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Short-haul fibre-optic communication link with a phase noise
compensation system for optical frequency signal transmission

K.Yu. Khabarova, K.S. Kudeyarov, G.A. Vishnyakova, N.N. Kolachevsky

Abstract. A 5-m-long fibre link with a phase noise compensation
system for optical frequency signal transmission at a wavelength of
1.14 pm is demonstrated. The stability of the noise compensation
system in the presence of harmonic mechanical perturbations is
assessed and the relative transmitted signal frequency instability is
shown to be 3.8 x 107!5 at an averaging time of 1 s and 3.5 x 1020
over 850 s.
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1. Introduction

In the last decade, progress in the technology of optical fre-
quency standards has led to rapid advances in frequency and
time metrology, as well as in many other areas of modern
basic and applied physics. The relative uncertainty and insta-
bility of modern optical clocks has been reduced to a few
parts in 10'8 [1, 2], which opens up new possibilities for satel-
lite navigation and geodesy and makes it possible to test fun-
damental theories at a new level of accuracy [3]. Concurrently,
studies have been initiated to improve methods for transmit-
ting highly stable frequency signals, which would allow a
required stability level to be reached in a short time.

The most widely used satellite-based methods for the
transmission of highly stable signals (GPS and TWSTFT)
enable frequency signal transmission with a relative instabil-
ity at a level of 107'° at an averaging time of the order of 24 h
[4, 5]. This is insufficient for maintaining stability of fre-
quency signals of modern optical clocks in the case of long-
haul transmission.

One promising approach to the transmission of highly
stable frequency signals is to use optical fibres. Recent work
has demonstrated radio frequency signal transmission using
amplitude modulation of a cw laser output with a relative
instability of 5 x 1071 at an averaging time of 1 s [6] and the
transmission of femtosecond laser pulses with a relative insta-
bility of 4.6 x 10~13 [7] over distances of up to 100 km. At the
same time, the highest frequency signal transmission stability

K.Yu. Khabarova, K.S. Kudeyarov, N.N. Kolachevsky P.N. Lebedev
Physical Institute, Russian Academy of Sciences, Leninsky prosp. 53,
119991 Moscow, Russia; Russian Quantum Center, Novaya ul. 100,
Skolkovo, 143025 Moscow, Russia;

e-mail: kseniakhabarova@gmail.com;

G.A. Vishnyakova P.N. Lebedev Physical Institute, Russian Academy
of Sciences, Leninsky prosp. 53, 119991 Moscow, Russia

Received 1 August 2017
Kvantovaya Elektronika 47 (9) 794-797 (2017)
Translated by O.M. Tsarev

has been reached using information about the phase of the
carrier, which has made it possible to increase the transmis-
sion distance to 1000—2000 km [8, 9] without impairing the
stability of the signal.

At present, intensive research effort is concentrated on
producing a network of fibre links between European institu-
tions, which would allow one to compare different frequency
standards and use them in various applications [3, 10]. An
important step was the transmission of highly stable fre-
quency and time signals over commercial links used for
Internet traffic [11] and the advent of open optical frequency
signal transmission channels, e.g. through satellites [12].

A key technology underlying optical frequency signal
transmission over fibre-optic communication links is the
compensation for the phase noise accumulated by the propa-
gating signal. In particular, refractive index fluctuations
caused by temperature changes and acoustic vibrations give
rise to optical path length fluctuations and, as a consequence,
to phase noise [13]. Such noise, referred to as Doppler noise,
should be detected and compensated for.

Researchers at the Department of Spectroscopy,
P.N. Lebedev Physical Institute (LPI), Russian Academy of
Sciences, focus on creating a frequency reference based on an
ensemble of cold thulium atoms [14]. To transfer the high sta-
bility of a reference cavity (with a relative frequency instabil-
ity of 2 x 10713 at averaging times of up to 100 s) [8] to an
atomic ensemble being interrogated, we produced and char-
acterised a 5-m-long fibre link with a phase noise monitoring
and compensation system. In this paper, we describe this link
and report a study of the stability it ensures for optical fre-
quency signal transmission at a wavelength of 1.14 um. A
similar link can be used for highly stable optical signal trans-
mission to other laboratories in order to compare different
frequency standards.

