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SUMMARY

The study described in this thesis relates to the optical
evanescent wave coupling between bulk, thin film and fibre stxuwtuze;,
with a view to producing efficient interconnecting waveguides for
cptical ccmmunication systems.

X review is presented of the general waveguide and directicnal
coupler theory, surveying the work of other authors and unifying
various methods using a common notation., The waveguides encountered
in the work are analysed using a ray-optic approach and a description
of the wave;vector components and the eigenvalue equations is obtained.
The solutions of the coupled wave equations are obtained analytically,
and by a digital simulation of the general differential eguations.
Determination of the coupling coefficient is apprcached.from three
different aspects: the general wave, the ray-optic, and the direct
or intuitive. The latter two are limited in their general application
but are particularly usefﬁl in this work to the evaluation of the
theoretical coupling coefficient for a coupler consisting of graded-
index waveguides.

Methods are described of modifying the cladding material of
circular fibres to facilitate transverxse coupling, and an example of
coupling to a cladded multimode fibre from a thin film waveguide is
presented, Qualitative results are obhtained for the excitation of
cladded fibre waveguide modes at a region of cladding modification.
Because of the importance of the technique, firstly to demonstrate
transverse coupling in fibre optics, and secondly as a fibre test and
evaluation procedure in its own right, a detailed description of the

method and an analysis of the results is given. The high-order

waveguide mode patterns are presented and discussed, and favourably

compared with the theoretical predictions. Further modification

of the cladding-treated ragion allows selective excitation of the

111



complete mode family (including the HE mode) of an overmoded clad

11
fibre.
Coupling-~fibres of alternative geometries are described,
commencing with a review of planar ribbons. The sandwich rikkon

optical fibre is introduced and the properties and uses to which it
may be put are discussed. The three~dimensional sandwich ribbon
fibre is developed and the excitation and the characteristics of the
near-rectanqular waveguide modes are studicd.

Finally the SR fibre is put to use in several éxperimental

coupling configurations. A reciprocal quasi-single-mode directional

coupler with a measured transfer efficiency of 97% is obtained by

matching the phase velocities of the fibre and £film modes. An
. ' iy RES o
experimental coupling coefficient of 47_ﬁh is recorded. A second

value for the coupling coefficient, independently obtained by varying

/2
the phase mismatch, is égéﬁh . These values compare with a
: S n/2
theoxetical prediction of Eé_hm' SR fibres are shown tc provide

a solution to the problem of interconnecting thin f£ilm circuits and
coupling integrated optical components to the optical data highway,
and the findings of this work are related to the expected trends in

system development.

Iv
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Much human endeavour has been directed towards the transmission

and manipulation of electromagnetic cnergy for the rapid and accurate
transfer of information. The historical progression of developments
has been one of increasing carrier fiequency, from the radio waves of
the earlier part of the century, through the microwave bands to the
optical region of the spectrum. Most advances have been preceded by
the introduction of an efficient power gource, and the develcpment of
the laserx ig 19601 stimulated the upsurge of interest in optical
communication. The large potential bandwidths available; using a
highly coherent source in the visible or near-infrared region, has
lad workers over the past ten years to consider methods of optical
waveguide transmission and data processing.

Two distinct categories have emerged.

l.1.1 Fibre Optics.

; : 2
Fibre optics, according to Kapany is

"the art of active and passive guidance of light
(rays and waveqguide modes) in the unltraviol
visible or infrared regions of the zpectrum,
along transparent fibres through predeterminad
paths".

4
ev,

In 1966, Keo and Hockham3 proposed the use of glass fibres as a
transmission mediuvm for modulated laser light, which focused attentcion
on the communication possibilities of optical fibre waveguides. The
bulk loss of the materials, at that time, was in many hundreds of
dB/km, preventing transmission over reasonable distances. However,
in recent years the considerable research effort has reduced the

- attenuation dramatically: 20 dii/km was noted by Kapron et.al.4 in

Yid
1970, 8 dB/km was recorded in 1971 by Ogilvie et.al.5 vsng liguid

s G
core fibres, and recently Keck et.al. at Corning Glass Works in

~a



-
America and Payne and Gambling at Southampton University reporited
losces as low as 2.7 d8/km.

First generation systems comprising light emitting diode (LED)
sources and large diameter fibres and fibre bundles were demonstrated

L c , G
at Standard Telecommunications Laboratories in 1968 and such systems
are now on a sound commercial focting. They provide rugged, compact

: i

and secure data links, such as manufactured by Thomson ~ CS¥ for
application in avionics and short-range teleccnmunications. The
higher bandwidths afforded by semiconductor lasers and single-mode
fibres have led to the production of a second generation of systems
using direct pulse code modulation (PCM) of the source and avalanche

: : 38 r ol
photodiode detection. High data rate transmission ovexr long
distances will undoubtedly supersede the coaxial micrcwave systems
at present in use. The future of fibre optice is thus assured and
the subject has passed beyond the laboratory models to the stage of
commexcial utilization.

There is projected, however, a third generation of systems in
which terminal equipment of a low-loss fibre optical communication
link will comprise "integrated cptical"” devices, which form the
cecond catégory of curxent interest.

1.1.2 Integrated Optics.

The term 'integrated optics' introduced by S.E. Millerlo of
Bell Laboratories in 1969, described the miniature form of laser
beam circuitry which concentrates light in thin film waveguides
deposited inside, or on the surface of, a common substrate. The

domain of integrated optics defined by Taylor and Yarivll is,

“"the integration of a number of optical components
in a single structure to perform complex functions".

2 ni
Shubert and Harris discussed the gpplication of surface waves on

thin films to integrated data processors. Lenges, pyisms and



1%

oratings were demonstrated in thin film form,  and the gecmetrical
optical properties of light beams in the thin films were presented

3
. .14 . : : :
by Ulrich and Martin. ‘he thecretical analysis of propagation in

15
. . - . ve o
dielectric sheets can be traced back to Hondrcc and Debye. In

& . 16 2 A . - -
1954 Hatkin described the travelling wave as the addition of two

& Mo )
E o
-

criss-crossing plane-wave components, as did Lotsch The method
L . : . ’
was used by Tien to introduce the modes of propagation in thin
filws. Rectangular dielectric waveguides have been studied
19 pRLe, 21 2z
theoretically by Goell and Marcatili, Goell and Thaya

independently demonstrated a passive thin film directional coupler

fabricated using rectangular waveguides. Active thin film devices

- L% s

76

23 24 i 25;2 27
such as modulators, deflectors, integrated lasers 1“2 and detectors
have already been demenstrated. Because of their small size, many
of these devices are more thermally and mechanically stable than their
bulk counterparts, and the high electrical and optical field densities
lead to very efficient and compact devices.

dhe selective excitation of waveguide modes by a Gaussian laser
Pk : s oa = 5 4 g 28
beam using a high-index coupler was described by Tien et.al. and
s 29 : ;
Midwinter = and other forms of input/output coupling devices such
; 30 & . 3
as the tapered film coupler, the periodic grating couplex and

-

the holegraphic coupler32 are in regular use. These were devised

as convenient methods of transferring unconfined optical energy into
and out of single active and passive waveguide devices, and wculd not
be used in a practical waveguide-to-terminal configuration. The
intexconnection of thin f£ilm circuits and devices on the same or

separate substrates and the coupling of integrated circuits to the

optical fibre data highway was recognised as ‘the coupling problem'.



1.1.3 The Coupling Problem.

mhe efficient coupling of optical fibres to integrated
waveguides is the basic hindrance to the development of a complete
third-generation system. The marriage of the two categcries, with
their particular and recognised advantages to preduce a fibre optic
data link between integrated optic termiral equipment, has become a
problem of significant proportions. Solutions: have bheern attempted
which can be subdivided into separate classes; co-directional and
transverse coupling.¥

«

The probl@ s associated with the former approach are formidable.

Because of the wide discrepancy in waveguide profiles between thin film
optical circuits and circular cladded fibres,butt jointing {(figure 1l.la)
presents an inherent mismatch of the guided mode fields.. Reflecticn
losses and micropositioning difficulties produce furthexr inefficiencles.
It would be advantageous if the fibre could be coupled at any part of
SRR
Beivin

the integrated circuit and not solely at'the film edge.

has produced one of the best examples of a fiilm to fibre couplex, with

> e r

i P 35236
a transfer efficiency of approximately 30%. Other workers Iive
studied the codirectional coupling from thin £ilm semiconductor lascrs

to circular fibres, with figures of 66% power transfer reported.

* The terms 'codirectional' and 'transverse' were defined by Axneuo.?—
'Transverse' describes the evanescent field coupling of two ox wore
dielectric waveguides lying side by side, where the transfer of power
takes place in the transverse direction. 'Codirectional' applics
where the two waveguides are placed end to end, and the transfer of
power takes place along the common axis. This term will be expanded
in this text to include the coupiing of waveguide radiation fields

along the direction of power flow.
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Tien et.al.3 have converted the guided £ilm wode into a radiation
mode in a manner similar to a dielectric rod antenna and collected
the energy in a large diameter fibre (figure 1.1b).

There are, however, two major objections to cedirectional
coupling in the published forms:

(i) they rely on the overlap of guided mode cr radiation
mode fields, and are inherently lossy and generally
non-reversible;

(ii) +they represent coupling frém 2 single-mode to a
multimode waveguide. The advantge of high bandwidth
obtained by reerting to integrated optics technology

is, therefore, lost.

Transverse coupling presents an attractive alternative solution.
Many analogies can be drawn from the weli-established microwave.
technology of directional and distributed couplers,39 and techniques
used in them can, in principle, be applied at the highexr optical
frequencies. Because of the much shorter wavelength of ligit the
dimensional and positional tolerances of such couplers decrease,
introducing further difficulties in fabrication, although realization
is etill within the framework of our present-day technology. The
basic epproach is shown on figure l.lc, where the coupling fakes
place via the interaction of the component waveguide evanescent
fields. Bulmer4o has studied the distributed coupling between
a single-mode fibre and a plaﬁar waveguide, The fields of the
fibre core were brought to the surface of the fibre by reducing the
overall dimensions, and the presence of a phase grating brought
about the necessary phase-matching condition for the guided modes,

Unwanted interactions were iatroduced which limited the efficiency

i 4.
of the device. Hammer = attembted a similar configuration, this



time with the fibre cladding partially removed. The transfex
4?2
efficiency was limited to 6%. Dalgoutte, in 1975, utilized a
= . : 43 :
rew type of fibre intrcduced in 1974, to couple enerdy out of a
thin film waveguide. To overcome the phase mismatch, a tapered
. : . 44 St 45
velocity coupler, described by Louisell and Wilson and Teh
wae used, and an efficiency from film to fibre of 70% was reported.
All of these couplers can be applied to the coupling of high-
refractive-index thin films and low-refractive-index glass [ibres.
The major advantages to be gained from transverse coupling are:
(1) the power transfer can reach a theoretical maximum
of 100% in either direction;
(ii) the coupling is generally between single waveguide
modes ;
(1ii) the relative cross-sections of the waveguide structures
are not required to bhe the same or similar.
Coupling can take place at any point on the thin €£ilm circuit and the
amount of power coupled can be varied at will. However, a completely
successful and practical coupler has not yet been reported in the

literature.

g Motivation and Aims of Research.

At the commencement of this research in September, 1973, few
methods of coupling fibres and films were known, although Laybourn
in 197246 had proposed the use of thin unclad planar ribbon waveguides47
for this purpose, and had gualitatively demonstrated the principle.

Thin film waveguide directional couplers were just appearing in the

-,

’

: 2
literature, though the phenomenon of spatial beating was well-

50,51

A BT ) ; . !
known in fibre optics and in microwave transmission lines
Many exciting developments wexre taking plaze in integrated optics,

particularly in modulation and integrated lascrs. Concurrently,



ultra-low-loss optical fibres were being developed?

It was felt that the advances in integrated optics would ke
of use only when a method of coupling optical circuits together and
to the optical data highway, was developed. The aims of the
present research were, therebre, set out as follows:

(i) To develop a theoretical and experimental understanding
of evanescent field coupling of thin film and fibre
opticel waveguides with a view to producing efficient
and practical film to fibre waveguide coupling devices
for future generations of optical communication syscems.

(ii) To investigate novel forms of optical fibres and

coupling configurations, always bearing in mind the

future system requirements.

d:53 Review of the Contents of the Thesis.

In Chapter 2, follewing this introduction, a general treatment
of waveguide and directional coupler theory is presented. In Part I,
we deal with the waveguides encountered in this work: step-index and
graded~index slab waveguides, rectangular waveguides and circular
wvaveguides. A simple plane-wave approach is adopted for clarity,
and e notation is made consistent throughout. Part IT of Chapter 2
describes the coupled wave solution for two transmission lines, and
gives some cxamples of the expected response with different propagation
constants and coupling coefficients. The detexrmination of the
coupling coefficient is then discussed and the results of our
thecretical predictions are compared with those of other authors.

Chapter 3 introduces the need for cladding modification of
circular fibres for the purpose of evanescent field coupling, and two
methods of achieving this are described and compared. The uses to

which such modified fibres may be put are evaluated in a preliminary

coupling expeviment.



The principle is further demonstrated in Chapter 4, where
the excitation of low = and high -~ order modes of a clad circulax
fibre by a high-~index prism coupler is described. The work of
this chapter leads to a verification of circular fibre mode fields
and propagation characteristics, and shows that evanescent fieid
coupling to and from other structures at a suitably treated region
of the fibre is possible, though not necessarily practicable.

Chapter 5 describes possible alternatives. The previous
work on planar ribbon fibres is reappraised and an improved version -

. .

the sandwich ribbon fibre - is described from the manufacturing
process to a theoretical and experimental analysis of the structure.
The properties and uses of sandwich ribbon fibres are discussed.

Chapter 6 is devoted in its entirety tc an extensive study
of the three-dimensional sandwich ribbon fibre, an entirely new
waveguide for use in the coupling experiﬁents. The results of these
experiments are presented in Chapter 7, where the realization of the
first single-mnde fibre~film optical directional coupler is described,
as well as some novel coupling configurations. The theoretical
predictions are recalled at relevant points.

In conclusion we present in Chapter 8 some further discussions
of the results and relate the findings of our work to expected trends

in system development.

There is ample scope for further study, and suggestions for

the continuation of the work are given.



CHAPTER 2. WAVEGUIDE AND DIRECTIONAL COUPLER THEORY.

