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(ABSTRACT)

All-fiber spectral filters have the advantages of providing low coupling loss and being readily
integrated into fiber-optic networks. Spectral fiters made of single-mode identical or dissimilar
core parallel fibers provide 3-dB spectral widths on the order of 1 to 10 nm. A spectral filter
made of single-mode and dual-mode fibers and operating based on coupling of power between
LPo; andLP;; modes is proposed for applications as narrowband demultiplexers and as broadband

mode converters with spectral widths of fraction of 1 nm to few 10 nm, respectively.

With appropriate choice of parameters, filters can be designed such tha&.thmode of the
single-mode fiber is phase matched with ttf#¢; mode of the dual-mode fiber at a desired
wavelength. Thus, significant exchange of power between these two modes can occur. The

coupled-mode theory of parallel dielectric waveguides is used to analyze the proposed filter.



Transmission expressions are derived from the governing coupled-mode equations and evaluated

numerically for example cases.

Two cases corresponding to maximum power coupling at dn8and 1.55um wavelengths are
examined. Design data and transmission characteristics versus wavelength for these two cases are
presented. The influence of the distance between fiber cores on peak transmission wavelength,
spectral width, and coupling length is investigated. The application of the proposed filter as mode
converter, which is required in the implementation of dispersion compensatior_Bsingode,

is elucidated.
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Chapter 1

Introduction

Research on communication systems is driven by factors that strive to improve fidelity and
increase thelata transmission rate - distanpeoduct between transmitter and receiver [1]. The
invention of LASER in 1962, spawned interest in making use of the enormous bandwidth
available at optical frequencies, particularly in the wavelength range eih®1#® 1.6um which
corresponds to the low attenuation region of silica glass fibers. In this wavelength range, optical
fibers as waveguides provide a reliable and low cost communication channel. Compared to the
conventional copper wires, optical fibers have numerous advantages including low transmission
loss, wide bandwidth, small size and weight, immunity from electromagnetic interference,
electrical isolation, signal security, and an abundant source of raw material in silica - a compound

of sand.

The light sources used in present day fiber-optic communication systems are laser diodes (LDs)
and light emitting diodes (LEDs) with spectral widths of few nanometers and few tens of
nanometers, respectively. Therefore, a single source fiber-optic transmission system utilizes only

a small fraction of the available bandwidth of about 800 nm betwegm®ahd 1.um. Several



LED signals and tens and even hundreds of LD signals can be accommodated in this wavelength
range. Simultaneous transmission of two or more optical channels over the same fiber is referred
to as wavelength division multiplexing (WDM). Using WDM schemes, the information carrying

capacity of a fiber-optic system can be increased drastically.

Wavelength division multiplexing has attracted considerable attention in recent years. This
technique can be implemented to not only design ultra high capacity fiber-optic communication
systems, but also upgrade the existing systems. A wide variety of signals like audio, video, and
data (analog/digital) can be transmitted through the same single fiber in future applications by
expanding the system without changing or modifying the existing optical fiber cables. WDM has
also found applications in non-communication areas, such as fiber-optic sensors. Sensor
multiplexing, particularly in situations such as in aircraft and spacecraft where size and weight are
of great concern to engineers, is fast becoming a subject of investigation and technology

development.

A WDM system requires a device to combine the optical channels at the transmitting end and
another to separate different channels from each other at the receiving end. The WDM device at
the transmitting side is essentially a power combiner and is referred to as a multiplexer. The
device at the receiver side is called a demultiplexer and should ideally separate out various
channels with negligible insertion loss and signal distortion. Both multiplexer and demultiplexer

are referred to as WDM device in the literature.



Demultiplexers are usually more difficult to implement than multiplexers and thus require a more
thorough design. Multiplexers in most applications are wideband directional couplers, while
demultiplexers are essentially spectral filters that separate out different optical channels. They can
be designed and implemented utilizing a variety of devices including wavelength selective
waveguide couplers, diffraction gratings, Fabry-Perot interferometers, Mach Zehnder
interferometers, and acoustooptical filters. A brief survey of the techniques and devices used in

the implementation of WDM systems is provided in Chapter 2.

All-fiber spectral filters have inherently lower coupling loss and hence are advantageous. They
are constructed using identical or dissimilar core fiber couplers. These fiber based couplers
operate based on the principle of coupling of dominant modes of interacting fiber lightguides.
The dimensions of two adjacent fibers forming the coupler can be chosen such that the dispersion
curves for the dominant modes of the two fibers intersect at a desired wavelength. At this
wavelength, the two modes are phase matched and exchange maximum power, while at other
wavelengths the two modes do not propagate at the same velocity and thus the transfer of power
is not substantial. The coupled mode theory as the foundation for coupling of power between two

parallel waveguides is reviewed in Chapter 3.

Most fiber based spectral filters investigated in the past consist of two single-mode fibers. In this
thesis, a directional coupler made of two unidentical fibers, one single-mode supportify;the
mode and the other a dual-mode, is proposed and investigated for filtering and mode conversion
applications. As a wavelength filter, th€y; - LP;; mode coupler offers much narrower spectral

width than a coupler whose constituent fibers are single-mode. The proposed coupler may also



be used as a mode converter for dispersion compensation application. Using the coupled-mode
theory of parallel waveguides, a set of differential equations governing the couplifg; @nd
LP;; modes in the proposed coupler is derived in Chapter 4. The associated coupling coefficients

are calculated and the transmission function of the filter is obtained.

Various dispersion phenomena in optical fibers and the application of the proposed coupler as a
mode converter for compensation of chromatic dispersion are discussed in Chapter 5. Numerical
results for transmission characteristics of the coupler and for the dispersion_&%{imode are

presented in Chapter 6. Design of narrowband and wideband couplers and important design
considerations such as spectral width, wavelength of peak transmission, side-lobe level, and
coupling length are addressed. The conclusions of this work and suggestions for further research

are summarized in Chapter 7.



Chapter 2

WDM Systems and Spectral Filters

2.1 Wavelength Division Multiplexing

Wavelength Division Multiplexing (WDM) is a technique for simultaneous transmission of two or
more optical signals on the same fiber. The signals from different sources are combined by a
multiplexer and fed into an optical fiber which is the transmission medium. At the receiving end,
different signals are separated by a demultiplexer and detected by photodetectors. The WDM
scheme increases the transmission capacity of optical communication systems considerably. The
two configurations of WDM systems that are possible are dme-way and the two-way
transmission systems as illustrated in Fig 2.1. While the one-way system requires only one
receiver or one transmitter per channel at each end, the two-way system requires both receiver

and transmitter at each end of every channel.

