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Stable Optical Frequency Comb Distribution Enabled by
Hollow-Core Fibers

Zitong Feng,* Giuseppe Marra, Xi Zhang, Eric R. Numkam Fokoua, Hesham Sakr,
John R. Hayes, Francesco Poletti, David J. Richardson, and Radan Slavík

Over the last two decades, optical frequency combs (OFCs) have enabled
some of the most accurate measurements in physics. Distributing light from
OFCs via optical fibers could make these high-accuracy measurement tools
available more widely, from a few dedicated metrology laboratories to other
laboratories and industry. However, the performance of distributed OFCs is
strongly limited by impairments of standard single mode fiber (SMF), most
notably its thermal sensitivity of chromatic dispersion, for which no
compensation technique has been shown to date. To overcome this limitation,
use of a new class of optical fiber is suggested here: a hollow core fiber (HCF),
which offers more than an order of magnitude lesser such impairment. The
measured OFC frequency stability of the optical mode and mode spacing
reaches 1.8 × 10−19 and 1.5 × 10−17 at a few thousand seconds, respectively,
after transmitting through 7.7 km of HCF. To the best of knowledge, this is the
best ever performance for km-lengths of fiber-based OFC distribution.
Besides, other HCF advantages over SMF in this application are discussed.
Specifically, HCFs offer over an order of magnitude lower thermal sensitivity
of propagation delay, several orders of magnitude lower optical nonlinearity,
and almost ten times lower chromatic dispersion.

1. Introduction

Today, optical frequency combs (OFCs) enable some of the
world’s most precise experiments and are used in many applica-
tions, such as comb based spectroscopy[1] and ranging,[2] ultra-
low noise frequency synthesis,[3] tests of fundamental physics,[4]

and attosecond science.[5] To achieve the best accuracy in these
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applications, OFCs need to be referenced
to a frequency standard, transferring the
phase coherence and frequency accuracy
of this standard to hundreds of thousands
of tones in the optical domain. How-
ever, the most accurate frequency stan-
dards are realized only in a few dedicated
institutions over the world—usually Na-
tional Metrology Institutes (NMIs). They
typically require substantial development
effort and cost, a very stable labora-
tory environment, and specialized per-
sonnel to operate them. To enable more
widespread use of these standards signal
distribution is needed.
The traditional solutions for frequency

standard distribution are based on satel-
lite techniques that use eitherGlobal Nav-
igation Satellite Systems or geostationary
satellites.[6,7] These methods are widely
accessible, but provide stabilities at or be-
low 10−15[8] even when averaging over the
entire day, a level that is insufficient for
comparison and distribution of today’s

best atomic clocks which can achieve a fractional frequency sta-
bility better than 10−17.[9] For better stability, frequency transfer
over optical fibers has been widely explored.[10–16] The most com-
monly used implementation is shown in Figure 1a. It involves
two OFC sources, one at the end of each fiber link. A continuous-
wave (cw) laser is locked to the OFC that itself is referenced to
a primary frequency standard, and then transferred through the
fiber link. At the user end, the userOFC is locked to this incoming
cw signal. The optical path length of the fiber is stabilized to avoid
degradation of the cw laser frequency due to any Doppler shift
caused by thermally-induced fiber optical path length changes, or
due to acoustic pickup. This system occupies only a small fraction
of the optical fiber bandwidth, enabling simultaneous transfer of
data traffic and the cw reference laser, reducing the cost as only
one wavelength channel needs to be rented rather than the entire
optical fiber. This method is particularly useful for transfer over
long distances (due to the fiber rental cost and because the cw sig-
nal is not influenced by fiber chromatic dispersion) and between
places that have OFCs and the necessary expertise, for example,
to connect NMIs to compare national clocks.[10,13]

The alternative option is to directly distribute the OFC (that
typically has broadband spectrum) over optical fibers,[17–21] Fig-
ure 1b. One of the advantages of this approach is that users are
provided with a frequency standard-referenced OFC source with-
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Figure 1. Two approaches to distribute an accurate frequency reference to
remote users. a) Synchronizing local and remote OFCs via a cw beam, and
b) direct distribution of the OFC via optical fibers.

out requiring frequency metrology skills. One can envisage ex-
tending the approach to simultaneously provide a stabilized OFC
to many users, where one central OFC laboratory can be used
to provide a signal to potentially tens or hundreds of users. Al-
though this will come with some challenges, such as the need to
compensate for the fiber transmission loss or coexistence with
data traffic sent through the same fiber that may be required to
reduce the system cost, they can be overcome thanks to the large
transmission bandwidth and low optical nonlinearity of hollow
core optical fiber (HCF), as we discuss in detail later. In addition,
reliability in this scenario can be straightforwardly improved by
having a spare OFC source, which would otherwise (e.g., in Fig-
ure 1a) require as many spare OFCs as there are users.
Direct OFC distribution is today used primarily only over very

short distances, typically within the walls of one research labora-
tory. However, a much wider range of applications could be un-
locked providing a stable OFC could be reliably distributed over
larger distances, Figure 2.
For example, an OFC referenced to a frequency standard dis-

