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Design of a polymer-based hollow-core ban
gap fiber for lowloss terahertz transmission

Ajanta BarhRavi K. Varshney, Bishnu P. Pdenior Member, |IEEE, G. P. AgrawalFellow, |EEE,
and B. M. A. Rahmarké€low, IEEE

communication band is to develop Thaveguides. However,
Abstract—We use numerical simulations to design #&ollow-core  this frequency range isot compatible wh most conventional
microstructured polymer optical fiber (HC-mPOF) suitable for broad  materials. Unlike optical waves, THz radiation suffers high
band, terahertz (THz) pulse transmission with relatively low losses absorption losses in conventional dielectric waveguides, where
and small dispesion. The HC-mPOF consists of a central large air gt the same time, unlike microwaves, THz radiation also suffe
core surro_unded by periodically arranged Wavel_engtkscgle circular from high Ohmic losses andspersion in metallic WGs1f].
air holes in a hexagonal pattern, embedded in a uniform Teflon Interestingly, though a THz wave suffers high losses in met

matrix. The THz guidance in this fiber is achieved by exploiting the | d f d cloud. i d .
photonic band-gap (PBG) effect. In our low index contrast Teflorair ~ 9/@SS, Water, dust, fog, and cloud, it can penetrate deep Wito «

(1.44:1) hexagonal periodic lattice, the PBG appears only for a @, plastics, cloths, ceramics etc., which could potentially b
certain range of nonzero values of the longitudinal wavevector. We  Utilized as a guiding medium for the THz radiation with
have achieved PBG over a broad spectral range (bandidth ~ 400 appropriate engineering. Moreover, suitable THz WGs will als
GHz) ranging from 1.65 to 2.05 THz in the proposed HGnPOF. The prove valuable for applications such as, remote sensing, medi
achievable loss coefficient in our designed H®WPOF is < 4 ni* and endoscopy, diffractiofimited guidance, collimated beam
the group veloci_ty dispersion parameteris < + 5 ps/THz.cmover a delivery, long distance broashnd communic&n, and stronger
300-GHz bandwidth (1.65 ~ 1.95 THz) light-matter interaction
In the recent past several proposals for T¥xe guilancehave
been exploed using metallic or metadlielectric based hybrid WG
structures. Early THz WGs were composedlaiar structures,
where coplanar trandgssion lines, common for microwaves, were
used to guide THz waved7]. However, they suffer from high
) propagation loss (~ 20 ¢th at THz frequencies from the
I N recent years, terahertz (THz) frequencies (0.1 to 10 THZ) [ combined effects of Ohmic, diffraction and radiation losses. Mor
a range that falls in between the-fafrared and microwaves, recently, non-planar structurs with both metals as well as few
have assumed considerable importance due to putential selective dielectric materials had been explored to design the T
applications in medical diagnostics, tomography, homelang§Gs. The metallic WGs are the scabimivn version of
SeCUrity, identification of hidden ObjectS, defense, SenSing)icrowave WGs, whereas the dielectric WGs are sga‘jed
astronomy etc.1-7]. Moreover, THz waves are being consideregersion of the optical ones. Metallic nptarar WGs such as
for data transmission including wireless transmission fo{ollow core, parallel plate, metal sheet, single wire,-Wim
integration into the existing communication bands. Unfortunatelyirycture, sltWG etc. have also been reportetl [ 13, 13
this apparently promising radiation suffers from high propagatiqhepending on the nature of the modes (TE/TM/TEM) and the
loss in the atmosphere (mainly due to absorption by water), whighnfinement, the overall loss varies, and the dispeisicreases
tends to vary with daily weather, climate, and altitud@ [ drastically near the cuff frequencies. In the case of dielectric
However, in the case of localea networks, THwireless \WGs alsoa tradeoff exists between confinement and material
communication has shown some promising res@itd.(qJ. loss. However, unlike the metallic WGs, dielectric WGs can tak
A solution for integration of the THz technology into thehe form of an optical fiber, and the primary chage is to find
suitable materials for such a THz fiber. Dielectric polymers suc
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for confining the mode within the agore. Recently severalges uniform background of high index Teflon (Rl about 1.44) with
of hollow-core THz fibers (Bragg fiber, microstructured fiber andhexagonally arranged 4 rings of circular air holes (Rl = 1
ARR-guided structure) have been proposed with logpelision embedded in it. The diameter of air holes and their centre to cen
and low loss 11, 17-19]. The primary drawback of #sescheme  separation are denoted chand A, respectively. The central 7 air-
is that their transmission window is limited by the PBG effect artibles are replaced by a bigger hole to create the defect hollo
to achieve low loss, the overall cressction often exceeds tens ofcore, which is then surrounded by a 3 periodic cladding rings. Tl
mm, which makes thetoulky andinflexible. crosssection of the proposed H@POF is shown irrig. 1 The

