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We report on the terahertz (THz) spectral characteristics of hollow-core THz Bragg fibers. Two types of high-index
contrast Bragg fibers were fabricated: one based on the index contrast between a polymer and air, and the second
based on the contrast between a pure polymer and a polymer composite doped with high-index inclusions. The
THz transmission of these waveguides is compared to theoretical simulations of ideal and nonideal structures.
Waveguide dispersion is low, and total loss measurements allow us to estimate an upper bound of 0:05 cm−1 for the
power absorption coefficient of these waveguides in certain frequency bands. We discuss multimode regimes,
coupling losses, fabrication difficulties, and how bending losses will ultimately be the discriminant between
different THz waveguiding strategies. © 2011 Optical Society of America
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1. INTRODUCTION
As the applications of terahertz (THz) technology continue to
increase [1,2], low propagation loss and low bending loss
waveguides are seen as key technology for enabling a more
convenient delivery of THz light. Given the finite conductivity
of metals and the high absorption loss of dielectrics, it appears
that the only viable solution for low-loss propagation is the
maximization of the fraction of power propagating in dry
low-loss gases. One strategy to achieve this goal is the use
of single-mode subwavelength wires with large evanescent
fields that extend far beyond the waveguide core into the sur-
rounding gaseous cladding. Both metallic [3] and dielectric [4]
subwavelength fibers have been shown to have propagation
losses on the order of 0:01 cm−1 in the vicinity of 0:3THz.

A second strategy to increase the fraction of modal power
guided in air relies on the use of large hollow-core multimode
waveguides. In these waveguides, the propagation loss is pro-
portional to 1=R3, where R is the core radius [5–7]. Increasing
the core size has lead to record low propagation losses at the
expense of entering a multimode regime.

On one hand, metallic guides including metallized tubes
and parallel metal plate waveguides have heralded tremen-
dous improvements. First, large hollow-core metallized tubes
[8–10] have demonstrated low propagation and bending
losses. However, the fabrication technique is based on liquid-
phase metal deposition, which limits the fiber length to a few
meters. Second, parallel metal plate waveguides [11], tradi-
tionally used in a single-mode regime, have recently been
shown to support orders of magnitude lower propagation loss
in a large-core multimode regime [7,12,13]. The loss of such
parallel plate waveguides is now limited by diffraction due
to the remaining lack of lateral confinement.

On the other hand, a considerable amount of research has
focused on large-core dielectric waveguides, perhaps due to a
greater design flexibility for tailoring the waveguiding proper-
ties. With the exception of a few solid-core photonic crystal
fibers [14–16], research on large-core dielectric THz wave-

guides has focused on hollow-core dielectric tubes because
of the lower absorption loss and lower dispersion that can
be achieved by guiding within a gaseous core. Confinement
of light within hollow-core dielectric tubes has either been
theorized or experimentally demonstrated using a wide vari-
ety of cladding reflection schemes: photonic crystal reflection
[17–19], attenuated total internal reflection (nclad < 1) [20],
antiresonant Fabry-Perot reflection [21–23], or Bragg
reflection [24,25].

In this paper, we explore the design and fabrication of THz
Bragg fibers. Such fibers offer not only the potential for low
propagation loss and low bending loss, but a suitable fiber de-
sign can also induce an effectively single-mode waveguiding
regime [26]. Although there has been a large amount of re-
search on planar THz Bragg reflectors [27–32] and a few the-
oretical studies proposing THz Bragg fibers [24,25], to our
knowledge we present the first experimental realization of
such fibers in the THz regime. Moreover, although near-
infrared Bragg fibers have demonstrated low propagation
losses [6,33,34], a high-index contrast between the high- and
low-index layers of the cladding multilayer reflector is re-
quired. This high-index contrast is difficult to achieve in the
THz regime due to the similarity in the refractive indices of
dielectrics such as polymers [35]. Special measures must be
taken to increase the refractive index contrast between the
layers of a Bragg reflector. We therefore report on two differ-
ent implementations for increasing the index contrast. The
first method is based on the index contrast between a polymer
and air, whereas the second is based on the index contrast
between a pure polymer and polymer composite doped with
high-index inclusions (such as TiO2 particles within a poly-
ethylene host). THz transmission measurements were subse-
quently made with a versatile THz-TDS (time domain
spectroscopy) setup, which has an adjustable optical path
length specially designed for the transmission measurements
of waveguides up to 50 cm in length [36].
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The paper is organized as follows. Section 2 summarizes the
waveguiding principle. Section 3 details the novel fabrication
methods. Section 4 presents the experimental transmission
and loss measurements. Section 5 models the waveguide
losses and attempts a theoretical fit of the experimental trans-
mission spectra. Section 6 explores the fundamental theore-
tical differences between the two types of Bragg fibers
under study and proposes more efficient Bragg fiber designs.
Finally, Section 7 concludes with general remarks concerning
propagation losses, coupling issues, bending losses, fabrica-
tion difficulties, and the possibility of an effectively single-
mode regime.

2. WAVEGUIDING PRINCIPLE
A Bragg fiber consists of a circularly symmetric Bragg reflec-
tor [see Fig. 1(a)] that confines light to the fiber core. Although
Bragg fibers at visible and near-infrared wavelengths can have
solid cores, Bragg fibers at THz frequencies require large hol-
low cores to avoid material absorption loss. The Bragg reflec-
tor itself consists of a periodic stack of alternating high- and
low-refractive index layers, within which multiple reflections
create constructive interference bands of high reflectivity
(band gaps of cladding transmission). These reflectivity bands
can be tuned arbitrarily by a suitable choice of refractive in-
dices and thicknesses for the Bragg layers. Moreover, larger
reflections (and hence lower propagation loss) as well as
wider Bragg mirror reflection peaks (fiber transmission win-
dows) will result from a larger index contrast between the
constituent layers of the Bragg mirror. Readers should refer
to the literature for more information about Bragg fiber theory
[6,37,38]; however, a main point that should be emphasized is
that propagation losses scale according to f −2 · d−3core, where
dcore is the diameter of the core and f is the frequency of
the confined light.

