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We present a theoretical analysis into the fundamental physical mechanisms contributing to backscattering in hollow-
core antiresonant fibers. We consider Rayleigh scattering originating from the hollow regions of the fiber which may
be filled with gases, Rayleigh scattering from within the glass membranes as well as the contribution from scattering
at the glass surfaces. We derive expressions for the backscattering coefficient into any specified guided mode for an
arbitrary excitation. These lead to general scaling relations with the core size and wavelength which are found to be the
key parameters for backscattering, regardless of the exact antiresonant geometry. For a nested antiresonant hollow-core
fiber with a core diameter of 35 µm, the only antiresonant fiber geometry for which experimental data is available in
the literature, we find that the surface-scattering limited backscattering coefficient of the fundamental mode into itself
is nearly 40 dB below that of a single mode fiber, in good agreement with recently published measurements.

I. INTRODUCTION

Over the past few years, hollow-core optical fiber research
has gained renewed interest, driven primarily by the sustained
and rapid improvement in their performance. The lowest loss
which has been obtained in the nested antiresonant nodeless
geometry (NANF) now stands at 0.28 dB/km at 1550 nm, a
factor of two above the Rayleigh scattering limit of conven-
tional single mode fibers (SMF)1. Furthermore, these fibers
have now achieved lower loss than conventional silica fibers at
wavelengths in the visible and mid infrared, and are predicted
to outperform standard fibers at any technologically relevant
wavelengths2–4. Beyond lower attenuation, they offer signifi-
cant advantages over their conventional counterparts, includ-
ing nearly three orders of magnitude lower optical nonlinear-
ity and near vacuum latency. For hollow-core fibers based
on antiresonance guidance, there are further advantages like
low chromatic dispersion and, as recently shown, high polar-
ization purity and very low levels of backscattering5,6. Such
low levels of backscattering, measured to be more than 40 dB
lower than in SMFs, are especially beneficial for applications
relying on bidirectional propagation, for example in fiber optic
gyroscopes7, remote fiber sensors interrogated in reflection8,
or bidirectional fiber links used in time and frequency trans-
fer9.

The rapid pace of development of hollow-core antireso-
nant fibers has not permitted a thorough understanding of
some of their most striking properties1,10,11. Backscattering is
one such example where practical demonstration of ultralow
backscattering levels has preceded a detailed understanding
of the physical mechanisms that contribute to it6. However,
such an understanding is necessary for at least two reasons.
The first is to establish general sensitivity requirements for
reflectometry-based tools that may be routinely used for dis-
tributed fault-finding in manufactured fibers and cables. The
second is to guide the design of fibers with ultralow backscat-
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tering to serve applications such as optical gyroscopes or
quantum key distribution where it can severely limit perfor-
mance.

In this paper, we present a theoretical analysis of the optical
backscattering process in hollow-core antiresonant fibers. We
derive expressions for each contribution and establish general
scaling relations with wavelength and core size. We show that
the scattering from surface roughness imposes a fundamental
limit on backscattering. However, when filled with a gas at
a sufficient pressure level (e.g., air at atmospheric pressure),
Rayleigh scattering from within the hollow regions can be-
come the dominant contribution to the backscattering signal.

II. THEORETICAL ANALYSIS

As in any waveguide, light scattering in antiresonant fibers
originates from random small-scale inhomogeneities in the lo-
cal permittivity distribution. Such inhomogeneities consist of
density fluctuations within the glass microstructure and in the
gas-filled hollow regions of the fiber (naturally, this compo-
nent vanishes if the hollow regions are evacuated), and also, of
the roughness and inhomogeneities at the glass surfaces. Such
roughness is known to be fundamentally limited by frozen-in
thermally-excited surface capillary waves and contributes to
loss and backscattering by the fiber12.

Coupled-mode analysis offers a formalism for analyzing
such perturbation effects13,14. Here however, we make use of
the volume current method which yields identical results but
permits a more intuitive analysis15–18. We first compute the
current density induced by the presence of volumetric and sur-
face inhomogeneities, then find the mode amplitudes excited
by such a current density from which we obtain the backscat-
tering coefficients.

