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In this Letter, we propose a fiber-optic radio frequency (RF)
transfer based on active phase noise compensation adopting
a carrier suppressed double-sideband (CSDSB) signal. The
forward CSDSB signal is generated based on the transmitted
RF signal at the local site to discriminate from the backward
RF signal. The forward and backward signals are transmitted
over the same fiber with the same wavelength to guarantee
the bidirectional propagation symmetry. The impact of
backscattering is efficiently suppressed by electrical filtering
at the sites. A 1 GHz signal transfer over a 40 km optical link
is performed in a laboratory. The results show that the
proposed scheme can improve the short-term stability from
1.9 e − 13∕s to 3.9 e − 14∕s in contrast to the scheme with
backscattering while reaching a long-term stability of
2.0 e − 16∕10000 s. © 2017 Optical Society of America
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Stable radio frequency (RF) transfer over optical fiber has been
proposed as a promising way to satisfy the continuously increas-
ing requirements of many applications [1,2], such as particle
accelerators, radio astronomy, and navigation. In order to sup-
press the phase noise induced by the temperature and mechani-
cal vibration of the fiber link, active compensation [3–7] and/or
passive compensation [8–11] based on bidirectional transmis-
sion have been proposed. According to the RF signals and op-
tical wavelengths employed in two directions, there are three
types of bidirectional transmission: the same RF and the differ-
ent optical wavelength (SFDW), the same RF and the same
optical wavelength (SFSW), and the different RF and the same
optical wavelength (DFSW). The SFDW suffers from the
bidirectional asymmetry due to the different wavelengths,
which will degrade the suppression ratio of the phase noise
(3,8,11). The SFSW can guarantee the bidirectional symmetry,
but is susceptible to the influence of the backscattering

[6,7,9,10]. The DFSW can avoid the impact of the backscat-
tering by electrical filtering and guarantee the symmetry at the
same time, since the frequency difference between RFs is rel-
atively small [4,5]. Olivier Lopez et al. proposed an active op-
tical compensation scheme [4] based on DFSW transmission.
However, the employed optical compensator, composed of an
optical fiber stretcher and a temperature controlled fiber delay
line, is volume large and complex. Bo Ning et al. presented an
active electrical phase noise compensation scheme [5] based on
DFSW transmission, which adopted a digital signal processing
module for phase fluctuation analysis. The digital error signal
detection, however, needs rigorous calibration and is difficult to
work at a high-voltage phase resolution segment [6].

In this Letter, we propose an active electrical phase noise
compensation based on DFSW transmission with a carrier sup-
pressed double-sideband (CSDSB) signal. In the proposed
scheme, the local site generates a CSDSB signal based on
the transmitted RF signal. The CSDSB signal is modulated
on an optical carrier and sent to the remote site. At the remote
site, a frequency-doubling signal is obtained by mixing the two
sidebands of the detected CSDSB signal, which is then divided
by two and returned to the local site on the same wavelength as
the forward one. The phase fluctuation is detected from the
round-trip signal by analog signal processing. A phase pre-com-
pensated RF signal is generated according to the detected phase
fluctuation and then transmitted to the remote site to obtain a
stable RF signal. In this way, the same wavelength can be em-
ployed for bidirectional transmission without backscattering
since the RF frequency for the two directions is different. At
the same time, the phase noise compensation can be realized
by relatively simple and direct electrical analog signal processing
and compensation techniques.

The proposed schematic is illustrated in Fig. 1. At the local
site, the RF signal from an electronic phase noise compensator
(PNC) [3] and the local signal from a local oscillator (LO) are
input into a CSDSB generator to generate a CSDSB signal,
shown as Fig. 2(a). The CSDSB signal is modulated on an
optical carrier by an electro–optic modulator biased at V π, and
then transmitted to the remote site via an optical fiber link.
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At the remote site, a band-pass filter (BPF) is used to filter out
the frequency-doubling signal (i.e., the sum frequency of the two
sidebands of the CSDSB signal) in the frequency-beating signals
from a photodetector (PD), shown as Fig. 2(b). The frequency-
doubling signal is divided by two, and then split into two
branches. One branch is for users. The other, modulated on
the same optical wavelength as the forward one, is transmitted
back. At the local site, the additional phase noise induced by fiber
transmission is detected and compensated for by the electronic
PNC, according to the round-trip signal and the delivered signal.

The signal from the PNC and the LO can be expressed as
follows:

E1�t� ∝ cos�ω0t � ϕ0�; (1)

E2�t� ∝ cos�ω1t � ϕ1�; (2)

where ω0 and ϕ0 represent the angular frequency and initial
phase of the PNC output signal, and ω1 and ϕ1 represent the
angular frequency and initial phase of the local signal, respectively.

