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Hybrid Fiber-Optic Radio Frequency and Optical
Frequency Dissemination With a Single Optical
Actuator and Dual-Optical Phase Stabilization
Xueyang Tian , Liang Hu , Member, IEEE, Guiling Wu , Member, IEEE, and Jianping Chen

Abstract—In this paper, we propose and experimentally demon-
strate a technique for simultaneous dissemination of optical and ra-
dio frequencies (RF) over an optical-fiber link with a single optical
actuator and dual-optical phase stabilization. The optical actuator,
namely electro-optic modulator (EOM), can simultaneously be
served with a coupler and a dual optical frequency shifter to couple
an RF frequency and an optical frequency and to efficiently sup-
press the phase noise of the two optical frequencies introduced by
the fiber link with dual-optical phase stabilization, respectively. We
experimentally demonstrate 193 THz optical carrier dissemination
with a stability of 1.2 × 10−15 at the integration time of 1 s and
3.5 × 10−17 at 10,000 s, and 0.9 GHz RF frequency dissemination
with a stability of 5.7 × 10−13 at 1 s and 5.2 × 10−16 at 10,000
s over a 30 km optical fiber link in a single telecommunication
channel. This proof-of-principle experiment is particularly useful
for users who need both RF and optical frequencies simultaneously,
but do not have cumbersome and expensive optical combs, and
also provides a promising solution towards a robust and flexible
ultrastable optical frequency network for multi-user dissemination
based on a frequency division multiplexing technique.

Index Terms—Metrology, optical fiber, optical frequency
transfer, radio frequency transfer.

I. INTRODUCTION

F IBER-OPTIC time and frequency dissemination has at-
tracted widespread research interest. Thanks to the rapid

development over the last decades, newly developed radio fre-
quency (RF) and optical frequency dissemination schemes with
ever-increasing performance and fiber distances are expected
to play a crucial role for science and technology including
geodesy [1], radio astronomy [2], [3], optical clock compar-
isons [4], [5] and tests of fundamental physics [6], [7]. Up to
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now, a bunch of methods has been investigated for dissemination
of RF frequencies and optical frequencies over optical fiber
networks. An RF frequency can be transferred to the remote
user sites by amplitude modulating a continuous-wave (CW)
laser before it is sent through a fiber link [8]–[10]. An optical
carrier wave itself can also be disseminated by transferring the
light of a stable CW laser [11]–[17]. Furthermore, RF and optical
frequencies can be disseminated simultaneously by transmitting
pulses from a mode-locked laser [18]–[21]. Among them, optical
carrier-based frequency dissemination has the best performance
because of its high carrier frequency and no fiber dispersion
effect [11]–[17].

While fiber-optic optical frequency dissemination provides a
superior fractional frequency stability over fiber-optic RF trans-
mission [12]–[15], the existing commercial atomic clocks and
frequency standards are still dominated by microwave atomic
clocks, and many applications in science, commerce, and indus-
try require an RF frequency in order to provide a stable RF source
for their electronic systems or electro-optical components like
acousto-optic modulators (AOMs) [7]. The conversion from the
optical frequency to the RF frequency can be achieved by adopt-
ing optical frequency combs. The combs, however, are usually
expensive and cumbersome [22], [23], limiting their promotion
and applications, especially, in space. Therefore, the range of
applications and experiments supported by optical frequency
transfer networks can be improved by the direct provision of
a stabilized RF frequency. In addition, towards the definition
of SI second based on optical atomic transitions by verifying
optical atomic clocks being compatible with the current defini-
tion, namely the microwave hyperfine transition in 133Cs, it is
necessary to compare the absolute frequency between candidate
optical standards and primary cesium references. To perform
this task, high-precision RF frequency and optical frequency
comparison techniques are simultaneously necessary [24]–[27].

Various techniques for transferring RF and optical frequencies
simultaneously based on optical fiber as a transmission medium
have been rapidly developed. In principle, the RF and optical fre-
quencies can be disseminated by using two independent systems
with a wavelength division multiplexing (WDM) technique,
but this will sacrifice the valuable fiber capacity resource and
increase the complexity of the apparatus. Feng et al. demon-
strated a technique for simultaneous transferring of optical and
RF frequencies over a fiber link by simply cascading the RF
phase stabilization and optical phase stabilization systems [28].
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Fig. 1. (a) Schematic diagram of our hybrid fiber-optic RF frequency and optical frequency dissemination with a single optical actuator and dual-optical phase
stabilization. (b) Optical spectrum diagram just after the EOM biased as Vπ/2 as the “ 1©” indicated in (a). (c) Optical spectrum diagram just before PD2 as
the “ 2©” indicated in (a). EOM: electro-optic modulator, AOM: acousto-optic modulator, EDFA: erbium-doped fiber amplifier, DDS: direct-digital synthesizer,
Circ: optical circulator, PD: photodetector, PDRO: phase-locked dielectric resonator oscillator, VCO: voltage-controlled oscillator, BPF: band-pass filter, PID:
proportional-integral-derivative controller, PC: polarization controller.