In the absence of any perturbation, the longitudinally invari-
ant (ideal) antiresonant fiber supports a set of discrete guided
modes (although leaky in this case) complemented by a con-
tinuum of cladding and radiation modes. We will express such
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solutions in the form:

|ψ(p)
k 〉=
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E(p)

t

H(p)
t

)
k

e− jβ (p)
k z (1)

where k serves to label the modes, the subscript t indicates
transverse field components, the superscript p = (+) or (−)
indicates the direction of propagation and β

(p)
k the propaga-

tion constant. Because the ideal fiber has reflection symmetry
about any plane orthogonal to its axis, backward propagating
modes can be expressed as: β

(−p)
k = −β

(p)
k , E(−p)

t = E(p)
t ,

H(−p)
t = −H(p)

t (see19). Consequently, the longitudinal com-
ponents satisfy: E(−p)

z = −E(p)
z , H(−p)

z = H(p)
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form a complete set and obey the orthonormality relation20:∫∫
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)
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Here, ζp = 1 if p = + or −1 otherwise and δmn is the Kro-
necker delta, being 1 if m = n and 0 otherwise.

We now consider that the mode |ψ(p)
k 〉 carrying unit power

is incident on a section of fiber of length L in the p direc-
tion. The presence of small perturbations can be regarded as
giving rise to an equivalent induced current density J(p)

k . The
perturbed waveguide is thus approximated as the ideal unper-
turbed waveguide and a source term which is the equivalent
current density. With the mode normalization above, such an
equivalent current density in turn results in the excitation of
mode |ψ(q)

l 〉 with unitless amplitude21,22:

a(pq)
kl =

∫ L

0

∫∫
A∞

E(q)∗
l ·J(p)

k dAdz (3)

The scattering coefficient per unit length from mode |ψ(p)
k 〉

into mode |ψ(q)
l 〉 is therefore:

B(pq)
kl =

1
L

〈
a(pq)∗

kl a(pq)
kl

〉
(4)

where 〈. . .〉 represents an ensemble average over statistically
equivalent fiber sections. When L is sufficiently short that the
relevant modes do not suffer appreciable loss over the section,
the backscattering coefficient for mode |ψ(p)

k 〉 may thus be
rigorously defined as:

Bk = ∑
l,q6=p

B(pq)
kl =

1
L ∑

l,q6=p

〈
a(pq)∗

kl a(pq)
kl

〉
(5)

Here, the summation extends over all the modes propagat-
ing in the direction opposite to that of the incident mode. In
practice however, we are interested in backward propagating
guided modes in the core and more often still, the backward
propagating fundamental mode alone.

We distinguish two types of inhomogeneities that may give
rise to an induced current density: density fluctuations lead-
ing to volumetric Rayleigh scattering in the gas-filled hollow
regions and within the glass regions, and roughness at the air-
glass interfaces. We analyze them below in greater detail.

A. Volumetric Rayleigh scattering contribution to
backscattering

Small-scale density fluctuations within the glass or the gas
in the hollow regions of the fiber are effectively represented
by a small perturbation of the relative dielectric permittiv-
ity ∆εr(x,y,z). Because such a perturbation is typically very
small in magnitude, the shape of the perturbed region plays a
negligible role and the equivalent current density when mode
|ψ(p)

k 〉 is incident on the fiber section is simply given by14,23:

J(p)
k =− jωε0∆εr(x,y,z)E

(p)
k (6)

By inserting this expression into Eq. 3 and 4, we obtain the
volumetric scattering into mode |ψ(q)

l 〉 as:
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(7)
For a Rayleigh scattering process, the permittivity perturba-
tions are very rapid compared to the wavelength, and in that
case, the form of their autocorrelation function can be taken
as a delta function13,24 :〈

∆εr(x′,y′,z′)∆εr(x,y,z)
〉
= l3

c
〈
∆ε2

r
〉
×

δ (x− x′)δ (y− y′)δ (z− z′) (8)

