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Abstract: A graded index porous optical fiber incorporating an air-hole
array featuring variable air-hole diameters and inter-hole separations is
proposed, fabricated, and characterized in a view of the fiber potential
applications in low-loss, low-dispersion terahertz guidance. The proposed
fiber features simultaneously low modal and intermodal dispersions, as well
as low loss in the terahertz spectral range. We experimentally demonstrate
that graded index porous fibers exhibit smaller pulse distortion, larger
bandwidth, and higher excitation efficiency when compared to fibers with
uniform porosity.
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1.

Introduction

The terahertz frequency range has strong potential for various technological and scientific
applications, such as sensing, imaging, communications, and spectroscopy. However, most
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terahertz (THz) sources are immobile, thus designing efficient THz waveguides for flexible
delivery of the broadband THz radiation is an important step towards practical applications of
terahertz techniques. Moreover, THz waveguides can be very useful on the system integration
level when used for connectorization of the diverse THz point devices, such as sources, filters,
sensor cells, detectors, etc. Availability of the THz fibers is also crucial for various niche
applications such as endoscopy and crevice inspection.

The main complexity in designing terahertz fibers is the fact that almost all materials are
highly absorbent (over ~1 m propagation) in the THz spectral range. A traditional way of
guiding light would be to use solid-core fibers, such as step index core/clad fibers, or solid-
core microstructured fibers. In these fibers, however, the fraction of light guided in the solid
core is significant, and, therefore, fiber transmission loss is typically close to the absorption
loss of the core material. For completeness we mention that in the 0.1-1 THz spectral range,
amorphous materials suitable for fiber drawing (such as glasses and polymers) have losses
that are typically higher than 0.1-0.3 cm™.

In order to break away from the loss limit imposed by the fiber material absorption,
subwavelength [1-3], porous [4—11], and hollow core THz fibers of various types [11-15]
were introduced. The lowest absorption loss occurs in dry gases, therefore transmission losses
of the THz fibers can be reduced significantly below the loss of the fiber core material by
maximizing the fraction of the THz power guided in the low-loss gas. Using this strategy,
very low transmission losses in the range of 0.01 cm™' were demonstrated using the
abovementioned fibers.

In particular, hollow core fibers are of great interest as they also tend to offer broadband
guidance. Among such fibers one has to distinguish between dielectric photonic crystal fibers
[16,17], metallized capillary fibers [18-20], and hybrid metal/dielectric fibers [21-24].
However, dielectric photonics crystal fibers and metallized capillaries require the use of
relatively large core diameters in order to keep the propagation loss low. Therefore, such
fibers operate mostly in the multimode or in the few-mode regime. In contrast, hybrid
metal/dielectric fibers, which are essentially two wire waveguides surrounded by a porous
dielectric cladding, operate in a single mode regime. On the same note, design of such fibers
is challenging due to ease of parasitic excitation of the cladding modes, and it still remains to
be seen if such fibers can show losses comparable to that of other hollow-core fibers.

Therefore, if the goal is to guide THz light over distances of ~1 m in a single mode regime
with losses on the order of 0.01 cm™, then the only choices that are currently available are
either using a subwavelength or porous fiber. When comparing porous and subwavelength
fibers [1-9] it was found that porous fibers are generally superior to the rod-in-the-air
subwavelength fibers as porous fibers offer larger bandwidth [6] and lower bending loss
[25,26].

Another complication when guiding broadband THz pulses is the effect of group velocity
dispersion on the pulse shape. In fact, waveguide modes typically exhibit significant variation
of their optical properties as a function of frequency (refractive index, group velocities, etc.),
thus leading to pulse broadening, and hence, signal amplitude reduction. Consequently,
waveguide dispersion management is an important issue when guiding broadband pulses.
Dispersion optimized single mode THz fibers have been first studied in [6, 27,28].
Particularly, in [27,28] the authors used solid core microstructured fibers with optimized
geometrical parameters to minimize group velocity dispersion of the fiber fundamental mode
in the 0.2-1.2 THz frequency range. Dispersion of the fundamental mode was optimized to be
less than 1 ps/(THz:-cm) in the whole THz frequency range. However, due to guidance in the
solid core, losses of such fibers were comparable to that of the bulk absorption loss of the
fiber material ~0.1-0.5 cm™" (increasing towards higher frequencies). In [6], the authors
studied dispersion and losses of the porous fibers and they have concluded that losses in such
fibers could be significantly reduced below that of the core material loss by introducing
porosity into the fiber core. At the same time, the authors of [6,27,28] have observed that both
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in solid core and porous fibers, group velocity dispersion can be very large at low frequencies
due to rapid change in the modal confinement, while dispersion can decrease by more than an
order of magnitude at higher frequencies (strong confinement limit). At higher frequencies,
however, the fiber can become multimode and one has to worry about the effect of the
intermodal dispersion.