In this paper, we report a numerically desigredlow-core RI of Teflon providesdwer index contrast with air in comparison
microstructured polymer optical fiber (HC-mPOF) for lowloss to other THz compatible polymers. Thus, theTaflon structure
guided transmission of THz radiation. The transmission loss psovides lower scattering loss at the dielectric boundarie
minimized by maximizing the confinement of the modal fieldaccording to Ref. 42]). However, this low index contrast
within the ar-core and reducing the overall fiber cr@estion to  structure [A = (n;-ny)/ny = 0.31] cannot open a PBG for thie-
improve its flexibility. The fiber cladding is made of Teflon withplane wavevector of either the TE or TM mode, at least in such
air holes in a hexagonal lattice structure. We Hagéexamined simple hexagonal geometry [dfig. 2(a]. Interestingly, a non
the criteria for the existence of a PBG in such a structure amero value of the longitudinal propagation constant (normalize
found after optimization that a PBG covering a wide basth  value isf, = k.ner/A, whereng is the effective index of the fiber
(> 400 GHz, ranging from 1.65 ~ 2.05 THz) can be realized fonode) smoothens the band edgeegilane (x-y) bandstructure.
the fundamental guided mode. We discuss the overall loss ak&la result, a suitable range ffopens up one or more PBGs for
dispersion characteristics of the designed structure in déail such a 2D structure [cfFig. 2(b].
desigrned parameters should be useful for motivating fabrication of
THz transmission fiber.

Il.  NUMERICAL MODELING

In general, a PBG fiber is formed by introducing wavelength
scale periodic refractive index (Rfgaturesover its transverse
crosssection (say-y plane) all along the fiber lengtlz éxis). If
we create a defect region in that otherwise periodic medium, the 4000 1600
PBG-guided mode will be confined to that regionifhicking asa
fiber core). In a twalimensional (2D) periodic lattice, the Fig.1 Transverse cross section of the proposeentfOF Cladding is formed by

. ) : : the three hexagonally arrangedgs of circular(shown in white)air holes ¢f
solution of Maxwé’'s equation can be V\_mtter_] aEQ] diameterd and pitch A) embedded in Teflon (red background). The core at the
H (nk k0)(r) =u (i, K )(p)e'ko-Pe'kzZ ) centeris formed by aircularair holeof biggerdiametey deore
1Rz Rz
where,H is the magnetic field; is the position vectorp is the (&), Fork=0 rmeme s . (B) Fork, 20 o smssrean