Where lc is the correlation length of the perturbation and
〈∆ε2

r 〉 the variance of the relative permittivity fluctuation.
With this definition, the relevant Rayleigh scattering coeffi-
cient is expressed as αR = k4l3

c 〈∆ε2
r 〉/6π (see21). If the per-

turbed material occupies a region A in the cross section, then
by substituting Eq. 8 into Eq. 7, the backscattering coefficient
reduces to:

B(pq)
kl =

6π

k4 ω
2
ε

2
0 αR

∫∫
A

∣∣∣E(q)∗
l (x,y) ·E(p)

k (x,y)
∣∣∣2 dxdy (9)

In antiresonant fibers, A may be the area covered by the gas-
filled hollow regions or that covered by the glass, allowing
to calculate volumetric contributions to backscattering from
either gas or glass.

Eq. 9 yields identical results to those obtained in21 when
considering a single mode fiber, or those obtained for solid
core few-moded fibers using the diffraction method25, but it is
more general. To confirm this, we consider a standard single
mode fiber in which the linearly polarized and nearly Gaus-
sian forward propagating mode field (E+

0 =~xE0e−r2/W 2
0 , W0

is the mode spot radius) carries unit power (that is, E2
0 =

4/(πW 2
0 n)
√

µ0/ε0). Since the backward propagating mode
field is identical under this simple approximation, after re-
normalizing the mode field amplitude according to Eq. 2,
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Eq. 9 yields:
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= αR
3

2n2W 2
0 (ω/c)2

(10)

which is the well-known result for SMFs under this Gaussian
approximation21,26,27.

B. Surface contributions to backscattering

It is now well accepted that in hollow-core fibers, the air-
glass interfaces possess intrinsic nanoscale roughness from
frozen-in thermally excited surface capillary waves12,28. Light
scattered by these rough interfaces gives rise to loss and
backscattering.

Since the refractive index contrast between a potential fill-
ing gas (or vacuum) and glass, of the order of εr1 : εr2 ∼ 1:2,

is high enough to cause a local discontinuity of the electric
field distribution near the glass surfaces, an appropriate ex-
pression for the induced current density from surface rough-
ness must employ only field quantities that are continuous
across the interfaces23,29. These are the components of the
electric field parallel to the interface E‖ and the component
of the electric displacement normal to the interfaces D⊥. As-
suming that the geometric perturbations caused by roughness
on the air-glass interfaces are described by a small deviation
h(s,z) (s is a curvilinear coordinate along the interface in the
cross-section) that does not change the local surface normal
nor the refractive index, the induced current density by the
incident mode |ψ(p)

k 〉 is expressed as23,29:

J(p)
k =−iωε0

(
∆εrE

(p)
‖k (s)−∆

1
εr

D(p)
⊥k (s)

)
h(s,z) (11)

Here, ∆εr = n2
glass− 1 and ∆1/εr = 1/n2

glass− 1. If we now
assume that the roughness on each of the air glass interfaces is
statistically independent, then by inserting Eq. 11 into Eqs. 3
and 4, we obtain the scattering into mode |ψ(q)

l 〉 as:
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Eq. 12 can be further simplified only if the roughness auto-
correlation 〈h(s′,z′)h(s,z)〉 is separable, i.e., can be written as
a product of functions of s− s′ and z− z′. This not the case
for frozen-in surface capillary waves, making the evaluation
of the integral in Eq. 12 complicated28,30. We argue however
that the most important features of the roughness, especially
those dictating the angular distribution of the scattered light
are those along the fiber axis. With this assumption and the
choice of the section length L so that it is longer than the
wavelength and any relevant correlation length of the rough-
ness, yet short enough that the modes do not suffer very high
losses, Eq. 12 simplifies to:

B(pq)
kl = ω

2
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2
0 Ψ̃
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β
(p)
k −β

(q)
l

)
×

∑
j

∣∣∣∣∮S j

(
∆εrE

(q)∗
‖l (s) ·E(p)
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)

ds
∣∣∣∣2

(13)
Here, Ψ̃(∆β ) is the power spectral density of the roughness in
the z direction, which we have assumed is the same for all the
air-glass interfaces for simplicity.