3. FABRICATION METHODS
A. Air-Polymer Bragg Fibers
There exist two fabrication techniques that exploit air in order
to increase the refractive index contrast between the layers of
a Bragg reflector. The first is a physical separation of the
material layers via the use of spacers or bridges that maintain
a distance between the material layers, thus creating an air
gap (air layers)[28]. The secondmethod consists of fabricating
highly porous material layers, whereby porosity effectively re-
duces the refractive index of a layer [30] until it is close to that
of air. In both cases, the size of the features (spacers or porous
air bubbles) in the low-index layers must be small enough to
reduce the effects of scattering. Although certain polymers
can be made to foam by including gas-forming additives within
the polymer, processing such porous polymers into fibers is
difficult. Instead, we implemented the first method by rolling
a polymer film with powder particles. The process is schema-
tized in the first column of Fig. 1. A polydisperse poly (methyl
methacrylate) powder, with an average particle size of 150 μm,
was randomly laid out on top of two touching 127 μm polyte-
trafluoroethylene (PTFE) films. The films were subsequently
rolled around a mandrel to form the Bragg fiber. The powder
particles acted as spacers to maintain an air gap between the
spiraled polymer film layers. The film was held together by
wrapping it in PTFE tape and the mandrel was removed.
The spiral cross section of the fiber, shown in Fig. 1(c), approx-

imates the ideal circularly symmetric structure shown in
Fig. 1(a). The final air-polymer Bragg fiber had an inner diam-
eter of 6:73mm and a reflector of five bilayers consisting of
254 μm PTFE and roughly 150 μm air layers.

B. Doped-Polymer Bragg Fibers
The second method that we implemented was inspired by the
work of Jansen et al. [31,39]. They demonstrated that doping a
host polymer [like polypropylene (PP)] with high refractive
index TiO2 particles could significantly increase its THz re-
fractive index. We similarly added TiO2 particles to polyethy-
lene (PE). For the TiO2 particles, we used R104 grade powder
purchased from Dupont, with an average particle size of
0:22 μm. The host polymer was linear low-density polyethy-
lene, grade Sclair FP120A (Nova Chemicals). A mixture of
80wt:% (46 vol:%) TiO2 powder in PE was prepared using a
twin-screw extruder. The extrudate was cut into pellets and
subsequently extruded into film using another extruder.
Figure 2 presents the refractive index (n) and power absorp-
tion coefficient (α) obtained from THz-TDS measurements of
the doped and undoped PE films. Despite some Fabry-Perot
oscillations due to the thickness of the samples, the results
clearly indicate a substantial increase of the refractive index
at high doping concentrations; we find n ¼ 3 for 80wt:%
(46 vol:%) R104 grade doping. Moreover, the loss is seen
to increase substantially with frequency and can be modeled
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(b)

Doped-polymer Bragg fiber:Air-polymer Bragg fiber:

Ideal structure Ideal structure

Experimental structureExperimental structure

Rolling film with powder Pressing films into bilayer
Rolling bilayer film

Mandrel

Polymer film

Powder
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Undoped film
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(f)(c)

Fig. 1. (Color online) Schematization of the fabrication process of
THz Bragg fibers. First column, air-polymer Bragg fiber. Second col-
umn, doped-polymer Bragg fiber. The ideal geometry is circularly sym-
metric; however, the rolling of films creates a spiral defect that breaks
the symmetry. Cross-section pictures of the experimental fibers are
also shown.

Dupuis et al. Vol. 28, No. 4 / April 2011 / J. Opt. Soc. Am. B 897



empirically with a quadratic function. In comparison, Jansen
et al. reported<5 cm−1 absorption loss for 60 vol:% rutile TiO2

in PP [32], but for frequencies f < 0:5THz.
It should be noted that the high concentrations of powder

change not only the refractive index but also the thermome-
chanical properties of the polymer. The composite material
had a higher viscosity and a much higher melting temperature
than pure PE. As a result, the extrusion into film was much
more difficult and only thick films (∼400 μm) were obtained.
Moreover, the doped-polymer film was brittle. The extruded
film was consequently too thick to form a Bragg reflector that
would efficiently reflect at frequencies in the 1THz range. The
film, therefore, needed to be pressed to a smaller thickness.
Without a roller press to continuously press film down to the
proper thickness we had to repeatedly press small film strips
using a simple hydraulic press.

In order to increase the quality of the dielectric interface
between the high- and low-index layers of the Bragg reflector,
a bilayer film was formed by pressing doped and undoped
films together with a hot press. The bilayer fabrication steps
are illustrated in Fig. 3. An ∼400-μm-thick doped-PE film
(80wt:% TiO2) was cut into strips (see Fig. 3(a)), placed be-
tween two PTFE sheets and two metal plates (Fig. 3(b)), and
squished to a ∼100 μm thickness (Fig. 3(c)) using a hot press.
The thinner doped film was again cut into strips (Fig. 3(d))
and a sheet of pure PE film was placed on top of the strips
(Fig. 3(e)). The low-index undoped PE film was 101:6-μm-
thick commercial low-density polyethylene film (McMaster-
CARR). The stack of doped/undoped polymer films was
hot-pressed together (Fig. 3(f)) to consolidate the bilayer.
Note that the pure PE film acts as a glue to stick the doped
film strips together and also reduces the brittleness of the film.
Although a bilayer film was successfully made, this fabrication
process is far from ideal. Figure 3(g) presents many bilayer
film defects including density inhomogeneities, cracks in
the film, and edge defects between the film strips.

A Bragg fiber was nevertheless fabricated from the result-
ing bilayer. The bilayer was rolled into a Bragg fiber (see
Figs. 1(d) and 3(h)) and solidified in an oven at 130 °C. The
spiral cross section of the final fiber, shown in Fig. 1(f), ap-
proximates the ideal circularly symmetric structure shown
in Fig. 1(d). The final doped-polymer Bragg fiber had an inner
diameter of 6:63mm and a reflector of six bilayers consisting
of 135 μm high-index layers of 80wt:% TiO2 doped PE and
100 μm low-index layers of undoped PE.