projection ofr on thex-y plane, kg is the in-plane (x-y plane) gad Js i egs
wavevector, lying inside the Brillouin Zone, ks the longitudinal 2 " : Filrgg... Teatassd
(2 wavevector, “n” is the band number andp) is a periodic
function satisfying the relationy(p) = u(p + R), for any lattice
vector,R in thex-y plane. s ML Sy o
Though the PBG effect in-ID periodic structures (e.g., Bragg . o RS Lot Pt
fibers) can be studied analyticallg]], a 2D structure requires 0 =
more complex analysis, and for accurate results, numerical
modeling is inevitable. FuNector plane wave expansion (PWE)  Fig. 2. Band diagram of aifeflon hexagonal lattice for (a).k 0, and (b) k+ 0.
is a popular numerical technique for calculatingihadstructure  The blue shaded region copesds to lowest order bamwhp. The inset in ()
. shows the % Brillouin zone indicating cardinates of the kector.
of any complex geometry. However, it cannot handle losses and
frequency dependent dispersion of the structure. In contrast, thEhe crosssection of the H@nPOF is optimized by
finite element method (FEM) is more complicated numerically butinvestigating its bandtructure by the PWE method using the
it can handle both the loss and dispersion quite accurately. \@ammercially available software RS&ftAlthough higher values
employ both of these techniquesrdti we employed the PWE of d/A can yield a stronger bandgap effect, we cannot increase it
method for locating the PBG in the periodic lattice, ignoring tharbitrarily as very high values ofl/A pose difficulties in
loss and dispersion. After that, we definedsaper lattice fabrication. By taking into consideration of these issues we ha
structure, which includes both the defect core and surroundifiged it at 0.94, as several microstructured polymer fibers wit
microstructuredcladding, and then, invégated the loss and such a large aiffraction has already been reportedtie literature

I M K I I M K 1

dispersion characteristics of the PBGided modevia FEM. [23]. Thereafter we investigated scalability of this baegh by
varying the pitch (A). For smaller values of A, the bang-gap effect
I1l. PROPOSEDFIBER DESIGN becomes stronger so the gaflth increases; however, the mid

I8P wavelengtiteduces due to a smaller periodicity. For furthel
5 udy, we have fixed the value of A at 300 um, which provides us
with a bandgap centered near 1.8 Tldndwith a bandwidth of
more than 100 GHz

The base material for the proposed fiber structure is chosen t
Teflon, as it is chemically inert to most chemicals, suitable f
fiber drawing, transpant over a wide THz band andelatively
low cost material. The fiber's crosgction is composed of a
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IV. RESULTSAND DISCUSSION fundamental PBG guided mode at 1.7 Tislplotted inFig. 4(b)
where only the % quadrant of simulation domain is shown owing
to the structural symmetry of our fiber. The figureaclg reveals
a strongly confined fundamental mode (nearly Gaussian in shaj

The banestructure of the proposeeipodic cladding structure is
shown inFig. 2(b)for a fixed value ofs,. However, we have also
varied the zZzomponent of the wawveector to produce a complete , )
map of banegap (mainly for the lowest order bagdp) as a " the proposed I—.KﬂnPO'F.We may mention that a higher order..
function of,, as seen ifrig. 3 The green shaded regions are thgiode also coexists with the fundamental one. However, i
gap map, which are gradually increasing in width for highé;onfmement loss is larger by a factor of 1000, mdwatmxj th
values off3, as it flattens the baredges more. Théight line would leak away after a short distance of propagation
corresponding to the core RI is alsaperposedn the figure il ) B, =y ey
(solid line in red). For our proposd aircore structure théight e e = 280
lineis essentially a straight line with unit slope in the frequesscy  3oem
wavevector plane. The bound modes of interest, which aregaoco
basically the defect states of the transverse periodic lattice, mus zoeor
confine inside the holloweore, and hence its dispersion relation ™
must follow (more or less!) thikght line. The encircled region 0 5 10 15 20 25 30 35 40
with dashed line (c.frig. 3 indicates the range ¢f(10.2 ~ 11.5) PRAL Wi ()
and frequency for which the bound modes can exist. This rangdg. 4. (a) variation of the imaginary part of the effective index as a function of
can be understabphysically as follows: smaller values gf are  PML width. (b) 2D mode field profile X component of theE-field) of the
not sufficient to open up the PBG for bound modes, whereas, Wdamental mode; only*Iguadrant is plotted owing to an obvious symmetry in
larger values of,, the fields of modes become more confined iff'® Stuctre:
the high RI region, which reduces overlaps among them and asBotal transmission loss is a combined effect of three majc
consequence the PBG disappears. sources of loss: confinement losg)( material absorptiotoss
(om) and scattering lossxd). Since the RI contrast is relatively
1;“{{"12'1“:_9_LI';‘FFL‘jI'"‘I"iH“ small for our Stl’ltICt-UI’,axS would be_relatively Iow_aqdhencewe
13 SHEREER T P have neglected it in the calculation of transmission 06 a.
~> arises from the finite number of air hole rings in the cladding an

