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We propose a radio frequency (RF) transfer technique with passive phase noise compensation over a fiber-optic
ring. By adopting different frequencies and same wavelength transmission and double sideband (DSB) with
carrier suppression (DSBCS) modulation, the impact of backscattering can be effectively suppressed. A stable
RF signal can be obtained via frequency mixing at an arbitrary access site along the fiber-optic ring. As the two
directional transmissions adopt the same fiber and same wavelength from the same laser, the bidirectional propa-
gation symmetry can be maximally guaranteed. We experimentally demonstrate 2 GHz RF signal transfer along

a 100 km standard single-mode fiber-optic ring.
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Many advanced applications require high-precision fre-
quency dissemination, such as radio astronomy, particle
accelerators, and remote clock comparison??. Fiber-optic
radio frequency (RF) dissemination has attracted more
and more attention over the last decades because of its
unique advantages of broad bandwidth, low loss, high
immunity to environmental perturbation, etc. Activel™
and passive® phase noise compensation schemes have
been widely adopted to suppress the phase noise intro-
duced by the temperature fluctuations and mechanical
vibrations on the fiber links. In comparison with active
compensation schemes, passive phase noise compensation
schemes can realize faster compensation and unlimited
dynamic range by using a relatively simple frequency
mixing technique. In order to support multi-user applica-
tions, such as square kilometer array (SKA)%, point-to-
multipoint RF transmission has been demanded by using
bus, star, and ring fiber-optic topology structures2,
Among these structures, ring topology has better com-
patibility with existing optical networks™*X RF dis-
semination over a fiber ring with the same frequency
and the same wavelength (SFSW) transmission and
bidirectional wavelength-division multiplexing (WDM)
transmission has been proposed and experimentally dem-
onstrated92. However, the SEFSW-based RF transfer
scheme is limited by Rayleigh backscattering and stray
optical reflections on connectors’22 whereas the bidirec-
tional WDM-based RF transfer scheme suffers from bidi-
rectional asymmetry due to the different wavelengths,
resulting in the degradation of the phase noise compensa-
tion performance22. In Ref. [22], Wei et al. proposed a
passive phase noise compensation approach for highly sta-
ble RF phase transfer via an optical fiber by frequency
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mixing. By adopting the bidirectional different frequencies
and same wavelength (DFSW) transmission technique,
the bidirectional propagation symmetry can be guaran-
teed, and the effect of self-beating of the backscattering
signal (BS) can be effectively suppressed at the same time.
However, this scheme cannot suppress the effect of the
beating between the transferred signal and the BS, which
is much larger than the self-beating of the BSZY. In Ref. [5],
Zhang et al. proposed an active phase noise compensation
scheme with a carrier suppressed double-sideband (DSB)
RF signal, where the effect of the mutual beating between
the transferred signal and the BS can be effectively
suppressed.

In this Letter, we propose a passive phase noise compen-
sation scheme for a fiber-optic ring network. In the
scheme, a DSB RF signal, modulated onto an optical car-
rier by using DSB with carrier suppression (DSBCS)
modulation, is adopted to achieve bidirectional DFSW
transmission. By combining the DSB RF signal-based
DFSW transmission and DSBCS modulation, the impact
of the backscattering can be effectively suppressed. At the
same time, the propagation symmetry can also be guaran-
teed by using the same wavelength from the same laser
along the same fiber for both directions. A stable RF signal
can be obtained at any access site over the 100 km optical
fiber ring. The results show that a relative frequency sta-
bility of less than 2.95 x 107**/s and 4.05 x 107'7/10,000 s
can be achieved at any access site.

The proposed scheme is illustrated in Fig. 1. At the
central site (CS), the transferred signal from the master
oscillator (MO) can be denoted as

E| « cos(2w,t + 2¢,), (1)
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Fig. 1. Schematic diagram of the proposed fiber-optic frequency
transfer scheme. MO, master oscillator; LO, local oscillator; IM,
intensity modulator; RX, receiver; DSB generator, double-
sideband generator; CP module, conjugated phase module;
OC, optical coupler; OI, optical isolator; FD, frequency divider;
FM, frequency mixer.

where 2w, and 2¢, are the angular frequency and initial
phase of the signal from the MO, respectively. The trans-
ferred RF signal F is split into two branches by a power
splitter (PS). By dividing the frequency of one branch
signal by a factor of 2, we can have

Ey « cos(w,t + ¢,). (2)

Then, the frequency divided signal F, is modulated
onto an optical carrier by using an intensity modulator
1 (IM1) biased at V,/2. The output optical field of
IM1 can be written as

Eoptl & exp(jwct>[al + bl cos(a)St + §05)
+c COS(2w5t+(ps) —+ HH1]7 (3)

where w, is the optical frequency of the optical carrier, ay,
by, and ¢, are the constant coefficients related to the
modulation parameters, and HH; represents the higher
components.