Krehlik et al. proposed and demonstrated a hybrid solution for
simultaneous dissemination of an optical frequency, an RF fre-
quency, and a time signal over an optical fiber in which they com-
bined the standard phase-stabilized optical carrier transfer with
the electronically stabilized (ELSTAB) technology designed for
delay-stabilized transfer of the RF frequency reference and the
one pulse per second (1 PPS) time signal [29]. Both above
solutions adopted two different wavelengths on two directions
for avoiding the effect of the Rayleigh backscattering on the
RF transfer stability. Schediwy et al. proposed a method of
simultaneous transferring of optical and RF frequencies over
the optical fiber link [30], in which two AOMs as two frequency
actuators are used for independently correcting the phase noise
of two optical carrier signals. The two optical frequencies are
separated by an RF frequency achieved by using an additional
dual-parallel Mach-Zehnder modulator (DPMZM). Although it
only occupies one telecommunication channel, the use of the
two independent AOMs and the additional DPMZM will induce
uncommon-mode phase noise on the stabilized RF frequency
since two optical signals experience different optical paths at
the local site [30]. Additionally, the limited carrier and sideband
suppression ratio produced by the DPMZM will introduce the
crosstalk phase noise on the stabilized RF frequency [31].

The paper is organized as follows: section II describes the
proposed hybrid fiber-optic RF and optical frequencies dissem-
ination technique; in section III the experimental apparatus and
the main experimental results are presented, including an as-
sessment of RF frequency transfer performance and optical fre-
quency dissemination performance; section IV discusses main

limitation of the present apparatus and the feasible solutions for
future improvements; finally, in section V a conclusion is given.

II. CONCEPT OF THE HYBRID SYSTEM

The underlying idea of the solution proposed here is to simul-
taneously transfer RF and optical frequencies by using a sin-
gle optical actuator, namely a Mach-Zehnder-type electro-optic
modulator (EOM) and two standard optical phase stabilization
setups as shown in Fig. 1(a). To satisfy this, the EOM is driven by
two RF signals at angular frequencies of Ω1 and Ω2, resulting in
its output where the dual 1st sidebands differ by Ω0 = Ω2 − Ω1

as illustrated in Fig. 1(b). This way, two conventional optical
stabilization servo systems are used to independently correct two
optical signals by tuning the frequency of the two RF signals.
This creates two, independently stabilized optical signals that
are separated by a given RF frequency of Ω0. In this approach,
both optical frequencies follow the same optical path; thus, the
same phase fluctuations that may be caused, for example, by
vibrations, temperature fluctuations, etc. on the fiber path at the
local site, will be superimposed onto the two optical frequencies,
and do not degrade the phase noise in the difference frequency
of Ω0. Moreover, the technique presented here uses a single
optical actuator, so it is able to benefit from the advantages of
optical frequency dissemination in terms of the reduced size and
complexity of the stabilization equipment.

Figure 1 illustrates a schematic view of the proposed fiber-
optic RF and optical frequencies dissemination technique. The
optical signal E0 ∝ cos(ω0t) from a laser is fed into an EOM
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biased atVπ/2. Here and in the following text, the amplitude and
the initial phase are ignored for clarity. The modulated optical
signal is determined by two RF signals with angular frequencies
of Ω1 and Ω2 and corresponding correctional phase shifts φc1

and φc2 for the dual 1st sidebands with angular frequencies
of ω0 +Ω1 and ω0 +Ω2, respectively, as the optical spectrum
diagram illustrated in Fig. 1(b). The correctional phase shifts
are decided by the feedback from the servo electronics. The
modulated output can be expressed as,

E1 ∝ exp[jω0t]

× cos
[π
4
+m1 cos(Ω1t+ φc1) +m2 cos(Ω2t+ φc2)

]
,

where m1 and m2 are the modulation indexes for the two RF
frequencies, respectively.

