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Frequency transfer via an ultra-stable free-space link

K.S. Kudeyarov, D.S. Kryuchkov, G.A. Vishnyakova, N.O. Zhadnov,

K.Yu. Khabarova, N.N. Kolachevsky

Abstract. An optical frequency transfer at a wavelength of 1542 nm
via an ultra-stable 5-m free-space link with active compensation of
the phase noise caused by atmospheric fluctuations is demonstrated.
The link-induced phase noise and its contribution to the frequency
transfer instability are investigated. It is shown that, with the phase
compensation system switched on, the link contribution to the rela-
tive transfer instability in terms of Allan deviation reaches
1.7 X 10" for a 5000-s averaging time.
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ity, Allan deviation, power spectral density of phase noise, free-
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1. Introduction

The elaboration of a network of optical clocks connected with
links for coherent transfer of frequency and time signals
opens up great possibilities for developing such fields of sci-
ence and technology as the formation of national and interna-
tional time scales [1], satellite navigation [2], relativistic geod-
esy [3], very-long-baseline interferometry [4], tests of funda-
mental theories [5], and search for dark matter [6]. The
modern frequency standards have reached the level of relative
uncertainty and instability of 1078 [7, 8]. Signals from these
standards cannot be transferred with conservation of their
characteristics using radio frequency (RF) methods, because
the latter cannot provide frequency transfer instability better
than 10716 [9]. Transferring signals at optical frequencies, one
can reduce the level of the phase noise introduced by the com-
munication link. Due to the active development of methods
for transferring highly stable signals through fibre links in the
last decade, coherent frequency transfer at distances of up to
2000 km [10] and time signal transfer at a distance of 6000 km
[11] have been implemented. At the same time, communica-
tion with transported standards (which may be located
beyond the fibre infrastructure zone) is necessary for many
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applications; hence, free-space optical links must be formed.
Furthermore, these links can be used for clock synchronisa-
tion between ground-based stations and satellites [12]. The
joint use of fibre and free-space communication links will
make it possible to develop a global network for transferring
precise frequency and time signals.

The stability and accuracy of a signal transferred through
a free-space link can be limited by the atmospheric turbu-
lence, which affects both the amplitude and phase of a light
signal. Fluctuations of the refractive index of air introduce
perturbations (Doppler noise) into the signal phase; the spec-
trum of this noise is described by the Kolmogorov theory of
turbulence [13]. According to this theory, the power spectral
density of phase noise is

Sp(f) = 0.016K2C2L V33813, 0

where f'is frequency, k is the wave number of light, C, is the
atmospheric turbulence structure constant, L is the free-space
link length, and V'is the wind speed.

Different methods of compensating for introduced per-
turbations are used to preserve the characteristics of trans-
ferred signals. The O-TWTFT method, which is based on
two-way exchange with femtosecond comb pulses, makes it
possible to transfer a frequency signal with a relative instabil-
ity at a level of 107'® and synchronise time with femtosecond
accuracy at a link length up to 4 km [14]. However, the com-
plexity and high cost of such systems is a hindrance for their
installation on transportable objects. A possible alternative
solution is the frequency transfer methods with application of
cw lasers, by analogy with the technique used in fibre links. A
frequency transfer at a distance of 600 m with a relative insta-
bility of 1.3 x107!8 for an averaging time of 64 s was demon-
strated in [15]. A further increase in the free-space link length
calls for additional consideration of some atmospheric effects.
To compensate for the laser beam path distortions in an
open-air link, which affect the transferred radiation collection
efficiency, one needs a system for active adjustment of the
beam direction [16]. In addition, the wavefront distortion
(described by the Fried parameter [17]) does not make it pos-
sible to increase the laser beam size in order to reduce diver-
gence at large distances. The wavefront distortions can be
compensated using adaptive optics [18]. The problem of
transferring high-precision signals to a mobile object remains
unsolved.

The development of stationary and transportable optical
frequency standards in Russia [19—-21] shows the necessity of
designing both fibre and free-space links for the transfer of
highly stable signals. A signal transfer through fibre links has
successfully been implemented under laboratory conditions
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[22]. At the same time, the transfer via open-air links has not
been investigated yet. In this paper we report the results of
developing a laboratory 5-m link with a system for active
compensation of phase noise and studying the attainable rela-
tive frequency instability and uncertainty.

2. Experimental setup

A schematic of the experiment is shown in Fig. 1. The phase
noise introduced by the link is detected using an autohetero-
dyning circuit [22], in which a beam of 1542-nm Koheras
ADJUSTIK fibre laser passes through an acousto-optic mod-
ulator (AOM), controlled by an RF generator G1 at a fre-
quency of 38.4 MHz. Two beam passes (in the forward and
backward directions) lead to the formation of an inloop beat
signal with a reference beam on the photodiode PDI at the
sender side; this signal contains information about the noise
phase. The radiation power after the first pass through the
AOM is 13 mW, the return radiation power on the photodi-
ode is 0.3 mW, and the reference radiation power is 1 mW.
The photodiode signal is mixed on an analogue phase detec-
tor (double balance mixer) with the signal from reference RF
generator G2 at a frequency of 76.8 MHz to form an error
signal in the feedback loop, which, in turn, is applied to a

proportional-integral amplifier (PIA) based on a field-pro-
grammable gate array board STEMlab Red Pitaya. The out-
put signal from the PIA arrives at the frequency-modulation
(FM) input of RF generator G1, which feeds the AOM, and
thus compensates for the signal phase fluctuations.