The modulated optical signal is transmitted over the fi-
ber ring along the counterclockwise direction and back to
the CS, in which it is detected by receiver 1 (RX1), and the
output can be expressed as

E3 O(COS[COS(t—Tl) +(ps]’ (4)

where 7; is the propagation delay along the entire fiber
ring. The recovered signal Fj is mixed with an auxiliary
signal of Fj « cos(wyt + ¢p) [wy and ¢, are the angular
frequency and initial phase of the signals from the local
oscillator (LO)] by using a DSB generator to produce a
DSB RF signal of Ey;

E4 X COS[(ws + a)O)t — WgTy + ((pé + (pO)]

+ cos[(w, —wy)t — w7 + (@ — @)l (5)

By mixing £, with E; in the phase-conjugated (PC)
module, we can produce a PC RF DSB signal with an
expression of

E5 & COS[(COS - wU)t + w7 + (q)s - (pO)]
+ COS[(C{)S + Cl)o)t + Wy + (¢5 + ¢0)] (6)

Afterwards, the PC F5 is modulated on the same optical
carrier from the same laser by using IM2 biased at V, to
produce a DSBCS optical signal;

Eopt? & exp(ja)ct){a2 COS[(a)s - wO)t + w7y =+ ((p& - (pO)]
+ay cos[(w, + @)t + w7y + (@5 + @o)| + HHy },
(7)

where ay is a constant coefficient related to the modula-
tion parameters, and HH, represents the higher compo-
nents. The DSBCS optical signal is transmitted over
the fiber ring along the clockwise direction.

This way, the counter-propagation optical signals from
two directions are extracted from the fiber link by using a
2 x 2 optical coupler at an arbitrary access site along the
fiber loop. The extracted clockwise DSBCS signal and
counterclockwise probe signal are detected by RX2 and
RX3 to produce signals of Fg and E;, respectively:

Ey x cos[?ws(t - 111) + 2¢, + 2a)511],
E? & COS[C()S(t - 712) + (P.s]v (8)

where 71, and 75 are the fiber link propagation delays in-
troduced by the clockwise and counterclockwise transmis-
sion paths between the CS and the arbitrary access site.
By dividing the frequency of Eg by a factor of 2, we can
have

Ey « cos[w,(t — 1) + @5 + 0,11 . (9)

By mixing F; with Fy, the upper sideband is filtered
out, and the result can have an expression of

Eg X COS[(DS(Qt + T —T11 — T12) + 2(ps:| (10)

Since the transmissions in both directions are over the
same fiber link with the same wavelength, both bidirec-
tional propagation signals will have the same propagation
delay. We have

7y =711 + 719 (11)
In this way, the RF signal for Fy can be depicted as
Ey « cos(2w,t + 2¢,). (12)

We can clearly see that a reproduced RF signal at an
arbitrary access site can be achieved with the proposed
passive phase noise cancellation. The MO is stable enough,
so the phase of the MO can be described as time-invariant
during a round-trip time?.

Figure 2 illustrates the signals before and after the
photodetector (PD) at the access/remote site and the
local/CS for the SFSW scheme, the DFSW scheme based
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Fig. 2. Diagram of signals before and after the PD at the remote/access site (left) and the local/CS (right) in (a) the SFSW scheme,
(b) DFSW scheme based on frequency multiplication, and (c¢) the proposed scheme. WS, wanted signal; BS, backscattering signal.

on frequency multiplication in Ref. [22], and the scheme
proposed here, respectively. The effect of the backscatter-
ing can be evaluated by analyzing the beating among
these signals that are received by the PD. At the access/
remote site, the wanted signal (WS) is the delivered signal
and the BS mainly comes from the probe signal. In the
SFSW scheme, the wanted RF signal is produced by
the self-beating of adjacent sidebands in the WS (black
dot lines). Both the self-beating of adjacent sidebands
in the BS (red dot lines) and the beating between the
WS and the BS (blue dot lines) will generate undesirable
signals with the same frequency as the wanted RF signal.
In the DFSW scheme, this problem can be partially
solved, where the main noise components are produced
by the beating between the carrier in the BS (WS) and
the second-order sidebands in the WS (BS), and the
self-beating between the carrier and the second-order
sidebands and two first-order sidebands in the BS.

