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We propose an active photonic phase drift cancellation scheme for frequency transfer over optical fiber based on a
linear photonic RF phase shifter. The photonic RF phase shifter consists of a dual parallelMach–Zehndermodulator
and optical filter with the assistance of the local microwave signal. The phase drift induced by fiber transmission can
be compensated by simply tuning the bias voltage of the modulator. The principle of the phase cancellation scheme
based on the photonic phase shifter is demonstrated and validated experimentally by transferring a 0.5 GHz refer-
ence signal over a 20 km single-mode fiber with a root mean square jitter of less than 0.5 ps. © 2014 Optical Society
of America
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Ultrastable frequency remote transfer plays a key role
in many applications such as very long baseline interfer-
ometers, clock comparison, and physical constant meas-
urement [1]. Due to the advantages of low loss, high
reliability, and wide bandwidth, optical fiber link is con-
sidered to be a promising option for frequency reference
remote transfer and has attracted an intensive research
interest in recent years [2–8]. One of the key issues to
realize stable frequency transfer via optical fiber is to
cancel the phase drift induced by the temperature varia-
tion and mechanical perturbation along optical fiber
transmission.
To date, several phase drift cancellation schemes in

the optical domain or electrical domain have been pro-
posed. The phase drift cancellation based on a tunable
optical true delay line composed of a piezoelectric fiber
stretcher and a temperature-controlled fiber spool has
been adopted and demonstrated on field optical fiber
links by several groups [2,3]. Although such a scheme
can achieve a high suppression ratio of phase drift and
support a large RF bandwidth, a temperature-controlled
optical delay line with a large dynamic range is consid-
erably bulky and has high power consumption. More-
over, the piezoelectric fiber stretcher will also induce
an additional polarization mode dispersion and ampli-
tude noise. Recently, a phase drift cancellation scheme
based on a λ dispersion optical tunable delay has been
reported [4]. In this scheme, the whole fiber link is used
as part of the tunable device, and the tunable delay range
is in proportion to the length of the fiber link. However, a
broadband tunable laser with a high wavelength tuning
precision is needed to realize high-precision and large
dynamic phase compensation. And its delay tuning pre-
cision decreases with the increase of the length of the
fiber link. Similar to the optical domain techniques, tun-
able electrical phase shift devices such as voltage control
oscillators (VCOs) [5,6] and phase shifters [7,8], can
also be used to compensate the phase drift of frequency

transfer by the phase conjugation method [9]. The VCO
has a large tuning range and fast tuning speed. It,
however, has a band-limited frequency range [4]. The
electrical phase shifters suffer from a variable insertion
loss which will result in an excess amplitude-to-phase
noise conversion.

In this Letter, we propose a novel phase drift cancel-
lation scheme for frequency transfer over optical fiber
using a linear photonic RF phase shifter as a phase com-
pensator. The photonic phase shifter consists of a dual
parallel Mach–Zehnder modulator (DPMZM) and optical
filter with the assistance of the local microwave signal,
which has a linear phase shift of more than 360 deg
and a low power variation of less than 0.3 dB [10].
The phase drift induced by fiber transmission is can-
celled by simply controlling one of the bias voltages
of the DPMZM according to the phase error signal.
Moreover, the photonic phase shifter also acts as a single
sideband transmitter, which not only makes the system
simpler but also can overcome the chromatic-dispersion-
induced RF power fading in long-distance fiber transmis-
sion, especially for higher frequencies [11]. The proposed
phase cancellation scheme is demonstrated experimen-
tally by transferring a 0.5 GHz frequency reference signal
over a 20 km single-mode fiber with a root mean square
jitter of less than 0.5 ps.