4. TRANSMISSION AND LOSS
MEASUREMENTS
The Bragg fiber transmission spectra were measured using the
THz-TDS setup schematized in Fig. 4(a). This versatile setup,
based on the adjustment of the optical path length by the
translation of a mirror assembly, has been described in detail
elsewhere [36]. The samples were held in place with the aid of
irises and the endpoints were positioned in the focal planes
of parabolic mirrors. All samples were measured in a dry ni-
trogen environment although some residual water vapor was
present.

The beam profile of the input beam was assumed to be
Gaussian, and the beam size at the input focal plane was mea-
sured using a knife-edge technique. Figure 4(b) presents the
frequency-dependent FWHM of the Gaussian input beam, cal-
culated from the power spectra of time scans measured at
different knife-edge positions. Note that this knife-edge mea-
surement was done at ambient humidity and that certain var-
iations in beam size are attributable to power fluctuations in
the vicinity of water vapor absorption peaks (highlighted with
red vertical lines).

Figures 4(c) and 4(d) present the time scans of the guided
THz pulses. The dispersion is seen to be very low because of
the minimal pulse spreading and the high fraction of power
guiding within the air. The transmission spectrum of an air-
polymer Bragg fiber, 21:4 cm in length, is shown in Fig. 4(e),
whereas the transmission spectrum of a doped-polymer Bragg
fiber, 22:5 cm in length, is shown in Fig. 4(f). Note that both
Bragg fibers display wide transmission peaks; however, the
transmission is lower in the case of the doped Bragg fiber.
As will be demonstrated in the next section, the waveguides
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Fig. 2. (Color online) THz refractive index (a) and power absorp-
tion loss (b) of pure and TiO2-doped polyethylene films. Fabry–Perot
oscillations due to the thickness of the samples can be seen. Absorp-
tion loss from the doped film can be approximated by a quadratic
function.
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Fig. 3. (Color online) Fabrication steps of a TiO2-doped polymer
Bragg fiber. (a)–(c) Strips of TiO2 film (∼400 μm thick) are pressed
to a thinner thickness (∼100 μm). (d)–(f) High- and low-index films
are pressed together to form a bilayer. (g) defects in the bilayer.
(h) Bilayer is rolled into a Bragg fiber.
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are multimode and the shape of the amplitude transmission
curves depend on the modal interference between the excited
modes. Cutback measurements were attempted in order to
measure the propagation losses; however, sample deforma-
tion during cutting and slight waveguide misalignment led
to significant coupling variations. The resulting changes in
modal interference led to complex and variable spectra mak-
ing the cutback technique impracticable. We nevertheless es-
timate an upper bound on the power propagation loss
coefficient α by plotting, in Figs. 4(e) and 4(f), the total trans-
mission loss normalized with respect to the waveguide length
(−2 lnðjT jÞ=L). The lowest total loss points yield α <
0:028 cm−1 at 0:82THz for the air-polymer Bragg fiber, and α <
0:042 cm−1 at 0:69THz for the doped-polymer Bragg fiber.

5. THEORETICAL MODELING OF
TRANSMISSION
In order to better understand the results of Fig. 4, exact vec-
torial simulations were carried out to calculate the modal pro-

pagation losses and coupling efficiencies. The simulations use
the experimental dimensions of the Bragg fibers that were gi-
ven in Section 3. It should be noted that the experimental
Bragg fibers and the Bragg fiber simulations throughout this
paper consider a core/cladding interface with a high-index
layer as the first layer of the periodic multilayer cladding.
Although the bandgap frequencies would remain unchanged
if a low-index layer was used for the first layer, it is advanta-
geous to use a high-index layer as the first layer because the
higher reflectivity at the core-cladding interface reduces the
modal loss [37]. Furthermore, the simulations assumed
material parameters taken from the literature [35]: nPTFE ¼
1:44 and αPTFE ∼ 1 cm−1 for the high-index layers of the air-
polymer Bragg fiber, as well as nPE ¼ 1:534 and αPE ∼ 1 cm−1

for the low-index layers of the doped-polymer Bragg fiber. For
simplicity, frequency independent values were assumed for
the pure polymer material parameters. Section 3.B presented
the THz material parameters of the TiO2-doped PE. In Fig. 2, it
can be seen that a constant index of nDopedPE ¼ 3:0 can be as-
sumed and that the absorption coefficient of the doped poly-
mer can be empirically fitted with a parabola: αDopedPE ¼
ð11:8086Þ · f 2 − ð2:6612Þ · f þ ð2:0807Þ, where α is in cm−1 and
f is in THz. This formula was used in the simulations for the
power loss in the high–refractive–index layers of the doped-
polymer Bragg fiber.

Because of the rolling of polymer films in the fabrication
process, the Bragg fibers have a spiral edge defect. We began
by verifying how the nonideal spiral geometry affected the
waveguide transmission. On one hand, a transfer matrix mode
solver was used to calculate the exact solutions to Maxwell’s
equations for a circular geometry with an arbitrary number of
layers [40]. The field solutions in a circular geometry are a
linear combination of Bessel functions. Transfer matrices con-
taining complex-valued Bessel functions are used to construct
an eigenvalue problem to satisfy the continuity conditions of
the fields in the radial direction [40]. The solutions to the
eignevalue problem give the modal parameters (effective pro-
pagation index and loss) of the HE and TE modes that are
solved for. On the other hand, the finite element mode solver
COMSOL Multiphysics is used to calculate the modes of the
asymmetric spiral geometry.

