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ABSTRACT between to have a free choice of power splitting ratio is

In this paper 1x4 fixed and flexible power splitters using
multicore photonic crystal fiber(PCF)and photonic crystal
waveguide array(PCWA) is proposed.Multicore PCF power
splitter comprises of four identical cores surrounding the
central core (Fixed power splitter).The central core is
surrounded by non identical cores(Flexible power
splitter). The optical power launched into the central core is
equally divided into four neighbouring cores with 25%
coupling ratio(Fixed power splitter).An unequal distribution
of power is observed when the diameters of the cores
surrounding the central core are varied. The PCWA power
splitter comprises of a rectangular array of dielectric rods in
air. This array is integrated with multimode interference
coupler (MMI).Fixed and flexible power splitting ratio is
obtained by varying the diameter of the rods. The PCWA
power splitters are compact(14pm) as compared to the PCF
power splitters (57pum).These novel structures are investigated
using Finite Difference Time Domain
Method(FDTD).Coupled mode analysis is also carried out to
understand the super mode patterns and coupling
characteristics. The device size reduction compared with the
conventional MMI power splitter is attributed to the large
dispersion of the PCW and PCF.

General Terms
Performance, Design, Theory and Algorithm.
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1. INTRODUCTION

Power splitting is the basic function of the integrated optics.
Such devices play vital role in passive optical distribution
network, complex photonic integrated circuits as well as
advanced active components such as interferometer, switches
[1],[2] and nonlinear all optical devices[3].In the last few
decades various solutions have proposed to split and combine
optical signal. MMI coupler based power splitters are popular
due their compact structure, polarization insensitivity and
tolerance to fabrication parameter[4].By using conventional
rectangular geometry of MMI coupler only discrete power
splitting ratio can be obtained even when the overlapping of
the self images are introduced[5]. When “tap” function is
required a small portion of the power is required. For several
applications in optical network free choice of power splitting
is required depending on the situation [6]. Ring lasers with
2x2 MMI couplers at its o/p were proposed to obtain a
flexible power splitting ratio [7].The device is complex. In [8]
a new class of MMI coupler with interference section in

proposed.

Later a new concept of tapering in MMI coupler is
investigated. In [9] MMI coupler with tunable power splitting
ratio is realized. Such devices have wide tuning range,
compact structure and find applications in optical switches.
These devices offer around 20% tunability. Later a novel
design of integrating MMI coupler with PCWA for flexible
splitting ratio is proposed in [10]

In 1991, the idea that the well known “stop bands” in periodic
structure is extended to prevent propagation in all the
directions was leading to attempts worldwide, to fabricate
three-dimensional PBG materials. Hence photonic crystal
fibers (PCF), which guides the light by PBG effect, are
fabricated [11], [12], [13].Since then several PCF based
devices such as lasers, filters, switches and multiplexers and
demultiplexers are realized. The concept of multicore PCF
lead to the realization of 1x4,1x8 power splitters with fixed
power splitting ratio [13].This concept of multicore in PCF is
extended to design the 1x4 PCF with flexible splitting ratio by
modifying the core diameters [14].With the development of
PCWs, several PCW based devices such as
interoferometers,lasers,multiplexers,demultiplexers and power
splitters are developed[15][16].Current research is to integrate
MMI coupler with PCW,which allows the realization of true
time delay line(TTD)[17] and other photonic devices.

PCF used in this work is multicored.The Photonic crystal
fibers (PCFs), consisting of a core surrounded by a cladding
were first proposed in 1996.Light in the PCF is well confined
in the longitudinal direction in the core region. According to
their light guiding mechanism, PCF can be divided into two
different types. 1) PCF, which guides light by total internal
reflection (TIR) 2) PCF, where guidance is provided by the
photonic band gap (PBG) effect. PCFs have perfectly periodic
structure of air holes in the cladding region. By having
different air hole diameters along the two orthogonal axis, the
no characteristics of PCFs, such as birefringence and
dispersion can be controlled [18].PCFs, which guides the light
by total internal reflection has the solid core and the PCFs,
which guides the light by PBG has hollow core as shown in
the “Figure 1”.
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Fig 1: a&b Solid core PCF and c&d Hollow core PCF [13]

This paper is divided into five major sections.Section 2
describes theory of PCF based 1x4 power splitter. Section
3describes the PCW based 1x4 power splitter .In section 4 we
present the results which will enable the user to have a free
choice of power splitters for particular applications. Finally
section five provides some conclusions.