Figure 1 illustrates the proposed phase drift cancella-
tion scheme based on a photonic RF phase shifter sche-
matically. The photonic RF phase shifter is shown in the
dashed block, which is composed of a laser, DPMZM, and
optical bandpass filter (OBPF) with the assistance of the
local microwave signal and electric upconverter (U-C).
An erbium-doped fiber amplifier (EDFA) is adopted to
compensate the insertion loss of the DPMZM and OBPF.
The bias voltages of the two sub-MZMs are biased at the
minimum transmission point to perform optical carrier
suppressed double sideband (CPS-DSB) modulation.
Assuming that the two lower sidebands of the CPS-DSB
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signals are suppressed by the OBPF, a phase tunable sin-
gle sideband signal obtained at the output of the photonic
RF phase shifter can be expressed as follows:
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where A1 and A2 are the amplitude of the first-order side-
band on the top and bottom arm, respectively; ωc, ωL, and
ωr are the frequency of the optical carrier, local micro-
wave, and frequency reference signals, respectively;
φre is the initial phase of the reference frequency signal,
φc � πV3∕Vπ3 is the phase difference between the optical
modulation sidebands on the top and bottom arm, Vπ3 is
the half-wave voltage of the parent MZM, and V3 is the
bias voltage of the parent MZM (DC3).
The modulated optical signal from the photonic RF

phase shifter is divided into two parts. One part is de-
tected by the PD1 to generate a phase-shifted frequency
reference signal, which can be given by

V1 ∝ cos�ωrt� φc � φre�: (2)

The other part is transmitted to a remote site through
an optical fiber link. At the remote site, the modulated
light is detected by the PD3 to obtain the delivered refer-
ence frequency signal, which can be express as

V3 ∝ cos�ωrt� φc � φre � φp�; (3)

where φp is the phase induced by the fiber transmission.
At the same time, this received reference frequency sig-
nal is returned to the local site through the same optical
fiber link by reflecting part of the received modulated
light or a regeneration approach. The round-trip signal
is detected by the PD2 at the local site. Assuming that
optical signal transfer over the same fiber in both direc-
tions experiences the same phase fluctuation, the round-
trip signal can be expressed as

V2 ∝ cos�ωrt� φc � φre � 2φp�: (4)

The signals V1 and V2 are mixed and filtered by an
electrical bandpass filter (EBPF) with the central fre-
quency of 2ωr to obtain the sum-frequency signal
cos�2ωrt� 2φre � 2φc � 2φp�. Then a phase detector is
used to acquire the phase difference φerror between this
sum-frequency signal and the frequency-doubling refer-
ence signal cos�2ωrt� 2φre� generated by a frequency
multiplier:

φerror � 2�φc � φp�: (5)

This phase difference after processed by a loop filter is
used to tune the φc by controlling the bias voltage DC3 to
compensate the phase drift of φp. When the control loop
works properly, the φerror equals zero (φc � −φp). Thus,
the phase of the recovered reference signal at the remote
site is φre, and fiber-induced phase fluctuation is can-
celled. A copy of the frequency reference signal is
obtained at the remote user.

To verify the principle of the proposed phase drift can-
cellation scheme, a 20 km frequency transfer experimen-
tal system based on the setup in Fig. 1 is built. The optical
carrier from a tunable laser (Alnair, TLG-200) with a line-
width of less than 100 kHz is injected into a DPMZM
(Photline, MXIQ-LN-40) with a bandwidth of 20 GHz
and insertion loss of 5 dB. The frequency of the reference
signal is 0.5 GHz, and the frequency of the local micro-
wave signal is set at 10 GHz to ensure that the two lower
sidebands can be suppressed completely by the conse-
quent tunable optical bandpass filter (TOBPF, Alnair,
BLV-200CL). The central frequency and bandwidth of
the TOBPF are adjusted to satisfy Eq. (1). At the remote
end, 30% of the received optical power coupled out by a
30∶70 optical coupler is injected into the PD3 while
the other part is reflected by a Faraday rotation mir-
ror (FRM).

Figure 2(a) shows the optical spectrum at the output of
the photonic phase shifter measured by a high-resolution
optical spectral analyzer (Apex, AP2040A). We can see
that two lower sidebands are suppressed by more than
46 dB compared with the two upper sidebands. Hence,
its influence on the performance of the phase shifter
can be ignored [12]. The residual optical carrier mainly
comes from the finite extinction ratio of the DPMZM
(about 20 dB), but it has no effect on the recovered refer-
ence signal since the beat signals between the optical car-
rier and the two upper sidebands can be removed by the
EBPF after photodetectors (PDs). In this case, the pho-
tonic phase shifter can be regarded as a single sideband
transmitter. In order to achieve an optimal SNR, the
powers of the two upper sidebands are set to be equal
by controlling the RF powers applied on two sub-MZMs
[13]. The characteristics of the phase shift are shown in
Fig. 2(b). A continuous and linear phase shift of more
than 450 deg and power variation of less than 0.3 dB
are achieved when the bias voltage (V3) is tuned from
−18 to 18 V. The measured phase tuning bandwidth of
the phase shifter is more than 10 MHz. The tuning band-
width is sufficient for the round-trip phase cancellation
scheme since the loop bandwidth limited by the