In the first row of Fig. 5, the propagation losses of the HE11

mode of ideal circular waveguides (solid red line) are com-
pared to the losses of nonideal spiral waveguides (circles
and crosses). There is good agreement between the results,
for both the air-polymer Bragg fiber Fig. 5(a) and the
doped-polymer Bragg fiber Fig. 5(b), indicating that the spiral
defect does not significantly effect the mode propagation
losses. This is reasonable because the edge defect is much
smaller than the core diameter. The breaking of the circular
symmetry does, however, create a form birefringence. As a
result, the polarization degeneracy is lifted and there is a very
slight difference between the x- and y-polarized modes.
Nevertheless, the birefringence between the x- and y-polar-
ized modes is small with Δn ¼ jnx − nyj ≤ 2 × 10−5 for the
air-polymer Bragg fiber and Δn ¼ jnx − nyj ≤ 8 × 10−5 for
the doped-polymer Bragg fiber. Furthermore, the second
row of Fig. 5 compares the power distribution and the orienta-
tion of the electric field vectors of the HE11 modes of doped-
polymer Bragg fibers using either the circular Fig. 5(c) or
spiral geometries Fig. 5(d). It can be seen that the modes

0.1 0.5 1 1.5 2

0.2

0.4

0.6

0.8

1

f [THz]

T

0.5 1 1.5 2
0

0.1

0.2

f [THz]

(T
ot

al
 L

os
s)

/L
 [

cm
-1

]

0.1 0.5 1 1.5 2

0.05
0.1

0.15
0.2

0.25
0.3

f [THz]

(T
ot

al
 L

os
s)

/L
 [

cm
-1

]

0.1 0.5 1 1.5 2

0.2

0.4

0.6

0.8

1

f [THz]

T

0.1

Air-polymer Bragg fiber
(L=21.4cm)

Doped-polymer Bragg fiber
(L=22.5cm)

(e) (f)

(g) (h)

(a)

2 mm 2 mm

fs Laser

E

D
PM

FM

Rail 1

Waveguide

Delay line
Path 1

Path 2

Rail 2

Purged Cage

FM

FM

FM
FM

PM

PM

PM

FM

FM

BS

Chopper

E: Emitter
D: Detector
BS: Beam Splitter
FM: Flat Mirror
PM: Parabolic Mirror

0.1 0.5 1 1.5 2

1

2

3

4

f [THz]

F
W

H
M

 [
m

m
]

 

 

Beam size at focal point(b)

130 150 170 190 210
-1000

-500

0
200

Time [ps]

E
(t

) 
[a

.u
.]

 

 

Bragg fiber
Reference

130 150 170 190 210
-1500

-1000

-500

0

500

Time [ps]

E
(t

) 
[a

.u
.]

 

 

Bragg fiber
Reference

(c) (d)

Fig. 4. (Color online) Comparison of the THz-TDS transmission char-
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of the circular and spiral geometries are nearly identical,
further indicating that the differences are minor when the core
diameter is larger than the wavelength of guided light. Be-
cause of the similitude of these results, all subsequent calcu-
lations were made assuming an idealized circular geometry.

It should also be noted that the first row of Fig. 5 presents a
comparison between the propagation losses calculated with
(solid line) and without (dashed line) material absorption.
The calculated power propagation losses include both radia-
tion and absorption loss contributions. The radiation loss in
the absence of material absorption indicates that, because
of a high–refractive–index contrast between the layers of
the Bragg reflector, an efficient reflection (low radiation loss)
can be achieved even with as few as five bilayers in the reflec-
tor. However, the limiting factor is the absorption loss. Ideally,
a THz waveguide would be longer than 1m, requiring a pro-
pagation loss smaller than 0:01 cm−1. Whereas the air layers
greatly help to reduce the absorption loss in the air-polymer
Bragg fiber (Fig. 5(a)), the significant absorption in the doped
polymer is seen to limit the propagation loss of the doped-
polymer Bragg fiber (Fig. 5(b)).

Figures 6 and 7 respectively present the power propagation
losses and dispersion curves of the first few modes of the air-
polymer Bragg fiber and the doped-polymer Bragg fiber, cal-
culated using the transfer matrix method and including
material absorption. In addition to the first four HE (hybrid
electric) modes, the TE01 mode (in black) is presented to
more clearly illustrate the expected positions of the bandgaps.
The Bragg reflector bandgaps define transmission windows of
low loss. From Fig. 6(b) it can also be seen that modal dis-

persion (β2 ¼ ð1=2πcÞðf · ∂2neff=∂f 2 þ 2 · ∂neff=∂f Þ) is negligi-
ble within the bandgaps. This is especially true of the TE01

mode. Both of these effects result from the power being con-
fined mainly within the air core when the Bragg reflection is
efficient.

The analysis of the doped-polymer Bragg fiber (Fig. 7) is
slightly more complicated. Whereas the TE01 mode clearly
presents bandgaps, the HE modes do not. The difference in
loss arises from a difference of field penetration into the clad-
ding, as the fields of the HE modes penetrate farther into the
cladding than the TE01 mode [40]. In Fig. 2 the absorption loss
of the doped polymer is seen to increase rapidly with fre-
quency. Consequently, as the frequency increases, the HE
mode penetration within the Bragg reflector becomes limited
by absorption and the resonant oscillations due to Bragg re-
flections are seen to attenuate and disappear.

Note another qualitatively different behavior between the
two types of Bragg fiber. On one hand, the doped-polymer
Bragg fiber has the TE01 mode as the lowest-loss mode. On
the other hand, the air-polymer Bragg fiber has the HE11 mode
as the lowest-loss mode. It is novel that the HE11 mode be-
comes the lowest-loss mode without forcing a single-mode re-
gime with a small core size. The origin of this difference will
be discussed in detail in the next section.

We now seek to model the transmission spectra of the mul-
timode Bragg fibers. The total multimode amplitude transmis-
sion of the waveguide can be modeled by the following
equations [13]:
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four HE modes. Dimensions of the simulated geometry are given in
the text.
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Ewðf Þ ¼ jErðf Þj ·
X
m

Cin
m · Cout

m · eiðneff;m−1Þ2πfc Le−
αmL
2 ; ð1Þ

jT j ¼ jEwðf Þj
jErðf Þj

¼
����X

m

jCmj2 · eiðneff;m−1Þ2πfc Le−
αmL
2

����; ð2Þ

where Ewðf Þ is the modal field coming out of a waveguide of
length L, and Erðf Þ is the reference signal measured in the ab-
sence of the waveguide at the position of the coupling plane. c
is the speed of light, and f is the frequency. The sum is taken
over the number of considered modes and the subscript m
refers to a given mode. Cin

m and Cout
m are, respectively, the input

and output amplitude coupling coefficients with respect to the
waveguide. Since the input and output coupling conditions are
assumed to be the same, we have Cin

m · Cout
m ≈ jCmj2, equivalent

to a power coupling coefficient. αm and neff;m are, respec-
tively, the power propagation loss coefficient and effective
propagation index of the mode guided by the waveguide. Note
that the sum of complex exponentials translates into sinusoi-
dal modal interference terms.