2. PCF BASED 1x4 POWER SPLITTER
2.1 Modeling of PCF power splitter

The simplified model of the multicore PCF based Power
Splitter and its index profile is shown in “Figure 2”.The
Multicore PCF has a large central core surrounded by four
cores. Incase of fixed power splitter all the four outer cores
have same diameter. When flexible power splitting is
required, the diameters of the outer cores are varied
proportionately. The power is launched into the central core.
Gaussian pulse with1550nm wavelength is chosen.FDTD
method is adopted for the analysis [19].The power is coupled
from the central core to the adjacent cores. To understand this
phenomenon coupled mode theory is used [20].This type of
PCF based power splitters are fabricated using stack and draw
method. The background index of silica is 1.45. The inner and
outer cores are made of Ge, and As doped silica rods with a
refractive index of 2%, -0.7% respectively. Due to limits set
by manufacturability, the period, “A” is chosen to be 1.0 um.
The inner core diameter, ds/A, is chosen to be 0.8, followed
and then by an outer core with d/A = 0.2.Where “n”=1, 2, 3,
4 The outer cladding is made up of air hole rings with
diameter dg/A=0.2.

Contour Map of Transverse Index Profile at Z=0

()
@ ®

Fig 2: a) Schematic view of Multicore PCF based 1x4
Power Splitter b) Index profile.

“Figure 3” shows the variation of ng versus wavelength. It
can be seen that, at the phase matched wavelength 1.55 um,
the effective index changes rapidly with wavelength. This is
the reason for high dispersion of the structure at 1.55um, as
depicted in “Figure 4” The PCF used in this design has very
high negative dispersion coefficient of about -4400 ps/nm/km,
with a half width full maxima (HWFM) of 40 nm.These types
of PCFs are also used extensively in the design of True Time
Delay line for antenna beam steering, Mux/Demux,
Resonators and Micro fluidics and Sensors.
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Fig 3: Variation of n.; with Wavelength
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Fig 4: Relationship between dispersion value D and
Wavelength
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The cladding of the photonic crystal fiber has number of air
holes. By controlling the size of the air holes the optical
properties such as effective index, the number of modes and
the dispersion can be controlled. The optical fiber which
guides the light by PBG effect has a photonic band gap for TE
and TM polarization as shown in the “Figure 5”

TE Band Structure TM Band Structure

=ali)
=ain)

......

=

ey
*

=

o=

Frequency (wa/Znc
Frequency (ma/2nc

=

004 ' 00
r X M r r X M r
Fig 5: TE and TM band gap for the chosen PCF

2.2 Analysis of PCF based power splitter

Coupled mode theory is used for evaluating the field at the
four cores. The central core and the outer cores behave like
two parallel waveguides and the high dispersion is due to the
coupling between the two waveguides. “Figure 6”.shows the
coupling effect between the central core and the outer small
cores. In this case the power launched into the central core is
equally divided into other neighbouring cores with 25%
coupling ratio .The resent research has shown that compact
design of 6-8 core PCFs are possible. These type of PCFs find
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great applications as power splitters. Hybrid polarization is
used for simulation.