2. Experimental setup

Figure 1 shows a schematic of the experimental arrangement.
Phase noise in the fibre is detected using autodyning. The
beam of a Toptica DL-100 cw diode laser emitting at a wave-
length of 1.14 um is split into two using a half-wave plate and
polarising beam splitter. One part of the beam is used as a
reference and is directed through the short arm of the interfer-
ometer. The other part passes the fibre link in both directions,
being reflected from the mirror at the far end. This beam con-
tains doubled noise of the fibre link. The frequency of this
beam is shifted by 58 MHz after it passes twice through the
acousto-optic modulator (AOM). The reference beam and
the beam that passed through the fibre combine in the pola-
rising beam splitter. Next, the beat signal at the difference fre-
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Figure 1. Schematic of the experimental setup for phase noise detection and compensation in fibre, comprising (a) a feedback loop, (b) optical
scheme and (c) transmitted signal stability measuring system: ( /) oscilloscope; (2) proportional—integral amplifier; (3) oscillator; (4) phase detec-
tor; (5) counter; (6) passband filters; (7) amplifier; (8) spectrum analyser; (9) photodetector; ( /0) laser source; (/1) polarising beam splitter;
(AOM) acousto-optic modulator; (RS) reference signal; (OS) output signal; (PC) personal computer; (4/2) half-wave plate; (4/4) quarter-wave plate.

quency (58 MHz) is detected by a photodetector. One part of
the signal from the photodetector is used in the feedback loop
for noise compensation, and the other part is amplified and
fed to a frequency counter for assessing signal stability.

That part of the signal used for noise compensation and
the reference signal from an oscillator at a frequency of
58 MHz are fed to a phase detector. The error signal at the
output of the detector is proportional to the phase difference
between the input signals and is used to produce a servo signal
in a proportional —integral amplifier. The band of the propor-
tional—integral amplifier should exceed the band of frequen-
cies to be compensated for. We used a single-stage amplifier
with a 100-kHz bandwidth, made in our laboratory and simi-
lar in many respects to an SRS SIM960 commercially avail-
able amplifier. The servo signal is fed to a voltage-controlled
oscillator, which in turn controls the AOM frequency. The
AOM frequency is adjusted so as to maintain the error signal
at zero, thus compensating for the noise originating from the
fibre link.

The beat frequency is measured using a dead-time free
multichannel TI-type counter (without internal averaging),
which allows signal stability to be characterised using the
Allan deviation. Additional information about the types of
phase noise in the transmitted signal can be obtained by using
a A-type counter. For synchronisation, a 10-MHz signal from
the oscillator used to generate the error signal is fed to the
reference input of the counter. The beat frequency (58 MHz)
was chosen to be not a multiple of the master frequency of the
counter in order to prevent cross talk. The signal is fed to two
channels of the counter through filters with different pass-

bands, which is necessary for cycle slip detection. Coincidence
of results in the two channels attests to adequate operation of
the counter and reliability of the data obtained. Data contain-
ing cycle slips are left out of consideration.

To adequately detect the phase noise introduced by the
fibre, the contribution of the self-noise of the laser source
should be negligible, i.e. the coherence length of the light
should far exceed the doubled fibre length. In experiments
with a short-haul (5 m) fibre link, additional source frequency
stabilisation is unnecessary. Subsequently, for noise compen-
sation in longer haul links the transmitting laser will be addi-
tionally stabilised to a high-finesse Fabry—Perot cavity in
order to increase the coherence length of the laser.