Optical multiplexers and demultiplexers may be classified into wavelength selective and
wavelength nonselective devices [2]. The wavelength selective devices are either active or
passive. The active devices are implemented using multi-wavelength light sources or multi-

wavelength photodiodes. On the other hand, the passive devices include angularly dispersive



devices, dielectric thin film filters (DTF), hybrid devices involving gratings and dielectric thin
flms, and waveguide couplers. Figure 2.2 summarizes the classification of multiplexers and
demultiplexers. The wavelength selective devices work on the same principle that the WDM
system is based; i.e., selective combination and separation of optical signals with different
wavelengths. While multiplexers could be either wavelength selective or wavelength nonselective
devices, the demultiplexers always need to be wavelength selective devices, hence their design is

more complicated.

Spectral filters are wavelength selective devices and may be based on diffraction gratings, Fabry-
Perot interferometers, Mach Zehnder interferometers, acoustooptic filters, or parallel coupled
waveguides. The performance of a spectral filter is assessed by three properties; spectral width,
side-lobe level, and insertion loss. Tuning range is also an additional important property of

tunable filters.

2.2 Spectral Filters

2.2.1 Diffraction Grating Filters
Grating devices when used as demultiplexers have approximately 3 dB insertion loss and 0.5 nm

passband with 35 dB of crosstalk rejection. Fine gratings with large variations in the effective
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indices result in small filter bandwidths. For example, gratings made by periodic modulation of
the refractive index next to the guide result in a bandwidth of 0.2 A and a loss of 0.5 dB for the
filter [3]. All-fiber gratings written directly onto the fibers and operating at 1550 nm have been
reported [4]. Gratings based on Bragg reflection are compact, tunable and have narrow passband.
A spectral width of 0.4 A has been obtained at 1500 nm wavelength for a compact demultiplexer
comprised of a two-waveguide directional coupler having grating reflecting regions at the two
output ends [5]. The optical length of the phase shift region can be varied to tune the filter center
wavelength. A narrower bandwidth of 1 nm can be achieved using two waveguides, one of which
includes a quarterwave shifted distributed feedback (DFB) resonator. This filter couples only a
part of the power from the other guide. In order to fully transfer the power, an additional
qguarterwave shifted DFB resonator is needed [6]. A tunable grating coupler/filter with 370 A
tuning range has been implemented [7]. It uses two vertical stacks of INGaAsP/InP waveguides
each having different effective indices and periodic grating between the guides to help in the
coupling of evanescent modes. With a distributed Bragg reflector (DBR) transmission filter
narrower bandwidth and increased tuning range are obtained [8]. A monolithic integrated
diffraction grating demultiplexer at 1500 nm with a PIN detector array fabricated on InP substrate
has been reported [9]. The gratings diffract the input beam from one guide onto an array of
guides that feed the PIN array. A channel separation of less than 1 nm is achieved with only 13

dB on-chip loss.



2.2.2 Fabry-Perot Filters

Fabry-Perot (FP) filters use a resonant cavity with reflective coatings at the two ends. These
filters have large spectral range, low loss and are polarization independent. An electrically tunable
fiber-coupled FP interferometer can be used as a wavelength demultiplexer in single-mode
systems [10]. At 1.Jum, it provides a linewidth of 5 nm and a free spectral range (FSR) of 180
nm when the cavity separation wagu®. A coupled-waveguide FP resonator consisting of two
parallel optical waveguides with partially reflecting mirrors at the two ends has been proposed
[11]. This fiter provides better mode discrimination and narrower spectral width than the
conventional FP resonator. A two-section FP filter tunable aroundurb.5has also been
proposed [12]. It has the advantage that the design specifications for the tuning range are
independent of the transmission bandwidth as opposed to distributed feedback (DFB) filters. This
filter has a tuning range of 15 A and a bandwidth of 5 GHz. Less than -10 dB crosstalk can be
achieved for a 25 channel WDM selection scheme. A standard two-fiber coupler with an
intermediate multilayer FP filter proposed provides bandwidths between 20 nm and 150 nm [13].
Multistage FP etalons can be designed as discrete-time lattice filters to achieve any desired filter
response [14]. They can be used in multiplexers intended for WDM and frequency division
multiple access (FDMA) applications. In addition, as modulation filters, theyndisate signals

based on modulation frequency as opposed to optical line frequencies.

Liquid crystal FP (LC-FP) filters have liquid crystals in their cavity. The refractive index of the
cavity or the optical length is varied by applying a voltage and altering the molecular alignment of
the crystals. This changes the resonant wavelength and thus the filter is tunable. A compact

narrowband filter can be used as an optical tuner using LC-FP [15]. With a Peltier controller
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using a low driving voltage less than 15 Volts, the filter provides a bandwidth of 0.3-1 nm, and
FSR and tuning range of 50 nm. It introduces a loss of -1 dB and is designed to be low

polarization dependent (< 0.3 dB).

2.2.3 MachZehnder Interferometers Filters

Mach-Zehnder (MZ) interferometer filters are built using two waveguides or fibers, one serving as
reference arm and another as signal arm whose refractive index is varied with the information
signal. This introduces phase variations for the mode propagating in the signal arm. A sequence
of seven serially arranged MZ switches using birefringence control techniques can select 1 of 128
channels [16]. Multiplexers and demultiplexers designed using the MZ devices for channel
spacing between 0.008 to 250 nm can be used in dense WDM systems with 100-1000 channels
[17]. A MZ interferometer using couplers as input and output channel dropping filters with
weighted coupling, provides less than -30 dB side-lobe levels, and can be implemented on Si or

InP [18].

2.2.4 All-Fiber Filters

All-fiber spectral filters have an inherent advantage of being easily integrated into a fiber-optic
link. They also provide lower losses and lower back reflections. Several all-fiber spectral filters
have been proposed and implemented based on the mode coupling phenomenon. These coupler
filters include fused taper coupler [19], dissimilar core fiber coupler [20], dual-core [21], and
triple-fiber couplers [22]. The fused taper coupler has a wide spectral width and can only be used
to separate few well spaced channels. Thendlas core fiber coupler on the other hand

provides a narrower spectral width in which peak transmission occurs at a wavelength that

11



corresponds to phase matched condition between the unidentical cores. The dual-core fiber
couplers can be used to design filters with different transmission wavelengths. The filter
bandwidth can be narrowed by increasing the number of dual-core segments. A modified dual-
core and a collinear triple-core fiber coupler filter that reduces the side-lobe level and eliminates
the undesired transmission windows have also been proposed [22]. The triple-core fiber filters
provide narrower bandwidth and much higher extinction ratio than the dual-core filters. The
coupler proposed in [23], based on couplingLBf; modes in W-index and step-index fibers,
yields a spectral width of 1.5 nm at 1300 nm which is considerably narrower than that obtained
from two dissimilar step-index fibers. A 3x3 collinear fiber coupler with three fibers on the same
plane when used in a ring resonator, is well suited for filter applications and densely spaced WDM

systems [24].