The modulated optical signal after passing through a local
AOM (downshifted mode, −1 order) is launched into an optical
fiber link. Once it passes through the fiber link, the different
optical frequencies will accumulate different phase fluctuations
coming from environmental perturbations on the fiber link. At
the remote site, the light encounters a remote AOM (upshifted
mode, +1 order) used to separate the desired round-trip signal
from spurious reflections on the fiber link, and then the signal
becomes,

E2 ∝ exp[j((ω0 − Ωa)(t− τ0) + Ωbt)]

× cos
[π
4
+m1 cos(Ω1(t− τ0) + φc1)

+m2 cos(Ω2(t− τ0) + φc2)] ,

where τ0 is the propagation delay introduced by the fiber link
L, and Ωa and Ωb are the working frequencies of the AOMs fed
by a direct-digital synthesizer (DDS).

At the remote site, the signal is split into two paths, with one
set of the signal going to photodetectors (PD3 and PD4) and the
other is reflected from the remote site by an optical circulator, and
returns along the same fiber link to the transmitter. We assume
that the backward signal experiences the same phase fluctuations
as the forward signal along the fiber link. The returned optical
signal arrived at the PD2 can be written as,

E3 ∝ exp[j(ω0(t− 2τ0) + 2(Ωb − Ωa)(t− τ0))] cos
[π
4

+m1 cos(Ω1(t− 2τ0) + φc1) +m2 cos(Ω2(t− 2τ0) + φc2)
]
.

At the low modulation index condition, namely m1,m2 � 1,
the signal after mixing E3 and E0 as the solid curves and the

dotted curve shown in Fig. 1(c) onto the PD2 at the local site is
expressed in E4. Here the first term in E4 represents the mutual-
beat signals between the returned sidebands in E3 and E0, the
second and third terms in E4 come from the self-beat signals
of E3 and the last term is the mutual-beat signals between the
returned carrier in E3 and E0. As the optical spectrum diagram
illustrated in Fig. 1(c), we are only interested in two RF signals
with angular frequencies ofΩ1 + 2(Ωb − Ωa) andΩ2 + 2(Ωb −
Ωa) in the first term in E4. Both frequencies can be effectively
filtered out by using band-pass filters.

Due to the unidirectional transmission characteristic of the
EOM, the error signal can not be directly acquired by comparing
the E4 with standard RF signals. Here we introduce assistant
signals by beating E1 at the PD1, resulting in,

E5 ∝
2∑

i=1

∞∑
m=1

cos[(2m− 1)(Ωit+ φci)] +
∞∑

m=1

∞∑
n=1

cos[|(2n

− 1)Ω2 − (2m− 1)Ω1|t+ |(2n− 1)φc2 − (2m− 1)φc1|].
Afterwards, electronic band-pass filters (BPFs) after the PDs

(PD1 and PD2) are used to reject the unwanted components
from the desirable terms in E4 and E5. The two RF signals
with angular frequencies of Ω1 (BPF1) and Ω1 + 2(Ωb − Ωa)
(BPF3) are directly mixed and the upper sideband signal E6

with an angular frequency of 2(Ω1 − Ωa +Ωb) is filtered out
by another bandpass filter. Other two RF signals with angular
frequencies ofΩ2 (BPF2) andΩ2 + 2(Ωb − Ωa) (BPF4) are also
mixed and the upper sideband signal is extracted by cascading an
additional BPF to produce a desirable signal E7 with an angular
frequency of 2(Ω2 − Ωa +Ωb). E6 and E7 have expressions of,

E6 ∝ cos[2(Ω1 − Ωa +Ωb)(t− τ0) + 2φc1 − 2ω0τ0],

E7 ∝ cos[2(Ω2 − Ωa +Ωb)(t− τ0) + 2φc2 − 2ω0τ0].