Throughout the remainder of the paper, we will limit our
analysis to backscattering caused by frozen-in surface capil-
lary waves since its thermodynamic origin makes it the only
true fundamental limit to surface scattering which cannot be
removed through technological improvements in the fabrica-

tion process. For this roughness, the power spectrum is given
by28,30:

Ψ̃(∆β ) =
kBTg

4πγ
√

κ2
c +∆β 2 (14)

where kB is Boltzmann’s constant, Tg the glass transition tem-
perature, γ the surface tension, and κc = 2π/Λc a low fre-
quency cut-off for the roughness spectrum introduced to avoid
divergence at long spatial wavelengths and Λc is the corre-
sponding spatial wavelength.

C. Scaling relations

It is of interest for many applications to establish how the
backscattering coefficient of the fundamental mode into itself
(backwards propagating fundamental mode) scales with key
fiber design parameters and the operating wavelength.

For the contribution from volumetric scattering in the hol-
low regions, a scaling relation can be easily obtained from
Eq. 9. Away from the resonances where guidance fails (λm =
2t
√

n2−1/m, with t being the membrane thickness, n the
glass refractive index and m an integer, see peaks in Figs.4 and
5), the integral is proportional to 1/W 2

0 where W0 is the mode
field radius. Since W0 is nearly independent of wavelength in
antiresonant fibers, it follows that the integral is proportional
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to 1/R2 (R is the core radius). The multiplying factor scales
as ω2, and it follows therefore that:

Bgas
11 ∝

1
λ 2R2 (15)

The wavelength dependence of the other two contributions is
greatly impacted by the guidance mechanism itself. In the
vicinity of resonances, the field strength within the glass and
near the interfaces changes rapidly with wavelength. How-
ever, away from the resonances, simple scaling relations can
be obtained. To do so, we note that in the hollow-core fiber,
the unnormalized vanishingly small field strength near the air-
glass interfaces is proportional to λ/R20,31. This implies that
to first order, with the normalization of Eq. 2 (i.e, dividing
the field by a quantity proportional to

√
mode area ∼ R), the

normalized field strength near the interface is proportional to
λ/R2. For the volumetric contribution from glass, the integral
in Eq. 9 is carried over an area roughly proportional to the
core perimeter and thus proportional to R. It follows there-
fore from Eq. 9 that away from the resonances, the volumetric
contribution from glass satisfies:

Bglass
11 ∝ λ

−2 · λ
4

R8 R ∝
λ 2

R7 (16)

With the power spectrum of Eq. 14 being proportional to
1/∆β and thus to λ , the same argument above leads to the
surface contribution to backscattering scaling as:

Bsur f
11 ∝ λ

−2 ·λ ·
(

λ 2

R4 ·R
)2

→ λ 3

R6 (17)

III. MODELING EXAMPLES

As a baseline for comparison with hollow-core fibers, we
plot in Fig. 1 the modal backscattering coefficients (Bpq

kl ) cal-
culated using Eq. 9 for the first two mode groups of a step
index fiber (core diameter: 8.2 µm, NA: 0.14, similar to Corn-
ing’s SMF28e32 but simulated both in the single and multi-
mode regimes) as a function of normalized frequency V . The
incident power is assumed to be in one of the degenerate fun-
damental modes labeled 1 and the figure shows the backscat-
tering coefficient of this mode into itself and the other modes
labeled 2 to 6, corresponding to the other HE11, and the degen-
erate TM01, HE21 and TE01 modes that make up LP11 mode
group. We drop the superscript (+−) as it is implicitly under-
stood these are backscattering coefficients. Using pure silica’s
Rayleigh scattering coefficient of 0.8 dB·µm4/km (see33),
Eq. 9 predicts a backscattering coefficient of −72.3 dB/m at
1550 nm (V = 2.32), in good agreement with typical mea-
sured values32. Interestingly, in the multimode regime (V ≥
2.4), the sum of the backscattering into the higher order mode
group is higher than that into the incident fundamental mode,
highlighting the importance of considering their contributions
in measurements or applications where they can be detected
or impact performance.