2.2.5 Other Types

Fibers made of crystalline materials such g&l¥0;,:Nds+ can be used to design filters that work

on selective impurity absorptions [25]. These filters can be tuned by using temperature variations
and it has a bandwidth of 10A at 8685A wavelength. Optical amplifiers can be used in a fiber-
loop to form amplified fiber-optic recirculating delay lines (AFORDL). The active AFORDL can

be used to design all-fiber filters for example, with a pole at +1 and a zero at -1ziplaine,

which cannot be realized using a passive unamplified one [26]. A filter based on antiresonant
reflection instead of total internal reflection in an optical waveguide called ARROW filters have
been proposed [27]. The ARROW filters using SBIWD, have bandwidths narrower than 7 A.

As compared to conventional directional coupler filter, they can have larger core size and are

12



much easier to fabricate due to the periodic dependence of coupling length on waveguide

separation.

The interaction of optical waves and acoustic waves results in several independent pass-bands and
stop-bands. The acoustooptic tunable optical fiters(ATOF) can thus be implemented in dense
WDM systems. A LiINb@ based polarization independent ATOF with a 1.3 nm bandwidth has
been designed and demonstrated at 1500 nm [28]. A double stage ATOF filter comprising of four
acoustooptic mode converters, a polarizer, and two polarization splitters provides a bandwidth of
1.4 nm with a tuning range of 76 nm around 1u6%[29]. A cascade of ATOF and Fabry-Perot

filter provides multiple narrow passbands and a wide tuning range [30].

13



Chapter 3

Coupled-Mode Analysis of Parallel Optical Fibers

3.1 General Considerations

Electromagnetic waves propagating in a dielectric waveguide can be represented as a set of
independent modes. The modes of two or more closely spaced dielectric waveguides can interact
and exchange energy if they propagate at about the same phase velocity i.e., when their
propagation constants are equal or nearly the same. The directional coupling of energy between
the modes of parallel waveguides can be used to our advantage in the design of optical
communication system components such as spectral filters, switches, and modulators. The mode
coupling phenomenon can, in principle, be analyzed by directly employing Maxwell's equations

and related boundary conditions, but it is rather lengthy and tedious. A simplified analysis based

on coupled-mode theory provides approximate solutions that are sufficiently accurate for most

applications of practical interest. Various phenomena in semiconductor lasers as well as in fiber

and integrated optics have been described using this theory.

J.R. Pierce was the first to analyze the mode coupling phenomenon in waveguides [30]. He
observed that by placing a series of obstacles in a waveguide the forward and backward

propagating modes could be allowed to couple and form a wave filter. In optical waveguides for

14



instance, these obstacles are perturbations in the form of periodic index variations, surface
irregularities, localized inhomogeneities, discontinuities, and axial nonuniformities. A general
formalism of the coupled-mode theory is presented first. The formulation is then used to study

the coupling ol.Py; andLP;; modes between two parallel optical fibers.

3.2 General Formulation
Let us consider two sets of electromagnetic fields denote(ﬁlaslfll) and (Ez, I:Iz). Using

Maxwell’'s equations, the Lorentz's reciprocity relation can be derived as [32]
a _- — % % - o — - e
IE(E1XH2+EZXH1)-dS——p)J’(Ff- E) ds (3.1)
S
where P, is a polarization vector associated with field 1 & az = constantplane. In
waveguide structure{Ez, FIZ) may be regarded as a known field associated with a given mode,

while (El, Fll) is an unknown field of interest in another waveguide or associated with another

mode. The transverse components of field 1 may be expanded in terms of the normal modes of

waveguide determined from the solution of wave equation and related boundary conditions. That

is,
%[ (2 e+ A(} & ] ke+J’ @B )z'% .epd (3.2a)
i [ (2 e - A(2 & ] }g+_} @ )zjéz ~h pd (3.2b)

In (3.2a) and (3.2b), the transverse components, aind H, are expressed as a superposition of

N guided modes with discrete propagation constants and an integration of radiation modes with a

15



continuous spectrum. Since our interest is in coupling of power between guided modes only, the
radiation modes can be dropped from the expansions. Now, considering tk(eég‘i;elaz) to

represent amth forward traveling mode, substituting (3.2a) and (3.2b) in (3.1) and invoking the

orthogonality properties of guided mode [33], we obtain

d . = =4 iB.z
d_A; - w£ (B ED) & ds (3.3)

Equation (3.3) can be used to study mode interactions among parallel dielectric waveguides. In
such cases, the vectdfa1 represents perturbations which provide the mechanism for mode
coupling. For example, the polarization vector resulting from perturbations of dielectric constant
by the amountre is P(F) = As(F) E(F). In most applications of practical interest, there are
only two guided modes that have sufficiently close propagation constants to allow substantial
exchange of power. In such cases, (3.3) is applied only to the two modes of interest and all other

modes are ignored. In the next section, coupled-mode equations for two parallel waveguides are

derived.

3.3 Coupled Parallel Dielectric Waveguides

The presence of a waveguide near another can be considered as a perturbation of one guide by the
other and vice versa. If the two waveguides are sufficiently close to each other, there can be a
transfer of power between the various modes of the two waveguides. In general, significant
exchange of power is possible only between modes with nearly equal propagation constants. Let

us assume that each waveguide in isolation supports only one mode. These modes are

represented by fields{ﬁl, I:Il) for waveguide 1 and field@?z, I:lz) for waveguide 2. The

16



combination of the two waveguides may be viewed as a composite waveguide. Tt(étiélas

of this composite waveguide may be approximated by the weighted sum of the unperturbed fields,
i.e., the fields of individual waveguides in isolation. The reason for this approximation is that in

dielectric waveguides fields decay in an exponential manner away from the core-cladding
boundaries, thus in the composite waveguide the fields of weakly coupled individual guides are

approximately orthogonal. The electric field of the composite waveguide is thus expressed as

—

E(r) = A2 E(M+ A(3 EO
=A(Dg(xy &+ A X g x)y ¥ (3.4)

A similar expression for the magnetic field (F) can be written. The perturbation polarization

vector in the composite waveguide is calculated as
Pee [ A a(xY & (b= B+ )b ye (in 2] @5
where n, = n (f) and n, = n, () are the refractive index profiles of waveguides 1 and 2 in

isolation, whilen, = n_(F) is the index profile of the composite waveguide.