The use of Eq. (2) requires the knowledge of the coupling
coefficients. To evaluate the coupling coefficients we calcu-
lated the overlap integrals between the fields of a guidedmode
and the field of the input beam. The beam profile of the input
beam was assumed to be Gaussian, and the field is approxi-
mately a plane wave in the focal plane of the parabolic mirror.
The frequency-dependent size of the Gaussian input beam is
taken from Fig. 4(b). Since the linearly polarized source favors

coupling to the HE modes, Figs. 6(c) and 7(c) present the cal-
culated power coupling coefficients jCj2 for the first four
Bragg fiber HE modes. Because of a mismatch between the
profiles of the higher-order modes and the input beam, the
power coupled to higher-order modes decreases rapidly. In
fact, from the sum of the modal powers it can be seen that
the first four HE modes account for ∼95% of the input power
at most frequencies. Therefore, the first four modes were con-
sidered to be sufficient for a calculation of the theoretical
Bragg fiber transmission spectrum. Moreover, despite the
overmoded regime of the waveguide, a single mode can be
predominantly excited by the proper optimization of the cou-
pling. It can be seen that a majority of the power is coupled to
the HE11 mode because its bell-shaped profile is a better
match to the Gaussian input, especially at low frequencies
where the input beam size is larger. However, at high frequen-
cies a significant amount of power (∼20%) is coupled into the
higher order modes, and interferometric beating between the
modes will become pronounced.

Using the propagation losses and coupling coefficients of
Figs. 6 and 7, we now compare the experimental transmission
curves to a theoretical fit using Eq. (2). Figures 8(a) and 8(b)
compare the results of the air-polymer and doped-polymer
Bragg fibers respectively. In both cases the model is seen
to give a relatively poor fit. Although the theoretical curves
describe the general behavior properly there are noticeable
differences with respect to the experimental curves. This is
due in part to the limited number of modes considered but
is mainly attributed to the many fiber defects which are not
considered in the simulations.

For instance, in Fig. 8(a) there is a reasonable correspon-
dence between the major Bragg peaks at low frequency, but at
high frequency the peaks appear shifted. Such spectral defor-
mations can be attributed to the imperfections seen in the fi-
ber cross section. The co-rolling of two PTFE films without
additional solidification has lead to interfacial defect regions
with extra air gaps between the films of high index. These air
gaps create reflections at extra interfaces and modify the
thickness of the high-index layers. Furthermore, the overall
transmission is lower than the theoretical prediction in part
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Fig. 7. (Color online) Theoretical modeling of the first few HEmodes
of a doped-polymer Bragg fiber. (a) Power propagation loss coeffi-
cient α for the four first HEmodes, compared to that of the TE01 mode.
Note that α includes the effects of absorption and radiation losses.
(b) β2 dispersion parameter. (c) Power coupling coefficients jCj2
for the first four HE modes. Dimensions of the simulated geometry
are given in the text.
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Fig. 8. (Color online) Theoretical fit of the transmission through air-
polymer and doped-polymer Bragg fibers. Parameters for the fits are
taken from Figs. 6 and 7. Complex oscillations within the spectra are
explained by multimode interference [Eq. (2)].
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because scattering losses, notably from the powder particles
in the low-index layers, have been neglected. Nevertheless,
clear bandgaps are visible in the transmission spectrum
due to the lowered HE11 loss.

In the case of the doped-polymer Bragg fiber, there are
thickness variations in the layers of the Bragg reflection
due to the pressing of the films. We also suspect inhomo-
geneities in the dopant density because of the difficulty in uni-
formly mixing the TiO2 powder at such high concentrations.
Variations in density would result in variations of the refrac-
tive index of the Bragg layers. Consider also the many defects
in the current doped-polymer bilayer film (Fig. 3(g)). In
Fig. 8(b) there are no appreciable bandgaps, and the differ-
ences with respect to theory are attributed to neglected scat-
tering effects.

Such fiber defects can be mitigated by better fabrication
techniques. One method to increase the quality of the experi-
mental Bragg fibers is to use less absorbing doping materials
at lower concentrations in order to conserve the mechanical
properties of the polymer host. One such solution is proposed
in the next section. Another method is to reduce interfacial
defects between the reflector layers by rolling a multilayer
film instead of rolling two single-layer films. Multilayer poly-
mer films can be made by co-extrusion of different polymers.
Recently, a four-layer film of alternating polystyrene and poly-
methyl methacrylate layers was co-extruded and processed
into a Bragg fiber with lower loss than fibers made by co-roll-
ing individual films [41]. Furthermore, it should be noted that
the length of the fibers and the number of bilayers within the
reflector is currently limited by the size of the film that was
available for rolling. Extrusion would yield larger film that
could be rolled into longer Bragg fibers with a greater number
of bilayers.

6. BRAGG FIBER DESIGN
CONSIDERATIONS
Despite the current fabrication difficulties, Bragg fibers have a
tremendous potential for guiding THz radiation with low pro-
pagation and low bending losses. In the previous section we
saw that the two types of Bragg fibers that were fabricated
have fundamentally different operating regimes. To fully ap-
preciate the differences between these two regimes of opera-
tion and to design better Bragg fibers, we shall now compare
the rate at which the fields of the TE and TM polarizations
decay within the Bragg reflectors and see how the TE, TM,
and HE mode losses are affected.

The analysis presented in this section closely follows the
presentation of [37]. However, in addition to the standard text-
book presentation of band diagrams to find the bandgaps of a
Bragg reflector [38], here we put emphasis on the calculation
of the field decay rates within the Bragg reflector. Novel field
decay rate diagrams offer insight into the propagation and
bending losses of TE and TM modes. They will also be shown
to aid in the design of Bragg fibers.