Using Eq. 9, we repeated these calculations for the volumet-
ric contributions to backscattering from the hollow and glass

Step-index Þbe

Single-mode regime Multimode regime

FIG. 1. Backscattering coefficient for the first two mode groups of a
step-index solid-glass-core fiber when one of the fundamental modes
is incident. The vertical dashed line shows the cut-off frequency V =
2.405.

regions in two different antiresonant fibers, a 7-tube tubular
fiber and a NANF with 6 sets of nested tubes34.

For both fibers, we choose a core diameter of 35 µm and
a tube membrane thickness of 400 nm. We solve for the
modes of the two fibers using a fully-vectorial commercial
finite element solver (COMSOL Multiphysics). Fig. 2 shows
the calculated mode field distributions for the fundamental
HE11 of the two fibers at 1550 nm. We subsequently use
the software’s postprocessing tools to compute the integral of
Eq. 9. The calculated backscattering coefficients are shown in
Fig. 3. We assume here that the hollow regions of the fiber
are filled with air at room temperature and atmospheric pres-

FIG. 2. Calculated mode field distributions in the two antiresonant
fibers under study at 1550 nm. The fibers have identical core diam-
eters and membrane thickness, resulting in the NANF being larger
than the tubular fiber. The left hand-side shows contour plots of the
normalized time-averaged Poynting vector for one of the fundamen-
tal modes (we limit the range to [-50, 0] dB) and the right hand side
show corresponding cuts along horizontal and vertical lines in both
fibers.
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sure, thus effectively having a Rayleigh scattering coefficient
of 4.7×10-3 dB·µm4/km (see35). This choice is arbitrary and
for illustrative purposes only as the effective Rayleigh scatter-
ing from these regions would depend on the filling gas and
its pressure. Just as in the solid-core fiber, we found that
the scattering from the hollow regions to the orthogonal po-
larization of the fundamental mode is nearly four orders of
magnitude lower than into itself, and so Fig. 3 does not show
them explicitly. For both fibers, the contribution from volu-
metric Rayleigh scattering in the air-filled hollow regions at
1550 nm is −100 dB/m, some 27 dB below that of the single
mode fiber. This is attributed to the lower Rayleigh scatter-
ing coefficient of air and the larger mode field diameter of
the fundamental mode of the hollow-core fibers (as is evident
from Eq. 10). Note that the results are nearly identical for
both modeled fibers despite the differences in their structures
and symmetry. This is because the mode field distribution is
predominantly dictated by the core size, membrane thickness
and wavelength. As a result, many of the mode-field depen-
dent properties, including the backscattering would be identi-
cal for antiresonant fibers with same core size and membrane
thickness, with the exact design of the antiresonant cladding
having little impact.

Fig. 4 shows the contribution from Rayleigh scattering in
the glass regions for both fibers. At −156 dB/m, this con-
tribution is more than 80 dB below the backscatter level of
the SMF. This is due primarily to the very small overlap be-
tween the optical field and the glass membranes (for the pa-
rameters used, this is 34 ppm at 1550 nm). Interestingly, the
backscattering from one polarization of the fundamental mode
into its orthogonal polarization is less than 10 dB below the
backscatter into self, indicating that in the glass regions alone,
the mode fields are not mutually orthogonal.

Assuming here an arbitrary cut-off frequency of κc =
1/(0.5 mm) for the frozen-in surface capillary wave spectrum
in Eq. 14 (or Λc = π mm) and Tg/γ = 1500 K/J.m-2, we plot
in Fig. 5 the backscattering coefficient from surface roughness
in the two fibers (note that the cut-off does not influence the re-
sults because ∆β is very large for back-propagating modes36).
For both geometries considered here, the surface capillary
wave roughness-induced backscattering from the HE11 mode
to itself is −114 dB/m at 1550 nm, four orders of magnitude
below the SMF, and in reasonable agreement with recently re-
ported measurements6. We also note that the total backscatter-
ing into the LP11 mode group is approximately 7 dB higher.
Here too, the backscatter into the orthogonal polarization of
the fundamental mode is only 10 dB or so below the backscat-
ter into itself. The three contributions are further discussed in
greater detail in the following section.