tributed over < 1 km distances, such as to laboratories within the
same or adjacent buildings, can improve resolution via long-time
averaging in accurate ranging[22] and spectroscopy,[1] generate
ultra-low phase noise and high stability of microwave signal,[23]

and stabilize cw lasers at various and user-selectable wavelengths
with improved linewidth and frequency stability, Figure 2a.
Stabilized OFC distribution over up to 10 s of km would not

require the use of optical amplifiers thanks to the low loss of
optical fibers. Remote research laboratories would benefit from
such OFC distribution, for example, to enhance the calibration
accuracy of spectrographs for astronomy and cosmology[24] or
improvement of timekeeping systems.[25] In industry, it could
be used, for example, for fast and efficient detection of minute
methane emissions from oil and gas fields.[26] In medical diag-
nostics, OFC distribution could improve sensitivity for identify-
ing small concentrations of a broad range of molecules in the
breath, enabling a fast, low-cost screening tool for early warning
signs of disease.[27] Although portable OFC systems have been
demonstrated, an OFC referenced to a high-stability frequency
standard is expected to increase the detected frequency resolu-
tion and long-term accuracy.[28,29] Further, it could be used in dis-
tributed facilities for large infrastructures or experiments such as
arrays of telescopes in astronomy[30] or very long baseline inter-

ferometry for geodesy,[31] improves the timing synchronization
accuracy, Figure 2b.
As for OFC distribution over distances beyond 10 s of km,

it will require optical amplification which will reduce the OFC
bandwidth due to the limited amplifier bandwidth, for example,
a standard erbium-doped fiber amplifier (EDFA) limits the wave-
length range to 1530–1565 nm. However, with new broadband
amplifiers emerging (e.g., bismuth-doped fiber amplifiers that
have shown promising potential in the 1150–1500 nm and 1600–
1800 nm wavelength regions[32]), the long-distance distribution
of broadband OFCs will become possible, Figure 2c.
Besides the advantages of the distribution of an OFC locked

to a high-quality frequency standard as described above, distri-
bution of an unreferenced OFC could be beneficial in applica-
tions such as multi-band radars, as the OFC would enhance
the radar performance in terms of sensitivity and resolution
simultaneously,[33] and “coherent bridging,” that is, wavelength
conversion to transfer accurate time and frequency across differ-
ent parts of a fiber network.[34,35]

It is worth mentioning that distribution of OFC provides ver-
satility over distribution of a single cw laser locked to OFC that
is used today. It allows the remote user to, for example, stabilize
a cw laser at a wavelength of their choice while simultaneously
generating low-noise microwave signals, measure the composi-
tion (spectroscopy) and trace (ranging) of the leaking gas at the
same time, and synchronize time while simultaneously coher-
ently converting wavelength in a fiber network.
Unfortunately, an OFC signal degrades when propagated

through a length of optical fiber. Besides the degradation due
to the thermal and acoustic optical path length variations (that
also occurs for the aforementioned cw laser frequency transfer),
the transfer of an OFC also suffers from fiber chromatic disper-
sion, and limitations in wavelength bandwidth over which the
fiber operates. This makes the transmission of the entire OFC
through optical fibers significantlymore challenging than for sta-
bilized cw lasers and there is only a very limited number of re-
ports dealing with this topic. Additionally, the transmission of a
wide-bandwidth OFCmay not allow data channels to be simulta-
neously transmitted as in the case of the transmission of a single
cw stabilized laser (Figure 1a), increasing the operational cost.
In terms of OFC transmission, Marra et al.[21] demonstrated

OFC transfer with a bandwidth of ≈90 nm centered around
1550 nm over 7.7 km of standard single-mode fiber (SMF). The
fiber optic path length was actively stabilized using a thermally-
controlled fiber spool and a PZT fiber stretcher. The thermally
controlled spool (300 m of SMF) allowed for compensation of
path length changes up to 50 mm in SMF, while the PZT
stretcher provided compensation over short time scales. A chro-
matic dispersion compensating fiber (DCF) of 200 m in length
was added to avoid excessive broadening of the OFC pulses in
the time domain. This was needed for comparison of the gener-
ated OFC pulses and those the full round-trip used for fiber path
length stabilization. The achieved fractional frequency stability
measured on a single optical mode (around 1542 nm) was 2.1 ×
10−18 at a few thousand seconds. However, the stability of the op-
tical modes in other parts of the 90-nm spectrum was not mea-
sured. This knowledge is of interest when using OFC in appli-
cations such as high precision spectroscopy or when stabilizing
multiple lasers at various wavelengths. The mode spacing stabil-
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Figure 2. Illustration of the distribution of an OFC through optical fibers for various applications a) within research labs and b) to remote labs and
industry. The relevant SMF impairments and associated key challenges and limitations are also shown.

ity after optical-microwave conversion (averaged over the entire
90-nm optical bandwidth) was 4.0 × 10−17 over the same time
scale.
In other experiments, OFC light was transferred over longer

distances[19] and even through an installed fiber network.[20]