Substituting (3.5) for131 in (3.3) and considerin§,, to be oncel?1 and thenEz, yields

d/;iiz) K A(Z) = - K el A (36)
dﬁjiz) + K, A (2 = - jk, €% A2 (3.7)

whered =f3; - B, and
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_ e 2_ 2\ a. % C o
K; _TOI (nC nj) gee ds i jF12 (3.8)
S
The coefficientsk; are the coupling coefficients. Wherr |, the coefficientsk;; and k. are
referred to as self coupling coefficients, while whe# j the coefficients, andk:, are referred
to as cross coupling coefficients. The coefficienisandk,, are generally much smaller thap

andk,; and are usually neglected. Then, (3.6) and (3.7) reduce to

dA(2

dz jK,e'% A(2) (3.9)
dpﬁ? =~ jKkne ™ A2 (3.10)

Equations (3.9) and (3.10) are coupled differential equations which can be readily solved by

eliminatingA; or A,. EliminatingA;, we obtain

CAD A a2 =0 3.11)

The solution of (3.11), assuming that (z = 0) = 0; i.e., the fields and hence the power in

waveguide 1 are zero at 0, is obtained as

A(D= A é2 sin( s} (3.12)

1
BT K

S= 2@ + K, Koy (3.13)
[

Substituting (3.12) in (3.9), the solution #y4(z) is determined as

A2 = K%Ej Scofs3- %Q sir( S)zE . (3.14)

18



The power flow in waveguides 1 or 2 is proportionaMcp(z)|2 or |A, (z)|2, respectively. The

power expressions for the two waveguides are expressed as

2
|K12|

R(d = R T2z sin'(s) (3.15)
S|
0 053 . =
P(2=PR élco§(8) + E!TS% sirf (SQE (3.16)

wherePy = 4 |Ao| 2 S?/ k12| > The results presented in (3.12) - (3.16) are valid for two arbitrary
parallel waveguides. They will be used in the next chapter to study mode coupling between two

fibers, one supporting tHeP,; mode and the other thé;; mode.
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Chapter 4

Analysis of LPg; - LP1; Mode Coupling

Let us consider two parallel fibers, referred to as fiber 1 and fiber 2, with coreyradila, and
refractive indices), andn,, respectively. The two fibers have a common cladding of refractive
indexn, and their axes are separated by a distdncEig 1 illustrates the geometry, parameters,
and index profiles of the two fibers. Fiber 1 is dual-mode capable of supporting Patand

LP;; modes, while fiber 2 is single-mode and supports only the fundanéhtahode. All light
power is initially in fiber 2 assuming thd,; mode distribution, but is coupled into fiber 1 and, at
the same time, converted intd®;; mode over the coupling region. Our aim is to analyze the

exchange of power betwe&i,; mode of one fiber antdP;; mode of the other. The fields of

LP;; mode in fiber 1 are denoted & and H,, while those of.Py; mode in fiber 2 are denoted

asE, andH,. Itis further assumed that bdtR modes are x-polarized.

The propagation constafif; of LPy; mode in the single-mode fiber is assumed to be substantially

different from the propagation constantld?y; mode in the dual-mode fiber. For
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Figure 4.1. Geometry, coordinates, and index profiles for the two coupled parallel fibers.



the fiber parameters chosen, this condition is easily met; see Figs. 6.1 and 6.6. This assumption
allows us to rule out any exchange of power betwdeyys modes of the two fibers over the
wavelength range of interest (luth <A < 1.6um). On the other hangg; can be equal to the
propagation constanB;; of LP;; mode in the dual-mode fiber at certain wavelengths; for
example, atA = 1.33um or 1.55um. This can be achieved by the appropriate choice of
parameters in the design of the two fibers. Thus, the exchange of power beRyesmde of

the single-mode fiber and thé;; mode of the dual-mode fiber is possible and is expected to be

maximum at or near the wavelength where these two modes are phase matched.

4.1 Coupling Coefficients

To calculate the coupling coefficierks, andk,;, the electric fields for theP;; andLPy; modes

in fibers 1 and 2 are required. Since optical fibers are weakly guiding structures with small index
difference between their core and cladding, the axial field components are very small compared to
the transverse components and thus neglected [34]. The transverse fiedds grpolarized.

Here, x-polarization is considered; that i€, = e, 3 and &, = e, 8. The electric field
expression for theP;; mode in fiber 1 is [33]

_ ECl [‘]1(ul r1)/\31(U1) ] cos@,, r,<a,

= 4.1
S [K(w ) /K w) | cose,. 1>, @y

X

and for theLPy; mode in fiber 2 is
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= %CZ [JO(U2 rZ)/ Jo(Uz) ], r,<a,

q6 [k kW) s a, @2

X

whereJ, andJ; are Bessel functions of the first kind, andK; are modified Bessel functions of

the second kindZ, andC; are constant coefficients, abd, U,, Wy, andW, are defined as
U, =ua =kaqm-B) (4.33)
U, =u,a, = kya,y/ 15, = B, (4.3b)
W=wa=ka B~ g (4.3¢)
Wo=wa =k aBh- 1§ (4.3d)

In the above definitionss, = 2774 is the free-space wavenumber, dhg= B1i/ko and B,,= Bor/ko

are the normalized propagation constantisRaf andLPy; modes, respectively.

The constant coefficient€; and C, are determined such that the power of each mode is

normalized to unity. That is
1 1 3
Slehy dg=516 § d3=1 (4.4)
S 5

The expressions fdC; andC; are given in the Appendix A. Now, substituting (4.1) and (4.2) in

(3.8) and performing the integrations, the coupling coefficientandk,; are obtained as

K = 2(n22 - rﬁ) Kl(Wld) uu, 1 .
12 Nk () Ko (W) K(w) &V UZ W (4.5)

(g o (we) (W) + we k(W) | W)
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2(n? - rg) K,(w, d) LU, 1 _
NN K (W) Ko (W) K(w) & Ve s+ W (4.6)

(o) (W) + W k(W) o W)

whereW = w a, W, = w, a , Vi* = U” + W%, andV,® = U,” + W,°.  The details for the

K21

derivation of coupling coefficients are given in the Appendix B. It can be quickly verified from
(4.5) and (4.6) that the coupling coefficierts and k,; are equal whem;, = n, anda; = a, as

expected.

4.2 Transmission Function

The transmission characteristitgl) is defined as the ratio of power output from fiber Z atL

to power input into fiber 2 &= 0.

T0) = Power output from fiber 1 Pl(z: L)
~ Power input into fiber 2 F’Z(Z: o)

2

_ |K12|

RE)

sin? (S L) 4.7)

where

andL is the coupling length. The transmission funcfiga) is a function of wavelength through
S The coupling coefficients as calculated in (4.5) and (4.6) are substituted in (4.7). The

transmission characteristics of the coupler can now be obtained for a specific wavelength range
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and fiber parameters. Narrowband and broadband spectral filters can be designed by suitably
selecting these parameters. It can be noted from (4.7) that maximum power is transferred from
fiber 2 to fiber 1 over a length. = 77(2S. The coupler can thus function as a power transferor,
and as a spectral filter that selectively transfers power. Furthermore, maximum transfer of power
occurs near a wavelength that corresponddSte (11— = 0. The optimum length = 77(29

that is required for the optical filter is dependent on the wavelength Siigea function of
wavelength. Thus, different wavelengths of the same signal require different optimum physical
coupler lengths for efficient power transfer. In other words, for a particular physical length the
filter passes only certain wavelengths efficiently. Initially all the power is fed into fiber 2 and
ideally all of it must be transferred to fiber 1 after traveling a distanicethe coupler portion.