IV. DISCUSSION

Figure 6 shows how the various contributions to backscat-
tering scale as a function of the core size in NANFs with a
membrane thickness of 400 nm at the fixed wavelength of
1550 nm. The markers are the results from finite element
simulations as discussed above. Also shown on the figure, in

solid lines, are the approximate scaling relations we derived
in Eqs. 15, 16, and 17, which as can be seen agree very well
with the numerical results.

Of the three mechanisms contributing to backscattering,
volumetric backscattering from the hollow regions (here as-
sumed to be filled with air at room temperature and atmo-
spheric pressure) is the largest at approximately −100 dB/m
for a 35 µm core diameter antiresonant fiber. However, an
important difference with scattering in glass or from its inter-
faces is that the scatterers in a gas-filled hollow region are
not static. The consequence of the thermal motion of the
gas molecules is a Doppler broadening of the scattered sig-
nal (≈ 500 MHz at room temperature). Such a broadening
may ’blur’ this signal when using, e.g., interferometric mea-
surement schemes such as optical frequency domain reflec-
tometry, OFDR, when it is large compared to the measure-
ment bandwidth (the latter is determined by chirp rate, fiber
length, etc). However, techniques that rely only on the am-
plitude measurement such as optical time domain reflectome-
try, OTDR should allow for straightforward measurement and
analysis of this contribution provided they have adequate sen-
sitivity and dynamic range.

The contribution from the hollow regions can be strongly
reduced, for example by evacuating the fiber. To a first ap-
proximation, the Rayleigh scattering coefficient of a gas is
proportional to its pressure13. A pressure of 10 millibars
would therefore reduce the backscattering from the air-filled
core to about -120 dB/m, below the value we estimate for sur-
face scattering which thus imposes the true fundamental limit
to backscattering. For a low-loss antiresonant fiber with a core
diameter of ∼ 35 µm, the backscattering is predicted to be
nearly four orders of magnitude lower than in SMFs when the
surface roughness originates from frozen-in thermally excited
surface capillary waves. Such low levels of backscattering
require the development of bespoke tools, such as the one re-
ported in6, for reliably characterizing these fibers for the pur-
pose of distributed fault-finding.

For all the processes considered, the combined sum of
backscattering into higher order modes is higher than that into
the fundamental mode itself by a few dBs. The contribution of
such higher order modes to a measured backscattered signal is
however severely attenuated, first by the higher loss suffered
by the higher order mode from the scattering point to the input
of the fiber, and then by the filtering effect of a splice into a
single mode fiber if the measurement technique employs one.

The analysis we have presented here naturally applies to
other hollow-core fiber types. For the better part of the past
two decades, research efforts were focused on hollow-core
photonic bandgap fibers (HC-PBGFs) which rely on the pho-
tonic bandgap effect of a periodic honeycomb lattice to con-
fine and guide light in a hollow-core. Using a variety of tech-
niques, the measured backscattering coefficient in a commer-
cial 7c HC-PBGFs with a core diameter of ≈ 11 µm was re-
ported to be ≈ −60 dB/m, more than an order of magnitude
above that of the single mode fiber37,38.

We used Eqs. 9 and 13 to calculate the corresponding con-
tribution for examples of idealized 7c and 19c HC-PBGF and
show the results in Table I. We predict that the surface rough-
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(a) (b)

FIG. 3. Volumetric Rayleigh scattering contributions to the backscattering coefficient from the hollow regions of a tubular antiresonant fiber
(a) and a NANF (b). For the calculations, we have assumed that the hollow regions are filled with air at room temperature and atmospheric
pressure. For clarity, we only show the sum of the scattering into the LP11 mode group. The dashed black curves show the approximate scaling
with wavelength derived in Eq. 15.