L

Fig 6: Coupling between the central core and outer cores

k; represents the coupling between the central core & outer
core.k,&K, is the horizontal and vertical coupling between the
outer cores. The mode coupling between the cores can be
described by the set of equations given below.

dag . .
d—zl+Jﬂlal=*Jal(kl+kh+kv) ()

dap . .
d—22+jﬂ2a2:—ja2(k2+kh +kv) )

da: . .
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Where a, (k=1, 2, 3, 4, &5) are the amplitude of the
fundamental mode in core. “k”and “B” is the propagation
constant. These outer cores behave like parallel waveguides
and the high dispersion is due to the coupling between the
central waveguide and the outer waveguides. By expanding
the propagation constant “p” of the modes using Taylors
series , we get,

22
dg (0-wp)” d
o)~ flog)(0-ap) B IR
o 0=0, 2 o ~
where i = 1.5 ©=0y  yepresents

the inner and the outer waveguides respectively and w,
represents the phase matched frequency.In this arrangement
the dispersion reaches the maximum value for phase matched
wavelength 2, = A, given by

4
_ 7 ,dm  dno.2
DMax =F > — (—=-——= 6
Max EZCK,(M o) )

For unequal power distribution, the diameter of each core is
varied by 0.01 pm

The modes in the cores are calculated by solving the four
modal equations. Each Eigen vector corresponds to a mode.
Plus sign indicates the phase of the mode, “1” represents the

amplitude. Minus sign indicates out of phase. The operation
of this power splitter is understood by the concept of five
super modes. This is shown in “Figure 7”.
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Fig 7:Relative amplitude and phase of the super modes in
1x4 PCF Power Splitter.

2.3 Losses in PCF based power splitters

Bending losses: As compared to conventional single mode
fiber, the bending losses are less. Unless the fiber breaks
substantial amount of bending losses are not observed. This is
because of the small value of AP between the edges of
Photonic Band Gap(PBG).Other losses are

e Absorption and Rayleigh scattering losses.

e  Confinement losses.

e  Coupling losses

3. PCW BASED 1x4 POWER SPLITTER
3.1 Modeling of PCW power splitter

The proposed 1x4 power splitter is schematically depicted in
“Figure 8”.The width of the i/p waveguide “b”=1um which is
a single mode waveguide.MMI coupler is a slab waveguide
with refractive index n=3.45.The dimension of the MMI
coupler is 5um x10um.MMI coupler is integrated with PCW
array.PCW array is rectangular lattice of dielectric rods in air.
The radius, and the refractive index of the rods are taken
r=0.2a, (a=period)and n=3.45.The four Photonic Crystal
waveguides are created by eliminating four rows rods.
(creating line defect in PC) and the diameter of the rods
adjacent to the waveguides are varied as a/A,a/2A and a/3h
where A is the operating wavelength(creating point defect in
PC).When fixed power splitting is required, all the o/p
waveguides are of equal width. Here creating a point defect is
not desirable. The thickness of the guiding layer is
150nm.Substrate  thickness is 500nm.These o/p PC
waveguides are replacing the conventional waveguides.
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Fig 8: a) Schematic view of PCW based 1x4 Power Splitter
b) Index profile
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The PCW array in the proposed power splitter has two PBG
for TM polarization as shown in “Figure 9”.Plane wave
expansion method is used to evaluate these band gaps. Full
vectorial method is adapted to compute the fundamental
mode. The fundamental mode and the modal index is shown
in “Figure 10”.

PWE Band Solver

04 08

02

E
H
z
g
3
;
i
H

o

0 1 H 3

igen frequencies or kvector 23 [LA30000, 0002000, 0.000000)
Simuation .. F:

Tolerance = 0.1 Band gapls found = 2

Band gap [ (4 27211-007, 562984, gap = 0.562983:

Band gap 1: (1582085, 0B682TS), gap = 010825

Fig 9:Photonic Band gap(PBG) for the PCW array
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Fig 10: Fundamental mode with modal index