Therefore, we conclude that when designing broadband dielectric fibers for THz guidance
one must consider several trade-offs between dispersion, loss and single mode versus
multimode operation. In order to demonstrate the nature of these trade-offs we consider
guidance in the rod-in-the-air fiber of radius a having core and cladding refractive indices &,

and &, respectively. In our analysis we divide the whole frequency range into 3 spectral
regions as shown in Fig. 1. In the first region w< @), ~ c/(a-xlsl, —Ea) the fiber is single

mode and it guides in the weak localization regime. At these low frequencies one often calls
the fiber a “subwavelength” fiber. In this regime, modal losses are much lower than the bulk
absorption losses of the core material as a significant fraction of the modal fields is found
outside of the fiber core and in the low-loss air cladding. In this regime, modal group velocity
dispersion is also low as the mode is mostly guided in air. At the same time, macro-bending
losses in this subwavelength guidance regime are very high as modal effective refractive
index is very close to that of air, which typically renders subwavelength fibers unusable at
frequencies significantly lower than @), .

Next, we consider the second region @, < w < @,, , where @

sm sm

is a cutoff frequency of the

second order mode. In this frequency range the fiber is still single mode. Note that @,, and

m

w, are simply proportional to each other @,, ~2—4-®, with a proportionality coefficient

dependent on the symmetry of the second order mode that can be excited by a given THz
source. In the vicinity of @, the mode localization changes dramatically from a weak to strong

localisation in the fiber core. This transition leads to a fast increase in the value of the modal
refractive index, followed by a significant increase in the modal loss and modal group
velocity dispersion. When increasing the operation frequency towards @,,, one observes a

monotonic increase in the modal loss, which approaches that of the core material.
Furthermore, modal group velocity dispersion decreases significantly as the modal effective
refractive index becomes virtually constant and close to that of the core refractive index.
Additionally, at these higher frequencies macro-bending loss decreases dramatically due to
improved modal confinement in the fiber core. So far, most of the experimental
demonstrations of THz guiding were performed in this spectral range. It was clearly identified
that high dispersion at lower frequencies and high propagation loss at higher frequencies
present major challenges in the design of a solid-core THz fiber.

In principle, high modal loss at higher frequencies can be mitigated by using porous fibers
with deeply subwavelength core size. In this case, absorption loss of the porous core can be
made significantly lower than that of the constituent solid material. Additionally, modal group
velocity dispersion decreases with lower refractive index contrast between the fiber core and
cladding materials. Thus, using porous fibers can help in reducing both loss and group
velocity dispersion of the fundamental mode.

Even when using porous materials in the fiber core, the fundamental limitation on the
usable bandwidth is given by @, < w< w,, where, as mentioned earlier, @,, ~2-4-@, in

the rod-in-the-air fibers. This frequency range is quite limited as it spans less than an octave.
The question then is how to extend the usable bandwidth of THz fibers. There are two
approaches that one can pursue. One is designing microstructured fibers with an extended
range of single mode operation. The other one is accepting multimode guidance, while at the
same time optimizing fiber performance over an ensemble of the guided modes.

#231652 - $15.00 USD  Received 30 Dec 2014; revised 28 Feb 2015; accepted 10 Mar 2015; published 18 Mar 2015
© 2015 OSA 23 Mar 2015 | Vol. 23, No. 6 | DOI:10.1364/0OE.23.007856 | OPTICS EXPRESS 7859



dielectric

3

core

Refractive index

clad

core

Propagation losses e

0'“clau

Mode dispersicns

Frequency, ®

Fig. 1. Modal propagation properties of the dielectric THz fibers. Blue lines correspond to the
fundamental mode of the fiber, red and green lines — to higher order modes.

