a
fiber-based stable radio frequency transfer system using a hy-
brid frequency modulation scheme [16], where the
probe signal and the delivered one are combined to modulate
the same optical carrier and reflected back directly in the optical
domain from the remote site. The scheme simplifies system
structure and has better bidirectional symmetry. However, since
the forward and backward probe signals have the same RF fre-
quency and are transmitted on the same optical carrier, the
backscattering originating from local optical source will not
be able to be removed, which will affect the short-term stability
of frequency transfer.

In this Letter, we propose a passive phase noise compensation
based fiber-optic frequency transfer scheme with dividing and
filtering. The same wavelengths are employed in two directions.
The probe signal is divided at the remote site before being sent
back. The round-trip probe signal is extracted by electrical filter-
ing at the local site to pre-compensate the phase drift of delivered
RF signal induced by fiber delay fluctuations via phase-conjugate
frequency mixing. In this way, the symmetry of bidirectional
transmission is guaranteed, and the effect of backscattering
can also be effectively suppressed at the same time.

Figure 1 illustrates the diagram of the proposed passive
phase compensation-based fiber-optic frequency transfer
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scheme with dividing and filtering. At the local site, the stan-
dard RF signal is split into two branches by a power splitter
(PS). One branch is transmitted to the remote site as a probe
signal by coupled with the delivered RF signal together and
modulated on a single optical carrier. At the remote site, the
photodetected signal is split into corresponding bandpass filters
(BPF) to discriminate the delivered signal and probe signal, re-
spectively. The delivered signal is provided to users, while the
probe signal is divided by 3 and sent back to the local site by
modulated on the same optical wavelength as the forward one.
The returned signal at the local site is detected by a photodetec-
tor (PD) and goes through an electrical BPF to get a cleared
round-trip probe signal. The cleared round-trip probe signal
is then mixed with the standard RF signal on the other branch
to generate the phase pre-compensated RF signal, which is then
multiplied by k to obtain the delivered RF signal.

The standard signal at the local site can be denoted as

E1 � cos�ωs t � φs�; (1)

where ωs and φs represent the angular frequency and initial
phase of the signal, respectively.

At the remote site, the received probe RF signal after the
BPF 3 and 1/3 frequency divider can be expressed as

E2 � cos��ωst � φs � φFP�∕3�; (2)

where φFP is the phase corresponding to the forward fiber link
propagation delay, which varies with the thermal and mechani-
cal fluctuations of the fiber link during the forward transmis-
sion, and is related to the wavelength of optical carrier.

The signal detected by the PD1 at the local site can be
written as

E3 � cos��ωs t � φs � φFP � φBP�∕3�
� cos�ωs t � φs � φrand1�
� cos�2k�ωs t � φs − φFP∕2 − φBP∕2�∕3� φrand2�
� cos��1� 1∕3�ωs t � φsum1�
� cos��2k � 1�ωs t∕3� φsum2� �…; (3)

where φBP indicates the phase induced by the backward fiber
link propagation delay. The second term on the right-hand side

denotes the backscattering noise resulting from the forward
transmitted probe signal; φrand1 is its accumulated phase at the
local site. The third term is the backscattering noise originating
from the delivered RF signal [see Eq. (5)]. The fourth and
fifth terms are beat noises between the probe signal and the
above two backscattering noises, respectively. φsum1 and φsum2

are the corresponding phases. The rest terms denoted by sus-
pension points include all other high-order beat noises and
harmonics.

Since the dominant noises in Eq. (3) have different frequen-
cies with the probe signal (ωs∕3) when k is larger than 1,
the noises can be removed by the electrical filter of BPF2.
Furthermore, when the forward and backward transmissions
employ the same optical wavelengths and the fluctuation of
fiber link delay is slow as usual, we have φFP � φBP � φP .
Hence, the signal after BPF 2 can be expressed as

E4 � cos��ωs t � φs � 2φP�∕3�: (4)

E4 is mixed with the standard signal E1 on the other branch of
PS to generate the phase-conjugated signal after BPF1, which is
then multiplied by k to obtain the delivered RF signal:

E5 � cos�2k�ωs t � φs − φP�∕3�: (5)

The signals recovered by PD2 at the remote site can be ex-
pressed as

E6 � cos�ωs t � φs � φP� � cos�2k�ωs t � φs�∕3�
� cos��ωs t � φs � φP�∕3� φrand3�
� cos��1� 1∕3�ωs t � φsum3�
� cos��2k � 1�ωst∕3� φsum4�

�
X3

m�1

X3

n�1

cos��2kn∕3� m�ωs t � φsum_mn�: (6)

In Eq. (6), the first two terms on the right-hand side represent
the desired probe signal and delivered signal, respectively. The
third term is the backscattering noise originating from the back-
ward transmitted probe signal. The next two terms represent
the beat noises between the first two terms and the backscatter-
ing noise, respectively. The sixth term stands for the beat noise
among the first two terms and their harmonics generated
mainly in electro-optic modulation and photodetection proc-
esses. Consider the power of harmonics decrease with order;
we only take the first three order harmonics of the two forward
signals.