In order to make the device compact, it is essential that the
PCW array used in this novel device has to be dispersive. This
is tested by observing the variation of the effective index with
wavelength, followed by computing dispersion at different
wavelengths. This is shown in “Figure 11”and “Figure 12”.
The PCW used in our design has very high negative
dispersion coefficient of about -4500 ps/nm/km.
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Fig 11: Variation of ny with Wavelength
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3.2 Analysis of PCW based power splitter
The i/p MMI coupler used in this novel power splitter has one
i/p waveguide which is planar and the o/p waveguides are
PCW array comprising of four waveguides created by the
removing four rows of rods to accomplish equal distribution.
Whereas the flexible Power Splitter comprises of four rows of
rods with unequal diameter.

o ¥ 1
1
Wonegste ]

Qutput
Waveguides

Fig 13: MMI coupler where the o/p waveguides are
replaced by PCW array

The geometry of the 1x4 flexible power splitter with one input
and three o/p is depicted in “Figure 13”.Allowed i/p and o/p
locations are at the integer multiples of W/N of the total
MMI width. Where “W” is the equivalent MMI width, which
is the geometric width of the MMI coupler including the
penetration into the neighbour material of the waveguide. The
length of such a MMI coupler is given by the relation

Ly =M. NG
with
Angff W 2
=T ®

Where “M” is the possible MMI lengths of overlap for MMI
with (N-1) possible i/p and o/p  waveguides,ne is the
effective refractive index,A is the operating wavelength and L,
is the coupling length of the MMI coupler.The splitting ratio
P./P, depends on the width of the PCW waveguide and the
effective index of the individual waveguide.Wherin P, and P,
are the coupled power and the i/p power.To obtain a flexible
power splitting ratio,the normalized width of the o/p
waveguides “dQ)” is varied by varying the size of the rods
incase of PCW based power splitter and the diameter of the
cores are varied incase of PCF-based power splitter.This
results in the variation of ng of each path.Hence L. is varied
resulting in flexible coupled power.The coupled power is
given by
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P; ~Cos2(0.57dr) )

The propagation constant B in the array section of the Power
splitter depends on “dQ2”.The propagation of light in the array
section is computed using coupled mode theory. The “dQ)” of
the array waveguide is chosen such that, the equal and
unequal distribution of power is ascertained.

do = M (10)

Neff

Where m is the order of the array, A is the central wavelength
and ne is the effective index. For this Wavelength the fields
in the individual waveguide will arrive at the o/p aperture with
equal phase but their strength is reduced to quarter. When the
diameter of the rods are varied for flexible power splitting,
there is some phase change at the o/p of the individual
waveguide. This is due to the change in the propagation
constant 3.

There are no bending losses and coupling losses as in the case
of Photonic crystal “Y” splitter and Power splitter based on
Direction coupler principle. However there may be some
losses while fabricating the device. This is due to the
integration of the MMI coupler with Photonic crystal array.
Furthermore, propagation losses can be ignored as the length
of the array section is very short.

4. RESULTS AND DISCUSSION

To verify the equal power distribution in the multicore PCF
power splitter, FDTD analyzer is used. Power is launched into
the central core, For “Z”=0 the power is confined to the
central core. “Z” is the distance. This is shown in “Figure 14”.
When all the outer cores are of equal diameter, power is
efficiently coupled from the central core to the outer core as
depicted in “Figure 15”.This is achieved after travelling a
distance “Z”=53um which is better than 5.8mm distance of
the earlier multicore PCF power splitter. Thus validating the
operation of 1x4 power splitter. 25% coupling ratio is
achieved in this case.
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Fig 14: Modal Field distribution at z=0pm at 1550nm.
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Fig 15: Modal Field distribution in 1x4 multicore PCF for
Z=53um

When outer core diameters are varied unequal power splitting
ratio is observed. This is the basis for the design of Flexible
power splitter, True Time Delay (TTD) line,Mux/Demux and
Optical Cross Connect. The unequal distribution of power is
shown in “Figure 16”.This is achieved for “Z”=57um.
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Fig 16: Modal Field distribution in 1x4 multicore PCF for
Z=57um.