Multimode fibers (MMFs) offer several general advantages over single mode fibers such
as high coupling efficiency and broadband operation. Moreover, in the multimode regime,
most of the lower order modes show strong confinement in the fiber core, and, therefore,
MMFs typically feature low modal group velocity dispersion, and low bending loss. As
mentioned earlier, even at high frequencies modal absorption can be made significantly lower
than absorption loss of the fiber core material by introducing subwavelength porosity into the
fiber core. Moreover, a new phenomenon called intermodal dispersion has to be taken into
account when considering THz pulse propagation in the multimode fibers. Simply speaking,
an incoming pulse at the fiber input is split between several fiber modes. If the group
velocities of the guided modes are somewhat different from each other, then various copies of
the original pulse will arrive at the fiber output at different times, thus causing pulse shape
degradation. In addition, when looking at a particular fiber mode, the shape of the pulse
carried by such a mode will be additionally affected by this mode group velocity dispersion.
Therefore, reduction of both the modal and the intermodal dispersions presents an important
problem when designing multimode THz fibers.

To date, multimode fibers have been exhaustively researched in the context of their
application in short-length high bit-rate communication systems operating in the visible
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spectral range [29-32]. In such systems, fiber communication bandwidth is limited by the
intersymbol interference caused by the intermodal dispersion, which arises because of the
diverse group velocities of the individual fiber modes [33]. To address the issue of intermodal
dispersion, graded index polymer optical fibers (GI-POF) have been extensively studied since
the 1990s [34—40]. In such fibers, the core refractive index decreases from its maximal value
at the core center as a certain power (~2) of the distance. As a result, intermodal group
velocity dispersion can be dramatically reduced. In practice, in order to realize variable
refractive index profiles in the fiber core one either uses a non-uniform distribution of dopants
or a non-uniform distribution of geometrical features (such as holes). Thus, Y. Akimoto et al.
[34] reported the fabrication and experimental investigation of the doped PSt-based GI-POFs.
The graded refractive index distribution was achieved by controlling the radial dopant
concentration. The authors confirmed that this fiber has a high bandwidth (4.4 GHz at 655 nm
with fiber length of 50 m) and low attention (166-193 dB/km at 670-680 nm) and can be used
for home networks. In [39], R. Lwin et al. reported another type of graded index fiber with
graded index profile obtained by porous cladding with specially designed air hole positions
and diameters, namely graded index microstructured polymer optical fibers (GI-mPOF). They
demonstrated experimentally that the bandwidths of the proposed GI-mPOFs were much
wider than those of the commercial GI-POF.

When designing multimode fibers for delivery of THz pulses we adopt the manufacturing
strategy of graded index refractive index profiles using non uniform distribution of holes in
the fiber core. However, when simply trying to scale the GI-mPOF design presented in [39] to
THz wavelengths, the outer diameter of the resultant THz fiber becomes close to 5-10 cm,
which is not practical. In fact, GI-mPOF presented in [39] does not contain subwavelength
features (air holes), therefore the core material does not operate in the effective medium
regime. Instead, the features are comparable or larger than the wavelength of light, and their
size and position are optimized in order to provide a certain resonant response of the
microstructured cladding. As a consequence, the diameter of such graded index fibers is in
hundreds of wavelengths for which they are designed, and obviously scaling of these fibers to
THz will be impractical. Moreover, the GI-mPOFs developed for communications in the
visible/near-IR have to operate in a very narrow spectral range as the signal bandwidth (~10
GHz) to the carrier frequency (~10"* Hz) ratio is ~10~*, whereas for THz GI-mPOFs this ratio
is close to 1.