However, in these works, the mode spacing stability (transfer of
RF signals) rather than the transmission of the opticalmodes was
characterized.
As far as we know, characterization or discussion of the sta-

bility of the OFC tones over a spectral range has not yet been
discussed in the literature. However, this is a crucial issue for
generic OFC dissemination in which some users may require a
specific level of stability at various wavelengths or indeed across
the entire optical spectrum of the OFC. As we show in this paper,
thermally-induced changes in the chromatic dispersion of SMF
appreciably degrade the accuracy of the transferred OFC across
its extended bandwidth and to the best of our knowledge, no com-
pensationmethod has been published that can compensate for it.
The thermal sensitivity of the chromatic dispersion means that
the optical path length change of the fiber is not the same for all

optical frequencies. Thus, if the optical path length of the fiber
is stabilized at a specific wavelength then spectral components
away from this wavelength will not be stabilized to the same ex-
tent.
Here we show that using HCF, in place of the SMF, can

overcome most of these limitations. In a HCF, the light prop-
agates through the central hole rather than silica glass, giving
it many unique properties. The latest generation of HCF has
demonstrated an attenuation of 0.174 dB km−1,[36] which is al-
ready lower than the ordinary SMF (≈0.2 dB km−1) and only
slightly above the record-low attenuation of 0.14 dB km−1 for
the best pure silica core SMF.[37] HCF has already been manu-
factured in lengths exceeding 10 km, and HCF cables are now
commercially-available (e.g., through Lumenisity Ltd[38]). They
are already being installed and used to support commercially ser-
vices in the field, for example, to reduce signal latency in appli-
cations such as high frequency trading.[39] More telecom applica-
tions are emerging, taking advantage of HCFs large bandwidth,
low optical nonlinearity, low and flat chromatic dispersion, and
low and stable latency.[40–42] Thanks to the large transmission
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bandwidth of HCF, OFC distribution can share the same fiber
with telecom data signals to help offset the associated deploy-
ment cost. The current bandwidth occupied by data transmission
in fiber optic communication systems is around 30 nm (C-band,
1530–1565 nm) to 80 nm (C+L bands, 1530–1610 nm). Fiber at-
tenuation increases rapidly outside of this band, for example, it
is 0.4 dB km−1 at 1300 nm, which is roughly double that of con-
ventional SMF in the C-band (0.2 dB km−1). HCFs have already
been demonstrated with comparable loss to SMF in the C-band
(record-low attenuation of 0.174 dB km−1[36]), but lower attenu-
ation at other wavelengths (e.g., 0.22 dB km−1 at 1300 nm[36]).
This is because the light in HCF propagates through the central
core void and as such its attenuation is less influenced by the in-
trinsic loss of the fiber material. Therefore, it is possible to trans-
mit OFCs with hundreds of nanometers of bandwidth at wave-
lengths significantly beyond the low-loss (C+L) telecommunica-
tion bands. Further, this approach could be exploited over longer
distances by using emerging bismuth-doped fiber amplifiers, as
discussed previously.[32]

In this work, we demonstrate the transfer of an OFC over a
path length-stabilized 7.7 km-long HCF link and compare it to
transmission through a 7.5 km path-length stabilized SMF link.
We show that the stability of the OFC transmitted degrades sig-
nificantly less when transmitted through the HCF than the SMF.
This is due to many unique HCF features, as we discuss below.
First, it is the low thermal sensitivity of chromatic dispersion

in HCF, which we discuss here for the first time and show to be
over an order of magnitude lower than in SMF, which is the key
to high accuracy OFC transmission in such fibers.
We also demonstrate further advantages of using HCF in this

application. First, stabilizing anHCF-based link requires over ten
times smaller compensation range. This is due to the HCF delay
being over an order of magnitude less sensitive to temperature as
compared to the SMF.[43] Further, thanks to the almost ten times
lower chromatic dispersion of the HCF with respect to SMF,[44]

a significantly shorter length of a chromatic DCF is required for
pulse re-compression. This pulse recompression may be neces-
sary, for example, to generate an RF error signal (when returned
OFC pulses temporally broaden due to the chromatic dispersion,
their temporal overlap with the pulses from the reference OFC is
reduced, which may lead to poor signal to noise ratio of the beat
signal used for the feedback) for optical path length stabilization
of the link.
Transferring an OFC over HCF also offers several additional

advantages over SMF, which we do not demonstrate here, but
which are expected from HCF performance already discussed in
literature: a) the ≈3–4 orders of magnitude lower optical non-
linearity coefficient[45,46] allows for significantly higher powers
to be transmitted, enabling more power to be delivered to the
users; b) simultaneous low loss, low chromatic dispersion, and
low optical nonlinearity over a significantly wider transmission
bandwidth of 600–1700 nm[36,45] versus 1200–1700 nm of SMF;
c) a 45 dB lower level of backscattered light,[47] which enables
higher gains when using bi-directional optical amplifiers with-
out triggering parasitic lasing; d) a 30% lower propagation time
(group refractive index is close to 1 for HCF as compared to
1.46 for a typical SMF),[48] reducing the roundtrip time and thus
increasing the control-loop bandwidth for optical path length
stabilization.