In the proposed scheme, only the self-beating between
the carrier and the second-order sidebands and two
first-order sidebands in the BS will generate undesirable
signals with the same frequency as the wanted RF signal,
which has much less effect on the RF dissemination?. At
the local/CS (see the right of Fig. 2), the WS is the probe
signal, and the BS is mainly from the delivered signal. In
the SFSW scheme, the effect of BS at the local site is the
same as that at the remote site. In the DFSW scheme based
on frequency multiplication, the effect of the self-beating
of BS can be avoided. In the proposed scheme, the effect

of all noise terms related to BS will be effectively
suppressed.

It is worth noting that the effect of the self-beating of BS
can be suppressed by changing the way to produce Eg in
the proposed scheme. As shown by green lines, the two
signals of 2w, + 2w, and 2w, — 2w, (green arrows) at
the access site can be mixed to produce a signal of 4w,
which is then divided by a factor of 4 to obtain the signal
of Ey. Since the two signals of 2w, + 2w, and 2w, — 2w,
can be distinguished from any other self-beating noise,
the effect of the self-beating of BS can be suppressed by
filtering. The system, however, will become more complex.

The experimental setup is shown in Fig. 3. At the CS, a
2 GHz standard RF signal generated from the MO is split
into two branches, and the frequency of the RF signal on
one branch is divided by two to generate a 1 GHz probe
signal. The probe signal is modulated on an optical carrier
with a wavelength of 1550.120 nm by an IM biased at
V./2. The laser used in our experiment has a linewidth
of about 100 kHz. The modulated optical signal is trans-
mitted along with the fiber loop link and back to the CS.
The received probe signal is mixed with a 100 MHz local
RF signal to generate 0.9 and 1.1 GHz RF signals in the
DSB generator. These two signals are then, respectively,
mixed with the 2 GHz standard RF signal to generate PC
0.9 and 1.1 GHz RF signals in the PC module. The PC
signals are modulated onto the same light by another
IM biased at V. At an arbitrary access site along the fiber
loop, the counterclockwise and clockwise transmission
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Fig. 3. Experimental setup of the proposed passive fiber-optic
RF transfer. EC, electrical coupler; EDFA, erbium-doped fiber
amplifier; Bi-EDFA, bidirectional erbium-doped fiber amplifier;
PSB, polarization scrambler board; BPF, band-pass filter; PD,
photodetector; DEM, dual frequency mixer.

optical signals are extracted from the fiber link by using a
2 x 2 (50/50) optical coupler. A 1 GHz signal is obtained
from the counterclockwise probe signal by using a 2 GHz
PD and a band-pass filter (BPF) with the 1 GHz central
frequency and 3 dB bandwidth of 70 MHz. Another 1 GHz
signal can also be achieved from the clockwise DSBCS sig-
nal by using a 2 GHz PD, 2 GHz BPF, and a frequency
divider. The two 1 GHz signals are injected into a dual
frequency mixer (DFM) to obtain a reproduced 2 GHz
RF signal. The DFM is used to avoid harmonic interfer-
ence®Y. The fiber loop link is composed of four standard
single-mode fiber (SMF) spools of 20 km, 20 km, 10 km,
and 50 km, placed in the lab room with temperature fluc-
tuations about 3°C. The dispersion of each fiber spool is
compensated by the corresponding dispersion compen-
sated fiber (DCF). In order to reduce the effect of polari-
zation mode dispersion (PMD), a polarization scrambler is
implemented after the laser. To boost the fading bidirec-
tional optical signals, a bidirectional erbium-doped fiber
amplifier (Bi-EDFA) is employed between the 20 km
and 10 km fiber spools. The structure of the Bi-EDFA
is similar to the one previously used in Ref. [4], which
can effectively suppress the backscattering noise and am-
plified spontaneous emission (ASE) noise. In order to
evaluate the performance of the proposed scheme, the
reproduced and the standard RF 2 GHz signals are con-
verted to 10 MHz by a dual mixer method. Both signals
are connected with the phase noise measurement (Symme-
tricom Inc., TSC5120A).