can be calculated dm the Img(nss) component of the
corresponding mode. We have calculated the transmission Ic

‘. with and without material absorption, and the results are shown
O - e Fig. 5a). A fixed value of material loss for Teflon (0.8 &rwas
i used in our calculation®{]. The figure reveals that the material
®,) loss of Teflon has relatively small effect on the overall los
Fig. 3. Hybrid gap mag(green shaded regions) for differgfat. Solid line in red spectrum. This is because t.he mode is Str.ongly contuithén the
represents the light line corresponding to the core RI.I@veegion (indicated by hollow core and has very little overlap with the Teflon structure
theoval shapen blackdashline) represergtthe solution for bound modes As a result, a Iss of less than 0.04 ¢htan be achieved in our
proposed fiber over a wide range of 1.65 ~ 2.05 THz (bandwid
400 GHz) even after including the material loss. We note that
can be reduced even further by incregdime number of air hole
rir}gs.An expanded view of loss spectrum is shown in the inset o
lI]-"?g. Ha). For optical pulses propagating through an optical fiber
roup velocity dispersion (GVD) plays a crucial role as it leads to
istortion of pulse shape and pulse broadening. It is thus importe
to consider the GVD of oudesignedfiber for THz frequencies.

Fortunately, as the mode is strongly confined inside the hellov
core, it experiences very low dispersion within the bgap,
however, similar to any other PBghided structure, the
dispersion increags sharply near the baedges. We have
u(h%lculated the GVD parameter (8,) from the frequency
dependence of the real part of thedeeffective index [Ret)],
and the results are shownkhig. 5(b). The GVD is anomalous/,
< 0) except for a smaftequencywindow (1.8 ~ 1.87 THz), where
it becomesormal 3, > 0). However,the amplitude of, remains

elow5 ps/(THz.cm) over the bandap regions, which is indeed
quite low, and it blows up at both the baedbes

At the next step we study the bound modes (RRf@&led modes)
by considering asupercell geometry. Thesupercell, consiss of
multiple unit cells including the defect core at the eentow
becomes the new unit cell. However, the size of this new cell m
be large enough tsufficiently isolate the defect coifer accurate
results. he core size is chosen carefully to eliminate thg
unwantedsurface states [20], which are generally aidp hindrance
to achiee low transmission loss in PBG fibeBy comparing the
performance between different codeameters(d.,, We chose
Oeore = 2.8A, which resulted in a non-uniform coresurface
boundary. As a consequence, th&face states get elimhated
significantly and the confinement loss is minimized

To calculate the loss and dispersion of the fundamental bo
mode, we employed the FENh a commercially available
FEMSIM module in RSoft software In the FEM analysis, we
have employed an approprigierfectly matched layer (PML) and
optimized its width along with the FEM element size to yield
converging solutionA fine triangular element of size A/64 is
consideredhroughout the FEM analysik this context, we have
scanned the imaginary part of the mode’s effective index
[Img(nex)] as a function of PML width [se€ig. 4(a], which
reveals that, converging solution can be obtained for PML widths
> 10 pm. As a precautionary measure, we have fixed its value at
30 um for rest of the analysis. The mode profile of the
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