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LETTER

Comparison of nonlinear properties in silica-core and hollow-core fibers

Souya Sugiura1, a), Kai Murakami1, Takeshi Takagi2, Kazunori Mukasa2, and Motoharu Matsuura A1, 3

Abstract Hollow-core photonic bandgap fibers exhibit nonlinear prop-
erties. In comparison with conventional silica-core optical fibers, we ex-
perimentally evaluate whether the hollow-core photonic bandgap fiber has
extremely low nonlinearity compared with silica-core optical fibers in terms
of stimulated Brillouin scattering and four-wave mixing. A low nonlinearity
is useful for high-power optical transmission applications.
Keywords: hollow-core fibers, photonic bandgap fibers, stimulated Bril-
louin scattering, four-wave mixing
Classification: Optical fiber for communications

1. Introduction

Silica-core optical fibers are widely used in optical fiber
communications and have contributed significantly to the
expansion of transmission capacity [1]. On the other hand,
nonlinear phenomena occurring in the silica core are re-
ported to have various effects on transmitted optical signals,
such as signal distortion and input power limitation [2].

Recently, hollow-core fibers (HCFs) with an air core have
attracted considerable attention because they can dramat-
ically reduce nonlinearity compared to silica-core optical
fibers [3, 4, 5, 6, 7, 8, 9, 10, 11]. In addition dramatically
improving the transmission capacity of optical fiber com-
munications, HCFs are extremely advantageous for high-
power transmission applications, such as passive optical net-
works [12] and power-over-fiber [13, 14]. Several demon-
stration experiments on power transmissions that exceed 1
kW have been reported [15, 16].

Although various types of HCFs have been reported, there
are generally two types of HCFs. The former is a photonic
bandgap fiber (PBGF) [3, 4, 5, 6, 7] and the latter is a nested
anti-resonant nodeless fiber (NANF) [8, 9, 10, 11]. Several
experiments have been conducted to demonstrate the ultra-
low nonlinearity of these fibers and their utilization [9, 11].
However, compared with conventional silica-core optical
fibers, no clear evaluation of the differences in various types
of nonlinear effects has been reported.
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In this study, to evaluate the nonlinear properties of the
HCFs, we experimentally measured their nonlinear charac-
teristics in terms of stimulated Brillouin scattering (SBS)
and four-wave mixing (FWM). To demonstrate the low non-
linearity of the HCFs, their characteristics were compared to
those of conventional silica-core single-mode fibers (SMFs).
Consequently, we have confirmed the ultra-low nonlinearity
of HCFs and conducted that they are useful for high-power
and multi-channel transmissions.

2. Stimulated Brillouin scattering (SBS)

Brillouin scattering is a scattering phenomenon caused by
acoustic phonons with a narrow-linewidth light injection
into optical fibers. In high-power light injection, the trans-
mission power is strictly limited if the power is higher than
the Brillouin threshold. The Brillouin threshold power Pth
under quasi-CW condition is approximately given by [2]

Pth =
21Aeff

gBLeff

(
1 +
∆νp

∆νB

)
(1)

where Aeff denotes the effective area, Leff is the effective
length, gB indicates the Brillouin gain coefficient, ∆νB is the
Brillouin gain bandwidth. These values are determined by
the propagating optical fiber itself. On the other hand, ∆νp
indicates the input laser linewidth determined by the light
source of input light. For conventional silica-core optical
fibers, the value of ∆νB is approximately 25 MHz [17]. If
∆νp is much smaller than this value, the Pth is calculated by

Pth =
21Aeff

gBLeff
(2)

However, when∆νp is larger than this value, the Pth increases
with the ∆νp. In other words, for signal transmission with a
same optical fiber, Pth will vary depending on only the ∆νp
of light source used.