2. HCF and SMF

HCFs have a core with a lower refractive index in the core
than the cladding and thus cannot guide light using total inter-
nal reflection. There are two main mechanisms for HCF guid-
ance: photonic bandgap[49] and antiresonance.[50] Today, antires-
onant HCFs hold the record for the lowest attenuation (0.174 dB
km−1[36]), a value comparable to that of SMF in the 1500–1600 nm
wavelength range, where SMF attenuation reaches itsminimum.
Outside of this spectral range, for example, across visible and in-
frared wavelengths,[36,45] their attenuation is already below that
achievable in SMFs. The lowest-loss HCFs reported are of a
nested antiresonant nodeless fiber (NANF) or double NANF
(DNANF) geometry. Simulations predict that it should be possi-
ble to further reduce the HCF attenuation below that of SMFs.[50]

Low-attenuation state-of-the-art HCFs theoretically support addi-
tional guided modes, however, all these modes have very high at-
tenuation, for example, over 2000 dB km−1, making such fibers
“effectively single-mode” after lengths beyond 10 s of meters.
Today, these HCFs are commercially available, including cabled
HCFs suitable for field deployment.[38]

A number of advantages of low-loss HCF over SMF stem from
the reduced light-glass interaction in low-loss HCFs in which the
majority of the light propagates in the central core void as op-
posed to SMF in which light propagates through a glass core.
The low-loss HCF’s chromatic dispersion is typically around 2–
3 ps nm−1 km−1 over almost entire low-loss transmission win-
dow (which can be as large as 600–1700 nm,[36,45]), which is a
value almost ten times lower than for SMF in the 1530–1565 nm
wavelength range[51] (the lowest-loss telecom C-band). Their op-
tical nonlinearity is reported to be 30–40 dB lower than that of
SMF,[45,46] enabling orders of magnitude larger powers to be
transmitted without distortion. The propagation time through
HCF changes with temperature typically at a rate of 2 ps km−1

K−1,[43] which is almost 20 times lower than in SMF. Back-
scattering from the antiresonant HCF microstructure has been
shown to be −118 dB m−1 at 1550 nm, more than 45 dB lower
than SMF.[47] When filled with atmospheric air at atmospheric
pressure, back-scattering was predicted to increase to −100 dB
m−1,[52] which is, however, still ≈30 dB less than for the SMF.
The property, which has not previously been discussed in litera-
ture and which we show in this article, is the thermal sensitivity
of the chromatic dispersion, which is also significantly lower in
antiresonant HCFs.

2.1. Fiber Sample Used

For this work, we had a total length of 7.7 km of NANF-type HCF
available. The fiber is of a 6 nested element design (a scanning
electron micrograph of the core cross section is shown in Fig-
ure 3a) and operates in the first anti-resonant window. The sam-
ple consisted of two lengths of HCF that were 4.3 and 3.4 km
long that were spliced together. SMF- pigtails were spliced to each
end of the spliced sample to facilitate ready interfacing to SMF-
based fiber components, Figure 3b. The average attenuation of
the sample was measured to be 0.65 dB km−1 at 1550 nm and
the total SMF-HCF-SMF loss was 8.8 dB. This is significantly
higher than 1.5 dB achievable with current state-of-the-art HCFs
and interfacing it with SMF (record-low HCF attenuation pub-
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Figure 3. a) Scanning electron micrograph cross section of the used HCF;
b) 7.7 km SMF-pigtailed HCF made of two HCF samples.

Figure 4. Chromatic dispersion of the HCF (green, solid) and SMF (red,
dash) measured over the C+L bands.

lished is 0.174 dB km−1[36] and lowest HCF-SMF connection loss
published is 0.10 dB[53]), however, it is still low enough to enable
us to demonstrate most of the key HCF advantages for OFC dis-
semination. The SMFused for comparisonwas a 7.5 km length of
standard SMF-28 fiber with 0.2 dB km−1 attenuation at 1550 nm.

2.2. HCF and SMF Thermal Sensitivity of Chromatic Dispersion

The chromatic dispersion thermal sensitivity can be calculated
as:[54]

dD (𝜆)
dT

≅ dD (𝜆)
d𝜆

⋅
d𝜆0 (T)

dT
= S (𝜆) ⋅

d𝜆0 (T)

dT
(1)

where D(𝜆) is the fiber chromatic dispersion (the frequency
dependence of the guided mode phase velocity in an optical
fiber[55]), S(𝜆) is the chromatic dispersion slope at that wave-
length, and 𝜆0 is the zero chromatic dispersion wavelength. To
determine S(𝜆), we measured the chromatic dispersion of the
fiber over the C+L telecom bands (see Figure 4) using the phase
shift method. In this method, a cw tunable laser is modulated
and sent through the fiber under test. After photodetection, the
phase of this signal, which depends on the fiber group delay, is
retrieved. By analyzing its dependence on the laser wavelength,
the chromatic dispersion is calculated.[56]