In the next, E6 and E7 are, respectively, mixed with two stan-
dard RF signals with angular frequencies of 2(Ω1 − Ωa +Ωb)
and 2(Ω2 − Ωa +Ωb) to produce error signals. Both standard
RF frequencies are generated by the same DDS generator. Each
DC part of the mixed signals is low-pass filtered to reject higher-
frequency mixing products and then fed into a voltage-controlled
oscillator (VCO) by using a proportional-integral-derivative
(PID) controller. One VCO output, which is equal to Ω1, is di-
rectly used to drive the EOM and the other one before driving the
EOM is multiplied to Ω2 by adopting a phase-locked dielectric
resonator oscillator (PDRO). As a result, the magnitude ofφci are
such that they cancel the phase noise for two optical frequencies

E4 ∝
2∑

i=1

∞∑
m=1

cos[((2m− 1)Ωi + 2(Ωb − Ωa))t+ (2m− 1)φci − 2(ω0 + (2m− 1)Ωi − Ωa +Ωb)τ0] +

2∑
i=1

∞∑
m=1

cos[(2m

− 1)Ωi(t− 2τ0) + (2m− 1)φci] +

∞∑
m=1

∞∑
n=1

cos[|(2n− 1)Ω2 − (2m− 1)Ω1|(t− 2τ0) + |(2n− 1)φc2 − (2m− 1)φc1|]

+ cos[2(Ωb − Ωa)t− 2(ω0 − Ωa +Ωb)τ0]
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resulting from a single pass of the fiber link,

φc1 = (ω0 +Ω1 − Ωa +Ωb)τ0,

φc2 = (ω0 +Ω2 − Ωa +Ωb)τ0.

By substituting these equations into E2, the result can be
expressed as,

E ′
2 ∝

2∑
i=1

∞∑
m=1

cos[(ω0 + (2m− 1)Ωi − Ωa +Ωb)t

+ 2(m− 1)(ω0 − Ωa)τ0 + (2m− 1)Ωbτ0]

+ cos[(ω0 − Ωa +Ωb)t− (ω0 − Ωa)τ0].

Here the second term represents the carrier of the modulated
signal arriving at the remote site. Therefore at the remote site, the
phase noise resulting from phase perturbations on the fiber link is
largely suppressed for both of the optical frequencies with angu-
lar frequencies ofω0 +Ω1 − Ωa +Ωb andω0 +Ω2 − Ωa +Ωb

at the condition of m = 1, respectively. Note that some con-
tamination is coming from the remaining phase noise term of
Ωbτ0, which is about six orders of magnitude smaller than that
of ω0τ0 and can be neglected for both optical frequencies. Each
stabilized optical frequency can be filtered out by using optical
phase-locked loop (OPLL) techniques [32].

At the same time, we can recover a stabilized RF frequency
by self-beat E ′

2 at the PD4, resulting in,

E8 ∝
∞∑

m=1

∞∑
n=1

cos[|(2n− 1)Ω2 − (2m− 1)Ω1|t

+ 2|n−m|(ω0 − Ωa +Ωb)τ0]

+

2∑
i=1

∞∑
m=1

cos[(2m− 1)Ωit+ (2m− 1)(ω0 − Ωa +Ωb)τ0].

Here the second term represents the beat frequency compo-
nents between the modulated sidebands and the carrier in E′

2.
Note that at the remote site, the phase noise resulting from phase
perturbations on the fiber link is suppressed for the RF signal
with an angular frequency of Ω0 = Ω2 − Ω1 when n = m = 1
in E8.

To effectively evaluate the performance of optical frequency
dissemination, we mix the optical signal E′

2 at the remote site
with the local signal E0 onto the PD3. The beating results have
an expression of,

E9 ∝
2∑

i=1

∞∑
m=1

cos[((2m− 1)Ωi − Ωa +Ωb)t

+ 2(m− 1)(ω0 − Ωa)τ0 + (2m− 1)Ωbτ0]

+ cos[(Ωb − Ωa)t− (ω0 − Ωa)τ0] + E8.

Here the second term represents the mutual-beat signals
between the transferred carrier signals in E′

2 and E0. With
the assistance of bandpass filters, we can effectively filter out
two RF signals with angular frequencies of Ω1 − Ωa +Ωb and
Ω2 − Ωa +Ωb in E9 to evaluate both transferred optical fre-
quencies.

Note that the harmonics of the lower RF signal Ω1 in E4, E5

and E9 could be superimposed on the higher RF signal Ω2 in
E4, E5 and E9 when the drifts of the EOM bias voltage from the
ideal position at Vπ/2 and the two RF signals have a multiple
relationship, e.g., Ω2 = kΩ1 (k is an integer). This effect can be
largely suppressed by using the two RF signals with a high ratio
relationship because the amplitude significantly decreases with
the increase of the harmonic order or by adopting the two RF
signals without the multiple relationship.