To evaluate and compare the effects of SBS on the SMF
and HCF, we measured the input/output power characteris-
tics of these fibers. Figure 1 depicts the experimental setup
for evaluating SBS in optical fibers. We used two light
sources with different linewidths to compare the degree of
SBS for different linewidths. The first was an external-cavity
laser diode (ECL) with a linewidth of 80 kHz. The second
was an ECL with a linewidth of 50 MHz. The output wave-
length of these ECLs was 1550 nm. The laser output was
amplified using an erbium-doped fiber amplifier (EDFA),
and the amplified spontaneous emission noise was removed
using a bandpass filter (BPF) with a 3 dB bandwidth of 0.6
nm. Subsequently, the amplified light was transmitted to the
SMF or HCF. In this experiment, we used two types of 1 km
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test fibers. The first was a commercially available silica-core
standard SMF-28 fiber (Thorlabs, Inc., SMF-28). The mode
field diameter (MFD) and transmission loss were 10.4±0.5
µm and 0.18 dB/km at 1550 nm, respectively. The other was
a photonic bandgap HCF that employs perturbed resonance
for improved single modedness (PRISM) [7], as shown in
the inset of Fig. 1. The fiber had a large central air core and
six large holes that surrounded the core to achieve single-
mode propagation. The effective core area of the central
air core was approximately 200 µm2. The HCF contained
SMF-based FC/PC connectors at both ends. The expected
fiber transmission loss and connection loss per end were 3.1
dB and 1.1 dB, respectively. The total HCF link loss was 5.3
dB. The power of the transmitted light power was measured
using an optical power meter (OPM).

Figure 2 shows the input/output characteristics of the 1 km
SMF and HCF transmissions for the two laser linewidths.
For the SMF transmission using the 80 kHz linewidth laser,
the output power was severely limited by the SBS, and it
was observed that the output power did not change as the
input power increased when the power exceeded 120 mW.
In SMF-28, the values of Aeff and gB are shown as ap-
proximately 80 µm2 and 1.3 × 10−11 m−1 W−1, respec-
tively [18]. Substituting these values into Eq. (2) yields Pth
as 129 mW. This means that the calculated threshold power
is in good agreement with the experimental result. When
the linewidth was increased to 50 MHz to mitigate SBS,
the saturated output power increased. However, the output

Fig. 1 Experimental setup for evaluating SBS using a 1 km SMF and
HCF. ECL: external cavity laser, EDFA: erbium-doped fiber amplifier,
BPF: bandpass filter, OPM: optical power meter. Inset shows cross-section
of HCF we used.

Fig. 2 Input/output power characteristics of 1 km SMF and HCF trans-
missions for different laser linewidths.

power did not change with an increase in the input power
beyond 370 mW. If ∆νp and ∆νB substitute 50 MHz and
25 MHz [17] into Eq. (1), respectively, Pth is approximately
400 mW. The threshold power also agrees well with the
experimental result, further indicating that the power sat-
uration in the input/output power characteristics is owing
to SBS induced in the SMF used. For the HCF transmis-
sion, linear input/output power characteristics were observed
without the output power saturation, even at 80 kHz with a
narrow linewidth. The slope of the input/output power char-
acteristics of the HCF transmission was slower than that of
the SMF transmission owing to the larger transmission loss
in the HCF link. This can be improved if the connection
losses to the SMFs with the connector and the losses in the
HCF itself are reduced. These results show that the HCFs
does not cause SBS in the presented measurement range and
demonstrate ultra-low nonlinearity.

3. Four-wave mixing (FWM)

FWM is an optical parametric effect that occurs during the
injection of two or more lights of different wavelengths.
The generated FWM components degrade the original sig-
nal quality. Therefore, it is crucial to evaluate FWM in
multi-channel optical signal transmission. For example, the
optical power of the FWM component produced by three in-
put signal powers (Pi, Pj, and Pk) with different wavelengths
can be expressed as [19].

Pfwm = ηfwm(2γL)2PiPjPke−αL (3)

where γ is a nonlinear coefficient, α indicates the fiber loss,
and L denotes the fiber length. Additionally, ηfwm is a mea-
sure of the FWM efficiency, which depends on the channel
spacing through the phase mismatch determined by the chro-
matic dispersion in the optical fibers.