(a) (b)

FIG. 4. Volumetric Rayleigh scattering contributions to the backscattering coefficient from the glass regions in a tubular fiber (a) and in a
NANF (b). The scattering into the other polarization of the fundamental mode is shown in green. The dashed black curves show the scaling
with wavelength derived in Eq. 16.

(a) (b)

FIG. 5. Surface roughness scattering contributions to the backscattering coefficient in a tubular fiber (a) and in NANF (b). The dashed black
line shows the approximate scaling with wavelength from Eq. 17.
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FIG. 6. Backscattering coefficient of a NANF as a function of core
size. The hollow regions of the fiber are assumed to be filled with air
at room temperature and atmospheric pressure. The markers show
finite element calculations whilst the solid lines are scaling relations
from Eqs. 15, 16, and 17.

ness dominated backscattering coefficient in a 7c fiber is sim-
ilar to that of SMFs whilst that of the 19c is some 17 dB
lower. These are approximately 10 dB higher than NANFs
with similar core diameters and originate primarily from the
stronger field intensity near the air-glass interfaces. Our pre-

TABLE I. Backscattering coefficient for HC-PBGFs
Core diameter Loss (dB/km) Bair

11 Bglass
11 Bsur f

11
7c (11.5µm ) 21 −90 −105 −75
19c (20µm) 5 −94 −119 −90

dictions for the 7c HC-PBGFs which use the power spectrum
of Eq. 14 are lower than have been reported by more than
15 dB. This difference has been speculatively ascribed to po-
tential core diameter fluctuations with a few centimeter cor-
relation length or significantly higher roughness power spec-
trum in HC-PBGFs39,40. We note however, that very small
changes in the HC-PBGF structure, especially in its core sur-
round can introduce surface modes and cause a dramatic in-
crease in the field intensity near the air-glass interfaces, lead-
ing to higher loss and backscattering than in symmetric and
regular structures. That this problem is removed entirely in
nodeless antiresonant fibers is the reason why their experi-
mentally measured properties can more closely approach the
fundamental limits, both in terms of loss, backscattering, non-
linearity, etc.

V. CONCLUSION

We have presented a theoretical analysis of the fundamen-
tal mechanisms driving backscattering in hollow-core antires-
onant fibers, making the distinction between volume con-
tributions and that from surface roughness scattering. We
showed through two examples that the key parameters driv-
ing backscattering in this class of fibers are the core diame-

ter, thickness of the antiresonant membranes as well as the
optical wavelength, with the exact geometry of the antireso-
nant cladding playing a negligible role. Scaling relations with
wavelength and core diameter were shown to match extremely
well the results of finite element simulations.

Our analysis has revealed that when filled with a gas, for
example air at atmospheric pressure and room temperature,
the backscatter from the hollow regions of the fiber provide
the dominant contributions. However, because scatterers in
gases are not static and given that they can be removed for
example by evacuating the fiber, the true fundamental limit
to backscatter in these fibers is imposed by scattering from
the intrinsic roughness on the glass surfaces, with the bulk
scattering from the glass regions contributing negligibly.

We estimate this fundamental contribution to backscatter-
ing to be more than four orders of magnitude lower than in
the standard SMF, in good agreement with recently reported
measurements. Such low predicted and measured backscat-
tering levels in these fibers would enable a drastic reduc-
tion in backscattering induced errors in interferometric sen-
sors such as gyroscopes and other applications where bi-
directional propagation is required.

Such reduced backscattering levels require improvements
in the sensitivity of reflectometry tools for routine hollow-
core fiber or cable characterization. In this sense, the distinc-
tion we make between the contribution from dynamic scat-
terers in gas-filled hollow regions, and static ones on the sur-
face or within the glass material is an important one. The
former is more than 10 dB higher than the latter for core di-
ameters larger than 30 µm (for air at room temperature and
atmospheric pressure) and can be measured with time domain
reflectometers. The latter however, requires more sensitive in-
struments to measure accurately.

Beyond backscattering, the theoretical analysis presented
here will be useful in discussing the fundamental limita-
tions on other propagation effects within the fiber such as
the intermodal cross-talk and its impact on the performance
of communication links which incorporate current and next-
generation antiresonant fibers.
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