The chromatic dispersion increases linearly with wavelength
over the measurement bandwidth. The slope that corresponds to
S is then S= 70 fs km−1 nm−2 for SMF and 4 fs km−1 nm−2 for our
HCF. The average chromatic dispersion over the measurement
range was D = 17 ps nm−1 km−1 for SMF and D = 2.2 ps nm−1

km−1 for the HCF.
With regards to d𝜆0(T)∕dT , we used values available in the

literature. For SMF, it ranges (at 1550 nm) between 24 and 29
pm K−1.[57,58] In our analysis, we used the minimum value of 24
pmK−1, which should produce the smallest chromatic dispersion
thermal sensitivity and thus represents the best-case scenario for
the SMF. For the HCF, a change in temperature causes a shift in
the transmission window. It has been calculated that this shift is
relatively independent of the HCF structure and in the center of
the transmission window the value is ≈23 pm K−1.[59] The zero
chromatic dispersion wavelength should shift in the same man-
ner, giving d𝜆0(T)∕dT = 23 pm K−1. The shift in the zero chro-
matic dispersion wavelength is thus comparable for both, SMF
and HCF (23 versus 24 pm K−1). Equation. (1) then suggests that
the difference in the thermal sensitivities of chromatic dispersion
of the SMF and HCF is mainly due to the different chromatic
dispersion slopes. Using the above-discussed numbers in Equa-
tion. (1), we obtained chromatic dispersion thermal sensitivity of
1.7 fs nm−1 km −1 K−1 for SMF and 0.1 fs nm−1 km−1 K−1 for our
HCF, which is a valuemore than 17 times lower than for SMF. As
we will show later, this value is consistent with our experimental
results.

2.3. HCF and SMF Propagation Time Variation

The propagation time variation due to temperature change for
SMF and HCF has already been discussed in detail in the liter-
ature. There is, however, a range of quoted values. In the SMF,
it is mainly due to the different compositions of the fiber core,
as the fiber’s sensitivity is predominantly given by the core glass
thermo-optic coefficient.[43] For the HCF, the variation is mainly
due to the fiber coating used,[60] in particular how much it influ-
ences the thermal expansion of the fiber, which is the dominant
contributor to the HCF’s thermal sensitivity. For consistent anal-
ysis of our results, we thus first measured the thermal sensitivity
of propagation time of our two fiber samples. The two fiber sam-
ples are wound on different spools and these were placed as close
to each other as possible during the measurements.
Figure 5a shows the experimental set-up for measuring the

propagation time variation. As a pulsed source, we used an OFC
with 150 fs FWHM pulses at a repetition rate of 250 MHz and
spectral width of ≈100 nm (Menlo systems, Germany). We mea-
sured the variation of propagation time by measuring the phase
difference between harmonics of the repetition rate. To do so, we
used amixer and subsequently converted its output voltage into a
time variation. To improve the sensitivity, we measured the 40th
harmonic of the repetition rate (10 GHz). This was done by filter-
ing the photodetected signal with a 10 GHz filter which had 3-dB
bandwidth of 50 MHz.
Figure 5b shows the fiber path time delay changes when the

OFC traveled through the 7.7 km NANF and 7.5 km SMF. The
fibers were put in the laboratory environment with the room air
conditioner turned on and off every 1000 s, leading to a peak-to-
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Figure 5. a) Experimental set-up for measuring the propagation time vari-
ation in HCF and SMF; b) Fiber path delay change of 7.7 km HCF (green,
solid) and 7.5 km of SMF (red, dash) over time when subject to a periodic
room temperature variation of 2.25 K. The range of our delay line (600 ps)
is shown in grey.

peak temperature change of 2.25 K. Here, we see the SMF exhib-
ited a peak-to-peak time delay deviation of almost 670 ps, while
for HCF, the maximum time delay variation was only 41 ps. The
measured values correspond to coefficients of thermal delay of
2 and 40 ps km−1 K−1, indicating around 20 times temperature
sensitivity reduction inHCF in comparison with the SMF, in line
with our previously published results.[43]

The 20 times reduction of propagation time temperature sensi-
tivity is important from the practical point of view for OFC trans-
mission, as the methods capable of compensating large optical
path length variations cannot be used when transferring an OFC.
For example, the most popular method for cw laser transmission
uses an acousto-optic modulator (AOM) to shift the cw laser car-
rier frequency to compensate for theDoppler shift due to the opti-
cal path length variations. However, different wavelengths would
require different frequency shifts, as accumulated phase depends
on the signal wavelength, meaning this method may not pro-
vide sufficient compensation over the entire spectral range. Delay
line techniques capable of accommodating an entireOFC include
thermally-controlled spools and free-space delay lines. Unfortu-
nately, when a large delay (>10 s of cm) is needed they tend to be
bulky, heavy, and costly, as large translation stages or long lengths
of fiber are required.
The free space delay line we used for compensation of

temperature-induced propagation time variation produced a rel-
atively large delay of up to 600 ps, which corresponds to 18 cm
in free space. As follows from Figure 5b, this was not sufficient
for compensating the SMF link, despite the limited tempera-
ture variation experienced in an air-condition-controlled labora-
tory and relatively modest length. For NANF, the same delay line

Figure 6. 20-dBm OFC optical spectrum (grey, dash) transmitted through
7.7 km of HCF (green, dot) and 7.5 km of SMF (red, solid). 15-dBm OFC
transmitted through SMF (violet, dash-dotted).

could even compensate 20 times longer link (120 km), or the
same link over significantly larger temperature variations (36 K).
which representsmore realistic scenarios in terms of lengths and
temperature variations.