The CSDSB signal can be written as

E3�t� ∝ cos��ω0 � ω1�t � �ϕ0 � ϕ1��
� cos��ω0 − ω1�t � �ϕ0 − ϕ1��: (3)

The optical field from optical transmitter biased at V π can
be depicted as

E laser1�t�∝ exp�jωc t�fa�bfcos��ω0�ω1�t��ϕ0�ϕ1��
� cos��ω0 −ω1�t��ϕ0 −ϕ1��g
� c cos�2ω0t�2ϕ1��d cos�2ω1t�2ϕ1��HHg;

(4)

where ωc is the wavelength of optical carrier; a, b, c, and d are
the constant coefficients related to modulation parameters.

In the PD at the remote site, the optical sidebands beat
with each other to generate the frequency-doubling signal,
2ω0, see Fig. 2(b). The 2ω0 signal filtered out by BPF 1
can be expressed as

E5�t� ∝ cos�2ω0�t − τLR� � 2ϕ0�; (5)

where τLR is the fiber link propagation delay from the local site
to the remote site. The 2ω0 signal is divided by two and then
transmitted back over the same fiber link with the same
wavelength as ωc .

At the local site, the detected round-trip signal and the
delivered signal can be written as

E9�t� ∝ cos�ω0�t − τLR − τRL� � ϕ0�; (6)

E0�t� ∝ cos�ω0t � ϕs�; (7)

where τRL is the fiber link propagation delay from the remote
site to the local site, and ϕs represents the initial phase of the
delivered RF signal.

In the PNC, the compensated transmitted signal E1 is
obtained by making [3]

ϕ0 � ϕs �
ω0�τLR � τRL�

2
: (8)

In this way, the RF signal for the remote user can be
depicted as

E8�t� ∝ cos

�
ω0t � ϕs �

ω0�τRL − τLR�
2

�
: (9)

Since bidirectional propagation is over the same fiber link
with the same wavelength, bidirectional propagation delay differ-
ence can be ignored, i.e., τLR � τRL. At the same time, the im-
pact of the backscattering can also be suppressed efficiently, since
the frequencies for the two directions (E3 and E7) are different.

Fig. 1. Schematic of the proposed fiber-optic frequency transfer
scheme. CSDSB, carrier suppressed double-sideband signal; PS, power
splitter; BPF, bandpass filter; LO, local oscillator.

Fig. 2. Diagram of the forward transmission signals.
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Moreover, the standard RF signal can also be reproduced at ar-
bitrary nodes along the link by partly picking out the forward
signal and the backward signal as Refs. [12,13], as shown in
Fig. 1. The frequency-doubling signal is extracted from the for-
ward signal. It is then divided by 2 and mixed with the backward
detection signal to reproduce the delivered RF signal.

It is worth noting that some components of backscattering
and transmitted signals will beat and generate interfering noise
with the same frequency as the signal at the local site and re-
mote site. The beating noises, however, are mainly generated by
higher-order sidebands, and are much less than that in SFSW.

The experimental schematic is illustrated in Fig. 3. At the
local site, a 1 GHz delivered RF signal is generated from a signal
generator. An electronic PNC using a voltage controlled quartz
oscillator and a simple feedback loop [3] is employed to generate
the phase-compensated signal. The CSDSB generator, taking the
10-division of a 1 GHz delivered signal as its LO, is implemented
by a mixer, electrical amplifier, and a 1 GHz bandstop filter to
generate the CSDSB signal. The CSDSB signal is modulated on
an optical carrier of 1550.12 nm through a Mach–Zehnder
modulator (MZM) biased at half-wave voltage to improve
the generation efficiency of the frequency-doubling signal
(2 GHz) at the output of the PD [14]. At the remote site, a
2 GHz PD is employed to detect, and a 70 MHz bandwidth
BPF is used to filter out the 2 GHz beating signal from the
PD. The 1 GHz backward signal is carried on an optical carrier
with the same wavelength as the forward one by another MZM
biased at quadrature. The round-trip 1 GHz signal is detected by
a 1.2 GHz PD at the local site and sent to the PNC. The local
and remote sites are linked with a 40 km fiber (consisting of 20
and 20 km single-mode fiber spools jointed by two 2 × 2 optical
couplers). The delivered 1 GHz signal and the reproduced one
are converted to 10 MHz signal by the dual-mixer method [15],
which are input into a phase noise test set (Symmetricom, Inc.,
TSC5120A) to evaluate the system performance. All measure-
ments are carried out in an ordinary air-conditioning room with
a temperature fluctuation of about 3°C.