2ok Introduction.

The aim of the chapter is to present a general waveguide and
directional coupler theory, reviewing the work of other authors and
unifying the various methods using a common notation. Several
novel methods of stating the problems and obtaining equivalent
solutions will be discussed.

The chapter commences with Part I, containing brief sections

n
outlinfg the theory of guided modes of step-index and graded-index
slab Qaveguides, and rectangular and circular waveguides. Though
a fuller account of such structures is available in the prescribed
literature, the sections will serve to introduce the reader to the
coordinate system, the notation and the methodology.

In Part II the coupled wave equations, representing the
most general description cf the behaviour of coupled modes in
transmission lines, are solved analytically. Use is made of a
digital simulaticn of the coupled differential eguations and computer
solutions are obtained directly. The determination of the coupling
coefficient is approeched from three different aspects: the general
vave solution (in particular for slab waveguides), the ray optics
method for coupled slab waveguides, and a direct apprcach. The
results will be summarized in a concluding section.

PART I. WAVEGUIDE THEORY.

2.2 Step~indax Dielectric Slab Waveguide.

ol k.
In many integrated optic = and fibre optic applications42'43'47
the waveguide consists of a high-refractive-index layer, Ty r embedded
in low-refractive-index media, No and n, as in figure 2.1la. The

waveguide is termed 'slab' because it is taken as infinite in the

ty-directions and the media n, (the superstrate) and n?(t‘ne substrate)

10



d z,
. Y “ A < 7\ -\L ' i
A AN AT |
. / ; x G b n'
\ ]
o o / \ A
pr % BN, b9, \/ i |
2 2
' ! : 0 £ N

(a) step-index dielectric slab waveguide .

A A '
Ey H, Hy > E,
HX EX

TE ™

(b) slab waveguide mode polarization

FIGURE 2.1 Plane wave formulation of a

step - index slab wavequide .

M



extend to infinity. The dielectric materials are all assumed to
be isotropic. Mathematical solutions of the waveguide show that
there exist many possible modes of light-wave propagation which
depend on the refractive indices and the thickness, b, of the
guiding region. We will, however, restrict cur attention to
guided modes, that is where the light energy is "trapped" in the
guiding region n . and the wave is totally reflected back and

forth between boundaries nl/nO and n /no. The problem can be

2
considered as two-dimensional optics where the zig-zag moticn may
be represented by two wave vectors A and B, for the downward

travelling and upwaxd travelling plane waves respectively. The

z components of A and B are equal, indicating a constant wave

velocity in the axial direction, while the X components are egual

and opposite. We have
kZ = kz = knlsin 6 = B 2l
A B
and
k = =k =k s 0 = 2
XB ¢ nlco kl P
A
where
21 w ,
e S Iy v 2.3
kK = A = ¢

w is the angular frequency, ¢ the velocity of light in Qacuum, and A
is the free-space wavelength.
The superposition of A and B results in a stending wave across the
thickness of the guide.

Consider now a ray, normal to the B wavefront reiflecting at
a point z,, on the nl/n2 boundary, totally internally reflecting at

point z, on the nl/no boundary and returning to a point z The

2.
phase change for the plane wave to cress the thickness b of the

guide is k the contribution is 2k_b.

2 1
At z = Z the wave experiences a phase change, ~2¢12, due to the

ib, and between zO énd Z
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total reflection there%13 and similarly at Zl of —2@10. Foxr the
waves in thethin film to interfere constructively the total phase
change from (just before) %, to (just before) z,, must be squal to
an integral numbexr of 21, so

2k b - 2. =2 = 2mll 2.4
Ky Y12 "®10 n .

2

oxr

= 1 . ’ ' 'S5
klb ml 4 ¢l2 + (t.LO 2.5

Since a plane wave approach is being used, there are two possible

wave polarizations, TE and TM, outlined in figure 2.1b. TE waves
have components E ,H ,H and TM waves, E ,E ,H . The reflection
Y X 2 x z'y

phase changes -2¢lp(p = 0,2) are slightly different fox each

polarization and therefore equation 2.5 will have solutions for THN and

-1i3
TMm modes . Evaluating the phase changes, »2¢lp, gives:
FEds 4 k
o 0o -1 2
kb= + tan § -— + ta R 2.6
ko etk 2k
where
2 452 2 i
kl = Jk nl —8 /-7
2 2.2
ko = =~k nO 2 ot
2 2 2.2
r = -k 2.0y
T T T 2
and
£ = ] for T modes )
B s )
Yin = G0yl
n )
(;l)2 for TM modes )
8]

Equation 2.6 represents the characteristic or eigenvalue equation

-

g A /
for the waveguide modes. A more rigorous analysis, involving

Maxwell's curl equations and application of the boundary conditions
at nl/no and nl/n?, reveals an equivalent solution. In addition

one finds that, for guided TE waves,



~

Ey(x) = Ey cos [ kl(x-b/z) ] b>x>0
or = Eycos¢loexp(kox) ~0¢ X0
or = ﬁycos (¢12 + wll) exp [—kz(x~b)] w>x2b 2.7a

The obvicus extensions for TM waves are omitted. The normalized

amplitude of the Ey wave at x = 0 is, from equation 2.7b

E_(0) ~1, X

A L cosd = cos{tan O "] e 0 A
: a el
Y Ky e

and at x = b, from equation 2.7c
E (b) -1
—;X——— = cosp,, = cos (tan Eg_) & %) A 5
: e 2 2.% T

Ey yl |t k? )

Equations 2.8 and 2.9 have equal signs for even modes (m = 0,2,4, etc)
and opposite signs for odd modes (m = 1,3,5 etc). There are (mtl)
electric field maxima in the x direction. The field is exponentially

A edat

decaying from the surface awmplitudes E (0) and E (b) with decay constants
¥ Woing wnd iy ¥ ¥
;- and ;-[respectively, the so-called evanescent (guickly fading or

0 2
vanishing) fields.
The propagation factor {, in equation 2.5, is a function of

the refractive indiceg, the guiding region thickness, the wave

polarization and the mode oxder. The important parameter,

%-= nE - nlsine 210
the 'effective' refractive index, can be found for a particular waveguide
system, The plot of n, against the thickness b, for the different
modes is called the 'dispersion curve', and several examples of this
characteristic graph are presented in this thesis, for example figure 5.4.

It should be stressed that the analysis has been presented fox

: 8
guided modes only. In fact there is 2 continuum of radiation modes}

a

.

(e}



where n lies outside the bounds of the guiding conditions
e

>n >n for n >n
7R 0 2

or >n2 for n2>n0 2.11
Using a simple plane wave (ray optic) analysis, the characteristic

equation for meode propagation in isotropic steé—index slab waveguides

has been cbtained. The field distributicns have been stated, ana the

concept of an evanescent field has been introduced. The results are

well-known, but will find application throughout the work and provide

an inperesting starting-point from which the concept of a guided wave

may evolve.

LA, Graded-index Dielectric Slab Waveguide.

The ray optics approach may be used to advantage to describe
mode propagation in waveguides the solutions of which are not as straight-
forward as the step-index slab. In this section the method wili be
applied to a situation of particular relevance: the graded-index slab
waveguide, having a refractive index profile n(x) whose meximum value, n
occurs at the surface (x=0), again embedded in a superstrate N and a
substrate n, (figure 2.2). If we assume n2>n0 then the range of the
effective refractive index for guided modes is
>n >n J32
L o 2%
The use of a plane~wave approach allows us to employ the well-known
: 76
WKB approximation, in which we write
2 2. %
k. = k. (x) = k(n -n 1
1 1( ) (n" (%) § ) 2:13
77
Gedeon  has demonstrated that, for a monctonically decreasing function,

the approximation yields n, values within about 0.01% of the exact values.

Again the intuitive formulation can be stated:

[ (phase change over path length)+(phase changes due to reflections)] |= 2nl
round
tri
P 2.1

15



FIGURE 2.2

Graded index dielectric
slab  waveguide .




Tf b is the turning value of the ray trajectory in the guiding medium
e
where 0(x)= n/z, kl = 0, and, from equation 2.13,
= 7 2.15
n(be) M
then the total phase change over the 'round trip' path length is

b
e

2k X (n? (x)=n %) %ax « L 2.16
e 2
(e}

The-n/z contribution here accounts for the reflection at the WKB
turning point.

If the reflection phase-change at the ns/no interface is

¢

included, being

-1 ko
-2t L e 12y
2tan %o "
s
where % w for TE modes
o
ns 2
(;—') for TM modes 2.18
[e)
and :
2
k‘_2 = k2ns - 62 2.19
we obtain, from equations 2.14, 2.16 and 2.17
b
() -1
: 2 2. % 1l X :
- o -/ S
k.j {nix) ng ) BREN mil + A tan go ffl 2.20
o -

Equation 2.20 is the characteristic equation for the TE, ox %t
of a graded-index slab waveguide, having a slowly-varying refractive
index profile n(x). The RHS of equation 2.20 may be solved as a
function of ne analytically or, where appropriate, using methcds of
numerical integation. The dispersion curves for particular profiles
can be construcied and in Chapter 7 of this thesis the example cf a

linear refractive index profile is discussed.

\

The wave functions are obtained from Maxwells eguations which,

7
for TE modes, reveal

17




(%) 4 kz(x) . Ey(x) = 0 2:21

e e
The eigenfunctions, Ey(x), may be approximated by

b 4
~1/2
E (x) =~ k(x l/cos [ J'k(x) dx - T ] 5 92
y ks ] 4 e L
be
in the range
by > X.> 8 2.23
e
Outside the bounds of equation 2.23 the fields are exponentially
decaying with decay constants %—- and‘V%-. At x = O equation
: o e .
2.22 becomes
B (o) & cos(tanm1 ko) E ke 5. 24
y "ttt T arer & Sl
s § e T
s o

the approximate value of the surface field,'normalized with respect
to the field amplitude at the turning value, b . Note that the
e
normalization caters for the cut-off condition D> Ny where Ey(be)+ ™

and Ey(O)/EY(be)-> 0.

The plane-wave approach has been extended to evaluate the
characteristic equation of a general monotonically-decreasing graded-
index slab waveguide. The solution of equation 2.20 will be
particularly useful in this work where the majority of the thin film
waveguides used were silver/sodium ion-exchanged and which have an

approximately linear refractive index profik.

2.4 Rectangular Dielectric Waveguide.

v

In most practical applications the guided wave is not unconfined
in the y-directicn. The assumption that there is no field variation
in that direction does not, therefore, hold and the propagation behaviour

of threc-dimensional* waveguides is of considerable interest generally

*It is appropriate at this initial stage to clarify the definition of the

tern h-dinmensional' used in this context. A slab waveguide is an infinit

sheet of dielectric material and is defined as 'two-dimensional' because
light may be confined in a beam in any direction within the plane of the
sheet. Strictly speaking the field varies transversely in the thickness
direction only. The texm 'three~dimensional' applies to the situation
where the fieid in the cross-section varies in two directions and the
confined energy can propagate in any direction in the complete space.

o



and of particular interest here. The proklem has been tackled

.19 ¢ 20 T
theoretically by Goell and Marcatili The latter author

develcps a system of transcendental equations which describe mode

propagation in a uniform dielectric waveguide enbedded in regions of

lower refractive index. The refractive index profile and the
coordinate system are shown in Figure 2.3a. The solution is

readily obtained in an approximate form by introducing a simplification.

It can be assumed that the fields within the four shaded arcas are

i2

small Ffor reasonably well-guided modes, and that the problem can be

.

as the superposition of two sets of interfering plane waves

thought ©

by

in the %z and yz planes producing a standing wave in the xy plane and

a propagating wave in the z-direction. The plane wave approach

developed for slab waveguides may be applied in both thé xz and yz

planes to give

sl ko -1 X
kb=ml + tan glo_k +tan £, T 2.2
X X
k k
...l ol "l g
ka=m + tay Ll ‘ il
y y! pa L1 e Ry e
Y X
vhere m, and my are the mode orders in the x- and y- directions
respectively.
If the substitutions
= + 5, A
qQ= (m +1) y
p = (m + 1) .
v 2

are made, g and p indicate the number of extrema of the electric or
magnetic fields in the x and y directions, and the equations of

. 20 ; .
Marcatili vesult. The modes are of the TEM kind and can be

grouped into two families E: and Ey where

n
12
5 = (=) : for EY modes
1p n
P 5 p = 0,2
= 1 for BT modes
gl,O ' = 1 Lo I-:y modes
I nl & R = O ’zi
= (;m-) for B” modes
p ‘
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In equations 2.25 and 2.26 above it is convenicnt to introduce two

further propagation constants BX and £ such that

k ‘¢ . k2n et sz 2.30
X X

2 2. w2 B. 2
= - 2,.3)

ky k n, Yy
Gl G e 2.32 B PR AL Sl 2.34

£ o 96 o § o' y '

2 SN g 4 .2 G
K ® Bx B iy T s 2,33 ko ot S T 2.35

From the vector diagram of figure 2.3b it is evident that

e R SRR, 2.36a
1 X y
or from equations 2.30 and 2.3l
gimip ife pop ot infyot 2.36b
X y 1

Using working similar to equations 2.6 to 2.9, it is a simple matter
to evaluate the expected waveguide field distributions, the magnitudes
of the evanescent waves in the four outer media and, via equation 522 ] i
the mode dispersion'characteristics. These properties have been
adequately described by Marcatili,zo but the underlying philosobhy
is presented here for completeness, and also to provide a background
to the work of Chapter 6, which is concerned with three-dimensional
sandwich ribbon fibres.

Marcatili introduces a further approximation - the closed

form solution - the basis of which is that equations 2.25 and 2.26

are written as

= g who A :
kx b (L + Sx) 2.37
B e
k = (L +8) 2.38
Yy a Y
where Sx' Sy are constants << l. The tam"l functions are thus set
21 y



independent of ne, an approximation which will be shovn to be the
result of ignoring the well-known Goos-Hanchen shifts.78

How valid is the closed form approximation? Though Marcatili
compares his solution to the eéact form of Goell19 to find gocd
correspondence except at cut-off (where n, tends to the highest
surrounding material refractive index and the Geos-Hanchen shifts
become appreciable) some caution must be entertained in applying the
approximate results. For example, in ,the same paper Marcatili
develops an expression for the coupling coefficient for a directional
coupier, cdmprising two parallel rectangular waveguides, which is quite
erroneous - this topic will be further discussed in Section 2.8.