Fig. 1. Schematic of the phase drift cancellation based on pho-
tonic RF phase shifter. DPMZM, dual parallel Mach–Zehnder
modulator; PC, polarization controller; EDFA, erbium-doped
fiber amplifier; OBPF, optical bandpass filter; PD, photodetec-
tor; FRM, Farad rotation mirror; EBPF, electrical bandpass
filter; U-C, upconverter; LF, loop filter.
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round-trip delay is less than 2 kHz for the frequency
transfer over more than 10 km optical fiber [1].
Figure 3 shows the timing jitter of the received fre-

quency reference signal without and with the phase com-
pensation based on the above photonic phase shifter. As
can be seen, the timing drift (slow drift) without compen-
sation is up to 180 ps within 10,000 s, which is mainly
caused by the ambient temperature change. With the

compensation based on the proposed scheme, the root
mean square timing jitter can be suppressed to less than
0.5 ps. A slight delay drift of about 2 ps can still be
observed. The main reasons are as follows: (i) the trans-
mission delay fluctuations of the fibers, cables, and phase
detectors out of the control loop with the temperature
change; and (ii) the accuracy of measured phase error
is degraded by the excess parasitic phase noises, which
are induced by the second harmonic and the intermodu-
lation components with the frequency of 2ωr originating
from the nonlinearity of the mixer. In practice, Eq. (5)
should be modified as φerror � 2�φc � �1� k�φp�, where
kφp represents the excess parasitic phase and k is a co-
efficient related to the nonlinearity of the mixer. When
the φerror equals zero, the excess phase kφp will remain
in the recovered reference signal at the remote site, and
the suppression ratio of the phase drift will be limited by
the value of k. An additional temperature control and
a better mixer with a low second harmonic and the
four-order intermodulation components can be used to
improve the compensation precision [14].

Figure 4 shows the phase noise spectrum density of
the optical link measured by a phase noise analyzer
(PN9000). We can see that the phase noise near the car-
rier (fast fluctuation) is effectively suppressed when the
phase compensation is activated. However, the phase
noise suppression ratio at higher frequencies in the con-
trol bandwidth about 50 Hz is limited, which is mainly
attributed to the poor noise floor of the phase detector
and loop filter. The phase noise out of the control band-
width is dominated by the amplified spontaneous emis-
sion (ASE) noise of the EDFA since the input optical
power to the EDFA is less than −17 dBm. A laser source
with a high optical power can be used to improve the
EDFA’s ASE noise.

It is worthwhile to mention that the phase drift of the
adopted photonic phase shifter itself can also be detected
and compensated and has a negligible impaction on the
compensation precision in our scheme. This is because
the photonic phase shifter is in the phase control loop,
and the phase drift of the photonic phase shifter is less
than 0.5 deg within 2000 s in an open experimental

Fig. 2. Performance of the photonic phase shifter: (a) optical
spectrum at the output of the OBPF and (b) measured phase
shift and power variation as the bias voltage tuning.

Fig. 3. Timing jitters of 20 km optical link with and without
phase compensation.

Fig. 4. Phase noise spectrum of back-to-back link (blue) and
20 km link with compensation (red) and without compensation
(black).
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condition [10], which is far less than the phase drift
induced by the fiber link.
In conclusion, we proposed and experimentally dem-

onstrated a photonic RF phase-shifter-based phase drift
cancellation scheme for frequency transfer over optical
fiber, where the phase drifts induced by fiber transmis-
sion can be suppressed by simply controlling the bias
voltage of the modulator. The proposed scheme is vali-
dated experimentally by transferring a 0.5 GHz reference
signal over a 20 km single-mode fiber with a root mean
square jitter of less than 0.5 ps. Actually, the highest
frequency of the transferred reference signal can be
up to 10 GHz in our system, which is mainly limited
by the bandwidth of the DPMZM. We plan to optimize
the resolution of phase detection and suppress the exces-
sive parasitic phase noise induced by the mixer to
improve compensation precision in future work.
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