3. Frequency transfer stability

To assess frequency stability, we used the Allan variance:
03 (@) = 3{(3(0) = (D)),

where 7 is time; 7 is the averaging time; and y;(7) = Av;(1)/v
(i =1, 2) are the average relative deviations of frequency v at
different averaging times [15]. For a more detailed analysis,
we calculated the phase noise spectral power density (SPD)
S,(f), where fis the frequency of the Fourier component. In
variance calculation, we used analysis with overlapping data
ranges, which allows one to more effectively utilise measure-
ment results and obtain the Allan variance at longer averag-
ing times [16]. From the slope of a log—log graph of the Allan
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Table 1. Noise contributions to frequency transfer instability [0,(7) is
the Allan deviation and S,(f) is the phase noise spectral power
density].

Frequency stability assessment

Type of noise

P 0,0 Si)
Random frequency drift ocgll2 o f4
Flicker frequency noise const o f3
White frequency noise o712 o 2
Flicker phase noise ocg! o £
White phase noise ocp! const

deviation 0,(r) against averaging time, one can assess the con-
tributions of different types of noise (Table 1). White and
flicker phase noises lead to similar time dependences of the
deviation, so a modified Allan deviation should be con-
structed to differentiate them [17].

The relative signal frequency instability measured for sig-
nal transmission over a 5-m-long fibre link and the phase
noise SPD are shown in Fig. 2. Without noise compensation,
at averaging times over 1 s we observe a significant effect of
flicker frequency noise, which is probably caused by tempera-
ture variations in the laboratory. Active noise compensation
makes it possible to reach a relative instability of 3.8 x 10715 at
an averaging time of 1 s and 3.5 x 102° over ~1000 s. In the

case of the active stabilisation of the link, at averaging times
shorter than 10 s the modified Allan deviation varies as 77>/2,
which corresponds to white phase noise. With increasing
averaging time, its behaviour changes to r /> (white frequency
noise).

4. Effect of perturbations

To verify the stability of our system to perturbations, we mea-
sured transmitted frequency signal stability for fibre exposed
to mechanical stimuli at various frequencies in the range
5-120 Hz. The Allan deviation of a harmonic signal of fre-
quency f, is [16]

0,(7) oc ST,
) T

The data obtained in our experiment with a perturbation
at a frequency f,, = 5 Hz are presented in Fig. 3. Without
noise compensation, the Allan deviation has maxima at aver-
aging times that are multiples of 1/(2f,,), which corresponds
to the contribution of the perturbation. The noise spectrum
has a characteristic peak at f,,,. With the noise compensation
system turned on, the contribution of the perturbation is sig-
nificantly suppressed.

10741

10716 F

10718

Modified Allan deviation

10,20 1 1 1 1 1 1
102 107! 10° 10! 10? 103

Averaging time/s

103
T, 10!
an
%
£ 10!
&)
[a?)
w2
2 103
2 10
=}
[}
2o
~ 10~

1 1 1
1072 107! 10° 10! 10?
Frequency/Hz

Figure 2. (a) Modified Allan deviation and (b) phase noise spectral power density for signal transmission ( /) without noise compensation and (2)

with active noise compensation.
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Figure 3. (a) Allan deviation and (b) phase noise spectral power density for signal transmission in the case of a mechanical perturbation at a fre-
quency of 5 Hz (/) without noise compensation and (2) with active noise compensation.
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5. Conclusions

The short-haul fibre link with an active phase noise compen-
sation system ensures a relative optical frequency signal trans-
mission instability at a level of a few parts in 10%°, which
enables the transmission of ultrastable frequency signals of
optical clocks within a laboratory. This is attractive for mak-
ing a clock laser stabilised to a high-finesse Fabry—Perot
optical cavity and for optical signal transmission to an ultra-
cold atomic ensemble being interrogated. In the frequency
range of harmonic mechanical perturbations studied here
(5-120 Hz), a feedback loop allows the phase noise spectral
power density to be reduced to a level of 10~ rad> Hz .
Further work is planned to study signal transmission over
long-haul links, up to 4 km in length, to produce a fibre-optic
network on the LPI scale.
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