PCF based 1x4 Power Splitter is analyzed in terms of
material, device length and coupling efficiency.FDTD
analysis is performed on PCW based 1x4 Power Splitter. In
this case the material used is GaAS instead of SiO, Here MMI
coupler is integrated with PCW array and observed the light
propagation from a planar device to Photonic crystal array .
When continuous wave is launched through single mode i/p
waveguide, it diverges in the MMI section, and enters the four
o/p photonic crystal waveguides. This is shown in “Figure
177.
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Fig 17: Light propagation in 1x4 PCW Power Splitter at
Z=14pm.
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In case of fixed Power Splitter, Field associated with each o/p
waveguide is equal.Wherin the field associated with o/p
waveguides varies in case of flexible power splitter. The
propagation of light in the four o/p waveguides in fixed and
flexible Power Splitters are depicted in “Figure 18”.

- — - —

Fig 18: Light propagation in a) Fixed Power Splitter b)
Flexible Power Splitter.

In “Figure 18” we observe that,o/p beams are parallel incase
of fixed 1x4 power splitters,wherin the beams are bent incase
of flexible power splitter. This is due to the variation in
propagation constant “B” along each optical path, due to
variation of the diameter of the dielectric rods. Although there
is some phase change, it does not effect the performance of
power splitter. However this property can be exploited for
designing the Mux/Demux as explained in earlier
publication[21].

Numerical simulation results are compared with theoretical
analysis. This is ascertained by observing the poynting vector
in both the cases as shown in “Figure 19”,thus validating the
function as 1x4 power splitter.

8410

0.000 4228 8455 12.683 16910

Fig 19: Poynting vector showing power in a) 1x4 fixed
power splitter b) 1x4 flexible power splitter

The unequal power distribution along the four o/p arms/outer
cores is due to the variation in field strength associated with
each arm(PCW) and each core(PCF).

“Table 1” shows the comparison between PCF and PCW 1x4
Power Splitters

Table 1. Performance of PCF &PCW 1x4 Power Splitters

Dispersion Device Coupling
Type ps/nm/Km length | Material Ratio
(um)
PCF SiO, 25% to
(Fixed) -4400 53 each core
(F:ZE(:inle 4400 57 S0 variable
PCW 21%to
(Fixed) -4500 135 GaAS each port
PCW -4500 14 GaAs Variable

| (Flexible) | \ \ \

5. CONCLUSSION

PCF and PCW based fixed and flexible power splitters are
investigated in this paper for hybrid and TM mode
propagation with FDTD method. The performance of each
structure is characterized and compared with each other for
maximum power transmission. By engineering the various
parameters of PCF, Photonic Crystal and MMI coupler
1x3,1x2 and 1x8 power splitters can be designed for optical
network. Here rectangular lattice structure is considered for
investigation. This work can be extended for other lattice
structures such as hexagonal, BCC and FCC. It’s being proved
that when a planar waveguide is integrated with PCF and
PCW, more complex and versatile designs can be
incorporated in Photonics.

6. ACKNOWLEDGMENTS
Our thanks to Dr.Achanta Venugopal, TIFR,Mumbai

7. REFERENCES
[1] Gerd Keiser, Optical Fiber Communication McGraw-Hill
International Edition, Ref. ISBNO-07-116468-5

[2] Yabolonvitch.E. 1987 .Inhibited spontaneous emission in
solid-state physics and electronics .Phy letter,58.(June
1987)2059-2062

[3] Z. Yusoff, J. H. Lee, W. Belardi, T. M. Monro, P. C.
Teh, and D. J. Richardson.2002 .Raman effects in a
highly nonlinear holey fiber: amplification and
modulation. Opt. Lett. 27, (March 2002)424-426.

[4] J.E.Zucker,K.L.Jones, T.H.Chiu,B.Tell and K.Brown-
Goebeler.1992.Strained quantum wells for polarization —
independent electro-optic waveguide
switches.IEEE.J.Lightwave Technology,Vol 10 (Dec
1992)1926-1930

[5] P.A.Besse, M.Bachmann, C.Nadler and
H.Melchior.1995.The integrated prism interpretation of
multi-leg Mach-Zehender interferometers based on
multimode interference couplers. Optics Quantum
Electron, vol.27 (Oct 1995) 909-920.