Before proceeding further to the design and numerical simulation of various spectral filters and

their characteristics, we need to examine the implicatiobBgfmode not being a true mode.

4.3 Effect of the Pseudomode Nature afP,;

Most applications of coupled-mode theory to parallel fibers have been limitel,tonodes in

both fibers. Th&.Py; mode is a true mode and corresponds to the velfgrmode. In the case

of LP;; mode, and in general &lP,, modes with > 1, caution must be exercised because they

are not true modes. In fa¢tf?;; mode is obtained by superimposing the vector mode [dies, (

HE,;) or (TMos, HEz1). In a weakly guiding fiber, the three vector mod&s;, TMo;, andHE;;

have almost the same propagation constants and are nearly degenerate. If the degeneracy were

exact, there would have been no problem, but even a small difference between the propagation
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constants of the modes constitutinB;; mode causes interference. For this reason, the mode
coupling betweerLPy; mode of the single-mode fiber amdP;; mode of the dual-mode fiber
should be considered as a three-mode coupling problem. The amplitude coefficients and the
corresponding propagation constants of the three modes are denoted as

Dual-Mode Fiber: Mode A a2, Bu

Mode B 51(2) B
Single-Mode Fiber: Mode C a(2), B
where mode A iFEy;, or TMpz, mode B iHE,;, and mode C iblE;;.

Let us defineB, AR, and AR as

B= B, - B, (4.8a)
AB=PB, - B, (4.8b)
A_B=31-B2=6B+AB (4.8¢)

Substituting the appropriate fields of the three modes A, B, and C into the reciprocity relation

(3.3) and upon further simplification, the following two sets of coupled differential equations are

obtained.
d . .
Slarae™)=-jak, e (4.92)
daz H =~ — OBz —iABz
ik (ara e ) e (4.9b)
and
d =~ - |33z . iABZ
d—z(al+ale“SB ):—ja2K12 s (4.10a)
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d -
d_azz = -k, (& +a, &% ) & (4.10b)

It is realized that the terra, + @ €'%7, is in fact, the amplitude term for thé;; mode with

0Bz

phases referred to mode A, whereas the t&rm a, € is the amplitude with phases referred

to mode B. Both sets of equations (4.9) and (4.10) have the same format as (3.9) and (3.10), and

thus the power expressioRs;(z) andPyi(2) resulting from solution of (4.9a) and (4.9b) will be

) P

the same a®:(2) and P,(2) in (3.15) and (3.16), respectively, with = %g + Ky, Ky

where AB = 3; — B.. Likewise, the solution of (4.10a) and (4.10b) for power expresé_?g(m)

and P,(2) will be obtained from (3.9) and (3.10) wiireplaced with

Ideally, Po1(2) andP14(2) should be equal t®,,(2) and P,(2), respectively; but in reality they are
not equal because these modes are only approximately degenerate. Howgues,ithen the

two sets of results are very nearly the same.

Our interest is primarily in the spectral characteristi®qtA) or P,(\); that is, variations of

transferred power from the single-mode fiber into the dual-mode fiber versus wavelength. The
important features are the coupling lengthfor maximum transfer of power, the spectral width,
and the wavelength corresponding to peak transmission. The coupling length (f& bartil

P, to be maximum) is
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The spectral widths for botR;; and B, are essentially equal, becal®e(A) and P,(\) have
identical mathematical forms and,, Kz2;, and A3 are nearly constant throughout and in the
neighborhood of main transmission window (i.e., about the wavelength of peak transmission).

The wavelength corresponding to peak transmissioPfgA) and P,(A) are slightly different.
These wavelengths correspond4 = 0 and AB = 0 and differ by only several nanometers. It

may be concluded thaP,(\)=P,(A-8)\), where &) is the error due to the true mode

approximation of the_P;; mode in the coupled-mode analysis. Fortunately, this error is within
acceptablelimits. In conclusion, the coupled-mode analysis applied directly to LiPe
pseudomode, rather than to its constituent true modes, provides accurate results for coupling
length and spectral width. The transmission wavelength is predicted accurate to several

nanometers.
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Chapter 5

Dispersion Compensation

Attenuation and dispersion are two limiting effects that need to be dealt with in fiber optic
communication systems. The problem of attenuation can be overcome with the availability of
optical amplifiers. Most of the optical fibers that are in service today were designed for low
dispersion at the wavelength of Ju&h. However, minimum attenuation in silica glass optical
fibers occurs at the wavelength of 1j5%. Optical fibers designed to operate atin8result in
substantial dispersion at 1.%%n which should be compensated if the saiterate - distance
product is to be maintained. Currently there exists two kinds of techniques to compensate for
dispersion, active and passive. The active technique involves implementation of pre-chirping and
frequency-to-amplitude conversion of source signals or pulses. The passive technique, on the
other hand, makes use of passive elements like specially designed optical elements, fibers and
couplers to compensate for dispersion [35]. In this chapter, we look at one such passive
technique of utilizing the proposddPy; - LP;; mode coupler to compensate for chromatic
dispersion. But before proceeding with the details, various dispersion phenomena in optical fibers

are briefly reviewed.
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5.1 Dispersion Effects

Information signals are distorted as they propagate along the fiber. Various dispersion effects
contribute to these distortions, and depending on whether they occur within the same mode or
between different modes, they are referred tangmmodal and intermodal dispersion [34].
Intramodal or chromatic dispersion occurs when the signals carried by a particular mode of a fiber
gets dispersed due to the material and the waveguide characteristics of the fiber. If the refractive
index of the fiber varies with wavelength, different spectral components of the signal carried by a
mode travel at different velocities along the fiber and thus arrive at the receiving end at different
times, thereby distorting the output signal. This type of dispersion which is due to the variation of
the refractive index of the material with wavelength is knowmaterial dispersion The signal

carried by a fiber is also distorted due to the waveguide characteristics of the fiber, the resulting
dispersion effect is known agaveguide dispersionOn the other hand, the input signal can be
carried along the fiber by more than one mode. In a multimode fiber, each mode has a different
propagation constart and hence travels along the fiber at a different velocity. The dispersion in
this case is known as intermodal dispersion. For the two-fiber coupler under investigation here,
we can assume that only one mode is excited in each fiber from the fact that in order for different
modes to exist in a fiber they need an appropriate excitation source or mechanism. It is
emphasized that power froloP,; mode of the single-mode fiber is essentially coupled td.he

mode of the dual-mode fiber and not tolii%; mode because of phase matching conditions.
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5.2 Chromatic Dispersion

The two components of chromatic dispersion are material and waveguide dispersion. To assess
the material dispersion, variations of refractive indices of materials used in optical fiber structure
versus wavelength are required. The wavelength dependence of refractive index is described by

the Sellmeier equation expressed as [36]

3 )\2
n?(\) =1+ Z )\ZA_ v (5.1)

whereA; andA; are Sellmeier coefficients and are obtained by measurements. These coefficients

for 25 silica based glass materials are available.