The measured phase noise spectra at the access sites of
50 km (50/50) and 80 km (80/20) from the CS along the
clockwise direction are shown in Fig. 4(a). The 100 km free
running link is evaluated by transmitting a 1 GHz signal
along the counterclockwise direction and recovering it at
the access site. A 1 GHz fiber-optic frequency transfer link
with SFSW transmission presented in Ref. [6] is also
measured. At the offset frequency of less than 0.01 Hz,
the phase noise of the 100 km free running link
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Fig. 4 (a) Measured phase noise spectra at 10 MHz and (b) Allan
deviations of different fiber-optic frequency transfer systems.

(—23 dBc/Hz at 10" Hz and —65 dBc/Hz at 1 x 10~* Hz)
is higher than the 1 m proposed compensated link
(=70 dBc/Hz at 10" Hz and —88 dBc/Hz at 10~* Hz),
which is measured by connecting the CS with two 0.5 m
fibers while the access site is in the middle, due to the fiber
delay fluctuations caused by the temperature perturba-
tions of the fiber link. In contrast, the phase noise of all
the 100 km compensated link cases at the offset frequency
of less than 0.01 Hz is close to the floor noise, indicating
that the low-frequency part of the noise induced by the
fiber link has been effectively compensated. When the off-
set frequency is larger than 1 Hz, the phase noise of the
fiber link is mostly related to the RF circuits, fiber back-
scattering, and erbium-doped fiber amplifiers (EDFAs).
We can see that the 100 kmm SFSW compensated link is the
worst because of having all those effects in this case. Both
the 100 km proposed compensated link cases outperform
the SFSW transmission link since the effect of backscat-
tering is effectively suppressed. The 100 km free running
link is the best in the 1-100 Hz offset frequency range,
since there is no noise effect coming from backscattering
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and RF circuits. After about 100 Hz of the offset
frequency, the phase noise is mainly affected by the
signal-to-noise ratio (SNR)2 so the 1 m proposed com-
pensated link has the best performance. In comparison
with the case of the 50/50 access site, the 80/20 access site
is limited by a lower SNR of the received clockwise signal
along the 80 km fiber link with higher attenuation, and the
phase noise at large offset frequency can be improved by
using a high-quality quartz oscillator?.

Figure 4(b) shows measured Allan deviations of different
transfer links with a 5 Hz measurement bandwidth. As we
can see, Allan deviations of all the compensated links
scale down with the trend of 7='. In comparison with the
100 km free running link, the short-term stability of the
100 km proposed compensated link is improved from about
7.02 x 107" /s t02.95 x 107" /s. This value is close to the 1 m
link with a stability of about 8.42 x 107'"/s. The short-term
stability of the 100 km SFSW compensated link can only
reach about 8.54 x 107"!/s, which is even worse than that
of the 100 km free running link, because of the effect
of the backscattering noise, whereas the long-term stability
of the 100 km proposed compensated link can reach
4.05 x 107'7/10" s, which is improved about three orders of
magnitude compared to the uncompensated link case. More-
over, the Allan deviation of the 100 km compensated link
cases is larger than that of the 1 m proposed compensated
link, which is mainly coming from the noise of the source
signals, electronic components, and EDFA’s noiseZ2J,

Nevertheless, the Allan deviation of the 80/20 and 50/
50 access site is almost the same, which shows that our
proposed scheme can reproduce the delivered RF signals
at any site. In comparison with the 40 km compensated
scheme in Ref. [5], better long-term stability can be
achieved at longer distances by using our proposed com-
pensated scheme. This is mainly because the proposed
scheme can reach a higher symmetry of the bidirectional
propagation by using only a single laser for two directional
transmissions.

It is worth noting that the number of access sites can be
increased by adding Bi-EDFAs in the fiber loop to com-
pensate for the power loss. Although added Bi-EDFAs
may increase backscattering noise, its effect can be ne-
glected since the proposed scheme can effectively suppress
the effect of backscattering.

In summary, we proposed and experimentally demon-
strated a multi-access RF transfer scheme with passive
phase noise compensation over a fiber-optic ring. The ef-
fect of backscattering can be effectively suppressed by us-
ing the DFSW transmission and DSBCS modulation. The
symmetry of the bidirectional propagation can be guaran-
teed by using only a single laser in the CS. A 2 GHz signal
transfer based on the proposed scheme over a 100 km fiber
loop link is experimentally demonstrated. The reproduced
RF signal at the access site has relative frequency stabil-
ities of less than 2.95 x 107" /s and 4.05 x 107'7/10,000 s.

This work was supported by the National Natural Sci-
ence Foundation of China (NSFC) (Nos. 61627817 and
61535006).
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