Figure 4 shows the measured frequency spectrum at the out-
put of the CSDSB generator. Due to the limited isolation and
the nonlinearity of the mixer and electrical amplifier, besides
the primary double-band signal of 0.9 and 1.1 GHz, several
subordinate double-band signals, such as 0.8 and 1.2 GHz,
and 0.7 and 1.3 GHz, are also produced. Since all the sidebands
are phase-locked, the additional subordinate double-band sig-
nals also have contribution to the power of the generated
2 GHz signal.

Measured phase noise spectra of fiber-optic frequency trans-
fer in different system configurations are shown in Fig. 5. For
comparison, the result of a 1 GHz fiber-optic frequency transfer
system based on electrical compensation with SFSW transmis-
sion [16] are also presented. The floor of the proposed system is
given by the 1 m proposed compensated link, which is deter-
mined by the RF signal process, optical modulation, and de-
tection at each site. It can be seen that the phase noise of a
40 km free running link is significantly higher than the floor
within 1 Hz due to the fiber delay fluctuation, mainly induced
by the temperature variation. The phase noise of all compen-
sated links in the range of 0.01–0.1 Hz is close to the floor
noise, which indicates that the lower frequency noise induced
by fiber transmission can be suppressed effectively. However,
one can see that the phase noise of the 40 km compensated
link with SFSW transmission (about −105 dBc∕Hz at

Fig. 3. Experiment setup of the proposed fiber-optic frequency
transfer. MZM, Mach–Zehnder modulator; EDFA, erbium-doped
fiber amplifier; PD, photodetector; PLL, phase-locked loop; LNA,
low noise amplifier; BSF, bandstop filter.

Fig. 4. Measured spectrum at the output of the CSDSB generator.

Fig. 5. Measured phase noise spectra of different fiber-optic fre-
quency transfer systems.
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0.1 Hz and −110 dBc∕Hz at 1 Hz) is significantly degraded
after 0.1 Hz, even worse than the 40 km free running link
(about −107 dBc∕Hz at 0.1 Hz and −119 dBc∕Hz at 1 Hz).
It is mainly attributed to the optical reflections on connectors
along the link and the backscatterings in the fiber [4]. In con-
trast, the phase noise of the 40 km proposed link (about
−117 dBc∕Hz at 0.1 Hz and −125 dBc∕Hz at 1 Hz) is clearly
lower than that of the 40 km free running link for the effective
suppression of backscatterings and reflections. The phase noise
of 40 km compensated link, 1 m compensated link between 1
and 50 Hz is mainly determined by the noise of the circuits and
the microwave photonic link, such as the laser FM noise and
relative intensity noise. The compensated links underperform
the 40 km free running link between 20 Hz and 1 kHz for the
more complicated RF process circuits at the two sites. The
phase noise after 1 kHz of the compensated links is determined
by the phase-locked loop (PLL), and there is a bump close to
the loop bandwidth of the PLL (300 Hz).

Figure 6 shows the measured fractional frequency stability
(Allan deviation) of different transfer links with a 5 Hz mea-
surement bandwidth. It can be seen that the Allan deviation
curve of all compensated links decreases over the averaging time
as τ−1. It indicates that the low frequency noise induced by the
fiber link is compensated efficiently. There is an apophysis on
Allan deviation curves of the 40 km compensated links com-
pared to the 1 m back to back link after 100 s, which is attrib-
uted to the polarization mode dispersion [4,17]. The long-term
stability of both the 40 km proposed link and 40 km com-
pensated link with SFSW transmission can reach about
2.0 e − 16∕10000 s, which is improved more than 500 times,
compared to the 40 km free running link, for the compensation
of phase noise induced by fiber transmission. The short-term
stability of the 40 km proposed compensated link, about
3.9 e − 14∕s, is close to the one of the 1 m proposed compen-
sated link. However, the short-term stability of the 40 km com-
pensated link with SFSW can only reach about 1.9 e − 13∕s,
which is even worse than that of the 40 km free running link,

about 7.3 e − 14∕s. Moreover, the frequency transfer with
stabilities of 3.9 e − 14∕s and 2.7 e − 16∕10000 s is also imple-
mented at the midpoint of 40 km proposed compensated link.
The results validate that the proposed method can effectively
suppress the phase noise induced by fiber transmission and the
impact of backscattering at the same time.

In summary, we proposed an active compensation-based RF
dissemination scheme via an optical fiber adopting a CSDSB
signal. The forward transmission adopts a CSDSB signal locked
to the transmitted signal to discriminate from the backward
signal and, hence, suppress the impact of backscattering.
The forward and backward signals are then transmitted over
the same fiber with the same wavelength to guarantee the bidi-
rectional propagation symmetry. A 1 GHz signal transfer based
on the proposed scheme over a 40 km optical link is experimen-
tally demonstrated. The result shows that the proposed scheme
can effectively compensate for the phase fluctuation induced by
the fiber link and alleviate the signal-to-ratio noise deterioration
induced by the backscattering.
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