It is also apparent that it is extremely unlikely that waveguides
can be manufactured that are exactly rectangular and with sharp corners.

It may be concluded that, by extending the plane wave approach a
solution can be found to describe mode propagation in rectangular
dielectric waveguides, taking the form of two independent characterigstic
equations (eguations 2.25 and 2.26) the eigenvalues of which are related

(through equation 2.36) to give the axial propagation constant, R.

2.5 Circular Dielectric Fibre Waveguide.

Circular fibre waveguides, in the form shown in Figure 2.4a are
the mostlcommonly encountered type of transmission medium for optical
comminication systems. In this section we shall not dwell on the
already well—-established and complex thecry of propag#tion in
cylindrical fibre waveguides, save to refer the reader to some of the
more important texts.52 However many of the coupling effects under
study rely upon the matching of the fibre mode fields to plane waves,
for example existing at the base of a high—-index prism coupler or in a
slab or rectangular waveguide. It would, therefore, be useful to

establish approximate relations which allow the guided wave in the

62
fibre to he composed of locally plane waves. As Marcuse points out

22
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this can be done for all but the lowest modes in a thick fibxe

where
d )
o
Ky 5271 2.39
with
: ) 2
k2 = kzn? - B 2,40
1 core
5 d |, . .
and 5—15 the fibre radius.

For all modes the transverse fidd can be expresced by Bessel function
J-(klx) inside the fibre core and modified Hankel function K (kor) outside

69
the core, " where

2 2 Z 2
ko = f - k nclad 2.41
More fully:
et i I o ejud')c-:—jﬁZ for r < .23 2.42
B 2
l1 .-.:‘ .i 3
% Ku (kor) eJ'Jq‘e 1Pz for r > S?- 2.43

In equation 2.42 and 2.43, y is the azimuthal mode order and the time
variation of the field,exp(jwt), is suppressed. For large arguments
the medified Hankel function becomes

K(kor) -+ exp(nkor), 2.44
indieting that the field outside the core is evanescent. With the

conditions of equation 2.39 applying, the Bessel function may be

pedag 9%, s
expanded using Ju(useCA) = SR cos (Htand - uA - E?'
y Tutana 4
giving
exp(JU(r)) + exp (-jP(x
3,k x) = 2 ()b lx)) 2.45
y21 (k12r2 - u2)h
where
i 2 ¥ et e ES 5
Y (x)= o) T e IO SRR &0 % I 2.46
1 o joos ) - S
1
24



Expending equation 2.46 as the first two terms of a Taylor expansion

about. r =

glves

E\J!Q.:

Y

2%
3

s
P (x) =~ ¢(%0 e (klh () r + constant 2.47

Ignoring the constant terms it may be seen that the argument of the

. ; 2 24,2 % )
exponentiel terms of eguation 2.45 is (k1 - (—Eﬁ }'r, and that
equations 2.42 and 2.43 become,

2u.2 % ;

y a
E ~ exp (j(klz - (—Ep Y 'r + jup ~ jB=z) (r<§0 2.48
) o}
~ eXp (kor + 3ue - iBz) (x>7) 2.49
The mode field can be thought of as made up of quasiplane waves with
a propagation vector (Figure 2.4Db)
> " - B
K= krr + k¢¢ + Bz 2.50
; 2 2 K2 o
with kr = kl - (—;ﬁ g 2.5%
21 -
: oSt 5%
}¢ 3 R
and
2 Ly 2 2 2 22
K = + = 253
l | ‘Kr kd) i 8 k ncore 2.5

It is interesting to note the similarity in equations 2.53 and 2.36
where the plane wave approach has been used to describe both circular
and rectangular geometries.

The propagation constant B, above, can only bhe evaluated
by solving the characteristic equations presented by Kao and Hockha.m3
and further described by Gloge65 and Snyder?9

To summarize, it can be stated that the transverse mode fields
for a circular fibre are given by equations 2.42 and 2.43. However, '
for higher oxder modes in fibres that support many modes, the fields
can be expressed locally by quasi-plane waves with orthogonal vector

components k k¢ anc 8, defined in equations 2.50 to 2.53.



2.6 Part I: Summary and Conclusions.

In Part I of this chapter, a short theoretical outline hes
been made of the waveguiding structures of particular relevance to
this werk, namely the

1. Dielectric step-index siab waveguide.
2. Dielectric graded-index slab waveguide.
3. Rectangular dielectric waveguide.
4, Circular dielectric fibre waveguide.
Eacp structure was considered from a plane~wave vicwpoint

which lends itself to a convenient ray-optical interpretation.

PART II. COUPLING THEORY.

2.7 The Coupled Wave Eguations.

An analysis of coupled modes in transmission lines was first
fiati ;.83 .
given by Albersheim ~ and the coupling of guided waves was analysed by

eSSl 50
Krasnushkin and Khoklov | However the most general analysis was

presented in 1954 by S.E. Miller53 which described the effects of
wave coupling in dielectric waveguides.

Consider the coupling, by some form of field overlap, of two
transmission lines 1 and 2, which is unifoirm over the interaction
length O<z<Li and zero elsewhere. The spatial variation of the

e
complex wave amplitudes E, and E2 may be wiitten asas

E -(I. + 2 |
ir ¢ 1 kll.) k21 ] "1 9. 54
o = ; i
2 ky2 (T, + k,,) 2]
4
where E = EE

26




K represent the reaction of the coupling on the respective lines.
kl2 are the transfer effects of the coupling.
I'. .. are the uncoupled propagation constants of 1 and 2.

: 2 . - 1
lEli and IE7| represent the power carried by 1 and 2 respectively.

Our case of interest shall be where reciprocity and loocse coupling per

wavelenagth hold, and

= = 2.55
AR S
Introducing W = Pl + k]l ] 2.56
QP 2.57
' ‘ g Tdg vk,

and noting that Yh differs little from Pn' equation (2.54) may be re-

written as

e e
N =
]
I
A s
I
< =
N
T =
N
"
50]

Equation 2.58 may be solved in two ways: firstly by obtaining an
analytic solution via the TLaplace Transférmation, oxr secondly by
modelling the system using an analogue computer or an analogue simulation
package for a digital computer. The analytic solution is naturally
§uperior for handling practical situationg, but the simulation of
equation 2.58 gives valuable insight into the coupled wave equations,

and may be readily extended to analyse the coupling of any number of
transmission lines, where the analytic method becomes cumbersome,

if not impossible. Fach method is now described.

Sl Simulation of the coupled wave equations.

The system of eguation 2.58 may be 'mtched' using an analogue
computer or investigated using a simulation package for a digital
80
computer, The former method was found to be less suitable because

of the difficulty of maintaining sustained oscillations (uncoupled



conditicns) with an analogue computer.?* In the latter, numerical
31
integration by a fourth-order Runge-~Kutta method =~ was employed on a
POP 11 digital computer and the desired varieble was outputed directly
on the y-axis of an Xy plotter, the independent variable being time
on the x-axis corresponding to distance along.the coupling region.
The "patch diagram" for the analogue simulation and the functional
section of the digital simulation programre are shown in Figure 2.5a and 2.5
Concentrating on the more versatile and reliable digital simulation, the

complex propagation constant

.

=0 4 jB n=1,2) 2By
Yn n JLn ( ;
and the coupling coefficient modulus K may be varied ot will. The
<y ; e it I
functicns are normalized by setting Yl = 1, Y2 = 1 ~-$l = ] -~ Ay
K b5

and K == = K
Examyles:

(a) When the attenuation of the component waveguides is ignored, that

H

%, = ©, =0, and the phase constants are egual, that is B, = By
the condition K = 0 results in the generation of two lossless decoupled
vaves, as one might expect.

(b) with the conditions cf (a) applying, but with K # 0, that is where

some coupling is introduced, and with initial conditions

El(o) = 1 )

4 ) 2.60

EZ(O) 210 ) 3 :
the spatial power oscillation between the waves is apparent. In

Figure 2.6 a & b the result for Bn =1 and K = 0.1 is shown.

* In some ways the lack of sustained osciliations in an analogue
system is more akin to reality, where the waves in the compcnent
guides cf an optical coupler are attenuated. However, the
presence of 'mon-programmed' loss makes interpretation of the
results more difficult.
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CMOLV22.FOR
COPTICS

CLLODATITIAMYE *ANT:EY ¢\ 2 LR T
SUBROLT I NE :.'Uuh.i_.\"n} s DER, T, M)
SNEAE YD , o . W -
VUL U N ZBLiIKE/ 'BAY B 2 ColiAs, LB

i
1 A1 14
laivy s

DIMENSION VADC4), DERC4), DAT(T)
CoM4MCN sV/ LAT

o5
b

DERC1)=VAR(C3)
LERCZ)=VAL(4)
DEF(3)=-BLxVAFC 1)+ CxVAR(C2)-LAXVAR(3)
DEBC4)==-LBB*xVARC2)+ CkVARC 1) -LE*VARC4)
A=VAR(3) *x*x2
B2=VAN(4) %% 2

IF(M.EQ.8) GOTO 10
DATC1)>=T

DAT(Z2)Y=AE
LAT(3)=L2
EATC4)Y=YAR(])
DATC(S)=VAR(2)

CAT (5)=VAT(3)
LATCT)=VARC4)
12RETURN

LD

CIN1TZ2.FO!

SUBROUTINE INIT

REAL LA,LbB

DOUEBLE PRECISION HEALERCEG),HC(T)

cCoMMON /BLKI1/ BAsBE, CLLASLE

COMMCN /L/ HEALLE

PATE L5 S Ak%k2', ! BEx2' V" Jate i db s Al wih BT 4

Lo 1 1=1,7
IHEACERCID)=H (1)

"WRITE(T, 1€2)
REAL( 5; 121 ) LF‘J bb: C: LA, LL

IZGFORMATC1X, 'ENTERN VALUES FOR BA, BBE, C,LAsLE'2/)

121FCIMAT(H6F B 3)
RETUERN
END

FIGURE 2.5b Central programme for the

digital simulation of the

coupled-wave equations .
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Clearly a compkie transfer of power from one guide to the cther
occurs in a distance dependent on the magnitude of the coupling
coefficient,

L = <

N

Palies!

o3 LU (} 2.61
5 5K 2.01L

(¢c) With the introduction of a phase mismatch, SJ i 87, the power
transfer becomes incomplete from the driven to the coupled line, and the
beat length, L, decreases from the matched case. In Figure 2.7 a & b

the simulation results for B] = 1, EZ = 0.8 and K = 0.1 are shown.

.

(d) The simulation technique is particularly useful in that any
combination of loss, mismatch and coupling coefficient may be modelled
without resorting tc complex analytical methods. In Figure 2.8a & b

we show the simulation results for the situation where

E = B, = o = 0.02
El(o) 1 By 1 o, 2
5 = B = o = o
E2(o) 0) 62 0.8 o, 0.22
K=0.1
. . ; 53
as investigated by Miller. Close examination of this result and
o Tk
that shown in Figures 23 and 24 in reference 53, for ~43{ - = 2,

indicates complete agreement.

It can be seen that many diverse situations can be studied
by this technique, which could be extended to cover lossy coupling
( k having a real component) and the coupling of more than two modes

; 82
or waveguide systems, such as the Auraucher coupler.

2.7.2 BAnalytical solution of the coupled wave equations.

Taking the Laplace Transform of egquation 2.58 and retaining the

matrix notation gives

19



(&)

o
Lo B
~ N

S
" . | IQi-tb

FIGURE 2.7 Digital simulation of the
‘ coupled wave equations

with phase mismatch

33




N N
A M
N
o~
; i J
ot N
T
NS
s
e
-9 9
g%
1 ICﬁ.lg
{
{
é 1
S )
g 1
= ‘
=
N i N
B ot e — bbb e nad A
o () (@ ©
. e R s iS5 o—
i 0

FIGURE 2.8 Digital simulation ! coupling with

phase mismatch and

differential loss .

24



= l l 2.62
) o - B ~ -~ D L‘
o iniiall i g L B R g
Solving for El(s) and Ez(s) gives
(s~s,) (s=5.,) [E, (s)] [ s+ v K| E, (o)
1 2 1 l| 5 2 1 2 63
e 3 i )
EZ(QX‘ ] [ K s + ‘& hZ(OC
where
R
, p gL ey U ) o4 LE=%) " + 4K 2.6
2
where the upper and lower subscripts correspond to the upper and
lower signs.
Taking the inverse Laplace transform of equation 2.63 gives
g o S.Z g g
+ — (Y. ts ( -e ] L 0.]
El(Z) i (Y2 Sl)e 1 (Yz sz)e 2 Kie"l -e 27) l( )
. (sl~sz) §.2 s .2 s,z S.% 2:80
’ = S + 3 +’ o -
Eztz) Ke 1l -e 27) (Yl sl)e 1 (yl qz)e 2 | uZ(OM

Equation 2.65 rapresents the most general solution of the coupled wave
equations for reciprocal coupling. It may be seen from this equation

that the propagation constants of the El and E2 waves in the coupling

region are

:
X " =E(Yl o Y2) t k J1 + A 2.66
2
where N A
R P ¢
A = G‘LjfEii) 2.67

and that the beating effect of the coupled waves is due to the
+ -

interference of the 'fast' mode Yc and the 'slow' mode Yc -

For lossless coupling it follows from eguation 2.66 that k must be

purely imaginary. orxr

K- jk 2.68



substituting cquation 2.68 into equation 2.65, with the iritial
conditions

E:(o) = E. {o)
1 2 2.69
Ez(o) =0

/

gives

2 Y e ST —— 2 3
Pl(z) = IEl(z)[ = Pl(o) lcos K /1+A z -~ W 17z sin x/ 1+A zl 2.70

2

- sin K V1+A z | . 2.71

V1+h

il

il

: 2
P, (2 = {& (2] [" = polo)

The term exp(—%(yl +yé) z) is omitted from the latter equations as
having no additional contribution to the relative power variation in
the coupling region.

It follows from equations.2.70 and 2.7) that

]

Pl(o) [coszK /IIK'Z + sinzx_¢1+A z (' 5 1 )] 2.72

P (2) 4P, (2) T+5 T 1T4A

Pl(O)
and that conservation of energy is maintained.