The material dispersion in the absence of any waveguiding effect is obtained from [37]

d?n

mat:E d}\Z

D (5.2)

The waveguide dispersion in the absence of material dispersion; i.e., assuming that refractive

indices of core and cladding do not vary with wavelength, is obtained from [37]

il

O (5.3)
N

wherec is the velocity of light in free space afds the propagation constant of the fiber mode.
An estimate of the chromatic dispersion is obtained by adding the waveguide and material

dispersion calculated separately. This method is approximate and its accuracy may not be

31



adequate for broadband applications [38]. Chromatic dispersion can be more acurately calculated

by incorporating refractive index variations into the characteristic equation.

For the two modes of interest, the characteristic equations are expressed as

0) K

. JO(Ul) W Ko(V\{) =0, for LP;; mode of fiber 1, (5.4)
JO(U ) KO(WZ) = 0, for LPy; mode of fiber 2, (5.5)
U,3,(U,) W k(W)

whereU;, U,, W;, andW, have been defined in chapter 3. Equations (5.4) and (5.5) are functions
of wavelengthA, propagation constaifi, and refractive indices of core and cladding materials.
However, when each refractive index is replaced with the R.H.S of (5.1), the above characteristic
equations become only a function Afand 8. Doing so, all wavelength dependencies are

accounted for simultaneously. Then, chromatic dispersion is obtained from

[
11,0800, 00" B0)0
2T[CD dA dA°

(5.6)

Equation (5.6) is used to determine chromatic dispersion for bothRhenode of fiber 1 and

LPo; mode of fiber 2. Solving (5.4) for the first mode and using the resulting propagation
constantB;; in (5.6), the chromatic dispersidn; for theLP;; mode is obtained. Repeating this
process by solving (5.5) for the first mode to ffiid and then substituting in (5.6), the chromatic

dispersionDy; for the LPo; mode is obtained. It is emphasized that characteristic equations (5.4)
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and (5.5) are solved numerically. Also numerical techniques are used to calithteand

Bl

5.3 Dispersion Compensation

Chromatic dispersion can assume both positive and negative values. Cascading two fibers with
opposite sign chromatic dispersion results in reduction of total distortion over the combined
length of the two fibers. A single-mode fiber designed for operatioh=atl.3 um results in
positive dispersion if operated &t= 1.55um. This dispersion can be canceled if the signal is let

to propagate in a fiber with negative dispersioi at 1.55um. TheLP;; mode of a step-index

fiber generally provides negative dispersion and thus can be used for dispersion compensation

purposes.

The signal carried by an existing single-mode fiber (initially designed for | suh.2ut now
operated at = 1.55um) is converted to d.P;; mode by thelLPy; - LP;; mode coupler.

The output of the coupler is spliced to a specially designed dual-mode fiber which provides a large
negative dispersion for tHeP;; mode. This negative dispersion causes the spread pulses to be
compressed and reassume its original width over a lelngththe dispersion compensating fiber.

The lengthL is obtained from
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Figure 5.1 Dispersion compensation udiiy; mode.
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D,

01

L' =
Dll

L (5.7)

wherelL is the length of the 1.3@m fiber. AnotherLPy; - LP1; mode coupler can convert the
LP:1 mode back td_Po; mode which then will be coupled into the next segment of theurh.3

Fig 5.1 shows the dispersion compensation setup in a fiber-link.
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Chapter 6

Numerical Results

To assess the performance of the propokBgh - LP;; fiber coupler for applications in
wavelength filtering and dispersion compensation, numerical results based on the formulation
developed in Chapter 4 are presented. Transmission characteristics for several example cases are
calculated and discussed. Design of narrowband and broadband spectral filters and important
design considerations such as spectral width, wavelength of peak transmission, coupling length,
and side-lobe level, are addressed. The chromatic dispersion faPthenode of several
dispersion compensating fibers designed to yield large negative dispersion atmi.iS5also

evaluated.

6.1 Transmission Characteristics

Transmission characteristics are calculated using the power transmission flig)iagiven in

(4.7) and rewritten here as
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_ |K12()‘)|2

T(A) = T sin? (S(A) L) (6.1)

The transmission functiof(A), apart from being a function of wavelength, also depends on fiber
parametersy, a, Ny, Ny, andn,, fiber separatiord, and coupling length.. Furthermore, the

coupling coefficientsk;, and k; as well asS depend on the propagation constants of the
constituent fibers. Thus, to obtain the transmission characteristics, first propagation c@astants

and o, for theLP;; andLPy; modes respectively, are calculated.

Two cases corresponding to peak transmissioh=atl.33um andA = 1.55um are considered.

The parameters and material compositions of fibers, yielding a peak transmission jah 1283
summarized in Table 6.1. Fig 6.1 illustrates the dispersion characteristid, {0 LP1,, and

LPo;? modes, where superscripts (1) and (2) refer to fibers 1 and 2, respectively. These

characteristics show variations of normalized propagation consﬁmiﬁ( K, ; ko = 217A) versus

wavelength. It is noted that the characteristickR#® andLP1,Y) modes intersect a = 1.33

um. In other words, these two modes have the same propagation constant and thus are phase
matched at = 1.33um. The dispersion characteristic foPy,"’ mode is not needed in the
calculation of transmission function, but is given here to ascertain the fattPgaahode of the

two fibers have substantially different propagation constants and thus do not exchange power.
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Table 6.1 Fiber parameters and material compositions foum3ater.

Fiber  Core radius A at Core Cladding
(um) A =1.33um Material Material
1 3.4 0.8% 13.5 m/o GeO 5.8 m/o Ge®
86.5 m/o SiQ 94.2 m/o SiQ
2 3.1 0.4% 9.1 m/o GeO 5.8 m/o Ge®
90.9 m/o SiQ 94.2 m/o SiQ

m/o = mole percent
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Figure 6.1 Normalized propagation constantd_fy; andLP;; modes of fiber 1 andPy,;

mode of fiber 2. The parameters and materials of the fibers are as defined in Table 6.1.
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Fig 6.2 shows the transmission characteridijd) of a 1.33 um spectral filter with fiber
parameters and materials defined in Table 6.1. As expected, peak transmission occursiat about
= 1.33um. The separation of the two fiberds= 20um. The half-power spectral width4s\ =