Table 1 summaries the desired signals and noises recovered
by PD1 and PD2 for different k, according to Eqs. (3) and (6).
The bold value significance for Table 1 stands for the unfilter-
able noises whose frequency are the same as the desired signals.
One can see that as long as k is larger than three, there will be
no dominant noises with the same frequencies as those (ωs and
2kωs∕3) of desired signals at the remote site and no dominant
noises with the same frequency as that (ωs∕3) of desired probe
signal at the local site. Therefore, the effect of backscattering
and harmonic noises can be efficiently suppressed by employ-
ing a k of larger than 3 and suitable BPFs at the both sites. It is
worth noting that there exists beating noise between receiving
and backscattering optical carriers, which is centered at zero for
the same wavelengths at the two sites and has a spectral width of
about twice the laser linewidth [17,18]. Obviously, the beating

Fig. 1. Schematic of the proposed phase noise compensation sys-
tem. EOM, electro-optic modulator; EDFA, erbium-doped fiber am-
plifier; BPF, bandpass filter; PD, photodetector; PS, power splitter.
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noise can also be removed by the BPFs after PDs. A stable RF
signal can be obtained after BPF4 at the remote site:

E7 � cos�2k�ωs t � φs�∕3�: (7)

The experiment based on the schematic diagram shown in
Fig. 1 is demonstrated. The standard RF signal at 300 MHz is
generated by a frequency multiplier with an input of 10 MHz
reference (Oscilloquartz SA OCXO 8607). The CW lasers at
two sites operate at the same wavelength of 1550.10 nm. The
RF signals are carried on the optical carriers by a 10 Gb/s
LiNbO3 Mach–Zehnder modulator (MZM) biased at the
quadrature, and recovered by a 1.2 GHz PD at each site.
Each of the applied BPFs has a 3 dB bandwidth of 10 MHz
and over 60 dB stopband rejection. The central frequency of
BPF 2 is set as 100 MHz. The cleared round-trip probe signal
of 100 MHz is mixed with the other part of the standard sig-
nal through a mixer with a 60 dB suppression ratio of second-
order harmonic of 100 MHz input to generate a 200 MHz
phase-conjugation signal after BPF1. The 200 MHz phase-
conjugation signal is then multiplied by 5 to produce the
1 GHz delivered signal.

For comparison, the frequency transfer scheme suffering
from backscattering is also demonstrated and measured. In the
comparison scheme, the same 300 MHz standard signal and
1 GHz delivered RF signal is combined and transferred to
the remote site by modulated on a single optical carrier. At the
remote site, part of the arrived light is amplified by an EDFA
and then directly transferred back to fulfill the round-trip phase
noise detection. The other part of light is detected by a PD and
then filtered by a BPF to extract the delivered RF signal. At the
local site, the round-trip light signal is received by a PD. After a
BPF filter at 300 MHz, the recovered RF signal is then divided
by 3 to 100 MHz and mixed with the local standard signal to
generate a 200 MHz compensated phase conjugation signal.
The pre-compensated signal is also multiplied by 5 to produce
the 1 GHz delivered RF signal. Because the forward and back-
ward probe signals have the same frequency and are carried on
the same wavelength, the effect of backscattering cannot be

avoided. Same link configurations, optical and electrical devi-
ces, including the lasers, MZM, fiber, PD, BPFs, and mixer,
are employed for the proposed and comparison experimental
setups.

In each scheme, the standard signal and the received stable
signal at the remote site are divided to 20 MHz, which are then
input to a phase noise test set (Symmetricom, Inc., TSC5120A)
to evaluate the performance of corresponding frequency trans-
fer scheme.

Figure 2 shows the measured phase noise spectra of the fre-
quency transfer in different system configurations. All measure-
ments are carried out in an ordinary air-conditioned room with
a temperature fluctuation of 3°C. The result over 1 m fiber
gives the floor of our experimental system, which is mainly de-
termined by RF signal processes and optical modulation and
detection at the two sites. One can see that phase noise of
the 40 km free running link is significantly higher than the
floor at the offset frequency of less than 1 Hz for the fluctuation
of fiber delay mainly induced by temperature variation. The
phase noises of the two 40 km compensated links within
0.1–0.001 Hz are almost equal to that of 1 m back-to-back
link since both of the schemes can efficiently suppress the lower
frequency phase noise induced by the fiber link temperature
variation (about 18 dBc/Hz at 0.01 Hz and 22 dBc/Hz at
0.1 Hz, respectively). However, we can see that the phase noise
of the 40 km compensated link with backscattering after 0.1 Hz
is significantly degraded by the backscattering in the fiber. The
phase noise becomes larger than that of the 40 km free running
link after about 1 Hz since the effect of backscattering has over-
whelmed that of passive phase compensation. On the other
hand, the phase noise of the 40 km proposed compensated link
is still lower than that of the 40 km free running link and closed
to the floor until about 50 Hz. This is because the impact of
backscattering is effectively removed in the proposed scheme.
The overlap of the phase noise curves of 40 km compensated
link, 1 m back-to-back link and 40 km free funning link at
about 5–50 Hz offset frequency, may mainly be attributed
to the laser FM noise and relative intensity noise (RIN) which