2.7.3 Discussion of the analytic solution and comparison with the
digital simulation.

‘"Throughout this discussion it is assumed that the coupling is
non—disgipative and that k is purely imaginary. The solution is
dependent. cn the parameter A defined in equation 2.67. As stated in
equation 2.59 the propagation constants consist of real (attenuation)
and imaginarxy (phase) parts and

(Yi = Yé) = rl -Yz = (al - dz) + j(Bl- B

2) 2.13

Thus
= (loy=e,) + 3(8, =B,))°
¥ it

2.74
40?

Let us now compare and contrast the analytic and simulated solutions

for the cases (b) = (d) on page 28,

Situation (a) ie trivial,




wvhere the waves El and E2 are decoupled.

.

(b) With al - 0 and 53 = 62 equation 2,74 becomes

and the solutions for the coupling of two degenerate modes in lossless

ol

waveguides become, from equaticns 2.70 and 2.71

Pl(z) Pl(o) cos2 Xz AP0 o'

P (o) sin2 Kz 2.76

]

PZ(Z)

A complete spatially periodic power transfer between 1 and 2 takes

¢ ¢

place with period

S
L = I 2:77
A=0

This solution corxrresponds to the simulation ocutput of Figure 2.6a & b.

(c) Introducing the phase wmismatch, Bl e @2, with @) = azfv 0 reveals
-
sy 2.78
2K

The pericdicity of the power transfer decreases, and from equation 2.71

| - i : 2.79
B.# B, 2k [ 1+ 4]
al=a2=0

The ratio of the coupling length for this case to the ideal case of (b)

is

e
il | 2.80

A7



The maximum attainable power transfer efficiency from 1 to 2 occurs
where g g I
KVl +Ap ==
Z
and is, in this case
" N s e
. = + A
ﬂal=02= & (1 J
B ¥ B, 2.81
1

As the output of the corresponding simulation shows (Figure 2.7a & b),
for a given mismatch and coupling coefficient the transfer efficiency
félls below unity and the frequency of the power oscillations increases.
r quétions 2.80 and 2.8l are most important for the analysis of
practical couplers where, for the short interaction lengths enviscaged,

o, = o, ~ 0, and the critical factor affecting the performance is the

phase mismatch of the constituent guides.

(d) The analysis of a coupling system with both differential loss and
phase characteristics has been tackled in detail by Miller:.s3 There

are three basic situations: equal loss (ulﬂaz) and positive and
negative differential loss, or coupling to a less lossy line or to a
more lossy line. Substitution of the particular gituation into
equations 2.74, 270 and 2.71 reveals the desired analytic zolution

which has been shown to produce the equivalent results to the simulation

output.

2.7.4 Conclusions.

-

It may be concluded that there are two equivalent approaches to
obtain the theoretical solution of the coupled wave equations, namely
by a straightforward simulation of the coupled differential equationsA
or by an analytic formulation. The rxesults of cach have been
correlated by presenting cxemples of coupled wave responses for
different combinations of the complex Propagation constants and

coupling coefficient.
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The parameter of most intexrest is the coupling coefficient X
as yet undefined in a physical context, and it will be the vurpoese of
the following sections to detewmine its magnitude and to predict the
response of a practical coupler via eguations 2.7C and 2.71. Three

methods of doing so are explored - tha wave appreach, the ray aepproach,

and the direct approach - and each are presented in turn.

2.8 The Coupling Coefficient -~ Wave Approach.

The wave approach has been used by many authors to determine

the dbupliﬁg coefficient. A most general mthod was developed by

33 . g 2 o ;
Arnaud = using the Lorentz reciprocity theorem, applicable te the
coupling of dielectric waveguides of arbitrary shape and refractive
: : g ’ ke : 84 ,
index distribution, and with or without loss. Marcuse approached
the prcblem from a slightly different viewpoint and obtained a
coupling coefficient by means of a perturbation theory. The results
of both methods were found to be identical for lossless wavequides,

and can be summarized for the coupling of degenerate TE modes in dissimilar

slabs as

2 2. 852 2 2
2 6 =kn,)  E .E
K o 2 0 o
B [ o 2 2.82
J E° dx\E. dx
210 St e
k=T

where El and E2 are the transverse components of the eledric field in
the isclated guides, evaluated at the same point between the guides.

It should be noted that equation 2.82 could be thought of as the

geometric mean of two "self-coupling" coefficients K. and K

1 2 where
2 2
(8% % n, y? g2
oMy
K =
5 B o .2 2.83
IEldx
39



P2 2
(B ~k n, ) E2
(2 = e 2.84
B ;& Ez dx
and
il 2.85

Both Arnaud and Marcuse continue by developing an expression for the

33,84

coupling of identical asymmetrical slabs and find , in our
notation
2k _exp(~ck )
; S 3 2 - 2.86
1 i 0, 2
B(b+'}; +E)(l+(T))
0 2 1

where b is the thickness of a slab, refractive index ny embedded in

media of lower refractive index, no,n .The guides are separated by

2
a distance 'c'. Equivalent statements have been given by Kapany,

2
firstly wusing a perturbation method analagous to that of Marcuse, and

-

secondly7£ from considerations of the eigenvalues associated with the
symmetric and antisymmetric modes of a coupled system. Hsu?5

in a very complete analysis, developed a similar expression for the
coupling coefficient of a block coupler comprising two asymmetric

slab waveguides, and Wilson and ﬁeinhart86 presented the solution of
the general five-layer slab structure. Examination of equation 21

of reference 86 again indicates that the overall coupling coefficient
can be formulated by treating each component waveguide separately, as -
found in equations 2.83 -~ 2.85 above. The complete expression for the

coupling coefficient of degenerate TE modes in the general five-layer

slab structure shown in Figure 2.9 is, by the wave approach:

2k exp(-ck ) : % k.2 =h
K = —0 & [, 0, 0+ D0+ (D) ] st
B I K, kg

4§)
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FIGURE 2.9 General phase — matched

five - layer slab coupler.
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where

.22 2 R B
k] = kK ny B ko = B -k n, .
- ” i : 2.88 (°
2 2 2 Z Z 2 2 C
= K - k e -} .
k3 k n, - B Ky = B i n,
1
bi = effective thickness guide 1 = b1 i l/ko * /k2 2.89 3
b% = effective thickness guide 3 =b_ + 1/ 4+ 1/ 2.8 b
3 k k
o 4
For identical asymmetric slabs, klg k, and Hi = bg, and

equation 2.87 reduces to equation 2.86.

€ 2
For %dentiggl symmetric slabs, k2 = kO and b =D + ko
Marcatili20 also develops an expression for K for the coupling of
two identical slabs, the result of which is identical in form to
equation 2.86 except the effective thickness (b + l/ko + l/kz)
is replaced by the thickness b. This discrepancy is a result of
the closed form approximation, equations 2.37 and 2.38, and a
consequence of ignoring the effective penetrations of the ray in the
zig~zag model, due to the lateral diéplacements of the reflecting

ot Kegelnik and Weber88

wavefronts by the Goos-Hanchen shift.
have shown these penetrations to be l/koat the nl/nO interface and
1/k2at the nl/n2 intexface. Marcgtili's approximations may allow
adequate prediction of the mode propagation characteristics of

rectangular fibres, but it can be seen that his expression for the

coupling coefficient is inaccurate over the entire range of E 1y

k
a factor
5 g 1 -1
S e e
kob k2b

The correct expression may be obtained by introducing the effective
thickness in the direction of the field overlap. Even though the
topic of effective thickness in directional couplers has been

72
discussed by Gedeon89 and Kapany and Burke, many authors use the
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unmodified expression for the coupling coefficient developed by
Marcatili.
i 33 84
The wave-theory result of Arnaud and Marcuse has been

. o T e . ' ! chamsn Lo . 90,91
applied to a variety of structures in different situations; and
Yepresents the most general formulation of the coupling coefficient.
In many cases, however, the wave propagation may be described in
terms of a ray optics model and it would be instructive to develop
an intuitive picture of the coupling on ‘that basis. The chapter
continues by developing, from first principles, the coupling coefficient

for a general five-layer slab waveguide structure using a ray-optics

approach.

2.9 The Coupling Coefficient - Ray Optics Approach.

We desire tc know what happens when the modes of two siab
waveguides interact in a directional coupler configuration and if
possible to derive a theoxetical model using the simple ray-optics
approach. The general five-layer slab structure will be considered
and the procedure is as follows. Firstly a scattering matrix is
constructed fr the tunnelling layer using the derived Fresnel formulas
for the complex reflection and transmission coefiicients for an incident
plane wavefront. The phase considerations for each composite waveguide

are then introduced to produce an eigenvaluve equation for the complete .

structure. A perturbation analysis finally reveals the coupling

coefficient.

2.9.1 The scattering matrix.

In Appendix 2.1 the Fresnel equations are developed and the

: ; 4 Rt
normalized scattering matrix for the tumnelling laver iz derived.

Stating the major results:



2 2 X 2 i - ’ "]

i - - - (11 2 :
l] . Yyo™U Loy u(l rlo) (1 L3O) i
= (1 - u r]«rﬂu) ’ ‘

L D0
2 .k 2.\ % 2 |
5 u(l-x - ) -

L3J ( HD)(lrxr Lag™ U T ] Vzi

whexe Ilrr3 and ll'l3 are the reflected and incident waves at the

tunnelling layver (Figure 2.9) and

k
b ; -l, n
X [ o (= ¢ = m(j2 i
=% exp ( sz)mn) exp(jZ2tan Ckm ) 2.01
u = exp(*cko) 4,92

2.9.2 New eigenvalue equation.

If the reflections at the nl/n2 and n3/n4 boundaries are
now introduced and the eigenvalue equations of the form of equation 2.4

are invoked for each waveguide,

2klbl - 2¢lo - 2¢12 = 2mln 2.93
2k3b3 - 2¢3O - 2¢34 = 2m3H 2.94
mJ and m., are integers.
With
= i (] = i 92k.b.=32¢ exp(~jZm_I!
rl 1lexp(32¢lo) ;lexp(J lel J2¢12) exp ( 3/.11) 2.05
ry = i3exp(j2¢3o) = i3exp(j2k3b3-j2¢34).exp(—jEmBH) 2.96
and since
exp(j2nll) =1 2,97
we find
P ilexp(32klbl-2¢12) - 11°1 : 2,98
r3 = j_3exp(32x3b3"2¢34) = 13‘1’3 2.99

Substituting into the LHS of equation 2.90 and expanding gives

&,



2 2 . 2%
T u(l-x? 3 * (1-x
1.6 = .._.‘:). 39 -+ 5 10 . YBO) i 2.10¢
1.2, = 11 5 - i 2.100
ey
A8 X107 30 A BT 30
2 2 %, 2 g
Y. ~u u(l=-xr 1-x - :
" N 1 T i 2.101
1.9, = e e . i
e l-u r Y A I=u'r. % %
© 71030 10730

Rearranging each equation and cross-multiplying yields

2 i e R 2., 2102 5 =
[@ i leN_“? r30 ][¢ ) 130 u rlo ] 5 u (1 rlo)(l r.o;. 24102
1

J N

(€

I

3 -
F g Sl <5 0 o l—uzr

1030 ¥10"30 i

10°30

Equation 2.102 represents the eigenvalue equation for the composite
waveguide.

2.9.3 Perturbation.

2
Let us now ignore terms in 4 as being insignificant, giving
ST W SR e R =4 103
(0 gl e e gg) ® o BtEg s 2l R, T e

Reverting to the exponential notation of equations 2,98, 2.99 and 2.91

we find
-1
¢ [ = 4 i -2 s A = 2 &
Eac exp (3 (2k by ‘¢10 ?¢12)) exp (3D, ) 2.104
-1 ; : 25105
[} = - o -~ - 2 =
3% 10 ehP(J(2k3b3 2¢30 2¢34)) exp(jD3)
and a1 o
- gLk o = =2jsin 2 )
o 4 ) 2.106
-l 5 22 e Dot . 9¢ )
r30 r30 2jsin 2 30
Substituting equations 2.104 - 2.106 into 2.104 gives &
2
5 j ~exp (] = ~4u”sin 2¢. . , 2.107
(1 axp(JDl))(l e'p(JD3)) 4u”sin ?¢lo sin z¢30 1
Let us define terms Fl and F3 such that
F. =1 - exp(jD,) ' )
L
: ) 2.108
F3 =1 - exp(jD3) )



Since any phase mismatch can be accounted for in the coupled wave
solutions of equations Z.70 and 2.71L, no loss of generality is
incurred in allowing the guides 1 and 3 to be initially phase matched.

For the unperturbed situation, that is where there is no coupling

]
I

D (B) =D_(8)

m
170 3'70 2n

and consequently

li
(@)

Fl(Bo) = FB(BO) '

If the perturbation about F. = F, = O is considered where B - Bo + AB,

L 2
we find
1= exp(le) = Fl + AFl = AFl
- j = + A =
X exp(JD3) F3 F3 AF3
and equation 2.107 becomes
2 ;
AF_AF, = - i .10¢
F1 3 4u” sin 2¢10 sin 2¢30 2,103

It remains to express AF. and AF, in texrms of AR

1 3
We have, for TE modes, '
ar, ao, ZBObel
- €
ar dap
AF. = 3 AR = =3 ——é-AB = _j280b3 AR 2,111
o s dag k3 it
Equation 2.109 becomes
A32 e 4u sin 2¢10s1n z¢30 e
462 = K s 25312
Qo1+ 3

Now from equation 2.91, for TE modes,

sin 2¢lo P T |




the final answexr becowes

2k _exp (-cl
' ]0 xp ( cno)
LB = 3 I B ST
k5
B/ (146 ) (1 D)) b
Q- & kl }:3 1

Ko, % e
513
The coupling coefficient is defined as IABl, and the result is in
agreement with equation 2.87 derived by other authors using the wave
approach. Repetition of the analysis to cover the case of Tl modes
will not be carried out.

The ray approach reveals the same result as the wave approach,
though of course the.method is limited to 'well-behaved' structures
such as slabs or rectangular waveguides. Since propagation in the
low-order modes of circular fibres cannot be defined in plane wave

terms, extension of the technique to the coupling of dielectric cylinders

is unlikely.

2.10 The Coupling Coecfficient -~ The 'Direct' Method.

The evaluation cf the coupling coefficient will now be
attempted in a novel manner which has been coined the ‘direct' apprcach
merely to differentiate it from the ray and wwe theories. In essence
the method is to divide the calculation into two component parts, one
dealing with the waveguiding characteristics through the steady-~state

eigenvalue equation, and the other with the field perturbation in the

region of interest.