III. EXPERIMENTAL APPARATUS AND RESULTS

A. Experimental Apparatus

To verify the principle of the proposed scheme, a 30 km optical
fiber spool in the laboratory frequency dissemination system
is demonstrated. The whole system is placed in the laboratory
with a temperature fluctuation of 3 ◦C, which is mainly due to
our poor air conditioning system and human activities during
the day. The local and remote sites are co-located, allowing
an independent measurement of the frequency transfer stability
of the three frequencies (two stabilized optical frequencies and
one stabilized RF frequency). An optical carrier (NKT, X15) at
1550 nm (ω0 � 2π × 193 THz) with a linewidth of ∼ 100 Hz is
injected into an EOM made of LiNbO3 with a typical electrical
bandwidth of 10 GHz and an insertion loss of 8 dB. To avoid non-
linear effects, the signal power launched into the fiber link is kept
low (0 dBm in our case). Considering the experimental devices
in our laboratory, we chose two RF signals as Ω1 = 100 MHz
and Ω2 = 1 GHz. As the high frequency difference between Ω1

and Ω2, leading to that the phase noise of the 10th harmonic
of Ω1 on the Ω2 can be ignored. Then they are combined by a
power combiner and sent to the RF port of the EOM, where their
modulation depths m1 and m2 are both close to 20%. The EOM
is biased at Vπ/2, resulting in a 0.9 GHz frequency difference
between two optical sidebands in the 1st order as illustrated
in Fig. 1(b). The local site AOM (downshifted mode, −1 or-
der) and the remote site AOM (upshifted mode, +1 order) are
working at the angular frequencies of Ωa = 2π × 40 MHz and
Ωb = 2π × 80 MHz, respectively. Thus, the central frequencies
of the 4 BPFs after the PD1 and the PD2 with the 3 dB bandwidth
of 10 MHz are 100 MHz, 1 GHz, 180 MHz, 1.08 GHz, respec-
tively. Additionally, two RF signals with the angular frequen-
cies of Ω1 − Ωa +Ωb = 140 MHz and Ω2 − Ωa +Ωb = 1.04
GHz are used to evaluate the performance of optical frequency
transfer. All the reference signals are synchronized to a Rb
clock with a stability of 1.5× 10−11 at 1 s. This configuration
could guarantee the achieved optical frequency transfer stability
of ∼ 10−17 at 1 s. The long term stability is mainly limited
by the frequency asymmetry between the bidirectional optical
signals and the stability of the uncompensated optical signal as
discussed in [33].

At the remote site, a custom-made bidirectional erbium-doped
fiber amplifier (EDFA) is used to compensate the forward optical
signal due to the insertion loss of the EOM and other optical
devices and to amplify the returned optical signal. For Doppler
phase noise cancellation, we used PID controllers with second-
order loop filters.
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Fig. 2. Measured phase noise PSDs of the 30 km free-running optical fre-
quency (green curves), Sfiber(f), and stabilized optical frequency with fiber
noise cancellation (black curves), Sremote(f), for the optical frequency 1 (a) and
the optical frequency 2 (b). The gray dashed curves are the theoretical prediction
by using Eq. (1).

We measured the stability of the remote two optical frequen-
cies with a K+K FXE phase recorder and the stabilized RF
frequency with a Microsemi 5120 A. Both devices are refer-
enced to a standard RF frequency produced by the local DDS
generator. Here to ensure its long-term transfer performance,
we need to manually adjust the polarization approximately every
half-day. However, unlike the K+K FXE used to evaluate optical
frequency transfer, which can count without intervals, significant
power and frequency fluctuations due to polarization adjustment
will cause the Microsemi 5120 A to suspend the measurement.
In the next step, an automatic polarization tracker is planned to
be installed to reduce the polarization effects and measure the
RF stability longer than 104 s. To measure the phase noise of
the two optical frequencies, we perform the measurement by
feeding the heterodyne beat detected by the PD3 illustrated in
Fig. 1 together with a stable RF frequency reference to a phase
detector. The voltage fluctuations at the phase detector output
are then measured with a fast Fourier transform (FFT) analyzer
to obtain the phase fluctuations Sφ(f). We determine the phase
noise PSD,Sremote(f), for the stabilized frequency and,Sfiber(f),
for the free-running frequency where no noise cancellation was
applied.

B. Optical Frequency Transfer

Figure 2 shows a widespread frequency-domain characteri-
zation of phase instability, which is the power spectral density

Fig. 3. Measured fractional frequency stability of optical frequency dissemi-
nation as a function of time. The blue curve with open triangle markers illustrates
the instability of free-running optical frequency whereas the curves with open
and filled circles indicate the fraction frequency stability of the signals with the
fiber noise cancellation for the first (empty black circle markers) and second
(filled green circle markers) optical frequencies, respectively. The curve with
filled diamonds illustrates the interferometer noise floor.