Table 1. Desired Signals and Noises Recovered by PD1
and PD2 for Different k

PD2 PD2 PD1 PD1

k
Signals
(ωs)

Noises
(ωs)

Signals
(ωs)

Noises
(ωs)

1 1, 2/3 1/3, 2/3, 1, 4/3, 5/3,
7/3, 8/3, 3, 10/3, 11/3,

4, 13/3, 5

1/3 1/3, 2/3,
1, 4/3,

2 1, 4/3 1/3, 2/3, 1, 4/3, 5/3, 2,
7/3, 3, 10/3, 11/3, 13/3,

14/3, 5, 17/3, 6, 7

1/3 2/3, 1,
4/3, 5/3

3 1, 2 1/3, 2/3, 4/3, 5/3, 7/3,
1, 2, 3, 4, 5, 6, 7, 8, 9

1/3 2/3, 1,
4/3, 5/3,
2, 7/3

4 1, 8/3 1/3, 2/3, 4/3, 5/3, 7/3, 3,
10/3, 11/3, 13/3, 14/3,
5, 17/3, 6, 19/3, 7, 22/3,

25/3, 9, 10,11

1/3 2/3, 1,
4/3, 7/3,
8/3, 3

5 1, 10/3 1/3, 2/3, 4/3, 7/3, 3,
11/3, 13/3, 14/3, 16/3,
17/3,19/3, 7, 23/3, 8,
26/3, 9, 29/3, 11,12, 13

1/3 2/3, 1,
4/3, 3,
10/3,
11/3

Fig. 2. Measured phase noise spectra of fiber-optic frequency trans-
fer in different system configurations: 40 km free running link, 1 m
and 40 km proposed compensated links, 40 km compensated link
with backscattering.
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will result in phase noises during photodetection. After 100 Hz,
the 1 m back-to-back link has better performance than the
40 km free running and proposed compensated links. It may
be because the two latter links have a lower (more than 12 dB)
input optical power for the EDFA before the PD1 than that in
the 1 m back-to-back link and suffer from more serious ampli-
fied spontaneous emission (ASE) noise, which is mainly in
higher frequency [4].

The fractional instability of the different frequency transfer
links with a 5 Hz measurement bandwidth in terms of
Allan deviation is illustrated in Fig. 3. Compared with the
40 km free running fiber link, both the 40 km proposed
compensated link and 40 km compensated link with backscat-
tering have a stabilities decreasing over the averaging time as τ−1
and can reach obviously better long-term stabilities close to
1 × 10−16∕104 s. This indicates that both schemes can effi-
ciently compensate for low frequency noises induced by fiber
links. The apophysis on Allan deviation curves of each compen-
sated link during around 200–1000 s is mainly attributed to the
residual phase noise introduced by the out-of-compensation
loop part. The temperature variation period is about 1 h in the
experimental room with air-conditioning. Generally, the delay
fluctuation related to the out-of-loop components (e.g., optical
fiber, electrical cable, and lasers) with the environmental tem-
perature will result in a heave around 200 s–1000 s. Moreover,
we can see that the 40 km proposed compensated link can also
improve the short-term stability compared with the free run-
ning link, from about 1.5 × 10−13∕s to 3.9 × 10−14∕s. In con-
trast, the short-term stability of 40 km compensated link with
backscattering may become worse than that of the free running
link, from about 3.5 × 10−13∕0.1 s to 1.5 × 10−12∕0.1 s. This is
reasonable since the backscattering noise mainly affects the
short-term stability. One can also see that the stability of the
40 km proposed compensated link always outperforms those
of the other two 40 km links, and almost completely overlaps
with the floor of the 1 m compensated link, especially in

0.1 s-100 s. This indicates that the performance of the
40 km proposed compensated link is mainly limited by the ex-
perimental system floor, which can be improved by employing
high performance optical and RF devices, and precise temper-
ature control of two sites.

In summary, we have proposed a passive phase noise com-
pensation scheme for stable RF frequency transfer. The scheme
employs the same wavelengths for the forward and back-
ward transmissions to guarantee the symmetry of bidirectional
propagation. Through dividing the probe signal at the remote
site and filtering it in the electrical domain at the local site, the
impact of backscattering is effectively suppressed at the same
time. Frequency transfer over a 40 km optical fiber link based
on the proposed scheme is experimentally demonstrated and
compared with the scheme with backscattering. The results val-
idate that the proposed scheme can improve the stability of the
passive compensated link by efficiently removing backscatter-
ing, especially the short-term stability. The reached stabilities,
3.9 × 10−14∕s and 1.2 × 10−16∕104 s, are mainly limited by the
system floor.
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