2.10.1 General approach.

If a waveguiding system with axial propagation constant 8 is
perturbed by some effect, the amount of the disturbance 68 is given

by

N
"ot B8

68 = L & 6ar : 2.114

¥

(2]

wvhere ar is one of the N parameters on which g is dependent and
vhich is also modified by the effect. Implicit, therefore, in the

calculation of 6B is the unperturbed eigenvalue equation for the

L7



waveguide:
eoscewesne O
¥ rel’ N

a
The terms 7~ for ¥ to N are derived from this eigenvalue equatiocn

by differentiation, while the perturbation part of the analysis enterxs
via the evaluation of 6¢ .

This most general statement of the theory is applicable to any
phenomenon which perturbs the steady state conéition of any waveguide.

2102 General five-layer slab structure.

. Let.us now consider the case of a general five-layer slab
waveguide coupler. Firstly, our experience of Section 2.8 tells
us that it is sufficient to reduce the problem to two three-lavex
structures and evaluate the self-coupling coefficients. The overall
coupling‘coefficient of two dissimilar, but degenerate, ;tructures is the
geometric mean of the two self-coupling coefficients (equations 2.85 and

2.87).

The unperturbed eigenvalue equation for a general asymmetrical

slab waveguide is (equations 2.6 to 2.9);

k ¥
2 -1 0 -1 2 =
klb tan 510 EI-+ tan ElZ EI + mll W 1)

It may be seen that the solution of B from this transcendental equation
depends on the refractive indices of the three media, the guide thickness
and the order and polarization of the mode. Therefore

g = f(ko,kl,kz,b,m,glo,ﬁlz) 2.116

For a constant thickness, mode order and polarization

dpg dB o {8
S0 w20 a8 ap :
B dko Gko eE g : le + ) ’ sz 2.137

Let us choose evanescent field overlap in a tunneliling layer (region no)

of thickness c¢. Equation 2.117 becomes

1.



n

&g = ¢ ” 13
dk o 4n_ 6k o 2.118
0 0 o

since the coupling is assumed weak and the perturbation in regicns

1 and 2 are small. Equation 2.118 is a restatement of eguation 2.110

=1 41 -k
with Fi= )

(i) evaluation of %r 2
1

[o)
To obtain %; both sides of equation 2.115 are differentiated
o
with respect to n,e In this instance we may recall the result of
Tien
" 4 k2n0
998 = 2,119
dn, ky 2
R ko(l+ (']';“) )

(ii) evaluation of the perturbation texm 6no.

Since
& 2 22
k0 = B = K ng
we find P %
n :
L e : 2.120
éko k2n
(@]

Examining the solution to the wave approach {equations 2.83 to 2.85)

it may be seen that the perturbation part of the derivation was given

by E2
88 = it gor 2.121
: j‘ Epop O
- OO
evaluated at the same point in the buffer region, x = -2

2 -
In this case, however, our interest lies in the field in the interguide

" zone only SO
E2
BUFE
Sk = at x =
0 C/2
2
Epurr?*

2,122

vl

(o)
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Since

e U km GxolKk | 2.123
T

equation 2.122 become

[&]

P

Eé exp(~cko)

(Sko = E_
2 il 51y 2
EO [ 2koexp\ 2L0x) ]O
B i T
4 & -exp(-ckc)
For exp(—cko) << 1 =~ the weak coupling approximation - we have
2oleh

_Gko = 2kO exp(—cko)

substitution of equations 2.125, 2.120 and 2.119 into equation 2.118
gives the value of the self-coupling coefficient,

2k _exp (-ck )
R 0 2.126
£ ko 2
Bb (1+ (-k—) )
as before. 1

The direct approach is thought to be epplicable to any waveguiding
structure,\and will be shown to be particularly useful for such structures
as ion-exchanged thin f£ilm waveguides. The perturbation analysis is
considerably simplified by considering only one section of the total

field distribution.

2.11 Extension of the Slab DPerivations to Rectangular Waveguides.

Up to this point the results have been presented for slab

r

waveguides only. It is a simple matter to extend the theory to provide

a solution for rectangular step-index waveguides. The first postulation

is that the evanescent fields in one direction (say y) do not contribute
to the coupling in the other direction (x). The second is that the

form of the eguation for the coupling coefficient for the slab waveguide

holds in the direction of the couple. : Referring to Figure 2.3 ,

for field overlap in the x-direction (&Y modes) the coupling coefficient

is
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)

ZkOexp(~ckO
o ; A 3 *0. =,
Blot T + 5 ) (1 A=) )

‘o "z 1

2.127

However, the terms ko,kl,kz_heze differ fxom the straight-forward

slab waveguide values because

2 2 2.2
kO X Bx o nU
2 2 22
k2 = Bx -k n,
2 2082 2
kl I n1 - BX

Using equation 2.36 gives

' R i A Ui 28 algr wut) 2
kO =B -k n, + {k ny By ) = kOs + ky a
2 252 2 o2 2 2 2
3 i - s - b
kl k nl B (k nl By ) Pls ky
2 22 2 2 2 2 2 2.128
2 = - - Y = -
k B~ k n, (k ny éy ) st + ky c
2
8% Pt k o
s Y

Subscript ‘s' means the slab values of the variable (when the confinement
in the y-direction is zero). ky' is the solution of an eigenvalue
equation similar to equation 2.26. It should again be stressed that

Marcatili's closed form solution for ky'is unsuitable for use in this

context. Substituting equations 2.128 into 2.127 gives
2 2 2 3
o 22+ k 4" exp [-(x1 +k 2);’c]
K = Os v Os v “
X 5 5 2.1.29
2 2. % 2 2 .~ k + k
Booomk ) b + (k + k is Os
¢ - y [ Os y n ] ( 5 ?-)
* (k2 + K2 )% e O
ky is the solution of o 28 y 24 Y
,..___._HW_HE_KuT ............. e % ;
ka=ml + tan . (El-) EQ— + tan"l(~l ) Eg' %4430
Y y 0] y 2| ]

Similar expressions hold for K& (for E® modes) but with obvious
changes in notation. The analyses for K.x for E- modes and K
for EY modes are similar and will be omitted.

In the cases dealt with in this thesis (Chapter.7), the
well-guided fundamental transverse mode in a 4:1 aspect ratio guide

was used, It is sufficient to set kY = 0 in equation 2.129 and
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use the slab waveguide result of equation 2.86.

2.12 Part II - Summary and Conclusions.

Tn Part II of this chapter, the coupled wave equations were
presented and the analytic solution was compared with the direct
computer simulation. The rescults of both were shown to be identical,
and the use of the simulaﬁion technique was shown to be a powerful time
and labour-saving tool to evaluate the coupling of waveguides with any
combination of loss and mismatch. Next, the coupling coefficient
was discusséd and the results of other authors for the general five-
layer step-index slab structure were compared with two solutions
obtained by the ray optics and a direct method. The'following
conclusions may be drawn from this work. Firstly, the wave theories
represent the most general method of ob£aining the coupling coefficient,
though the analysis may be cumbersome. - The ray approach. while
producing the same result as the published prediction, is only applicable
to slab or rectangular waveguides, where a plane wave representation may
be used. Finally the direct approach simplifies the calculation for
slab guides since the perturbation in one region only is considered,
though a more rigourous analysis will have to be carried out to test
the generality of the method. The extension of the resultz to the
case of rectangular and graded-index waveguides was discussed.

It may be generally concluded that the theoretical description
of evanescent field coupling allows us to predict the performance of ;

directional couplers for use in optical electronics.






A2.1 Derivation of the normalized scattering matrix of a waveguide
tunnelling layer.

Consider the diagram of Fiqgure AZ.l. Al represents the
normal to a plane wavefront imping/ing on the nl/nO boundaxy, of a three-
layer, lossless, isotropic configuration, with nl,n3> 2y Bl is
the reflected wave, A2 is the evanescent wave in the buffer region of

thickness 'c¢', and B? and B. are reflected and transmitted waves at

3
the no/n3 boundary respectively. The wave in g, decays by a factor
u = exp(—cko) Ri2.1
across the width. The reflection coefficient L for TE waves

a3
(that is with no component of E in the zdirection) is
km -k
v n

iy i B ) A2.2
mn n

Also the transmission coefficient tmn is

ka
o} = ] - T cem—a—
mn rmn k +k Rexs
m n

Ik ki(i = m,n) is associated with an evanescent wave then

) 2 22
and if a standing wave
2 2
k, = an? - Bz A2.5
1 &
where B = knlsin 61 A2.6

Note from equation A2.2 that ¥ = -r and, since ¢ = tan-¥;il
mn nm na

6. exp(2j¢mn) A2.7

¥From the fact that the transverse electric field EY must be continuous

we have
A2 = Al(l + rlO) - B2rlO 22.8
Bl = AlrlO o Bz(l"rlo) A2.9
B, = X A -u2 22.10
) 30 2 P
}33 =10 AZ (1-]:30) AZ.1)
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FIGURE:. A 2.1

Schematic representation

of waves in g tunnelling
region, with wave Aq

incident on the

Ny LnO' boundary. -




Substituting A2.1C into A2.8 gives

2 - i
L & % - B.r A2,12
2N it o b
30
- {r10%30 i,
: = 1 .13
B2 ¥ u2 Al (L + rlo) A2.1
30

Using equation A2.9 in the form

I e
2 (l—rlo)
gives,
2 2
- ¥ - = + -1 ; .
(Alrlo Bl) (1-u r10r30) Al(l rlo) (L 1]‘0)r3ou AZ.14
Rearranging gives 9
& i 2
£y R P A2.15
Al i (1= 2. x u2)
1030
Similarly substituting A2.10 into A2,.8 gives
605 0 e B
A, = oL A2.16
(L8 ZagFae "
Substituting A? from equation A2.11 gives
vy ] B
O A
= e 22,17
(1- r10r30u ) u(l - r30)
o 'ﬁé_ : u(l + rlo)(l—rBO) A2.18
By 2
LI hofe )

It canle seen that equations A2.15 and A2.18 are in complete agreement

with the Fresnel eguations 8 2

SENOR T A2.19a
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It is clear that a wave imping#ing on the n.)/nq intexface

I .

would produce similar results but witn obvious changes in subscripts

In matrix notation we obtain

T b SO u2 & g1 S
1 10 30 b e e

2
= Q-ur,ro))

r, u(l + rlo)(l iy £l e o J i,

o
30)(" llo)

3C 30

where the waves incident on the tunnelling layer from each side are

of amplitude i. an i

1 37 and the corresponding reflected waves ax rl and Lo

In shorthand

r s s

1 11 13 {‘1
i# A2,20b
= : ;
3 31 ©33 1*3

Consider the S41 element of this matrix. It represents the ratio
of the electric field amplitude in region 3 to the field amplitude
of the incident wave in region 1. The fxaction of enexrqgy incident

in region 1 that ends up in region 3 is the TRANSMITTANCE, given

93
as
3 2
P aee i A2,21
1
To normalise the matrix, the off-diagonal elements must be
k) p 5
multiplied by the factors = (for s__)and|—= (for £_.). Using
k3 13 k] 31
equation A2.2
k
2 =y
k e -
f—ﬁ 0 T e R A2.22
kl i - IBO)(l i rlo) .
k0

R By 94
Such a procedure is customary using a scattering matrix approach

where the normalised voltages and currents are used,
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CHAPTER 3. CLADDING MODIFICATION OF MULTIMODE OPTICAL FIBRES.

o e General Introduction.

With the realization of ultra low-loss optical fibre
waveguides,7 the need for highly-efficient connections to and from
the thin film terminal circuits becomes acute. Multimode step-
and graded-index fibres or single-mode fibres52 appear to be the
nost likely candidates for the optical data highway and each has
its own particular advantages in this capacity. However, in terms
of coupling to planar waveguides, all have their difficulties. The
singlé—mode'fibre does not lend itself to codirectional coupling
because of the difficulty of physical alignment. Butt jointing
multinode fibres and thin film waveguides also presents an inherent
mismatch because of the discrepancy in the waveguide profiles, and

generally the codirectional coupling of films and fibres has been
unsuccessful.

An alternative method of coupling'two guiding structures is
by the transverse interaction of the evanescent wave of one guide
with the othexr when the two are placed in close proximity.
Irrespective of the component waveguide geometries, directional
coupling will teke place along the interaction region provided
there is a good phase velocity match between the coupled modes
and the polarization characteristics are correct. Such a proposal

2 53

was first put forward by S.E. Miller, for the microwave case, in 1954.

However, in all fibre optical waveguides of circular geometry,
whether single- or multimcde, a cladding material, usually of glass,
is provided to protect the surface of the core region, such that the
scattering loss caused by external contéminationvis eliminated. At

the cladding/air interface the evonescent field of the guided cora

mode is very nearly zero, and, bacause of this necessary design
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condition, the cladded fibrxe does not lend itself readily to
evanescent field coupling.

In this chapter methods will be described of modifying the
cladding material of circular fibres to facilitate transverse
coupling. An example of coupling to a multimode fibre at a
region of cladding modification will also be presented.

3.2 Mcdification of Cladding Glass by Silver/sodium Ion Exchange.

3.2.1 Underlying philosophy.

This method of modifying the clédding glass of circular
claddéd fibfé waveguides was first proposed by Laybourn and
Wilkinson.54 The principle of the method is to chemically alter
the density of the cladding material and thereby raise its refractive
index. The éore material is chosen as to be unaffected by the
process. The guided core mode enters the cladding whenever the
effective refractive index of the guided.mode bhecomes less than the
refractive index of the chemically adjusted cladding at the effective
core/cladding interface. The fields become evanescent outwards
from the cladding/air interface and are avaijlable for transverse
coupling to other structures or similarly-treated fibres.

The process used to modify the cladding material is one where
cations cf the glass (Na+ in the case of soda-lime glass) are exchanged
with heavier cations of a diffusant present in a mobile form in a molten
salt (Ag+ in silver nitrate) outside the fibre. Ag+'ions drift into
the cladding glass due to the concentration gradient and replace Na+
55

ions in the glass lattice.