(PSD) of phase fluctuationsSφ(f) = |φ̃(2πf)|2 with the Fourier
transform normalized to the measurement time of the phase
φ(t) between the sent and transferred optical waves. The phase
noise PSDs of both optical frequencies have been measured for
the stabilized optical frequency (black curve), and for the free-
running optical frequency (green curve), where no phase noise
cancellation was applied. We find that unlocked phase noise
on our fiber link approximately follows a power-law depen-
dence, Sfiber(f) ∼ h0/f

2 (h0 � 3), for f < 1 kHz, indicating
that white frequency noise is dominating in the free-running
optical frequency. By activating the fiber noise cancellation
setup, the phase noise PSD, Sremote(f), approaches another
power-law dependence of h−2/f

0 (h−2 � 6× 10−6), showing
the remaining noise is mainly determined by the white phase
noise. From Fig. 2, we also can find the measured locked phase
noise to be in good agreement with the theoretical value (gray
curves) predicted by [13],

Sremote(f) ≈ 1

3
(2πfτ0)

2Sfiber(f). (1)

We can clearly see that the phase noise cancellation system
suppresses the noise within its delay-unsuppressed below ∼
1 kHz and strong servo bumps appear. The shifted bump position
from the theoretical one (1/(4τ0) � 1.7 kHz) is mainly coming
from an additional delay from each unoptimized PID controller
and RF components.

Complementary to the frequency-domain feature, a time-
domain characterization of the frequency stability (Allan devia-
tion) is shown in Fig. 3. In this plot, blue curve with open triangle
markers indicate the fractional frequency instability of optical
frequency dissemination at the remote site when the servo is
not engaged. Curves with circle markers represent the stability
of the optical frequencies with active stabilization. With the
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Fig. 4. Measured phase noise PSD of the 30 km free-running RF frequency
(green curve) and stabilized RF frequency with fiber noise cancellation (red
curve).

implementation of the fiber noise cancellation setup over a 30 km
fiber link, the optical frequency 1 with the angular frequency of
ω0 +Ω1 − Ωa +Ωb achieves a fraction frequency instability of
1.2× 10−15 at the integration time of 1 s and 3.5× 10−17 at
10,000 s, whilst the second stabilized optical frequency with
the angular frequency of ω0 +Ω2 − Ωa +Ωb has the similar
performance. We can clearly see that when the fiber noise
cancellation setups are engaged, the frequency fluctuations can
be effectively suppressed and no longer dominate the instability
of the optical frequencies. In our experiment, we observe that
the stability of optical frequency dissemination is improved by
more than three orders of magnitude at the integration time of
10,000 s. As a comparison, we measured the floor of optical
frequency dissemination by replacing the fiber spool with a 1 m
fiber plus a 6-dB attenuator. We can observe that the floor of
optical frequency dissemination with a stability of 1.3× 10−16

at 1 s and 3× 10−17 at 10,000 s can be obtained. Consequently,
the stabilized optical frequency is mainly limited by the noise
floor coming from the uncompensated optical paths outside of
our interferometer [12], [14], [15].

To examine the mutual effect between two optical frequencies,
we disengaged one fiber noise cancellation setup. The fractional
instability of each optical frequency is repeatedly measured and
the stability for any optical frequency signal remains unchanged,
illustrating that the additional optical frequency signal will not
sacrifice the performance of optical frequency dissemination.
The same phenomenon has also been observed in [30], [34].

C. Radio Frequency Transfer

As the optical frequency transfer is unaffected by the inclusion
of RF frequency transmission, we implement RF signal dissemi-
nation by engaging both fiber noise cancellation setups. Figure 4
shows the phase noise PSD of the compensated (red trace) and
the uncompensated (green trace) RF frequency at 0.9 GHz over
the 30 km fiber link. We can clearly see that the phase noise PSD

Fig. 5. Measured fractional frequency stability of RF frequency dissemination
versus time. The green curve with open circle markers illustrates the instability
of the 30 km free-running RF frequency whereas the curves with filled circles
and squares represent the fractional frequency stability of the signals with fiber
noise cancellation and the noise floor of the interferometer, respectively.

of the free-running RF frequency is significantly higher than
the stabilized RF frequency within 100 Hz due to fiber delay
fluctuations, mainly induced by the temperature variations and
acoustic perturbations. The phase noise PSD of the compensated
link in the range of 1 Hz is suppressed by 30 dB, indicating
that the lower frequency noise induced by fiber transmission
can be suppressed effectively. The compensated RF frequency
underperforms the free-running frequency between 100 Hz and
1 kHz, which is mainly due to the unmatched locking bandwidths
and gains of the two PID controllers as the strong servo bumps
(∼ 1 kHz) shown in the red trace in Fig. 4.