At the receiver side of the link, some part of radiation is
split off by a polarising beam splitter (cube) and essentially is
a signal delivered to a distant user. The rest of radiation is
reflected back by a mirror to form a inloop signal. The beam
splitter and mirror are fixed on a common base. It can be
shown [23] that, strictly speaking, for a closed feedback loop,
the accuracy and stability characteristics of the transferred
and return signals may differ. In addition, the noise suppres-
sion efficiency depends on the identity degree of noises intro-
duced by the link during the forward and backward beam
propagation is satisfied. Therefore, to perform a comprehen-
sive analysis of the link performance, a remote user is ususally
located close to the sender side to allow for another (remote)
beat signal formation (see Fig. 1). The powers of the trans-
ferred and reference beams on photodiode PD?2 are, respec-
tively, 0.9 and 2 mW. The parameters of this signal belong to
the most important operational characteristics of the system.
An alternative way is to use another (similar) link equipped
with a noise compensation system to return the signal received
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Figure 1. Schematic of the experimental setup:

(AOM) acousto-optic modulator; (PD1, PD2) photodiodes measuring the inloop and remote signals, respectively; (PIA) proportional-integral
amplifier; (A/2, A/4) half- and quarter-wave phase plates, respectively; (G1-G4) RF generators; (FM) frequency-modulation input of RF generator;
(H maser) passive hydrogen maser; (M) mirror; (PBS) polarising beam splitter; (L) lens; (DBM) double balanced mixer.
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by a remote user is returned to the sender side to form a
remote beat signal (the so-called antiparallel scheme).

The length of the link under study is 5 m. All optical ele-
ments of the circuit, except for one mirror, are installed on the
same optical table, whereas the mirror (located at a distance
of about the link half-length) is mounted on another table
(Fig. 1). This configuration is closer to real conditions, in
which the receiving side is not completely immobile.

A high-resolution dead-time-free frequency counter K + K
Messtecknik, operating in the A (phase averaging) mode, is
used to measure the signal beat frequencies. The beat signals
are amplified, mixed in double balanced mixers with signals
from RF generators G3 and G4 in order to obtain convenient
frequency ranges, and filtered; then each beat signal is fed
into two counter channels to determine possible cycle slip
events. Only the data stretches free of cycle slips are taken
into account in the analysis. A 10-MHz signal from a passive
hydrogen maser is applied to the reference inputs of all RF
generators and counter. Note that the maser is not a neces-
sary element in this experiment; it is sufficient to use the
10-MHz signal from the RF generator. Generator G1 needs a
10-MHz reference signal only when analysing the link in the
absence of noise compensation. The counter data are used to
calculate the mean frequencies; the Allan deviation o,, where
y = Av(t)lvy are the relative frequency fluctuations, v is the
carrier optical frequency (194 THz for A = 1542 nm); and the
power spectral density of phase noise, S,,(f). These character-
istics allow one to draw conclusions about the signal inaccu-
racy and instability, as well as about the character of domi-
nant noises [24].

3. Results and discussion

Figure 2 shows time dependences of the frequencies of inloop
and remote beat signals, measured with a counter window of
1 ms. The feedback loop was switched on at 1 = 86 s. One can
clearly see a decrease in frequency fluctuations. Figure 3 pres-
ents the relative frequency instability in terms of Allan devia-
tion for inloop and remote signals obtained in four measure-
ment series: in the absence of noise compensation (upper

curves), with 1-ms and 1-s counter measurement windows,
and with a feedback loop switched on (lower curves), with
1-ms and 1-s windows. The measurement time for the 1-s win-
dow was 37000 s.

The noise compensation system makes it possible to sup-
press the contribution of the link to the transferred signal
instability from 1.8 x 10713 to 2.2 x 107!¢ for an averaging time
of 1 sand from 1.6 x 10713 to 1.7 x 10! for a time of 5000 s.
The contribution to the uncertainty (deviation of the mean
from the nominal value) after the 37000-s averaging decreases
from 1 mHz to 25 uHz or from 5 x 1078 to 1.25 x 107" in
relative units. These characteristics are quite appropriate to
use this link when comparing the best modern transportable
frequency standards [25]. In the case of inloop signal, the con-
tribution to instability decreases from 3.6 x 107 to 7.3 x 1071
for a time of 1 s and from 2.8 x 107'8 to 7.7 x 1022 for a time of
5000 s; the contribution to the frequency inaccuracy increases
from 1.4 mHz to 50 nHz or from 7 x 107'® to 2.5 x 10722,
respectively. The characteristics of the inloop signal are much
better than those of the remote one; the possible reasons are
discussed below.