To examine the field decay, we consider the propagation
through semi-infinite multilayer Bragg reflectors, where a
transfer matrix can be constructed to relate the fields in
one layer to the fields of a subsequent layer. The following
analysis relies on the Bloch theorem [37], whereby transla-
tional symmetry of a wave propagating through a periodic
medium implies that the eigenvalue of the transfer matrix

has the form λ ¼ e�ikza, where kz is the propagation constant
in the direction of periodicity and a ¼ dL þ dH is the period of
the multilayer (see Fig. 9). Note that an evanescent mode pro-
pagating within the reflector will have a complex kz value, and
λ ¼ e−kza will be the rate of field decay. Note also that the
Bloch theorem applies in the case of 1D translation symmetry
such as for planar Bragg reflectors; however, it does not apply
in the case of circular symmetry such as Bragg fibers. Never-
theless, in the asymptotic limit of Bessel functions the transfer
matrix of a Bragg fiber simplifies into a form similar to that of
planar multilayers and such an approximation has been
shown to be valid even in the case of relatively small diameter
Bragg fibers [42].

We therefore approximate the cladding of large diameter
Bragg fibers by a simpler planar Bragg reflector and note that
for smaller diameter Bragg fibers an analysis similar to the one
presented here can be constructed using the asymptotic form
of the Bragg fiber transfer matrix.

In a planar Bragg reflector the period is actually a bilayer of
alternating high (nH) and low (nL) refractive index layers, and
a transfer matrix containing plane wave elements can be con-
structed to describe the propagation through the bilayer. It
can be shown [37,38] that a quadratic equation defines the
eigenvalues (λ) of such a transfer matrix,

λ2 − λΓTE;TM þ 1 ¼ 0; ð3Þ
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Fig. 9. (Color online) TE and TM field decay rates per bilayer for
quarter-wave planar Bragg reflectors. The quarter-wave condition is
assumed to be satisfied for each of the designed angles of incidence
θd. Shown are the decay rates in two distinct regimes of operation.
(a) ϵLϵH

ϵLþϵH < ϵc, nC ¼ 1:0, nH ¼ 1:5. (b) ϵLϵH
ϵLþϵH > ϵc, nC ¼ 1:0, nL ¼

1:5, nH ¼ 3:0.
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ΓTE;TM ¼ 2 cosðϕLÞ cosðϕHÞ
− ðrTE;TM þ r−1TE;TMÞ sinðϕLÞ sinðϕHÞ; ð4Þ

ϕL ¼ kLzdL; ϕH ¼ kHz dH; ð5Þ

rTE ¼ kLz
kHz

; rTM ¼ ϵHkLz
ϵLkHz

; ð6Þ

kLz ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
k20ϵH − k2x

q
; kLz ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
k20ϵH − k2x

q
; ð7Þ

ϵL ¼ n2
L; ϵH ¼ n2

H; ð8Þ

kx ¼ nCk0 sinðθiÞ: ð9Þ
where dL and dH are, respectively, the thicknesses of the low-
and high-index layers. θi is the incidence angle upon the re-
flector, c is the speed of light, k0 ¼ 2πf

c , f is the frequency, and
nC is the refractive index of the ambient medium outside of
the reflector (the core index in the case of a Bragg wave-
guide). From Eq. (3) and the Bloch theorem, we have

λ1 ¼
ΓTE;TM

2
þ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi�ΓTE;TM

2

�
2
− 1

s
; ð10Þ

λ2 ¼
ΓTE;TM

2
−

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi�ΓTE;TM

2

�
2
− 1

s
; ð11Þ

λ1 ¼ eikza; λ2 ¼ e−ikza; ð12Þ

λ1 þ λ2 ¼ 2 cosðkzaÞ; ð13Þ

cosðkzaÞ ¼
ΓTE;TM

2
: ð14Þ

Equations (10), (11), and (14) completely characterize
Bragg reflectors. When kz is real, the eigenvalues (12) are
complex exponentials, and the fields propagating within the
reflector are Bloch waves and are said to be delocalized as
there is transmission through the multilayer without change
of amplitude. In other words, for such kz values there is
no reflection and the fields are radiated through the multi-
layer. These radiation bands can be found by plotting
j cosðkzaÞj < 1. When kz is complex, instead of a delocalized
state we have fields that are reflected and that decay exponen-
tially within the multilayer at a rate λN , where N is the number
of periods in the multilayer. These j cosðkzaÞj > 1 regions de-
fine bandgaps where there is a reflection at a given frequency
and incidence angle.

A. Ideal Bragg Reflectors
We begin by considering the design of idealized Bragg reflec-
tors in order to elucidate the different operating regimes. It is
well known that the most efficient reflector is a quarter-wave
stack, wherein the constituent layers have an optical thick-
ness of a quarter-wave, i.e. ϕL ¼ ϕH ¼ π=2. In such a case,
Eqs. (10) and (11) reduce to the much simpler jλTE;TM1 j ¼
rTE;TM and jλTE;TM2 j ¼ r−1TE;TM. The solutions of interest require
jλj < 1. After some algebra we find,

λTE ¼ rTE < 1; θi ∈ ½0; π=2� ð15Þ

for the TE polarization. Moreover, for the TM polarization we
find two regimes:

ϵLϵH
ϵL þ ϵH

< ϵc∶λTM ¼
�
r−1TM θ ∈ ½0; θ0�
rTM θ ∈ ½θ0; π=2� ; ð16Þ

ϵLϵH
ϵL þ ϵH

> ϵc∶λTM ¼ r−1TM; θ ∈ ½0; π=2� ð17Þ

θ0 ¼ arcsin

� ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiϵLϵH
ϵCðϵL þ ϵHÞ

r �
; ð18Þ

where θ0 is the incidence angle which gives a Brewster angle
within the multilayer stack.