3.2.2 The refractive index profile of a treated cladding.

The refractive index profile follows the gradient of the relative
density of the material. Clearly the nature of the profile and its

dependence on the melt temperature and time of diffusion are important.
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Mr. George Stewart of this department has carried out an extensive
study into the diffusion of silver ions into soda-lime glass slabs
) : : ; 3 ‘ - 56
(Chance microscope siides) using a non-destructive optical technique
which requires measurement of the surface refractive index of the
diffused samples, n_, and the effective refractive indices of the
g s

modes of the waveguide, n_ . It has been discovered using this

m
technique that the refractive index profile follows a quadratic

variation with depth, x, into the host glass as

21

n{x) =n_ =~ (-) Hr f(*'ﬂ S 0
. t g d J
where
= e 1.605 ~ 1.513 = 0.092
and £f = 0,64

9

a3 is a constant, the value of which depends on the melt temperature

and the diffusion time. The graph of n(x) against (x/dd) is
shown in figure 7.2, It has been shown in the same work that the

parametexr d (1n microns) is dependent cn the diffusion time t tin

minutes) and the melt temperature T (in degrees Kelvin) by

. ( =1.02 x 104 ]
dd e, lO t° exp R 357
The nature of the diffusion profile for any set of fabrication
parameters t and T may be obtained from equétions 31 and 3.2, The

theory outlined here isg expanded in section 7.2 which deals in part
with the waveguiding properties of ion~exchanged slab waveguides.

The refractive'index profile resulting from Ag+ diffusion
into a circular fibre will not be as straightforward as equation 3.1
due to the different gzometry, and the effect of the diffusion barriexr
at the core/cladding interface is unknown.

3.2.3' Preliminary results.

Experiments indicate57 that cladding modification using ion
exchange is possible, and that for relatively large fibre es, equations

3.1 and 3.2 describe the resulting refractive index change. Some
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S i . "
preliminary diffusions into a liguid core /soda lime glass fibre
of dimensions 43 ym core diameter and 50y m overall diameter for

pol e . 57 Vo
180 minutes at 350 C have successfully demonstrated” that light

may ke transversely coupled into and out of the core modes of a

cladded fibre at 2 region of cladding modified by ion exchange.

3.3 Removal of Cladding Glass by Acid Etching.

3.3.1 Introduction.

In this section a method is described of removing the cladding
glass-of step-index circular fibres by means of a hydrofluoric acid
etch bath, and for the monitoring of the progress of the etch through
the core/cladding interface. A similar approach could be used in
the general case of removal of a cladding by chemical dissclution ox
other means; for example the treatment of polymer-clad silica fibre58
in an oxrganic solvent bath.

3.3.2 The materials used.

The fibres used in the experiments were machine-drawn at BOOOC
from a preform consisting of a core glass (Schott, L¥5, lem diameter,
refractive index before pulling = 1.5814 at 589 nm) and a glass cladding
(soda~lime glass, inner diameter = 1.1 cm, outer diameter = 1.4 cm,
refractive index before pulling = 1.517 at 589 nm). Compaction
effects59 reduced the refractive indices of the glasses on pulling
by a percentage dependent on the glass compogition. A typical value
for this reduction was found to be -0.4% but could be restored to the'
bulk value by annealing at 500°C. However, this process was not
carried out, and experimental estimates based on mode-angle and Abhé
refractometer measuremente gave refractive indices at the working
wavelength of 633nm of n = 1.577 and n = 3.513,

core cladding

1.
Methyl salicylate (nD = 1.522)
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The etchant used was buffered hydrofluoric acid having a

oL

%

measured etch rate in soda-lime glass slabs of 2um/minatg. Neithev
the soda-lime glass nor the LF5 cowm glass suffered significent surface
damage subsequent to the action of the acid, although areas of the
glass exposed to HF vapour immediately above the surface of the liquid
were severely pitted. This problem could have been eliminated by
masking the areas Qhere etching was not desired with a perspex film,
deposited from an organic solvent solution.

3.3.3 Monitoring the progress of the etch.

The progress of the etch through the fibre was menitored in
the following manner. Light was focused into the matched end of the
fibre. Any cladding modes were subsequently stripped using a high-
index prism clamped to the outer cladding, ensuring that all of the
energy was confined to the core. The fibre was then placed in the-
etch bath end the light output was meaéured using a photodiode. As
the etch progressed through the cladding, little change in the cutput
of the fibre was noted. When the acid encountered the core/cladding
junction, the level of scattering from the core increased with an
accompanying drop in the fibre output. At this point the fibre was
removed from the bath and washed in running water to eliminate excess
acid. The apparatus constructed for the purpese of producing an acid-
etched region in an unbroken length of cladded fibre i§ shown in
Figure 3.1 Laser light was used, though in practice any ccherent or
incoherent source is suitable for the monitoring procedure. The
launching and exit cells were similar to those used by Dakin et al?O
The BPY13 photodiode was connected via the biasing chain to a Bryans
Southern Instruments' x': time chart recordex, The etch cell, detailed
in inset of Figure 3.1, utilized the miniscus of the HF bath and
provided an etched length roughly equal to the well diameter, if no

masking was provided on the fibre.
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3.3.4 Results of acid etching.

Typical results for the acid etching technigue using the
system are now described. The 1light output of a 76um core diameter,
105 um overall diameter, LF5/soda lime glass fibre against time of
immersion in the HF bath, over a length of 4 mni, is shown in Figure 3.2.
Using the following definitions familiar to signal processing;
(1) The cladding etch time (tcl) is defined as the time taken
from the start of the etch for the output to fall by 1lO0%.
(ii) The etch fall time, (tf) is defined as the time taken for the
: outfut to fall from 90% to 10% of its maximum value.
0% is taken as the minimum output value.
If the optimum time to withdraw the fibre was about tf/2 then
a simple relation may be stated for the etched thickness at this

optimum time and is

e ~ dTe -
Topt — dt (Lcl # D 2 tf) 3.3

This equation is only approximately correct as the length of the etched
region should enter into the calculation - for the same fibre a longer

etch length would result in a shorter fall time.

ar
In the example above T, 2 um/minute, tcl = 6,3 minutes

and tf = 1.5 minutes.

Substituting into equation 3.3 gives Tz = 14.1 um. This

Pt
value may be compared with the cladding thickness, measured using a
calibrated optical microscope, of 14.5 um. Fibres withdrawn at the
optimum time (tcl + 0,5 tf)werethus optimal from the points of view of

mechanical strength and optical loss.

3.3.5 Physical and optical properties of the etched fibre.

A photograph of a typical acid-etched glass fibre is shown in
Figure 3.3. The overall diameter in thie case was 94 pm and the

core diameter was 72 um. As can be seen, smoothly etched regicns were
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FIGURE 3.3 Photograph of an acid -

etched fibre .
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produced, which, after washing, showed no increase in light scatteriung.
Some loss was expected at the region of transition from unclad to clad
fibre partly due to a mismatch of the field distributions in each
region and partly because of radiation from inhomogened ties arising
from the etching process. This undesirable ioss was dependent on

the order of the mode propagating. Becavse of the relative amplitudes
of the fields at the core/cladding boundary, Hgher order modes vere
attenuated to a larger extent than low order modes. However, for

the lowest order modes in the fibre shown in Figure 3.3, the losses
were so small for one short etched mgion as to be beyond the sénsitivity
of the available recording‘apparatus, consisting of a traversing
photodiode detecting the forward scattering.

The treated fibres were mechanically weakened by the reduction
in the working diameter, and were prone to snap at the cladding
discontinuities where the bending load was converted into a shear stress.
It is proposed that a suitable soft organic compound such as a plastic
or epoxy could be applied at the cladding taper regions to perform the

dual functions of index matching and mechanical support.

3.4 Discussion, and comparison of the ion-exchange and acid-etch techriques.

Two methods of modifying cladded glass fibres for evanescent
field coupling have been presented, namely the ion-exchange method and
the acid-etch method. The former has the following attractions: the
naterial used (silver nitrate) is relatively non-hazardous and, in the
small quantities used, is plentiful and inexpensive: the diffusion

: 96 . 51,62 :
process is well understood =~ and documented. The method is one
of simple immersicn, though the process must be performed within the

stable temperature range of silver nitrate,

220°c <71 < 350°C.




The fibres suffer no loss in mechanical strength and in fact
gain due to surface hardening effect5w63 A major practical disadvantage
is that the diffusion time may extend to a period of hours for the
refractive index at the core/cladding interface to reach a suitable
value. Surface deposits of silver oxide may degrade the fibre with

62

time, as in the case of the planar equivalent, and increase the
scattering losses of the fibre at the cladding-modified region. The
outstanding advantages of the diffusion technique are that the physical
dimensions of the treated fibre remain unaltered and, mwore important,
that ;t is gpplicable tc single~ or multimode fibes, with graded-index
(SELFOC fibres, for example64) or step-index cores; However, a word
of caution nust be sounded at this point. Consider the transition from
a single-mode step-index fibre to a region treated by ion exchange,
let us say uniformly raised to the core refractive index as in Figure 3.4.
The optical energy in the fibre is confined mainly to the core and on
entering the treated region the HEll modé diffracts into the field
distribution of a mode of the now-multimode fibre at the same phase
velocity. This mode in the modified region will not be well-guided,
and may be attentuated or scattered into the other modes, although the
evanescent wave at the surface will be available for transverse coupling
to other waveguide or bulk structures. However, the difficulty arises
in the transition from the treated to the untreated region where the
field distributions of the guided modes in the different regions are
grossly mismatched. It is expected that the guided mode would suffer

a large power loss to the cladding modes, thereby limiting the technique

to fibres having thick cores and thin claddings.

The acid-etch method has the advantage of being completed ih

a matter of minutes at room temperature. An impoxtant consideration
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is that HF is an exceptionally dangerous material to work with, both

in the liquid and vapour state. The application of the acid-etch

technique to single-mode fibres is unlikely because they have a core
65

diameter, for a step-index guide of :

d < 2.405)\

% 3.4

In” )

n
core -~ clad

where 2.405 equals the cut-off peint of the TEOI mode (the first zero
of the Bessel function of order zero) and
A = free space wavelength ,

which, for LF5/soda-lime materials at 0.633 um, is less than 1 um.

Apart from the fact that the etching could nct be controlled at these
thicknesses, the fibre would undoubtedly shear at the etched region.

The retriction of the technique to multimode fibres is the most

important limiting factor.

The field perturbation at the discontinuity between the
treated and untreated regions of an etched fibre is experienced by
the evanescent fields only. The field perturbation at the discontinuity
between the treated and untreated regions of an ion-exchanged fibre is
experienced by the mode ficlds within the reflecting boundaries. We
may deduce from these two statements that ion-exchanged modified fibres
might suffer higher transition scattering loss thon equivalent acid-

etched modified fibres.

Fibres treated as described may be used to couple optical enerqgy
into and out of the data hidhway using prism or grating couplers or for
connecting thin film integrated devices to optical fibres. The
coupling of two or more similarly treated fibres may result in fibre

directional couplers.
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The closest analogy in microwaves is the so-called "Coaxial
- i . 66
Bethe-hole directional coupler", developed by Ginzton and Goodwin.
Novel fibre modulators based on the perturbation of the available
evanescent fields by electro-optic or similar effects may be proposed.
Cladding removal by chemnical etching represents the most direct
and easily-controllable method of accessing the waveguide core. Tt
was considered that the research effort shoculd concentrate on this
means of cladding modification rathexr than the less—established ion-
exchange method, and to this end experiments, described in the following
‘

section, vere devised to demonstrate the importance of the principle

of evanescent field coupling to cladding-modified multimode fibres

3.5 Coupling of a thin film waveguide and a circular fibre at the
cladding-modified region.

3.5.1 Introductory discussion.

With the pr ple of rouollnq to circular fibres at a region
of cladding modification established, it was thought that the transverse
interaction of the evanescent wave of &« fikre with another waveguide -
a thin film - would result in a thin film/circular fibre directional
coupler, The propesal was simply to pless the treated region of the
cladding-modified fibre on to the surface of the thin f£ilm waveguide,
with oxr without a low-index buffex Jayer between the two. If the

phase velcocities of the guided modes were equal then directional

coupling would take place along the interaction region where the fields

)

of the guided modes cverlapped. Any phase mismatch of the two waves
in the structures could be corrected by placing a phase grating31
between the fibre and the film, or by the introduction of taper £ilm
couplingl.}5 These ideas were embodied in two United Kingdom patents,
one of which co#ce ned the coupling using the ion-erchanged modified

fibres4 and ihe other using the acid etched fib:e.67 Hammer41 has



used both the grating and a method of partial cladding removal to

. = - L - 40 .
attempt to couple from a fibre to a film, and Bulmer has studied
the effects of a pericdic grating on the coupling of a repulled
secticn of single-mode fibre to a thin film.

In this section, results are presented'for the thin film/
multimode fibre coupler. A theory of operation is presented and
the difficulties and disadvantages of such a configuration are

discussed.

3.5.2 Experimental details of thin film/multimode fibre coupler.

' LFS}soda lime glass fibres were used, with the core exposed
by acid-etching, typically 90 ym in diameter. The experimental
arrangement is shown in Figure 3.5. A laser beam was coupled
through a high-index prism coupler into a thin film waveguide, in
this case the TEo mode in a 1.6 um thick film of Corning 7059 glass,
r.f. sPuttered68 onto a Fisher microscope slide. The light beam
continuad in the film until it came into contact with the fibre, the
exposed core of which was pressed onto the surface of the f£ilm by a
chisel—-shaped ligneous rod. The fibre axis intersected the beam
axis at a synchronous angle €. After the crossing point, the
scattering from the light beam in the film was greatly reduced in
intensity, the majority of the light coupling into the circular fibre,
which had a 76 ym core diameter (LF5 glass) and, with the soda-lime
glass cladding, a 105 um overall diameter. The transition between
the unclad and clad regions of the fibre is indicated by the arrow
in Figure 3.5.

It was estimated that between 70§ and 90% of the light was

coupled out of the film by this means. The angle between the bean
and the fibre axis was necessary to phase match the waves in the

guidiné structures and, because of the large number of modes supperted

by the fibre, phase matching over a wide renge of angles was possible.
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FIGURE 3.5 Coupling from a thin film waveguide

to..Q  gircular clag fiote ot a

region of cladding modification .
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By observing the near-field patterns of the coupled fibre
modes using a low-power optical microscope, it was possible to gain
some insight into the operaticn of the coupler. The following
results are for the coupling of an 80 pm diametex unclad LF5 fibre
(measured refractive index at 0.5633 ym = 1.577), to the TL"1 mode of
an ion-exchanged thin film, 8/k s L LS Circularly symmetric
ring patterns were observed in the near-field, being the high-order
modes excited in the fibre by the mode in the film. As the crossover
ahgle € increased, an annular ring pattern, characteristic of
spirailing ﬁodes, was observed. An example of the spiralling mode
pattern, for €= 50, is shown in Figure 3.6. The zeros of this
pattern in the azimuthai direction were not separable, and the other
phase distortions in the photograph were due to uneven nature of the
fibre termination, which was not properly cleaved. The larger the
crossover angle the larger the central area containing only scattered
light became.