Concerning the RF frequency transfer stability, we measured a
fractional frequency stability for the compensated (red filled cir-
cles) and the uncompensated (green empty circles) RF frequency
with a 5 Hz measurement bandwidth. The results illustrate that
we achieve 0.9 GHz RF frequency transfer with a stability of
5.7× 10−13 at 1 s and 5.2× 10−16 at 10,000 s, scaling down
with ∼ τ−1. This is slightly worse than the floor of RF signal
dissemination by replacing the fiber spool with a 1 m fiber and
a 6 dB optical attenuator as the square markers shown in Fig. 5.
Nevertheless, the stability of RF transfer is improved by more
than one order of magnitude at the averaging time of 10,000 s.

Here we have to note that this observation is different from
the experimental results presented in [30], where the unstabilized
RF frequency has no obvious difference with the stabilized case.
This is inconsistent with conventional fiber-optic RF dissemina-
tion by amplitude modulating a CW laser [8]–[10] in which with
and without fiber noise cancellation setups have significantly
difference [8]–[10]. The main cause of this situation is probably
limited by the uncommon-mode phase noise coming from two
different optical paths at the local site and the crosstalk phase
noise effect [31].

The RF frequency transfer stability is similar to several other
reported techniques (e.g. [35]). Note that the fractional fre-
quency stability of RF frequency dissemination can be improved
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by increasing the RF frequency. For example, increasing the
value of the RF frequency to 9 GHz from 0.9 GHz will not affect
the achieved absolute frequency stability, but will improve the
fractional frequency stability by one order of magnitude.

IV. DISCUSSION

We have described and experimentally demonstrated the func-
tion of a hybrid stabilized RF frequency and optical frequency
transfer technique. This technique exploits several advantages
of optical phase sensing over other RF frequency transfer tech-
niques, producing a device that is compact in size. By using the
AOMs to generate the optical frequency shifts at the local and
remote sites, we can avoid the need to use additional lasers at
the remote sites to circumvent the effects of unwanted reflections
on the transmission link at the local site. Although the Rayleigh
backscattering effect can be effectively suppressed at the local
site, this still appears at the remote site because the same RF
frequency adopted for bidirectional transmissions, resulting in
superposing of the back-scattering beatnote on the transferred
signal at the remote site [36]. This is one of the main factors
limiting the performance of RF transfer results. The effect is
clearly illustrated by the lower phase noise PSD in the closed
loop than that in the open loop outside the loop bandwidth
illustrated in Fig. 4. Note that we measured the open loop
phase noise PSD without the backward light, resulting in the
Rayleigh backscattering noise-free measurements. By filtering
out the two stabilized optical frequencies at the remote site, the
stabilized RF frequency without the effect of the backscattering
effect can be obtained by beating the two stabilized optical
frequencies at a PD. The implement of this technique will be
thoughtfully investigated in the immediate next step. Moreover,
in comparison with classical RF frequency transfer techniques,
a dispersion compensation module is not necessary to prevent
phase variations caused by the chromatic dispersion. This way
we will fully benefit from the local-remote high stability of the
optical carrier and reduce substantially the impact of the fiber
chromatic dispersion on RF signal stability [37].

Using equipment readily available in our laboratory we regard
the results as not the best case which could be improved by
using more specialized components and designs for further
improvements. The potential improvement is the spatial design
of the fiber-optic setup used for stabilizing of output optical
frequencies; the fiber path starting at the input of the EOM at
the local site and ending at the remote site is stabilized, but
thermal and acoustic perturbations affecting all other fibers or
fiber components involved in the optical carrier transfer path. In
the current setup, the interferometer was built with an EOM,
which caused non-optimal spatial design and thus involved
relatively long uncompensated fibers. The long uncompensated
fibers will introduce significant phase fluctuations at time scales
longer than 1 s because of thermal expansion of the fiber and
thermally induced variations in the refractive index [38], [39].
The variations typically depend on the temperature fluctuation
cycle. To better understand this factor, here we quantitatively
estimate the effect of the temperature variations on the long-term
stability. The propagation delay variations Δτ with a fiber link