In this paper, we propose a novel graded index porous optical fiber which is specifically
designed for applications in the terahertz spectral range (THz GI-POF). The fiber is made
from polyethylene plastic and features a non-uniform array of the variable size subwavelength
holes positioned at subwavelength separations with respect to each other, thus resulting in a
graded refractive index effective medium. The outer diameter of the fiber is ~1.4 mm, which
is at most 7 times larger than the wavelength of operation in the whole 0.2-1.5 THz operation
range. The fiber is single mode below 0.35 THz, while at higher frequencies it operates in a
few-mode regime. Due to high porosity, fiber absorption loss is only a fraction of the bulk
absorption loss of polyethylene, and in the whole operation range it varies from 0.025 cm™" at
0.3 THz to 0.15 cm™" at 1.5 THz. Modal group velocity dispersions of the individual modes is
reduced below 1 ps/(THz-cm) in the whole operational range due to the use of porous
materials and due to the relatively large core size. At the same time, intermodal dispersion is
reduced below 2 ps/(THz:cm) due to the choice of the graded index profile. Finally, we
confirm experimentally and numerically that THz-GI-POFs have considerably superior
optical properties when compared to regular THz porous optical fibers that feature similar
geometrical dimensions, however only use a uniform array of holes. We believe that graded
index porous optical fibers offer a clear pathway towards designing low-loss, broadband, low
dispersion fibers for THz frequency range.
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2. Fiber design and fabrication

In order to obtain a graded index profile similar to that of the conventional GI-POFs (see, for
example Ref [34].) we use a hexagonal lattice of 5 rings of air-holes with gradually varied air-
hole diameters and inter-hole separations [as shown in Fig. 2(a)]. In our design, the azimuthal
average refractive index was approximated by the following power law:

n(r) =n,(1=a(r/ R)*)" ()

where a is a constant which determines the index profile of the designed fiber, R is the
radius of this fiber. In the case of porous fibers, local value of the core refractive index is
determined by the local value of the air filling fraction f(r).Therefore, in order to design

porous fiber geometry we have to first find the radially dependent air filling fraction f(r)

that results in the desired graded index profile given by Eq. (1). As detailed in [8], dielectric
properties of the porous core can be described using an anisotropic dielectric permittivity
tensor. Moreover, at higher frequencies, when transverse modal electric fields become much
larger than the modal longitudinal electric fields, impact of anisotropy becomes small. In this
regime, one can consider dielectric constant of the porous core material to be that of a
transverse component of the dielectric tensor:

£(r)=n(r)y’ =\/(%—f)2'A€2+8ae,, +(%—f)'Ag 2)

where £, and ¢, are the dielectric constants of the air and the used polymer, respectively,
and Ae =¢,—¢,. Now, using Egs. (1) and (2), we can find the distribution of the air filling
fraction f(r) that results in the graded index profile given by Eq. (1). In our simulations we
have used g =2 and @ =0.2. Finally, using the expression for f(r) at the air-hole center,

we can extract the relation between the local value of the hole diameter d and the inter-hole
separation A, which can be given as

7 d*
= 3
f() 23 A 3)

The theoretical index distribution used in our simulation is depicted in Fig. 2(b).

All fibers presented in this paper were fabricated using commercial rods of low density
polyethylene (LDPE) known as one of the lowest absorptive polymers in the THz region [41].
The fiber preforms were fabricated using the drilling method. The air-hole arrays with
designed structural parameters were drilled on the transversal surface of LDPE rods with an
outer diameter of 1.5 inches and a length of 12 cm. Then the fabricated preforms were drawn
down to fibers with an outer diameter (OD) of 1.3-1.5 mm in a fiber drawing tower. In order
to make a reference measurement, a porous optical fiber with uniform diameters and inter-
hole separations comparable to those of the GI-mPOF was also fabricated using the same
material and fabrication technique. The cross sections of the two fibers are shown in Fig. 2(c)
and 2(d), respectively. The air filling fraction of fabricated GI-mPOF and mPOF are 43.3%
and 43.0%.
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Fig. 2. (a) The schematic representation and (b) the theoretical index profile of the designed
GI-mPOF. The dots correspond to the localized refractive index at each layer, while the solid
line is the theoretical index profile calculated using Eq. (2). The cross-sections of (¢) GI-mPOF
(outer diameter OD = 1.35mm) and (d) mPOF (OD = 1.47mm)