1.5 nm and the first side-lobe level is about 0.1 (-10 dB). It is noted that with these parameters,
the coupler functions as a narrowband spectral filter. The spectral width of the\iltes
primarily governed by the slope difference between the propagation constants of interacting
modes as well as the fiber separatthn In fact, it is the larger slope difference between the
propagation constants bPy; andLP;; modes in the proposed coupler, compared with the slope
difference for twoLPy; modes in a coupler made of two dissimilar step-index single-mode fibers,
which is responsible for narrow spectral width. Fiber separation also influences the spectral
width. Reducing the separation results in an increase in the spectral width. This is clearly seen in
Fig 6.3 which shows the transmission characteristicferl5um. All other parameters are the
same as those in Fig 6.2. The 3-dB spectral width is about 13 nm for the wideband filter.
Variations of half-power spectral width versus separadi@ne shown in Fig 6.4. It is noted that
spectral width appears to decrease in an exponential manner with fiber separation. This behavior
is attributed to the fact that for smaller separations the two fibers interact more strongly because
overlapping evanescent fields are stronger, thus allowing coupling of power to take place over a

wider wavelength range.
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parameters and materials of fibers are as defined in Table 6.1.
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Figure 6.3 Transmission characteristic of 188 filter with fiber separatioml = 15um. The

parameters and materials of fibers are as defined in Table 6.1.
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Another important design parameter is the coupling lebgthThis length is determined such that
T(A) is maximum at the desired wavelength for peak transmission. It is clear from (6. T(\that

is essentially maximum whe#Ao) L = 172. Thus,

L=1/25(n,) (6.2)
For this case, = 1.33um. The coupling length is strongly influenced by the fiber separdtion
Fig 6.5 illustrates variations of coupling length versus separdtidhis apparent thdt increases
exponentially with separaticth Again, the reason for this behavior can be explained if it is noted
that interaction of modes in the two fibers and exchange of power between them is through the
evanescent fields in the common cladding region. The evanescent fields decay exponentially from
the core-cladding boundaries of the fiber. Thus, the further apart the two fibers are, the weaker
the interaction between them and the longer the required length for maximum transfer of power.

In summary, narrower spectral widths are achieved with larger coupling lengths.

Next, spectral properties of a filter with peak transmissioAn at1.55um are examined. The
parameters and materials for the fibers used in this filter are summarized in Table 6.2. The
dispersion characteristics bPp;® andLPy,") modes for this case are illustrated in Fig 6.6. It Is
noted that these characteristics intersedt atl.55um and the modes are thus phase matched at
this wavelength. On the other hand, the propagation constantB.gP and LP;;? modes

are substantially different, thus practically no exchange of power between them. Transmission
characteristics for fiber separations of @& and 15um are illustrated in Figs 6.6 and 6.7,
respectively. As anticipated, the peak transmission is at approximatelyrn.%%.541um to be

exact). The 3-dB spectral width is about 1.1 nm for the narrowband filter and 40.8 nm for the
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Table 6.2 Fiber parameters and material compositions fouinSiter.

Fiber Core Radius A at Core Cladding
(um) A = 1.55um Material Material
1 3.85 0.8% 13.5 m/o GeO 5.8 m/o Ge®
86.5 m/o SiQ 94.2 m/o SiQ
2 3.5 0.4% 9.1 m/o GeO 5.8 m/o Ge®
90.9 m/o SiQ 94.2 m/o SiQ

m/o = mole percent
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Figure 6.4 Variations of 3-dB spectral width versus fiber separation fouin33rhe

parameters and materials of fibers are as defined in Table 6.1.
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Figure 6.5 Variations of coupling length versus fiber separation fohi33The parameters and

materials of fibers are as defined in Table 6.1.

46



1.470

1.468 |

1.466

1.464 |

1462 |

1.460 |

2 1.458 |

1.456 |

1.454

1.452 |

1.450 —_—
1.0 1.1 1.2 1.3 1.4 1.5 1.6 1.7
Wavelength (um)

Figure 6.6 Normalized propagation constantd_fy; andLP,;; modes of fiber 1 andPy,

mode of fiber 2. The parameters and materials of the fibers are as defined in Table 6.2.
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wideband one. Variations of spectral width and coupling length for this filter are shown in Figs
6.8 and 6.9, respectively. Much of discussions on spectral width and coupling length j@in1.33
filter are also applicable to 1.38n filter. However, for the same fiber separations, the spectral
width of 1.55um filter is larger than that for the 1.3@n filter, while the coupling length of the

former filter is smaller than the latter one.

6.2 Dispersion Compensation

Let us consider a single-mode fiber designed to provide zero dispersion gim..33NVhen
operated afA = 1.55um, this fiber results in positive dispersion on the order of 13 ps/nm.km, as
shown in Fig 6.11. The fiber has the same material composition as that of fiber 2 in Table 6.1, but
the core radius is 3.4m ( in order to have zero dispersion at 1188 ). To compensate the
pulse spreading resulting from the positive dispersion at dm5the LPy; mode of this input

fiber is converted to theP;; mode by means of coupler filter with parameters as defined in Table
6.2. The output of the couples connected to a dispersion compensating (DC) fiber as
illustrated in Fig 5.1. TheP;; dispersion curves for these DC fibers are shown in Fig. 6.11. The

parameters and material compositions for these fibers are summarized in Table 6.3. It is noted
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Figure 6.7 Transmission characteristic of Jubfilter with fiber separatiod = 25um. The

parameters and materials of fibers are as defined in Table 6.2.
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Figure 6.8 Transmission characteristic of Jubfilter with fiber separatiod = 15um. The

parameters and materials of fibers are as defined in Table 6.2.
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Figure 6.9 Variations of 3-dB spectral width versus fiber separation fopin55rhe

parameters and materials of fibers are as defined in Table 6.2.
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Figure 6.10 Variations of coupling length versus fiber separation fopin55The parameters
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Figure 6.11 Variations of dispersion id?,; mode of output fiber andP;; mode of three

dispersion compensating fibers with parameters and materials as defined in Table 6.3.



Table 6.3 Fiber parameters and material compositions for dispersion compensating (DC) fibers.

Fiber Core Radius A at Core Cladding
(um) A = 1.55um Material Material

DC1 14 4.1% 16.9 m/o Na Pure Silica:
32.5 m/o BO; annealed
50.6 m/o SiQ

DC2 2.4 1.5% 13.5 m/o GeO Pure Silica:
86.5 m/o SiQ annealed

DC3 3.8 0.6% 5.8 m/o GeO Pure Silica:
94.2 m/o SiQ annealed

m/o = mole percent
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that the dispersion of tHeP;; mode is negative and very large for index differen&gsriore than
1%. As an example, foA = 1.5%,D;; = -277 ps/km.nm at 1.5pm and all the dispersion

accumulated over the lengithof input fiber can be compensated with,/D;,| = 0.0471 of the

DC2 fiber.
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Chapter 7

Conclusion

7.1 Conclusions

A two-fiber coupler operating based bRy - LP1; mode coupling has been proposed and studied
using coupled-mode theory. One of the fibers used in the coupler structure is single mode
supporting only the fundamentbP,; mode, while the other is a dual-mode fiber whoBg;

mode is phase matched with th®,; mode of the first fiber at a desired wavelength. With
appropriate choice of parameters, the coupler can be designed to function either as a narrowband
spectral filter or a wideband mode converter. Using the coupled-mode theory of parallel dielectric
waveguides, spectral characteristics of the proposed coupler were investigated. The effects of the
pseudomode nature @fP;; mode on analytical solutions were examined. Design data and
transmission characteristics for couplers with maximum coupling atl.33um andA = 1.55

pum, two widely used wavelengths in fiber-optic communication, were calculated. The 3-dB
spectral width of the 1.3@m coupler varies between 1.5 nm and 13 nm when the fiber separation
varies from 20um to 15um. The spectral width decreases almost exponentially with the fiber

separation. Thus, a very narrowband filter as well as a wideband filter can be obtained by varying
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the fiber separation. The coupling length is also strongly influenced by the fiber separation,
increasing nearly exponentially. The side-lobe level of the ph88lter is about

-10 dB ford = 20 um, and is affected by the fiber separation but to a lesser degree. Filters
designed for operation in the 11 8n window can find applications in wavelength division

multiplexing.