To get a general sense of the Bragg fiber operating regimes,
it is useful to examine the efficiency of an optimal planar quar-
ter-wave stack by plotting the field decay rate λTE;TM as a func-
tion of an incidence angle θd at which the reflector is designed
to operate. In other words, we examine the most efficient re-
flection that can be achieved at a given design angle. First,
from the results in Fig. 9 it can be seen that λTE is always smal-
ler than λTM, i.e. the field penetration within the multilayer is
always higher for the TM polarization. Second, in the first
regime ( ϵLϵH

ϵLþϵH < ϵc), we note the existence of a Brewster phe-
nomenon. At the angle θ0 the TM reflection within the multi-
layer becomes completely inefficient (λTM ¼ 1). Third, in the
second regime ( ϵLϵH

ϵLþϵH > ϵc), the constituent refractive indices
are such that the Brewster angle within the multilayer is
avoided for all incidence angles and an omnidirectional reflec-
tion (at any incidence angle) can be achieved for both TE and
TM polarizations simultaneously. Finally, an increase of the
refractive index contrast ϵL=ϵH will reduce the value of
λTE;TM in both regimes of operation whereas layer thicknesses
different from the quarter-wave stack will increase it.

From the above considerations it is easy to understand that
the TE01 mode of a Bragg fiber will always have lower loss
than the TM01 mode. Since the hybrid modes are a mixture
of TE and TM modes, the losses of the HE modes are domi-
nated by the contribution of the lossier TM polarization. Thus,
in order to guide a low-loss HE mode, the field decay of the
TM polarization (λTM) must be reduced as much as possible.
Whereas a planar Bragg reflector is generally designed to op-
erate near normal incidence, a Bragg fiber is expected to op-
erate at grazing angles of incidence. In Fig. 9 we see that there
can be a substantial difference between the TM and TE field
decay rates (λNTM ≫ λNTE), where N is the number of bilayers in
the Bragg reflector. Interestingly, Fig. 9(a) illustrates that the
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ϵLϵH
ϵLþϵH < ϵc regime can significantly reduce λTM at grazing
angles of incidence if ϵL → ϵC .

In practice the thicknesses of a reflector are fixed and the
quarter-wave condition cannot be satisfied for all wave-
lengths. So we now examine the actual behavior of planar
Bragg reflectors as a function of operating frequency and
incidence angle, for both operating regimes.

B. ϵLϵH
ϵL�ϵH

> ϵc Regime (Doped-Polymer Bragg Fiber)
A conventional method for examining a Bragg reflector is to
plot its band diagram. In Fig. 10 the first row presents the band
diagrams of doped-polymer Bragg reflectors, calculated using
Eq. (14) and j cosðkzaÞj < 1. The first column uses the param-
eters of the experimental TiO2 doped-polymer Bragg fiber,
whereas the second column presents a new design that will
be explained in detail below. The red and blue bands are, re-
spectively, the TE and TM admittance bands of the multilayer,
whereas the white regions are the bandgaps where reflection
occurs. Only the region above the black light lines should be
considered, as it corresponds to the physically realizable in-
cidence angles for real kx [recall Eq. (9)], and the incidence
angle increases as kx goes from 0 to the light line. Since
the Bragg fiber operates at grazing angles of incidence, the
frequency bands of interest are the bandgaps along the light
line. Note the excellent agreement between the planar reflec-
tor TE bandgaps along the light line of Fig. 10(a) and bandgap
frequencies of the TE01 mode loss minima of the doped-
polymer Bragg fiber shown in Fig. 7(a). Finally, the gray re-
gions highlight frequency bands of omnidirectional reflection,
where reflection can be achieved at any angle of incidence.

An interesting alternative method for examining Bragg re-
flectors is to plot the values of λTE;TM within the bandgaps, in
order to directly quantify the loss efficiencies of modes guided
within those bandgaps. Such λ diagrams are presented in the
second row of Fig. 10. Note that the white regions here cor-
respond to bands of the reflector where jλj ¼ 1 because of the
complex exponential λ values in those regions. It is easy to see
that λTE decreases and λTM increases with increasing inci-
dence angle (increasing kx), and that λTE is smaller than
λTM. This can also clearly be seen by taking a cut of the λ dia-
gram along a fixed frequency, as shown in the third row of
Fig. 10. Note that for f ¼ 0:88THz in Fig. 10(e) the values
of λTE;TM increase with decreasing incidence angle until reach-
ing λ ¼ 1 and cutting off when leaving the bandgap. This is due
to the curvature of the bandgaps, where a mode at such a fre-
quency will not be able to remain within the bandgap at all
angles of incidence.

In Fig. 2 it is seen that doping with TiO2 particles is a poor
choice because the increase in refractive index is accompa-
nied by a significant increase in the absorption loss. A more
promising alternative is doping with metal particles. With
small volume fractions below the percolation threshold (at
a volume fraction ∼1=3), the refractive index of the composite
material can increase rapidly without an extraneous increase
of absorption. Metal-dielectic composites have already been
used at microwave frequencies to tailor material dielectric
constants [43]. In the second column of Fig. 10 we propose
a more efficient doping scheme using 25 vol:% Cu particles
in polyethylene (PE), which yields an index n > 3:0 with
losses α ≤ 1 cm−1. The smaller volume fraction of dopant par-
ticles should also facilitate the material processing and yield a

composite with thermal and mechanical properties closer to
that of pure PE.

C. ϵLϵH
ϵL�ϵH

< ϵc Regime (Air-Polymer Bragg Fiber)
Figure 11 presents the band diagrams and λ-diagrams of air-
polymer planar Bragg reflectors operating in the ϵLϵH

ϵLþϵH < ϵc re-
gime with ϵL ¼ ϵC . The first column shows a calculation using
the parameters of the experimental air-polymer Bragg fiber,
illustrating a low-index contrast air-polymer fiber. The second
column shows a calculation for a new design based on a high-
index contrast air-polymer fiber. In the band diagrams, the
closing of the TM bandgaps at the Brewster angle is seen
to occur above the light line. Furthermore, in Fig. 11(a) the
curvature of the bandgaps results in the absence of any
omnidirectional reflections bands. Comparing Figs. 11(c)
and 10(c), it can be seen that for grazing angles of incidence
and for f ∼ 0:95THz that λTM ∼ 0:8 for the doped-polymer re-
flector and λTM ∼ 0:6 for the air-polymer Bragg fiber. Such a
large difference in the field decay rate per bilayer leads to an
order of magnitude difference in loss even with as few as
N ¼ 5 bilayers. This marked reduction of loss for the TM po-
larization helps explain why the HEmode losses are lower and
more comparable to the TE mode losses in Fig. 6(a) than in
Fig. 7(a).
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Fig. 10. (Color online) Band diagrams and field decay rates of doped-
polymer planar Bragg reflectors ( ϵLϵH