2.4. HCF and SMF Power Handling

HCFs can handle significantly larger powers than SMF, for exam-
ple, over 1 kW average cw[61] (over 4 orders of magnitude higher
than for a 1-km long SMF), or over 70 W for ps-length pulses
with 40 MHz repetition rate,[62] has been already demonstrated
experimentally. Although we do not fully investigate the bene-
fits of this property in this work, we show how the spectrum al-
ready becomes distorted by the limited power handling capabil-
ity of SMF when launching relatively modest OFC powers (less
than 20 dBm) into our SMF sample. As shown in Figure 6, we ob-
served three peaks (around 1530, 1570, and 1590 nm) in the trans-
mitted spectrum, which were signatures of undesired nonlinear
interactions inside the SMF. Such nonlinearities are expected
to increase amplitude and phase noise[63] and thus degrade the
transmitted OFC signal. In practice, these nonlinear effects limit
the maximum power we could launch into the SMF and conse-
quently also the power available to the end users. Whilst higher
optical powers were not available in our experiment, the higher
optical nonlinearity threshold of HCF should enable the trans-
mission of significantly higher powers. An ultra-stable OFC with
10W (40 dBm) output power has already been demonstrated and
which the authors claim offers potential power scaling beyond
10 kW.[64] Besides enabling the distribution of a relatively high-
power OFC to many users, HCF could be beneficially used in
applications like attosecond science,[5] where high power carrier
envelope stabilized pulses may need to be transmitted.

3. OFC Transfer over Stabilized Fiber

To quantify the improvements that can be achieved with HCF
instead of SMF, we built the stabilized link shown in Figure 7.
In the sections below we introduce our set-up, we compare the
transfer stability achieved using SMF and HCF when the OFC
bandwidth is limited to 2 nm to investigate the best performance
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Figure 7. Experimental setup for stabilized OFC transmission consisting of three parts: OFC central office, Remote user, and (out-of-loop) characteri-
zation. FS: fiber stretcher; AOM: acousto-optic modulator; TOF: tunable optical filter; FM: Faraday rotator mirror; PD: photo detector.

achievable without any effect related to larger bandwidths such
as the thermal sensitivity of chromatic dispersion. Following this,
we characterize how the performance is degraded when a larger
OFC bandwidth is transmitted.

3.1. Experiment Set-Up

The experimental set-up is shown in Figure 7. The OFC signal
was first divided into two parts using a 90/10 coupler. The 10%
portion was used as a reference for link noise cancellation and
for characterization. Its frequency was shifted by 35 MHz using
an AOM frequency shifter. The other 90% of the light was in-
jected into the fiber link after passing through a circulator (that
allows for retrieval of the return signal), a free spacemotor-driven
delay line (to compensate for thermally-induced delay and also
to overlap the return pulses with the reference pulses), and a
fiber stretcher driven by a PZT (to compensate for the relatively
fast optical path variations). At the user end, a portion of the
signal was tapped out for characterization with the remainder
retro-reflected using a fiber-coupled Faraday rotator mirror. The
round-trip signal at port 3 of the circulator was filtered with a
30 nm-wide tunable optical bandpass filter. The motivation for
using this filter will be explained later. Two proportional-integral
(PI) controllers controlled the free space delay line and the fiber
stretcher. They were implemented using an FPGA (Red Pitaya,
Slovenia) programmed as described in.[65] The delay variation in

the fiber pigtails through which the signal does not propagate
in both directions (e.g., between the OFC and the AOM) cannot
be compensated for and often present a limitation to the overall
performance. To minimize this effect, we used as short as possi-
ble pigtails in both the measurement and reference path (each
with total length less than one meter). We also matched their
lengths to within 50 mm to improve the common-mode rejec-
tion of environmental effects. Moreover, we put the uncompen-
sated fiber components into a temperature-controlled box (with
<50 mK temperature fluctuation) to further reduce their influ-
ence on our measurements.
To test the stability, we compared the OFC spacing (repetition

rate) and the frequency of selected optical tones between the user
end and the transmitter end.
The measurement of the mode spacing stability and phase

noise was performed by phase comparison of the 40th harmonic
(10 GHz) of the repetition frequency using a microwave mixer.
The power spectral density of the phase noise fluctuations be-
tween 1 Hz and 100 kHz was measured with an FFT analyzer.
The stability was measured by converting the output voltage of
the mixer, logged every 1 s with a digital voltage acquisition card,
into phase variation.
To measure the frequency stability of the optical mode, we

beat the 35-MHz frequency-shifted OFC signal with the OFC sig-
nal received at the user end. To temporally overlap the local and
remote OFC pulses at the detector we use a second delay line.
The power spectral density of the phase noise was measured by
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Figure 8. a) Phase noise and b) fractional frequency stability of the 40th
harmonic (10 GHz) of the fundamental frequency spacing at the user end.

mixing the beat frequency with the reference shifted by 35 MHz
using an FFT analyzer. The transfer stability was measured by
counting the 35 MHz frequency with a digital dead time-free 𝜋-
type frequency counter.
For SMF, we reduced the optical power sent through the fiber

to 15 dBm to avoid the nonlinear effects we described earlier.