Figure 3 shows the experimental setup for evaluating the
FWM using the 1 km SMF and HCF. We used four ECLs
with a linewidth of 80 kHz as light source. These lights were
combined using a 4 × 1 optical coupler (OC) and amplified
using an EDFA. In this experiment, the polarizations of
the lights were scrambled without polarization controllers,
assuming a real transmission system. The total power in-
put to the test fibers was 23 dBm. After transmission, the
transmitted light spectrum was observed using an optical
spectrum analyzer (OSA). Among these lights, one ECL
output maintained a fixed wavelength of 1552.47 nm, while
the other wavelengths were configured with a 50 GHz or 25

Fig. 3 Experimental setup for evaluating FWM in 1 km SMF, HCF, and
back-to-back (BtoB) transmissions. OC: optical coupler, OSA: optical
spectrum analyzer.
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Fig. 4 Output spectra of four-channel transmitted light with (a) 50 GHz
and (b) 25 GHz channel spacings in 1 km SMF, HCF and BtoB transmis-
sions. Inset shows output spectrum of extended FWM component on long
wavelength side.

GHz channel spacing.
Figure 4 illustrates the output spectra of the 4-channel

transmitted lights with 50 GHz and 25 GHz channel spacings
in the 1 km SMF (red curve) and HCF (blue curve) transmis-
sions when the total fiber input power was 23 dBm. Notably,
the power level was relatively adjusted for the losses in order
to provide a clear comparison of FWM occurrences. The
spectrum of the SMF transmission has pronounced FWM
components, whereas that of the HCF transmission does
not have pronounced FWM components. Furthermore, as
the channel spacing narrowed from 50 GHz to 25 GHz,
the FWM component was found to be more pronounced in
the SMF transmission. However, the increase in the FWM
component is almost negligible for the HCF transmission.
This indicates that the nonlinearity of the HCF is negligible,
as shown in Eq. (2). In addition, the spectrum is almost
identical to the spectrum of the back-to-back (BtoB) trans-
mission (green curve), which is a direct connection between
the EDFA output and the OSA input using a 1 m SMF. The
inset of Fig. 4(b) shows the output spectrum of the extended
FWM component on the long wavelength side. The peak
power difference between the BtoB and HCF transmissions

Fig. 5 OSNR of FWM component while changing fiber input power in 1
km SMF and HCF transmissions.

is less than 0.14 dB. This indicates that the FWM compo-
nents were not induced by the HCF transmission, but by the
short SMF link, which comprised the OC, EDFA, and its
connected SMFs. These results also show that the HCFs
exhibit ultra-low nonlinearity in the case of multi-channel
signal transmission.

To evaluate the differences in the FWM components in
detail, we measured the optical signal-to-noise ratio (OSNR)
of the FWM component power for each channel spacing
when the total fiber input power varied. The results are
presented in Fig. 5. In the experiment, we measured the
OSNR of the FWM component next to the signal on the
longest wavelength side of the 4-channel transmitted lights.
For a 1 km SMF transmission, the OSNR increased linearly
with the fiber input power. Additionally, the OSNR increased
as the channel spacing narrowed from 50 GHz to 25 GHz.
However, for the HCF transmissions, the increase in the
OSNR was not linear and was much smaller than that for the
SMF transmission. In addition, at a high fiber input power, a
comparable OSNR was observed, regardless of the channel
spacing. This was due to the FWM that occurred outside the
HCF, as it was almost the same as that for the back-to-back
transmissions, as shown in the inset of Fig. 4(b).

4. Conclusion

We experimentally evaluated the nonlinear properties of SBS
and FWM in a photonic bandgap-based HCF in detail. Com-
pared with the silica-core SMFs, the results showed that SBS
and FWM rarely occurred in the HCFs. The presented ultra-
low nonlinearity of the HCFs is advantageous for high-power
transmission applications and multi-channel signal transmis-
sions.
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