ϵLþϵH > ϵc). First column uses
parameters of experimental Bragg fiber, second column uses a quar-
ter-wave design at f ¼ 0:49THz and θi ¼ 0. First row presents the
band diagram of the reflectors. Second row presents λ-diagrams of
the field decay rates within the bandgap regions. Third row presents
cuts of the λ diagrams at constant frequencies.
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Finally, in the second row of Fig. 11 we present the inter-
esting case where ϵL ¼ ϵC and the index contrast is high. In
the band diagram it can be seen that the Brewster angle is
increased and pushed close to the light line. In this case,
the proximity of the Brewster angle to the light line increases
the TM loss substantially at grazing angles of incidence. At low
frequencies the TM polarization actually falls within the admit-
tance bands of the multilayer and no TM Bragg reflections can
occur. Therefore, the TM modes incur a greater propagation
loss because of the Brewster angle phenomenon. On the other
hand, the TE polarization exhibits very large bandgaps (larger
than those of Fig. 10(d) and these are regions of omnidirec-
tional TE reflection, as indicated by the gray regions. Further-
more, the values of λTE are extremely low and relatively flat as
a function of incidence angle (indicating that the bending loss
should be low). Such characteristics make this design an in-
teresting candidate for a truly single-mode TE01 Bragg fiber.
The mechanical stability of such a fiber could be increased by
using a polymer foam instead of spacers for the low-index
layers.

To further illustrate the potential of the newly proposed
THz Bragg fiber designs, Fig. 12 plots the propagation loss
and dispersion parameter for the first few modes. Narrow
TM and HE bandgaps are seen to be guided despite the

proximity of the Brewster angle to the light line. Further cal-
culations (not shown) indicate that the TM bandgap disap-
pears when the layer indices are changed such that the
Brewster angle occurs exactly on the light line. A main point
in Fig. 12 is that the propagation loss (α < 10−3 cm−1) and dis-
persion (β2 ≪ 1 ps=ðTHz · cmÞ) of the TE01 mode are signifi-
cantly lower than those of the HE11 mode.

7. DISCUSSION
Recent developments in THz waveguides have lead to the de-
monstration of straight waveguide losses sufficiently low to
start being useful (α ∼ 0:01 cm−1). However, to truly be prac-
tical a waveguide should have low bending losses and this
factor will ultimately be the discriminant between different
waveguiding strategies. An intuitive understanding of the
bending losses of the waveguides presented in this paper
can be gained be considering that, from a ray-optic perspec-
tive within large-core waveguides, bending will result in a de-
crease of the incidence angle of a ray. Consequently, the field
decay rates plotted in Figs. 10(c) and 11(c) offer insights into
the bending loss. In Fig. 10(c) it is clear from the omnidirec-
tionality of the reflection that the doped-polymer Bragg fiber
will guide some light no matter what the bending radius and
the relative flatness of the curves in the 60° − 90° range indi-
cates that the bending loss will be comparable to the straight
fiber propagation loss. In the case of the air-polymer Bragg
fiber (Fig. 11(c)) it was shown that a lower HE mode loss
was achieved by lowering the TM polarization loss, but the
trade-off is foregoing the omnidirectional reflection. Thus,
although the field decay rates are relatively flat for incidence
angles in the 75° − 90° range, the bending losses of air-polymer
Bragg fibers are expected to rise sharply after a certain critical
bending radius.

It is clear from the transmission results that coupling in
multimode waveguides is a critical issue. It is worth stressing
that even in the case where coupling is optimized at the input,
such that only one mode is excited, any perturbations to the
multimode waveguide (diameter fluctuations, bending, etc.)
will couple light into the lossier higher-order modes [44].
Therefore, it is worth studying the optimization of the fiber
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design in the limit of a single-mode regime. Reducing the
diameter of the core to achieve a single HE11 mode fiber is
prohibited in the THz range by the large absorption loss.
An interesting alternative is the effectively single-mode regime
proposed by Bassett et al. [26], whereby all but the lowest-loss
mode survives transmission over a certain range of fiber
lengths. With a sufficiently small core to be close to the cutoff
point of the TE02 mode, it should be possible to achieve a sin-
gle TE01 mode operating regime requiring relatively short fiber
lengths for the elimination of the other lossier modes. Never-
theless, Fig. 12 illustrates that even in an overmoded regime
the transmission properties of the TE01 mode are superior to
those of the HE11 mode. Researchers have shied away from
considering the TE01 mode because of the azimuthally polar-
ized source which is required for efficient excitation of that
mode. However, the development of mode converters or new
sources, such as a recently demonstrated photo-conductive
antenna emitting a TE mode [45], could enable the develop-
ment of such TE01 Bragg fibers.

8. CONCLUSION
In summary, we have fabricated and measured two very dif-
ferent types of hollow-core Bragg fibers. The first used air for
the low-index layers whereas the second used a doped-
polymer composite for the high-index layers. The doped-
polymer Bragg fiber was shown to operate in a ϵLϵH

ϵLþϵH > ϵc
regime where the high-index contrast leads to omnidirectional
reflection. However, the HE11 losses were high and as a result
the transmission was low with no clear bandgaps. On the
other hand, the air-polymer Bragg fiber was shown to operate
in a ϵLϵH

ϵLþϵH < ϵc regime. When ϵL ¼ ϵC the losses of the TM po-
larization decreased and enabled a low-loss HE11 mode to oc-
cur. Bandgap guidance could be seen in the transmission;
however, coupling needs to be optimized to reducemultimode
excitation. Both waveguides were shown to have straight
waveguide propagation losses α < 0:05 cm−1 at certain peak
transmission frequencies, but more work is required to re-
solve fabrication difficulties and to lower the loss over a
broader range of frequencies. New fiber designs were pro-
posed to address these issues, and the case was made for a
TE01 THz Bragg fiber.
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