length of Δl due to a sinusoidal time-varying temperature are,

Δτ =
Δl

c
(αn + nαΛ)ΔT sin(2πt/Tc), (2)

where αn ≈ 1.06× 10−5/K (25 ◦C room-temperature,
1550 nm) and αΛ ≈ 5.6× 10−7/K (25 ◦C room-temperature,
1550 nm) are, respectively, the thermo-optic and thermal
expansion coefficient of the typical single-mode fiber, n is
the effective refractive index of the fiber and ΔT and Tc

are the sinusoidal temperature fluctuation peak-to-peak and
cycle, respectively. Using Eq. (2), the Allan deviation can be
calculated as [40], [41],

σy(τ) =
2ΔTΔl(αn + nαΛ)

cτ
sin2(πτ/Tc). (3)

In our typical experimental configuration, the real optical
path length, in particular the fiber-pigtailed EOM, is difficult to
identify and we estimate the out-of-loop mismatch up to L = 1
m. For a typical temperature perturbation with the fluctuation
amplitude and cycle of 1 K and 3,600 s, respectively, one expects
a bump of the Allan deviation as high as 4× 10−17 at 1,800 s.
Note that the Allan deviation has capability to be improved by
two orders of magnitude to 4× 10−19 at 1,800 s by reducing
the unbalanced fiber length to 10 cm and by actively stabilizing
the temperature to the level of 0.1 K of the peak-to-peak value
with passive or active methods [42]. For field-deployed fibers
installed mainly underground and spool fibers in the laboratory,
Eq. (3) can also be used for estimating the frequency transfer
stability without any phase compensation [38], [39].

To date, efforts have mainly focused on long-distance con-
nections, using methods similar to that proposed in 1994 by Ma
et al. to correct phase perturbations between the local and remote
ends [11]. In recent years, schemes with a variety of different
topological structures that are intended to meet multi-access ap-
plication requirements have been experimentally demonstrated.
As proposed by Grosche et al. [43], it is efficient to implement
a main optical link along which the signal is distributed to
multiple users. However, this scheme will face a dilemma that
the system will not work properly if the main link servo fails.
Another possibility is to implement a branching optical fiber
network with phase correction at each output end [44], [45].
A key element of the latter technique is that each remote site
requires a unique AOM frequency to distinguish it from the
AOM frequencies used by the other remote sites with a frequency
multiplexing division technique as illustrated in Fig. 6. Due to
the limited bandwidth and the working frequencies of the AOMs,
this condition is sometimes difficult to satisfy with the significant
increase in the number of users. Fortunately, this will not be
an issue by adopting the scheme proposed here because of the
large bandwidth of the EOM. However, we have to consider
the additional fractional frequency instability coming from the
frequency difference between bidirectional optical signals [33].
Although this proposed configuration will increase the com-
plexity of the local site, the maintenance of the whole system is
easily achieved at the central office, and the probability of failure
at each remote site is massively reduced.
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Fig. 6. Diagram of optical frequency dissemination with a star topology. While
using the scheme demonstrated here, it will be convenient to simultaneously
transfer an optical frequency from a central station to multiple end-users with
a frequency division multiplexing technique. The fiber-induced optical phase
noise at each user can be compensated by the central station.

V. CONCLUSION

In this paper, we presented a combined system capable of
transferring an RF reference frequency and dual-optical frequen-
cies by adopting a dual-stabilization technique with a single
optical actuator. The key innovation of the proposed scheme
was finding a way to use a large bandwidth EOM as a frequency
shifter for inserting an RF signal between two optical frequencies
and as a dual-channel optical actuator for effectively suppressing
the phase noise introduced by the fiber. The results demonstrate
that we have achieved 193 THz optical carrier dissemination
with a stability of 1.2× 10−15 at the integration time of 1 s and
3.5× 10−17 at 10,000 s, and 0.9 GHz RF signal dissemination
with a stability of 5.7× 10−13 at 1s and 5.2× 10−16 at 10,000 s
over a 30 km optical fiber link. Delivery of highly stable optical
and RF references allows the users to synthesize the signals
in bands of optical spectrum as well as in the RF domain.
Potential users might be involved in clocks development, high-
resolution spectroscopy, radio astronomy observations, relativis-
tic geodesy, tests of fundamental physics and so on.
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