Based on the character of the dependence of deviation on
the averaging time one can draw conclusions about the type
of dominant noise; however, this is difficult to do in the case
of a complex noise structure. To gain a deeper insight into the
nature of noise, it is convenient to consider the power spectral
density of phase noise, S,(f). Figure 4 shows the power spec-
tral density of phase noise, constructed based on series of data
obtained with a 1-ms counter window.

An approximation of uncompensated data on signals in
the frequency range of 0.1-10 Hz by a power-law function
yields the least error for a power of —2.3 [i.e., S,( /) © f~>7;
this indicates the dominance of noise caused by air turbu-
lence. Deviations from the Kolmogorov spectrum (described
by the function f~%7) were repeatedly observed in various
experiments (in particular, the dependence /3 was recorded
in [13] when transferring signals by the O-TWTFT method
via open-air street links). Formula (1) allows one to estimate
the turbulence structure constant C, for a link studied: on the
assumption that the velocity of the air motion caused by the
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Figure 2. Time dependences of the frequencies of (a) inloop and (b) remote beat signals. The feedback loop was activated at the instant 1 = 86 s. The
field of dark dots is a set of data obtained with a counter measurement window of 1 ms; the bright dots are the data after 1-s averaging. For clarity,
the frequencies of the inloop and remote beat signals are shown with subtracted 21 and 22 MHz values, respectively.
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Figure 3. Dependences of the Allan deviation on the averaging time for (a) inloop and (b) remote signals without (open symbols) and with (closed
symbols) noise compensation. Circles and triangles are the data obtained with counter windows of 1 ms and 1 s, respectively. Symbols are con-
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Figure 4. Power spectral density of phase noise, S,( /), for the (a) inloop and (b) remote signals. The upper dotted curves correspond to the case
without noise compensation, and the lower solid curves correspond to noise compensation. The dashed line in panel (a) is an approximation of low-

frequency data by a power-law dependence /23,

laboratory ventilation system is approximately 0.1 m/s, we
obtain C, = 2 x 10713 m~23, In the frequency range of 10—500
Hz the dependence becomes flatter and tends to take the form
of f~1. The frequency range from 40 to 200 Hz contains reso-
nance peaks, which may be due to mirror jitter and optical
table rockings.

The power spectral density for an inloop signal with com-
pensated noise is almost constant in the ranges of 0.1-2 Hz,
8—40 Hz, and 150-500 Hz; this fact indicates the dominance
of white phase noise. The noise in the range of 3—8 Hz is sim-
ilar to white frequency noise. One can see well resonances at
frequencies of about 2 Hz and in the range of 40— 150 Hz. The
noise spectrum for a remote signal with active noise compen-
sation differs significantly from that of the inloop signal: it
has (i) a much larger amplitude and (ii) another character.
There are resonances in the frequency range of 20—500 Hz,
and the spectral shape in the range of 0.1-20 Hz is similar to
that for the noise of unstabilised signals. A possible reason is
the presence of optical path portions, which are uncommon
for the inloop and remote signals; in particular, the large

(about 0.5 m) distance from the splitting point to the photodi-
ode, which is passed by the radiation arriving at the remote
user (see Fig. 1), and the local interferometer forming an
inloop beat signal. Isolation and thermal stabilisation of the
residence region of local interferometer should reduce its
influence. For the same reason, the vibrations across the
beam axis of the optical table part with a console for mount-
ing a cube splitting off a part of remote signal and a mirror
reflecting the beam back (see Fig. 1) may contribute to the
instability of remote signal, because the beam forming the
inloop signal and, correspondingly, the error signal in the
feedback loop is not reflected from the cube plane. However,
it should be noted that the sensitivity to mirror motions along
the beam axis is reduced in this scheme. The mirror-intro-
duced noises are detected in the inloop signal and compen-
sated by the feedback loop, being actually imprinted into the
transferred radiation frequency. The signal arriving at the
remote user is not reflected from this mirror; however, it is
reflected from the cube plane at an angle of 45°; therefore, the
noises due to the motions along the beam axis are compen-
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sated for. Furthermore, we are planning to study this feature
in more detail and improve the remote-signal characteristics.

In continuation of this study we are going to increase the
link length to 500 m and use an unmanned aerial vehicle with
a mirror fixed on it as a moving receiver model.

4. Conclusions

The frequency signal transfer via a free-space 5-m-long air
link was investigated. The noise introduced by the link into
the signal is determined by the influence of atmospheric tur-
bulence, and its spectrum is described by the function f =23,
The deviations from the Kolmogorov theory can be explained
by imperfection of the model, which suggests validity of the
Taylor hypothesis and implies constant air velocity [13];
therefore, it cannot take into account all possible thermal and
mechanical effects in air flows. The phase-noise compensa-
tion system makes it possible to reduce the link contribution
to the transferred signal instability and error to a level of sev-
eral parts of 1071 after 5000-s averaging; thus, the link can be
used to compare transported frequency standards.
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