3. Numerical model and simulation results

To investigate the optical properties of the proposed GI-mPOF numerically, we used the
commercial software COMSOL to solve for the complex effective index and field distribution
of the guided modes. Figure 3 shows the calculated modal refractive index (#,,,) and group

velocities (v, ) of the guided modes for the two fibers. In these figures, the dots’ colors

represent the logarithmic flux coupling coefficient ( C ). In the group velocity versus

frequency graph we notice that the variation of the values of group velocities is smaller for the
case of the GI-mPOF.
Correspondingly, the normalized amplitude coupling coefficient C,, is computed from the

overlap integral of the respective flux distribution of the m-th mode with that of the 2D
Gaussian beam used as a source. Specifically, the definition of C,, is based on the continuity

of the transverse field components across the input interface (i.e. cross-section of the fibers)
between the incident beam and the excited fiber modes [42, 43]:

1 . .
c, = ZIdxdy(Em (x.y)xH, (2.9 +E,_ (x.y)xH, (x,)
! “)

1 . 1 .
\/Rejdxdy(E,.n (x, 7)< H, (x,y»x\/Rejdxdy(E (x,)xH_(x,))
) ) . .

X
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To model the field structure of the source, we assume an x-polarized 2D Gaussian beam
whose fields are normalized to carry power P, then limited by an aperture of radius R as

follows:
- - / 2P ¥
E]nput(x’y):x. 7[0_2 'CXp|:_20.2:|

[y > 1 21 y2 2 2 2
H X, ——y-—~,/—~ex ——— |, forx”+y" <R%; 5
Inpuz( y) /—0/ ) 2 p|: 2 2:| f y ()

Elnput (x> y) = 0, ]:I

Input

(x,y)=0, forx2 +y2 > R~

where the Gaussian beam waist parameter ¢ is related to the full-width hall-maxima by field
as FWHM =20+2In2, X and ¥ are the unit vectors in x- and y-directions, /4, / &, is the

intrinsic impedance of vacuum, and R is equal to the radius of the fiber (~0.65 mm). The
frequency dependence of the beam waist was measured experimentally and then fitted by a
linear function of the input wavelength ¢ =0.964+1.4mm .

As shown in Fig. 4, the fundamental mode of the GI-mPOF (shown as the blue curve) is
predominantly excited in the entire frequency range, whereas coupling into higher order
modes is correspondingly lower as opposed to the fiber with uniform holes. In the case of
traditional mPOF, higher order modes have higher coupling coefficients compared to the
fundamental mode (black curve) above 0.7 THz.
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Fig. 3. (a) The modal refractive indices and (b) the group velocities of the proposed GI-mPOF
and the traditional mPOF. The dots’ colors represent the logarithmic flux coupling coefficient
of each mode at the given frequency.
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Fig. 4. The coupling efficiency by power for the proposed GI-mPOF and the traditional mPOF
Based on the modal refractive indices and group velocity, we calculated the individual
mode (or waveguide) dispersion ( <Dz> ) and the intermodal dispersion ( <Avg’2> ). The

waveguide dispersion was computed based on the first order derivative of the modal
propagation constant. The intermodal dispersion was defined as the standard deviation of the
modal delay and can be given as [44]:

_ _ \2
(Av,?)=(v,)=(av,") (6)
where (M ) denotes the average of the variable M and is defined as (M >=ZjM ij .
Assuming pulse intensity is given by /(¢,0) ~ exp(—(z)z) at the fiber input z = 0, pulse
TO
width after propagation over a fiber length z can be found as follows:
2

(F@)="+2 [<v:>—<v:>2} (22 (7)

%

where one can see the contribution of intermodal and individual mode dispersions into pulse
broadening. For the calculations we assume that the initial pulse is 1 ps long.
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Fig. 5. (a) The individual mode dispersion and (b) the intermodal dispersion of the two fibers.
The red solid lines are the dispersion properties of the proposed GI-mPOF, while the black
lines show that of the traditional mPOF.

In Fig. 5, we depict the results of the computation for the two dispersion types for both the
proposed GI-mPOF and the traditional mPOF. As we can see from Fig. 5, both the individual
mode dispersion and the intermodal dispersion of the GI-mPOF has been reduced
significantly compared to the traditional mPOF. Therefore, we expect that the proposed fiber
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structure will considerably decrease the pulse width broadening by both lowering the impacts
of higher order modes and by reducing intermodal dispersion.