[6] L.Soldano, F.Veerman, M.Smit, B., A.Dubost, and
E.Pennings.1992.Planar monomode optical couplers
based on multimode interference effects.Journal of
Lightwave Technology.Vol 10(Dec 1992) 1843-1849.

[71 Kin Sang Chiang .2011.Formulae for the design of
polarization insensitive multimode coupler.
IEEE.Photonics Technology Letters.\Vol.23, Issue 18,
(June2011)1277-1279.

[8] M.Bachmann, P.A.Besse and H.Melchior.1994.General
self imaging properties in NxN multimode interference
couplers including phase realations. Applied Optics
Letters.Vol 33 (June 1994)3905-3911.

[9] P.A.Besse,E.Gini,M.Bachmann and H.Melcher
1996.New 2x2 and 1x3 multimode interference coupler
with free selection of power splitting ratios,IEEE Journal
ofLightwave Technology Vol 14,(Oct 1996) 2286-2293

[10] Hongzhen Wei,Jinzhong Liu,Ziaofeng Zang,Wei Shi and
Changshui Fang .2001.Fabrication of 4x4 tapered MMI
coupler with large cross section.|EEE Photonics
Technology letters,VVol.13,No.5, (May 2001)409-411.



International Journal of Computer Applications (0975 — 8887)

International Conference and Workshop on Emerging Trends in Technology 2014

[11] Jureg Leuthold and Charles.H.Joyner.2001. Multimode
interference couplers with tunable power splitting ratios.
IEEE Journal.of Lightwave Technology,Vol 19,No
5,(May 2001) 700-707.

[12] JyothiDigge,B.U.Rindhe  and  S.K.Narayankhedkar
2013.1x3  Flexible Power Splitters for optical
networks.Journal of World Academy of Science Engg
and Tecnnology.73(Jan 2013)1262-1266.

[13] Phillip St.J. Russel.2006.Photonic crystal Fibers J.ournal
of light wave technology, Vol-24, No 12, (Dec
2006),4729-47

[14] K. Tajima, J. Zhou, K. Nakajima, and K. Sat0.2004.
Ultralow Loss and Long Length Photonic Crystal
Fiber,IEEE J. Lightwave.Technology. 22,(Jan 2004) 7-
10.

[15] S.K.Varshney, K.Saitosh and R.K.Sinha.2009.Coupling
charectristics of multicore PCF-based 1x4 power
splitter.IEEE Journal ofLight wave Technology,.vol
27,No 12,(Dec 2009),2062-2068.

[16] Jyothi Digge, S.K.Narayankhedkar.2012.Novel Design
of  Photonic  Crystal  Devices for  Optical
Network.International Journal of Computer Applications.
No 6, (Feb 2012).25-30.

[17] Che-Yun Lin,Harish Subbaraman,Amir Hosseini,Alan
X,Wang,Liang Zhu.2012.Silicon Nano membrane based
Photonic crystal waveguide array for tunable true time
delay lines.Applied Physics Letters,101.0511(July
2012)101-103.

[18] K.Saitosh and M.Koshiba .(2002).Photonic Band Gap
fibers with high Birefringes. IEEE photonics technology
letters.(Sept 2002) 291-293.

[19] Yee,K.S.1966.Numerical solutions of initial boundary
value problems involving Maxwell’s equations in
isotropic media.lEEE trans.Antenna  prop(October
1966)3027-39

[20] T.Fujisawa and M.Koshiba.2006. An analysis of
photonic crystal waveguide grating using coupled mode
theory and finite element method. —Applied Optics
Lett,45 (June 2006)45, 4114-4121

[21] Jyothi Digge, S.K.Narayankhedkar(2010).Design and
Analysis of PCF based Demux for Optical
Network.Proceedings of IEEE.Next Generation Network.
10.10.19/2010.0208