Unfortunately the considerable experimental difficulties
prevented reliable results of a more qualitative nature to be extracted,
but we will now determine if these observations are consistent with our
theoretical understanding.

3.5.3 Theory of thin film/circular fibre coupling.

(i) Flane wave description of high-order fibre modes.

The coupling effect under study relies upon the phase matching
of a slab waveguide mode, which can be considered in terms of plane
waves, to the mode field of a circular fibre. It would, therefore,

be useful to establish approximate relations which allow the guided

wave in the fibre to be composed of locally planes waves, This

- : ) 3 l(\
analysis has been presenited in Section 2.5 from the work of lllax:(:u:'-t:.‘.?'4
and the results are stated helow. For high-order modes, such that



FIGURE 3.6 Near- field pattern of a

spiralling mode coupled from

a thin film wavegquide .

75



kd/, > 1 3.5
fibre r /2

the wave in the[guiie can be described in plane wave terms with three
orthogonal wave-vector components 8, Lc and kr aleng the axial,
: ) ‘

azimuthal and radial directions respectively. It has further been

shcwn that

# Z 2
o - 2n2 - 82 - =) 3.6
& core d
and
2y
e L %)
k¢ %

where § is the azimuthal quantum number.

* L3

In practice the fields of the fibre vary as

%5 2 jr¢ -jBz jut
Bz 03 nli(kin - B )%r)ejx¢ e J8 ejw 3.8
u core
inside the fibre core, and
(1) S S L jré =jfz Jut X
i hu (3(B -k nclad) r)e e e 3.9

in the cladding.
Ju is the Bessel function and H:l) is the Hankel function,

both of the first kind and of order u.7o

(ii) Phase matching.

Consider the wave-vector diagram in the yz plane, sketched in
Figure 3.7a. Subscripts 1 and 2 dencte film and fibre respectively.
The ccupling takes place by the overlap of the evanescent wave in the

A
£ilm, and the evanescent radial wave in the fibre in the y direction.

Since the fibre wave vectors are orthogonal we have

3 - -y :
Bl =By, * k¢, 3.30°
and ' By = B, cos € b P %
k¢2 s 8151n€ g 5
Substituting equations 3.1l1 and 3.12 into 3.6 and 3.7 gives
o ’ :
w =9, Bsin€ 3.13
and
. 22 - R Ry < 2
= - € - 5 = -
kr2 k n, Bl cos ' Bl sin & k n, Bl 3.14
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(iii) Coupled mode fields.

From equations 3.8 to 3.14, the approximate field distribution

of the mode coupled into the fibre is, with the time variation suppressed,
2 2 2 % jrd =38, costy ‘
J [ (%n2 - g %cos%e) ] e"Pe73B1%0%¢% 3.15
d core 1 —
'EBJS:LB E

inside the core, and

g\ [J(3120052€ -k

2 2 )%r ] ejr¢o~jslcos€§2 3.16
gglsin €

nclad'

in the cladding.

. {

(iv) Axial and spiralling modes.

. 71 .
As Stewart points out,” equation 3.6 may be written as:

el g 3.17
&

k2(r) = k2n2(r) 18
g is independent of r by definition and P and (%0 are real.
the description represents a radially propagating wave if k(r) is real.
If k(x) is imaginary, then the wave will be evanescent (increasing oxr
decreasing) in the radial direction. The boundary between these
regions is given by the condition

k(x) =0

ox

82 -kn (£) = (l]?)2 3.18

Three such 'boundary' lines are sketched in Figure 3.7b, which is the

W0) (1) (m)

2
graph of g against r. They are for =0, y and y

0= éo) X él) < u(m) 3.19,
Where the mode lines (constant 522) lié below the boundary lines, they
represent radially propacating waves and where they lie above they
represent evanescent waves. ' Let us observe the radial variation of the

coupled fibre mode as the synchronous crossover angle is increased

from € = Q,
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1

m) y . N
For the mtn value of € ( E( "), equation 3.11 and 3.13 state;

(m) _ . (m) !
82 = Dl COS £ 3.20

and (m)

5.dl L aakmy
il =3 ne

6151

As the crossover angle increases, 82 decreases and ! increases.

at €9 - o, 32(0) = g, and 19~ 0,  the mode field is
evanescent for r > d/2 (Figure 3.7b) and the mode is HElk
2 2 2.% 3 -
L e - 322
o Bcore B2 ) /oM

. At Eél), Bél) < BJ and u(l)> 0, according to Figure 3.7b,

the field is evanescent outwards from d/2, and also inwards from a

radius r(l) given by

(1) u(l) 323
:

= 2 ; Y
(kzn - B 2cos2€ Jx
core 1

: th :
Extending the argument to the m value, a general expression for

the normalized annular ring radius is

(m) (m)

s r sin€
o =a7§— = 30 24
i ,
kX n /2
[ o cos2€(m) ]
g 2
1

This ring radius will increase with increasing € until the fibre cut-off
condition:
-1
€ =
co e [knclad] 3.25
Bl

v

is reached, beyond which the enexgy will leak into the fibre cladding.
Modes with p>0 represent.'spiralling' modes: in the ray optics

model of propagation, the ray trajectory never crosses the axis of thé

fibre. Furthermore the coupling is to only one of the two possible

orthogonal degenerate spiralling modes, with clockwise and anticlockwise

rctations (viewed in the +§2 direction), the former associated with
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positive crossover angles and the latter with negative crossover angles
(Figure 3.7a). The near field pattern of such a mode rotates as the
wave progresses down the fibre. Spiralling modes are characterized by
an annular ring pattern in the near field, the inner ring radius of
which, as a function of €, is predicted by eqﬁation 3.24.

Modes with M= O only occur where € = 0, and are pure axial

modes, HE1 ., having no azimuthal field variation.

¢

(v) Directional coupling.

; Clearly the introduction of the synchronous angle,€, renders
the analysis of the coupler in terms of the classical theokxy of
Chapter 2.7 impossible. Perhaps a better label for this configuration
is that of a "spiralling mode coupler". As can be seen from Figure 3.7a
the coupling is accompanied by a change iﬁ-d;rection'of power flow from
El to 22. The classical theory of coupled tranémission lines only
applies when the guides are parallel, that is when €= OO. Otherwise
the coupling is a continuous leakage of energy from the film to the
fibre and away from the coupling region. If the rate of leakage is
fast enough then all of the energy will couple out of the film in a
very short distance, and the trarsfer efficiency will approach 100%.

(vi) Reciprocity.

As Kepany and Burke point outz2 the phase factor in equation 3.8,

k¢¢
[exp (3 [*ﬁ—‘- 8222 ] )] 325
ensures that surfaces of constant phase satisfy the equation
k ¢
Z, = o + constant 3.27
2 uB,

Fox :p # 0, a given surface of constant phase mtates about the axis
of the guide while advancing in the 22 direction. The implicatiouns
of this statement are far-reaching for the spiralling mode coupler,

because the phese-matching conditions to construct the wave in the



film in the reverse direction become dependent on the pocition of the

coupling point along the z, axis. Work has not been carried out to

N

evaluate the sensitivity of the fibre-to-film coupling to this
positional dependence.

3.5.4 Comparison between theory and experiment, and conclusions..

There was general agreement between the predictions of
Section 3.5.3 and the experimental observations. The trend to
higher-order spiralling modes with increasing crossover angle was
noted and the high efficiencies expected with this 'leakage' type
of coupler were recorded. The observation that the coupling
appeared to be more efficient with larger fibres was attributed to
the leakage occurring over longer effective interaction lengths.

The spiralling modes have been observed in the near~field
and their patterns were those expected. The azimuthal variation of
the mode fields was not observed, we think due to the coupling over
the finite width of the film beam. A filamentary section of the
beam in the film couples to a pure spiralling mode at a different
point along the fibre axis from another similar section, and the
result is a mixture of degenerate modes rotating slightly out of
phase with each other. The ordered azimuthal zeros in the near field
therefore disappear.

Coupling from a spiralling mode in a multimode fibre to a
film mode has not been achieved, presumably because the correct phase.
synchronism at the coupling point has never been obtained, although
there is no reason to suggest that the coupling is not entirely
reciprocal.

It can be concluded that this simple and highly-efficient
form of film/fibre coupler can be explained using the theoretical
model of Section 3.5.3, though the difficulties encountered at the

experimental stage of accurately controlling and quantifying the

device resulted in poor correlation. ;
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3.6 Summary and Conclusions. -

m———— e ¥

3 : The recognition that highly-efficient coupling between
circular fikres and other bulk or waveguiding structures could be
achieved by evanescent field coupliﬁg led to the study of methods
of modifying the cladding material of fibres, such that the
insulating effect on the guided mode fields was eliminated. Two
methods were investigated: physically removing the cladding, and
raising the cladding refractive index by ion-exchange. After a
comparison of the methods, the former was chocen as the most suitable.

' To éemonstrate the principle of evanescent field coupling to

cladding-modified multimode fibres an attempt was made to produce a

thin-film //<circular—fibre coupler, where the exposed core of the

fibre was lightly pressed onto the surface of the thin film waveguide.

Phase matching occuﬁfgd at a synchronous crossover angle , such

that

Beibre
cos € = - "

Beitn

The power transfer efficiency from film to fibre was approximately 70%
into a single, high~order fibre mode, the coupling taking the form of
a continuous leakage of energy away from the coupling region in the
spiralling fibre mode. The coupler was studied theoretically by
introducing a plane wave approximation for the fibre mode fields and
by considering the phase-matching conditions in the plane of the thin
film. The excited mode near-—field distributions were presentzd and
the apparent non-reversible nature of the coupler was discusced. The
coupler was thought to be reciprocal, but depended on the positicn of
the coupling point along the fibre axis.

This type of novel coupler, while being efficient, simple t®
construct and universally applicable was difficult to control
experimentally. Further study must be associated with pacticularly

accurate measuring and recording apparatus.
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CHAPTER 4. CLADDED FIBRE WAVEGUIDE MODES EXCITED BY A

PRISM COUPLER AT A CLADDING~MODIFIED REGION.

4.1 Introduction.

It is evident from the work of the previcus chapter that
cladding modification of circular fibres allows transverse coupling
to the core modes, and that simple coupling devices based on this
principle can be demonstrated. Many difficulties were encountered
in controlling accurately the coupling from a film to a fibre and
results of a more qualitative nature were reguired. The simplest
and most controllable form of an evanescent field coupler, commonly

. : 3 28,29
encountered in integrated optics, is the prism/film coupler.
In this chapter the idea is extended to demonstrate the excitation
of circular fibre waveguide modes by a high-index prism coupler at
a cladding-modified region. A comparison of the experimental
results with the established theory of mode propagation in circular

dielectric step index fibres will be presented.

Previously, the launching of individual modes in circular
. 95
fibres was achieved by Kac and Hockham and Snitzer and Osterberg
by direct illumination of the fibre end, and an elegant technique
12 . : ;

by Kapany =~ was also demonstrated. It was not until early in 1975
that first reports of prism coupling to circular fibres came to the
: : 96 > 97
foxre, our own and that of Midwinter? The latter author developed
the technique for fibre testing purposes:

"the coupler allows study of mode-~dependent fibre

transmission loss and radiative loss and allows 97
single-node launching for bandwidth study”

Though they differ slightly, the underlying principles of the two

methods are the same, and the uses conceived by Midwinter may also

be derived from the system described here.

i



It is because of the importance of the technique, firstly to
demonstrate transverse coupling in fibre optics, and secendly as a
fibre test and evaluation procedure in its own right, that a detailed

description of the method, the results and their analysis is given.

4.2 Theory of Prism Coupling to Circular Fibres.

4.2.1 Synchronous and tilt angles of the prism coupler.

The coupling effect under study relies upon the phase matching

of a near plane wave from a laser to the circular fibre mode fields.

t

Tt is useful to use the relations which describe the guided mode fields

in terms of locally plane waves. Restating the results of Section 2.5
we have
K=xtd+ k¢¢ + Bz ’ 4.1
where
2
x, =<k
¢ da 4.2
22 2 2 %
k= - gt
: . Bcore B k¢ ) 453
2
Ba
Kl=
I l % Pcore 4'4

These equations hold where

a
kr'-—i' >> 1 4.5

2 % 97
As Midwinter points out, the angles which represent the skew and the

elevation of the local plane wave in the fibre core are given by

k
= { ~1 .i
Gs tan 6 4.6

3
O e
e 8 4.?

It is implicit in the above definitions that the coupling takes place
by the overlap of the evanescent wave at the priecm basa and the

evanescent radial wave of the fibre.

For the optimum launching of a particular mode the synchronous

angle, 8 , and the tilt angla, ¢ , of the prisa coupler must be selected

L



to match the characteristic angles G and as. From simple geometric

considerations of Figure 4.1 we find

0 = sin [ n Sin(sin—l[ Pcore sina ] -0 )] 4.8
m B T-‘— e P
P
and
=1
¢m = gin [ npsin as] 4.9

where np and ap are the prism refractive index and angle, and
subscript m denotes the values with the prism refraction included.
Other than this short description of the synchronism encountered in the
excitation of circular fibre modes, the situation is analagous to the

: gL, Vil : 47 )
prism/film or prism/ribbon coupler, and there is no need to enlarge
on the descriptions given in the litérature. In the prism coupling
experiments presented throughout this chapter, wiation of the skew

angle was not considered because, at the time of the work, no accurate

method of doing so was devised. It is appropriate to set o™ O In
equation 4.6, making k¢ = 0. This further implies from eguation 4.2
that
p =0 4,10
throughout.
only

It might be expected that/modes with no azimuthal variation
will eads he set up. This was observed for large diameter fibres
where equation 4.5 holds, but not for smaller fibres.

4.,2.2 Launching efficiency of a priswm/fibre coupler.