4. THz-TDS measurement

All the measurements in our experiment were obtained by using a modified terahertz time-
domain spectroscopy (THz-TDS) setup. The setup consists of a frequency doubled
femtosecond fiber laser (MenloSystems C-fiber laser) used as pump source and two identical
GaAs dipole antennae used as a THz emitter and a detector yielding a spectrum range of 0.1
to 3.0 THz. However, because of the lower dynamic range and increased material losses in the
fiber at higher frequencies, we only considered the spectrum range of 0.2 to 1.5 THz in the
following sections.

With a parabolic mirror mounted on the translation rails, our setup allows for the
measurement of waveguides up to 45 cm long. Figure 6 illustrates the experimental setup
where the fiber was fixed by apertures and placed between the two parabolic mirrors. To
obtain the transmission properties of the fiber, we used the cutback method in the
measurement. The input facet of the fiber was fixed by being glued to an aperture, while the
output facet was cut in steps. Both the input and output ends of the fiber were placed at the
focal points of the parabolic mirrors.
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Fig. 6. Experimental setup with the fiber mounted in the apertures.

In Fig. 7, we present three temporal traces of the THz electric field measured at different
fiber lengths. As expected, based on the simulations, lower intermodal dispersion of the GI-
mPOF leads to the reduction of pulse broadening. With a lower difference of the group
velocities, most of the modes reach the output end of the fiber in one envelope. Other higher
order modes with larger mode delay were also restrained because of the low coupling
coefficients. Meanwhile, in the case of the traditional mPOF, the output pulse has been
separated into several groups because of the higher difference of the modal group velocities.

Another interesting phenomenon can be observed from the temporal traces of the two
fibers. The output electric field of the traditional mPOF is much smaller than that of the
proposed GI mPOF. This feature is caused by the weaker mode confinement of the traditional
mPOF. As shown by the simulated distribution of the fundamental mode at 0.5 THz [see Fig.
7(b)], the mode of the proposed GI-mPOF is mostly concentrated in the central region of the
fiber. Meanwhile, in the case of the traditional mPOF, the fundamental mode leaves the core
and propagates mainly on the plastic/air interface. In our experiment, this evanescent field is
blocked along with stray light by the metal aperture and partly absorbed by the glue.
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Fig. 7. (a) The time-domain traces of the THz electric field measured at different fiber lengths
of the proposed GI-mPOF (left) and the traditional mPOF (right). The black trace represents
the THz field after propagating a short distance in the fiber; the red trace represents a longer
distance, and the blue trace is for the whole fiber. The initial lengths of the fibers used in the
experiment are about 20 cm. (b) Mode profiles simulated at 0.5 THz for these two fibers.
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Fig. 8. The comparison between measured pulse and reconstructed pulse for (a) the GI-mPOF
with 6.48 cm length and (b) the mPOF with 5.74 cm length. The black solid line represents the
experimentally measured electric trace, while the red dot line corresponds to the reconstructed
pulse based on the simulation results.

Because of the dispersions of the tested fiber, the input pulse with a very narrow pulse
width will expand into a broader one. To investigate the pulse broadening caused by
multimode propagation, we reconstructed the output pulses based on the simulation results.
The reconstructed pulse at the output facet of a waveguide of length L is modeled as the
inverse Fourier transform of transverse electric output field which is the coherent
superposition of N guided modes where N = 50 for both the designed GI-mPOF and
traditional mPOF.
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E() = [dwy. C, (@) [[dxdyE, (x,y,0) (3)

where E_ stands for the normalized transverse field components of m-th guide mode. The
variable f denotes the propagation constant. In Fig. 8, we present the reconstructed pulses

based on the simulation results. The experimental measured pulse of both these two fibers can
be well explained by the numerical simulations. As we only considered the theoretical modal
distribution here, both the coupling and launch conditions at the input ends would introduce
some mismatch between the experimental and numerical results.