Transmission characteristics of a filter designed for operation atphrb%ere also presented.
Generally, at this wavelength, spectral width and side-lobe level are larger, and coupling length is
smaller. The 1.5%m coupler can find applications as both demultiplexer and mode converter.
For mode conversion application, a wideband design is preferred. The coupler convelRg the
mode of a 1.33um single-mode fiber into theP;; mode of a dual-mode fiber with large negative
dispersion at 1.5pm. Design data for several dispersion compensating dual-mode fibers were

also presented.

7.2 Suggestion for Further Work

Both fibers in the proposed coupler are matched-clad step-index fibers. The analysis presented
here may be extended to study th®&, - LP;; mode coupling when one or both fibers are multi-

clad fibers such as W-fibers. This may result in even smaller spectral width. Another suggestion
is to study mode coupling betwekRy; and other higher-order modes such.Bs, modes. The

higher order modes provide higher negative dispersionltRarmode.
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Fabrication and measurement of the proposed coupler is a necessary step to be pursued.
Although the simulation results are very optimistic, but the implementation of the proposed
coupler will certainly require refinements and improvements which might be identified through

experimental evaluations.
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Appendix

A. Field Normalizations

The electric fields present in the two optical fibers axdog the LP;; mode and g for the LPy;

mode, respectivelyN; andN, are determined such that the power flows are normalized to unity.

Normalization N; :

1
N; :Enlvolqulz ds (A1)
21 |:|31 U
_nYy, 7 r) () 0
S Oco§¢1d¢l DJ’ % r, dr, +J’K— r, dr, E (A.2)

Using the characteristic equation for ttfe;; mode given in (5.4) and with help of identities

(K2 (2) - K, (z)) (A.3)

and

(3@ + 3,(2) (A4)

N; is obtained as
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— nlYO T[af KO(\Nl) V12
RN DI -

Normalization N, :

* ds (A.6)

2n 02 , © 5 il
=M% (e, O LYY dr, + [ o We2) (v r.) r, dr, U (A7)
2 .IO 2 E.IO JOZ (Uz) 2 2 .L Oz(v\é) 2 2 E

Using the characteristic equation for ttfe;; mode given in (5.5) and identities (A.3) and (A.4),

N, is obtained as

_nY ug: Kl(Wz)

7T 2 ko)

V22
— A.8

The constant coefficients; andC; in (4.1) and (4.2) are now given as

C =N, (A.9)
C, =YN, (A.10)
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B. Coupling Coefficients

Coupling Coefficientky, :

From (3.8), we have

1, =220 (2 - ) qu g d$ (8.1)

The integration is performed over the core of fiber 2. In the core of fiber 2, the;fieliffiber 1
varies almost exponentially, whilexeof fiber 2 behaves according th (u, r;). In terms of

cylindrical coordinates, the above integral is represented as follows

a, 2m
LT ) Kwn)
o ] ] S ki cosh oo 52

The coordinatesr{, ¢,) in terms of which the fieldgis expressed must be transformed to the
coordinatesrg, ¢,) to facilitate the calculation of the above double integral. In doing so, we use
the relationship [33]

€ 1 - p LCOSpé,
K.(ar) | ﬁ]ﬁl =% p:Z_m (-1 K. ,(ad) 1(ar,) | ;Ssiz (B.3)

In our casem = 1 anda = (Wy/a;). Thus,

+00

Kl(wl rl) cosp, = > (-1° Kp+1(w1d) Ip(wlrz) cogd , (B.4)

p=-

Now, substituting (B.4) in (B.2), we get
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21

)
> (-1)° Kpﬂ(Wl d) I Ip(w1 rz)Jo(uzrz) rzjcosp¢ ,do ,dr, (B.5)

p=e JO(UZ) K1(VV15 o ’

But,

when p=%1% 2,.. fo

when p= 0 (B-6)

+00 2n 3 |:| O
3 [ cospb. b, =0,
We further make use of the relation

jza(az Wb} dz= o= {bd(ad Wbk+ ad ad (8] @®7)

a

and evaluate the integrejl in (B.5). The result is
0
[Io(ur) To{wyry) rodr, =
0

2, O U, i
7 a2 XU Jo(Uz) |1(W1 az/ aﬂ)+_ Jl(UZ) IO(Wl az/ aﬂ)D (B-8)
U. +V\4 0% a, 0
& a

Finally, using the characteristic equation for Lh#&; mode given in (5.5) and the normalizations

N; andN; in (A.5) and (A.8), the coupling coefficiekt, is summarized as

2(n§ - rﬁ) K (Wld) u,u, 1

v ) (W) k() 3% U e

(W Ko(ws) (W) + w k(W) W)

Kip =
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Coupling CoefficientK,; :

From (3.8), we have

K21=%(nf-n§)qu g, dS (B.10)

The integral term can be expressed as,

a 21

”Jl(ul r) 3(U) Kw,r) K (W) cosp, rdrdh,  (B.11)

0 0

1

N, N

172

As before, the coordinates,(¢$,) must be transformed to coordinates ¢:). Using (B.3) with

m=0,

+00

Ko(w, 1) = 5 (1) K, (w,d) 1,(w,r) cospp , (B.12)

p=-
When the above expression is substituted in (B.11) and integrated with respedtam O to

2711 it has a non-zero value only whers + 1. Now, the integral in (B.11) is calculated as follows

- . 3,(u 1) Ky(w, d)
2I()cos2 <|>1o|<|>1jo'|1(w2 r) L0 K, 0) r,dr, (B.13)

We further use the relation

[7 32 (b2 d= oz {ad(ad Wbi+ b az L8] (814
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a

and evaluate the integrf in (B.13). The resultis

0

a

IJl(U1 r) 1(w,r) rdr,=

0

(U O
o7 0w+ o a0 2)0
o e

(B.15)

Finally, using the characteristic equation for ti&; mode given in (5.4), the normalizatioNs

andN, in (A.5) and (A.8), and the identities (A.4) and

the coupling coefficient,; is summarized as

2(n? - rg) K, (w, d) u,u, 1

Koy =

g o) (W) + W k(W) (W)

)W) (W) 2 Ve VT

(B.16)

(B.17)
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