3.2. OFC Transmission Performance over a 2 nm Bandwidth

To verify the system performance, we first limited the optical
bandwidth used for the link compensation and characterization
to 2 nm (1555–1557 nm). This minimizes the degradation due
to the fiber chromatic dispersion thermal sensitivity, which we
focus on later.
The results including characterization of free-running and

optical-path-compensated links with HCF, SMF, and without
fiber are shown in Figure 8. Both, SMF and HCF links show a
similar level of phase noise, Figure 8a, over the entire measure-
ment range when free-running and when noise-suppression is
on.
The measured fractional frequency stability characterized by

the Allan deviation is shown in Figure 8b. For the free-running
link, we see theHCF performs better than SMF, achieving amin-
imum of 2 × 10−15 (at 200 s averaging time) as compared to 10−14

for SMF (at 40 s averaging time). This is expected given HCF’s
significantly lower thermal sensitivity of propagation time to tem-
perature. For the compensated link, the Allan deviation reached
2.1 × 10−15 at 1 s and 1.5 × 10−17 at 2000 s averaging times for
HCF and also for SMF when we removed data points at which
the compensation delay line was out of range, as discussed earlier

Figure 9. a) Phase noise and b) frequency stability of 1555–1557 nm op-
tical mode at the user end.

and shown in Figure 5. This performance was identical when the
transmitting fiber was removed, suggesting there is no observed
degradation of the OFC performance measured due to the prop-
agation through the two fiber samples (HCF and SMF).
The phase noise of the optical modes is shown in Figure 9a.

Again, both HCF and SMF show the same level of noise for the
uncompensated link and also a similar level of phase noise reduc-
tion when the phase noise suppression loop is activated. The frac-
tional frequency stability calculated as the Allan deviation from
data obtained with the frequency counter is shown in Figure 9b
reaching 3.8 × 10−17 at 1 s and 1.8 × 10−19 at 2000 s, which are
values close to those obtained when the fiber link was removed.
In all the presented data (RF frequency and opticalmode trans-

mission) HCF-based transfer is either similar to that obtained
with SMF or better, suggesting there is no penalty in transmit-
ting through HCFs.

3.3. OFC Transmission over a Large Bandwidth

due to the chromatic dispersion thermal sensitivity, we expect the
fractional frequency stability of the transferred OFC to be lim-
ited. To estimate this effect, we consider a situation in which the
temperature changes harmonically (e.g., due to the A/C unit in
the laboratory going on and off or day and night) with 2A peak-
to-peak amplitude and T1 time period. Then, the Allan deviation
𝜎y(𝜏) can be calculated as:

𝜎y (𝜏) =
(
dD (𝜆)
dT

⋅ BW ⋅ L ⋅ A
)
⋅
2
𝜏

[
sin

(
𝜋𝜏

T1

)]2
(2)
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Figure 10. Schematic of the experimental set-up to measure OFC trans-
mission over large bandwidths. OBFP: 2-nm wide optical band-pass filter.

where dD(𝜆)∕dT is the coefficient of chromatic dispersion ther-
mal sensitivity described in Equation (1), BWis the wavelength
difference between the fully stabilized wavelength and the edge
of the transmitted OFC, Lis the fiber length, and 𝜏 is the obser-
vation time.
Let us consider the SMF and HCF chromatic dispersion ther-

mal sensitivities calculated in Section 2 and the parameters BW
of 4 and 60 nm, 2A = 1.85 K, and T1=4000 s (this corresponds
to the experimental conditions we show later). Equation (2) then
predicts the fractional frequency stability of microwave signal to
be limited by 4.7 × 10−17 (SMF) and 3.0 × 10−18 (HCF) at a 4 nm
offset and 7.1 × 10−16 (SMF) and 4.3 × 10−17 (HCF) at a 60 nm
BW offset, for 𝜏 = 2000 s.
To confirm these estimations experimentally, we stabilized the

transmission link at 1536 nm (selected via the tunable optical
bandpass filter at the OFC end). Subsequently, we measured the
OFC transmission performance at wavelengths of 1536, 1540,
and 1596 nm (0, 4, and 60 nm from 1536 nm) using the second
tunable 2-nm wide optical bandpass filter placed in the user end,
as shown schematically in Figure 10.
Before performing this experiment, we reduced the laboratory

air condition unit output power, which reduced the temperature
variations from 2.25 to 1.85 K, so the fiber path delay could always
be compensated with our 600-ps delay line, Figure 11a.
The result for the three wavelengths is shown in Figure 11b. At

1540 nm (BW = 4 nm), the SMF links show a clear degradation,
while we observe no degradation when the HCF is used. When a
BW of 60 nm is used (1596 nm) we observe a degradation of the
stability on both SMF and HCF. However, the HCF degradation
is an order of magnitude lower than SMF.
A comparison of the stability measured and predicted (using

Equation. (2)) at 2000 s averaging time is shown in Table 1. With
the exception of the result inHCF for BW= 4 nm,where themea-
sured value was limited by themeasurement noise floor, themea-
sured values agree reasonably well with the predictions. Thus, we
conclude that Equation. (2) can be used to predict the transfer
stability across the transferred frequency spectrum and to esti-
mate the performance with longer HCF and larger temperature
changes, whichwe show in the discussion section. Further, it con-
firms that the chromatic dispersion thermal sensitivity values we
derived earlier are consistent with our measurements.
Finally, the result for optical frequency stability is shown in

Figure 12. The Allan deviation shows similar trends as for themi-
crowave signal transmission shown in Figure 11. Measurement
60 nm away from the stabilized wavelength (BW= 60 nm), shows

Figure 11. a) Fiber path delay time change of 7.7 km HCF and 7.5 km
of SMF with the temperature change of 1.85 K; b) Comparison of the fre-
quency stability of 40th harmonic (10 GHzmicrowave signal) of the funda-
mental frequency spacing as affected by the chromatic dispersion thermal
sensitivity of HCF and SMF for various levels of BW.