Using the aforementioned numerical model, we also calculated the pulse width at different
propagation lengths in these fibers. In Fig. 9, we present both the experimental and theoretical
values of the pulse width. The experimental values of the pulse width (dots in Fig. 9) can be
found by calculating the time averages:

SR AN LA R (CATAR AT ©)

where E, refers to the measured time-domain electric field trace propagating along a fiber
length L. To compute the theoretical values of pulse duration, we calculated the pulse duration
based on Eq. (9) where we replace the measured time-domain electric field traces by the
reconstructed temporal pulses; it is depicted in Fig. 9 as solid lines. We note that for both of
these two fibers, the pulse width has a L’ dependence within some equilibrium length (L)
Beyond this equilibrium length, the pulse width is nearly proportional to the fiber length. The
value of L, for the designed GI-mPOF is approximately 5 cm, while that of the mPOF is
about 16 cm. The dashed lines in Fig. 9 are fitted using the Eq. (7) by calculation the pulse
duration within L, . The difference beyond L, arises from the fact that the Eq. (7) is valid only
for narrow bandwidth Gaussian pulses, whereas we operate with THz pulses that have very
large spectral ranges. We also note that in the case of the mPOF, the weaker pulse amplitude

leads to greater values of the pulse duration uncertainties as compared to that of the designed
GI-mPOF.
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Fig. 9. The pulse duration of the designed GI-mPOF (black) and the mPOF (red). Dots -
experimental results. Dashed lines - results of the fitting based on Eq. (7). Solid lines — pulse
duration calculated based on the reconstructed pulses.

In Fig. 10, we present experimentally measured transmission spectra for different lengths
of the GI-mPOF and mPOF corresponding to the time-domain traces shown in Fig. 7(a) and
7(b), respectively. We note that a broader transmission band from 0.2 to 1.5 THz is observed
for the proposed GI-mPOF, whereas transmission merely stops at 0.8 THz and has a small
peak at around 1.0 THz in the case of the traditional mPOF. Another notable feature in the
measured transmission spectrum of the mPOF [Fig. 10(b)] is the amplitude fluctuation in the
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higher frequency region (higher than 0.40 THz). This fluctuation is caused by the interaction
of higher order modes. As shown in Fig. 4, in the case the mPOF, higher order modes occupy
more modal power in the higher frequency region, thus the modal beating is more

pronounced.
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Fig. 10. Electric field amplitude as measured by the THz-TDS setup for the case of (a) GI-
mPOF and (b) mPOF.

5. Conclusion

A graded index microstructured fiber designed for reducing intermodal dispersion has been
proposed for applications in the THz range. The radially graded index distribution of the
proposed fiber is achieved by an air-hole array featuring variable air-hole diameters and inter-
hole separations. Large air holes at the outer layers of the proposed GI-mPOF lead to a better
modal confinement at the center of the fiber and enhance the output electric field, as
compared to the traditional mPOF with uniform air-hole diameters and lattice constants.

In this paper, we theoretically investigated the modal properties of the proposed GI-mPOF
and the traditional mPOF using a finite element method. The fiber is single mode below 0.35
THz, while at higher frequencies it operates in a few-mode regime. The simulation results
demonstrate that the proposed GI-mPOF design suppresses the excitation of higher order
modes and reduces the intermodal dispersion. At the same time, both the intermodal and
individual dispersion of the designed GI-mPOF are smaller than that of the traditional mPOF
leading to a smaller broadening in the designed graded index fiber. Modal group velocity
dispersions of the individual modes is reduced below 1 ps/(THz-cm) in the whole operational
range due to the use of porous materials and due to the relatively large core size. At the same
time, intermodal dispersion is reduced below 2 ps/(THz:-cm) due to the choice of the graded
index profile.

We also experimentally and numerically confirmed that the designed GI-mPOFs have
considerably superior optical properties when compared to the traditional mPOF. Due to high
porosity, fiber absorption loss is only a fraction of the bulk absorption loss of polyethylene,
and in the whole operation range it varies from 0.025 cm™ at 0.3 THz to 0.15 cm™ at 1.5
THz. The transmission of these two fibers was also measured utilizing a THz-TDS setup
using the cut-back method. According to the experimental results, the proposed fiber structure
improved the output pulse quality as all the modes reach the output facet of the fiber in one
time-domain envelope. We also reconstructed the output pulses based on the simulation
results and calculated the pulse duration. Both the experimental and numerical results show
that the pulse broadening has been well restrained by the designed fiber structure, as the pulse
duration of the designed GI-mPOF is much smaller than that of the traditional mPOF, with the
difference between the fibers being the most pronounced for long fiber lengths.
Simultaneously, the transmission band of GI-mPOF is significantly wider than that of porous
fibers due to better suppression of the excitation of higher order modes.
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