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Abstract—We report on a new method for cascaded long-
haul fiber-optic radio frequency (RF) transfer. The phase noise
compensation device is placed at the relay site to simultaneously
compensate for phase noise coming from the front and the second
segment fibers. At the same time, the technique can have the
capability to share the modulated optical signal for the both
links, simplifying the configuration at the relay site. This scheme
not only greatly simplifies the cascaded RF transfer system but
also effectively improves the system noise floor. Experimentally,
we demonstrated a 1 GHz signal transfer over a 210 km (100+110
km) fiber-optic link, achieving the fractional frequency stability
less than 2.3 x 107** at 1 s and 5.4 x 10~ at 10,000 s.

Index Terms—radio frequency transfer, novel cascaded scheme,
long-haul fiber-optic link

I. INTRODUCTION

Transfer of ultra-stable radio frequency (RF) via long-haul
fiber-optic link is indispensable in numerous applications,
such as Square Kilometre Array (SKA) [1] and very long
baseline interferometry (VLBI) [2]. There are two fundamental
limitations in long-haul fiber-optic RF transfer. One is the de-
terioration of the receiver signal-to-noise ratio (SNR) induced
by the phase noise accumulation along the long-haul fiber link.
The other one is the compensation bandwidth limited by the
propagation delay of the fiber link. Although the single-stage
span transfer scheme by adopting the bidirectional optical
amplifiers can achieve long-haul RF transfer by optimizing
the configuration of the fiber link, the limited compensation
bandwidth and the accumulated excessive phase link noise
pose greatly challenges [3]. Compared with the single-stage
span transfer, the cascaded transfer scheme with independent
link phase noise compensation for each segment is more
favorable for long-haul ultra-stable RF transfer. Unfortunately,
the relative frequency stability degrades /N times in the
cascaded system configuration with N stages [4]. How to
improve the noise floor in a cost-effective way through the
cascaded scheme, so as to distribute an ultra-stable RF signal
via the long-haul fiber link, is a valuable research direction.

In this article, we report on a novel cascaded scheme for
long-haul fiber-optic RF transfer. The active compensation
device based on the phase-locked loop (PLL) is placed at
the relay site (RLS) to simultaneously compensate for phase
noise caused by the front and the second span fibers. Our
scheme greatly simplifies the cascaded transfer system, thereby
improving the system noise floor. Experimentally, we transfer
a 1 GHz REF signal via a 210-km (100+110 km) single-mode

fiber (SMF) link. The 210-km cascaded system reached the
relative frequency stabilities less than 2.3 x 1074 at 1 s and
5.4 x 10717 at 10,000 s.

II. EXPERIMENTAL SETUP AND RESULTS

The schematic diagram of fiber-optic RF transfer based on
the novel cascaded scheme is shown in Fig. 1. The principle
of the phase noise compensation technique principle of our
proposed scheme can be understood simply as follows. At
the RLS, the probe signal with w,.t + ¢. produced by
the voltage-controlled oscillator (VCO) is modulated onto the
optical carrier by the electrical-optical converter (E/O), which
is transmitted to the local site (LS) and the remote site (RS)
via the first and second segment fiber links, respectively. At
the LS, the probe signal detected by the optical-electrical
converter (O/E) and the detected signal can be denoted as
Wycol + P + Ppa, Where @, stands for the phase fluctuation
induced by the first segment fiber link. The frequency standard
(FS) signal with the expression of wrrt + @i is mixed with
the probe signal through the dual frequency mixers (DFM)
[5]. The obtained lower-side signal subsequently transmits to
the RLS and can be denoted as (Wrp — Wyeo)t + ©REF — Pe-
Another probe signal at the RS recovered by the O/E, which
can be expressed as wycot + @ + @pp, Where @y, is the phase
fluctuation caused by the second segment fiber link. The part
of The recovered signal is provided to can be used for the user
or the next cascaded stage. At the same time, the other part
is returned to the RLS via the second fiber link, the detected
RF signal can be given by wycot + e + 2¢p,. Moreover, it
should be noted that w,., and wrr have the relationship of
WRF = 2Wyco. The two probe signals returning to the RLS
fed into the PLL unit (consisting of mixer, PID controller and
VCO). When the PLL unit is active, the phase error is canceled
through tuning the VCO control voltage. Then we obtain the
relationship of wrp = 2wyeo and Y. = prE/2 — @pp. In this
way, it can be obviously found that the stable RF signal can
be recovered at the RS.

The experiment setup is shown in Fig.1. The first and second
segment fiber links are composed of 100 km and 110 km
SMEF, respectively, placed in the lab room with temperature
fluctuations about 3°C [6]. The FS (Rigol Inc., DSG 821)
is set to 2 GHz. The signal generated by the VCO is set to
approximately 1 GHz. To compensate for the attenuation of
the optical fiber link, we placed two home-made bidirectional
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Fig. 1. Schematic diagram of the proposed fiber-optic radio frequency transfer based on the novel cascaded scheme. FS: frequency standard, E/O: electrical-
optical converter, O/E: optical-electrical converter, WDM: wavelength division multiplexer, Bi-EDFA: bidirectional erbium-doped fiber amplifier. VCO: voltage-

controlled oscillator, MIX: frequency mixer, DFM: dual frequency mixers.
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Fig. 2. Measured Allan deviation (ADEV) in the different transfer configura-
tions: the back-to-back system noise floor (blue curve), the 210 km proposed
scheme (red curve) and the 210 km free running link (black curve).

erbium-doped fiber amplifiers (Bi-EDFAs) to boost the fading
optical signals. The structure of the Bi-EDFA is similar with
Ref [7]. Moreover, in order to suppress the impact of chromatic
fiber dispersion, the proper dispersion compensation fiber is
placed in the fiber link. The measured Allan deviation (ADEV)
in different transfer configurations are illustrated in Fig.2.
The 210 km proposed scheme reaches the relative frequency
stabilities less than 2.3x1071% at 1 s and 5.4x 1017 at 10,000
s. Compared with the 210 km free running link, the long-term
stability of the 210 km proposed scheme is improved from
2.3 x 10713 to 5.4 x 1077 at the averaging time of 10,000
s. The system configuration of the noise floor is replaced the
long-haul fiber link of the proposed scheme with 1 m SMF,
achieving the relative frequency stabilities less than 1 x 10714
at the integration time of 1 s and 5 x 10717 at 10,000 s.

ITI. CONCLUSION

In conclusion, we report on a novel cascaded scheme
for long-haul fiber-optic RF transfer. This scheme not only
greatly simplifies the cascaded RF transfer system but also

effectively improves the system noise floor. Experimentally,
we demonstrated a 1 GHz signal transfer over a 210 km
(100+110km) fiber-optic link, achieving the relative frequency
stabilities less than 2.3x 10714 at 1 s and 5.4x 10717 at 10,000
S.
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