Table 1.Microwave signal fractional frequency stability comparison of OFC
distribution throughHCF and SMFwith 4 and 60 nmBWat averaging time
of 2000 s.

BW [nm] Fiber type Measured, ×10−17 Predicted, ×10−17

4 HCF 1.5a) 0.3

SMF 7.5 4.7

60 HCF 5.4 4.3

SMF 80 71

a)
Limited by the measurement noise floor.

Figure 12. Comparison of the optical frequency stability of HCF and SMF
for various levels of BW.
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Alan deviation degradation with HCF to be almost one order of
magnitude lower than with SMF.

4. Discussion

In this experiment, we demonstrate the transfer of an OFC over
7.7 km HCF and we show that the stability of the OFC, up to
60 nm away from the wavelength used for the optical path length
stabilization, is maintained at the level of several parts in 1017.
This enables transmission of a 120 nmbandwidth OFC (±60 nm)
with this level of stability. Building on these results, we can esti-
mate the stability of practical fiber links, for example, made of
an installed fiber and over longer distances. 24-h environmen-
tal temperature fluctuation has been reported to be reduced by
a factor of 100 when the fiber is installed under 0.5 m of soil.[66]

Based on this, we estimate a realistic installed fiber link to have a
daily temperature variation of 0.1 K. With such a link, the distri-
bution of a 120 nm wide OFC over 200 km of installed fiber link
can maintain frequency stability at the 10−18 level (0.1 fs nm−1

km−1 K−1 × 60 nm × 200 km × 0.1 K/86 400 s = 1.4 × 10−18).
This level of stability is sufficient to transfer some of the best
frequency standards. For example, the Astro comb locked to Ru-
bidium or Hydrogen atomic clock can be transferred to multiple
telescopes which can highly improve the calibration of an astro-
nomical spectrograph to centimeter per second level (This level
should make it possible to detect Earth-like planets in the hab-
itable zone of star or even to measure the cosmic acceleration
directly).[24] Additionally, this level of stability could in principle
enable a timing jitter of 1 ps when transmitting over half-the-
globe (20 000 km) (0.1 fs nm−1 km−1 K−1 × 60 nm × 20 000 km
× 0.1 K = 1.2 ps), of interest to Earth-size telescopes such as fu-
ture SKA systems, achieving the same level of timing distribution
stability as in the current SKA system.[30]

5. Conclusions

We have demonstrated ultra-stable transfer of OFC derived RF
and optical frequencies by replacing the traditional optical fiber
used with a glass core with a next-generation optical fiber in
which the signal propagates through a central hole (HCF).
These results were enabled by the much lower thermal sen-

sitivity of chromatic dispersion, which we calculated to be 0.1 fs
nm−1 km−1 K−1 for our HCF, as compared to the 1.7 fs nm−1

km−1 K−1 of SMF. Our experimental results are consistent with
these values, enabling a frequency stability of 5.4× 10−17 at 2000 s
to be achieved over a 60–120 nm OFC bandwidth after propaga-
tion through a 7.7 km length of HCF, which is 15 times better
than when using a comparable length of SMF (8.0 × 10−16 at
2000 s).
We also showed a transfer frequency stability of the optical

modes of 1.8 × 10−19 at a few thousand seconds and of the mode
spacing of 1.5 × 10−17 for the same time scale using the HCF
which, to the best of our knowledge, is the best fiber-based OFC
distribution performance reported so far.
Besides the lower fiber chromatic dispersion thermal sensi-

tivity (which cannot be compensated), HCF has other benefi-
cial features over SMF for the OFC distribution. First, thanks

to the lower thermal sensitivity of propagation time a much
smaller dynamic range is required of the compensating delay
line. Further, its orders of magnitude lower optical nonlinear-
ity enables significantly higher powers to be distributed that can
be used, for example, to provide higher power per user, more
users, or longer transmission distances (or some combination
of the above), Another beneficial feature is the low chromatic
dispersion of HCF (approximately eight times lower than SMF
at 1550 nm) which results in the need for significantly less
dispersion-compensating fiber for re-compression of the OFC
pulses in the link noise cancellation loop. In addition, the low
HCF backscattering (≈1000 times lower than SMF) may enable
higher gain within bi-directional EDFAs than possible with an
SMF link. Finally, the 30% higher light propagation speed re-
duces the signal round-trip time and thus provides for a larger
bandwidth for the link noise cancellation feedback loop.
These advantages of HCF over SMF make this novel fiber an

ideal candidate for OFC distribution both within the laboratory
and indeed to remote external users. This will become of in-
creasing practical interest as HCF becomes more readily avail-
able commercially and their attenuation is reduced further to-
ward, and ultimately below, that of SMF.
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