To a first approximation the coupling region can be divided
into the xy and xz planes and the efficiency in each plane discussed
(Figure 4,la-c). The total efficiency would be the product of the
two efficiencies. In the xz plane, Tien18 develops a simple

expression for the efficiency of a plane wave prism/film coupler which

(AT
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may be applied in this analagous situation:

|-

(L - exp(—SSL))2

il
w
=

4.11

where % is the interaction length along z and $ is a coupling
coefficient. The maximum value of equation 4.1l occurs where

Sg = 1.25, and the maximum attainable efficiency for truncated
plane-wave illumination is 8l%. The situation in the xy plane is
complex and has not been evaluated. Not only does the strength

of the coupling vary in the y-direction due to the fibre geometry,
but also thé radié; wave vector kr becomes mismatched to the incoming

evanescent wave-vector ko along y. Coupling will only take place

over a small region, y(o)+ & seca (Figure 4.1)

2
and the efficiency will be
§ sec a
Sk SRS 4.12
xy D

where D is the width of the incoming beam. The overall efficiency

may be written as

§ sec o 2
n= —ELTEﬁT——" (1~ exp (-s2)] 4.13

where S is defined in equation 15 of reference 18, D is the beamwidth
at the prism base and Gy is estimated as an order of magnitude lower
than the fibre diameter. It can be seen fxom equation 4.13 that
the coupling efficiency may approach that experienced in prism/f£ilm
couplers if D » Gy.

Midwinter97 has reported an excitation efficiency of ~-16dB.
This figure would appear consistant with the prediction of equation
4.13, because we could assume from Midwinter's published results
that d ~ 20 uym and D ~ 50 um. Consequently GY'A: 2 um. If a
launching efficiency of 45% is assumed in the xz plane (a.gpical
figure) equation 4.13 reveals n = -17.5d4B. We can expect launching

efficiencies of gimilar modest wmagnitudes.
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4,3 Coupling to the High-order Modes at the Treated Region.

4.3.1 Experimental details.

The high—order modes of circular clad glass fibre were

o

excited at the cladding-modified region by a high—refradivejindex
prism coupler in the following manner. The fires used were drawn
from Schott LF5 rod as the core material and soda-lime glass tubing
as the cladding. Typical fibre dimensicns were a core diameter of
between 50 pm and 100 um and an accompanying overall diameter of

72 ym to 150 um. A 20mm length of cladding at the end of a length
of fibre was removed in an HF etch-bath. The exposed core rcgion
was pressed against the base of a 60° priesm (refractive index 1.696
at 0.633 um) and held in place by a soft rukbber pad. Light from
5mW Spectra-Physics Helium~Neon laser operating at 0.633 ym wave-
length was focused into the prism and made to reflect internally at
the base immediately above the fibre. The beamwaist at the prism
base was estimated as 50 um and the tilt angle,¢, was zero.

4.3.2 Reflected spot m-line distribution.

: 28 e i ;
Dark mode lines were visible in the bright spot reflected
from the prism base as the power coupled into the fibre mcdes at the

particular synchronous beam angles. With the range of fibres used

s
the normalized freguency, V, defined asGJ

Vo= Eg-(nz - B )%

0\ b nclad 4.14

lay between 75 and 750, and many mode lines existed closely spaced.
The low-ordexr modas wexe difficult to separate, and the reflected

spot may have contained four such lines simulteneously, indicating

the excitation of that nuber of nearly-degenerate modes.

The higheir-order modes warxe more spread out, and could be

launched individually. D?E,EO the refraction of the reflected beam

at the prism, the spot shifted in space with prism couvpling angle, and

{413



a spectrum of dips in the reflected spot resulted. Using a time
exposure for the duration of a coupling angle scan (manually operated) ,
a section of the reflected spot m~line spectrum was photographed, and
is shown in Figure 4.2. The bright centres of the spots lie below
the scattering 'tails' and were omitted to prevent saturation of the
rhotographic plate. Figure 4.2 clearly shows thel dark mode-lines
corresponding, as will be seen shortly, to the'coupling of the H%R

modes of the fibre, where % lies between approximately 26 and 33.

4.3.3 Near-field patterns of the high-order modes and relation to theory.

Observations of the near-field patterns at the clezved termination
of the clad fibre have shown the existeuce of pure high-order modes
which were launched discretely by the prism coupler at ghe cladding-
modified region.

The apparatus used is shown in Figure 4.3. The termination
was supported and index-matched (nitrobenzene n, = 1.556) using an
exit cell similar in design to that of Da}:in.60 The fibre was that
of Section 4.3.1, having a core diamter of 50 ym and an overall
diameter of 72 ym, and an ovexall length of 75 mm. It was important
to keep the waveguide straight to minimize bending loss and mode
conversion, particularly in the study of high-order modes. A
travelling microscope comprising a x20 (n.a. = 0.5) objective and a
x15 eyepicce was used to focus the image of the end of the fibre on to
a ground-glass screen and photographed from behind. The mode
distributions obsexrved consisted of well-defined circular interferance
patterns as shown in Figure 4.4a-d. As the prism was rotated {rom
the higher-order modes to the lower-order cnes (Figure 4.4a-c) the
number of discernable rings decreased. At the value of 6 where nore

i

than onec mode was launched by the prism couplazr, the near-field becane

[ep)]



FIGURE 4.2 Part of the reflected spot m-line

spectrum for the prism coupling of

high - order fibre modes.
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a pseudo-random interference pattern as shown in Figure 4.4d. The
corresponding reflected spot pattern verified that discrete modes
were no longer being launched &rd that the interference was due to the
superposition of the nearly-degenerate nodes in the near field. The
highest order mode launched had approximately 30 rings and is shown
in Figure 4.5.

98 S ;

It can be shown that the power being propagated along the
waveguide is characterized by the power density along the axial direction,
denoted by Pz. From equation 2.42 with p= O, we £ind that PZ varies

g : : £y iome !
with radial distance r. Within the core of radius oL the energy

density is

2 2 2% iR
BS W paaleng, - 6 ) forr<£21 4.15

P G E ‘
o d

Z

TLPure modes 29ly have zeros in the radial direction, and are denoted

(in the case of u= 0) HElz' where £ is the number of radial intéhsity
maxima. Other patterns whichvshow zeros in other than the radial
direction are mixtures of degenerate modes.

The experimental results of Figﬁres 4.4 and 4.5 show good
agreement with this theoretical model, although the distributions
at the centre of the patterns become slightly muddled, probably due

. 5 : . :
to mode conversion down the 10~ wavelengths of fibre to the detection

point.

4.3.4 Theoretical formulation of the far-field distributions of
the h i_qi'l‘-wordcr modes.

Now that the form of the near-field distributions for high-oxder
modes has been established, our attention must focus on the emergent.
T 12 i
far-field patterns. There are two methods of deriving the expected

radiation patterns:

(i) Pourier theory of Fraunhofer diffraction.

The Fourier theory of Fraunhofer diffrzction may be applied,
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knowing the mode-field distrikutions given by equation 2.42. The
tuation can be thought of as the circular core aperture encoded with

the amplitude and phase characteristics of the near field pattern o

h

the mede and illuminated by plane wavefronts perpendicular to it.

The far~field distribution (Fraunhofer region) is given by the Fourier

transform, in t,Q)dnd z coordinates, of equatiocn 2.42. Such a

15
calculation has been cerrxizd out by Kapany.

. 99 . ! ‘ . e i
As Lipson = points out, the diffraction characteristics of
the concentric ring patterns of equation 4.15 produce a single annular
ring whose radius varies in proportion to the number of near-field

xings.

(ii) Ray approach.

More simply, the geometric ray-optics model of the fibre
terminaticn may be considered. The rays of the inset of figure 4.3
represent the normals of the component wavefronts whose interference
constitutes the high-oxder axial mode patterm. A single plane section
of the fibre is shown, although, of course, the fibre is circularly
symmetric. Applying Snells Law at points A eud B in Figure 4.3
reveals a simple relationship between the mode propagating with

characteristic angle ae, and the emergent ray half angle uf. It

ig, for refraction into air :

g :
X Toora o e Aan
i 8,2 4 :
sin @ (nCore - (k) ) : 4.17

rarther, the effective refractive index, Ey is normalized by

§]
e
e e

- 4‘1-8
nclad)

n
core



Taking account of the total field in the fibre merely serves to
extend O to the emergent cone half~angle, and we predict an
annular ring pattern, having radius rr, digtance Lr away from
the fibre termination, given by

r =1L tan g 4.19
X o

£

D —— = Sl

and comparison with theory.

e Experimental far-field patterns of high-order modes,

Using the apparatus shown in Figure 4,3, the far-field
iadiation patterns were observed. As expected, the particular
value of the axial propagation constant, P  determined by the
input prism coupling angle, resulted in an annular ring pattern
of characteristic radius. The emergent cone half-angle in air
was found, using equation 4.19, for different values of %7 and
the result is plotted in Figure 4.6. The theoretical curve,
derived from equations 4.17 and 4.18, is also included in this
figure for compafitive purposes.

Clearly there is gxcellent agreement between theoxry and
experiment. Althocugh it was possible to excite modes with

St E'< nclad
these modes were rapidly attenuated in the cladding material beyond

the cladding transition and consequently did not appear at the

output.

4.4 Further Modification of the Cladding-treated Region.

Up until this peint the coupling has been restricted to
large~diametexr fibres supporting many modes. As pointed out
in Section 4.3.2, the low-order modes were too closely bunched in

-%- to allow their individual excitation, and hence the preoccumtion

with high oxders. For practical purposes the lowest orders are the
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most important, particularly from the viewpoint of optical less and
mode conversion, and it was imperative that a method was developed

to enable us to launch discrete low-order modes. What were the
alternative methods available tc achieve this goal? There appeared
two basic approaches, namely the complete immersion of the launching
system in a medium of refractive index very close to that of the core,
or a reduction in the dimensions of the core at the launching prism.
After several unsuccessful attempts to realise the former, a technique
" to repull the cladding-modified region to reduce the core diameter

at t£e couéling prism was devised. The exposed fibre core wés
locally softened by the action of a miniature pulling rig, and drawn
in the conventional mannex. A sketch of the apparatus is shown in
Figure 4.7.

The heating element consisted of a coil of tungsten wire wound
for a 6 mm length round a bakeglite tube of approximately lmm diametex
and 35 mm length, which acted both as alfhermal diffuser and to protect
the fibre from the windings, which were not thermally or electrically
insulated. The treated fibre, supported above the heater, protruded
vertically through the tube and a 200 mg. weight was attached at the
bottom. As the glass softened, the section of the fibre below the
hot zone slowly fell under gravity, producing a taper of the core
diameter in the remaining material. Taper formation was not studied
extensively though it was recognized that varying the weight varied
the taper gradient, the heavier loads producing the shorter, sﬁarper
tapexs. Tapers formed during the process were measured using an
optical microscope and the result showed that, typically, a tenfold
reduction in the diameter of the core, over some 31 mm (5 x 104.§ave-

iengths) was achieved.

an
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4.5 Counling to the Low-order Modes at the Treated Region with
Further Modification.

4,5.1 Synchronous coupling.

The lengths of fibre at the extreme end of the taper were of
such small proportions that in usual circumstances they could not
have been handled. However, such small guiding filaments were
attached through the taper transition and, with care, could be
positioned in the launching system. The diameter at the launching
prism was between 2 ym and 10 um and the lowest-order modes were
weli sepafated in coupling angle and could ecasily be xesolved. The
reflected spot m-line distribution in this case looked very similax
te that of a slab waveguide.

The coupling cof the individual modes resulted in ‘'beats' in
the fibre power as the prism was rotated through the entire range of

£ namely

"clag é'(em) 7 Roore 2.2
The rotation of the goniometer supporting the prism coupler was
converted into an analogue voltage by a potentiometer.connected to its
shaft and the fibre output power was detected at the exit cell by a
BPY 13 photodiode. The diode output was connected to the y-axis of
an Advauce xy plotter, and the rotation voltage to the x-axis.
Otherwise the apparatus remained that as shown in Figure 4.3. Since
0 the input angle of the beam to the prism, was varied over a .
relatively small range given by equation 4.20 above, a linear scale
of %- in the x—-axis resulted. An experimental graphical output
is shown in Figure 4.8, with the linear scale of E- superimposed.
Care must be taken in the interpretation of this result, as

the relative heights of the peaks are uncalibrated because of:~-

(i) mode-dependent attenuation;

e
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(ii) mode—~dependent excitation efficiency;

(iii) movement of the input beam away from the
optimum coupling region as the prism was
rotated;

(iv) inadequate plotter resolution.

The fibre used in this case had a core diamier of 25 ym which
tapered over 30 mm to a diameter at the launching prism estimated at
’

2 um. The laser was plane polarized.’ A comparison of the mode

propagation constants in this example and the theory now £follows.

4.5.2 Comparison with the theory of mode propagation in circular fibres.

The theory of mode propagation in circular fibres has been
treated by many authors?g'loo and in particular by Gl-oge,65 who
presents theoretical curves for the normalised propagation constant
in his notation 'b', our notation'N') defined in equation 4.18,
against the normalised frequency V, defined in equation 4.14, for
the twenty lowest-order modes. For convenience this family of curves
is shown in BAppendix 4.1 . The theoretical mode propagation constants
EIenmw be compared with the ekperimental values at the same normalised
frequency value in order to verify the modus opefandi and also to
identify and characterise the excited modes. Figure 4.9 represents
this compariscn, with the experimental Ne values, obtained from the
peaks in Figure 4.8, plotted against the theoretical predictions of
Gloge, for a V-value of 1ll. The estimated V-value of the fibre at éhe
prism was 12. Clearly there is good agreement, and identification
of the modes can be obtained on this basis. For some of the highei-
ordexs, however, the resolution of the apparatus was noﬁ sufficient

to identify nearly-degenerate modes such as the HE'l and the HE, , or

5 81
the HE33 and the HE]4. The angle of skew of the beam and the fibre
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axis was approximately zero and variation of this angle would have
undoubtedly selectively altered the coupling efficiency to the highex-

order modes.

4.5.3 Near-field patterns of the low-order modes.

(i) Theory.
The Jow-order modes of a weakly guiding circular fibre, far
from cut-off, ‘may be classified in two degenerate sets,

: EH 4,22
HEU"‘ln L U'll 5

: HE .
and TEo,l TM0,2 2,5 4,23

..

v

where u integer > 0, % integer > O.

For p = 0O, the HElR modes exist as pure (non-degenerate) modes.
The sequence of modes with decreasing é—values may be obtained by
combining a knowledge of the degenerate sets and the sequence of
the cut-off thicknesses of the modes. Because the lines on the
Dispersion curve (see Appendix L.1) never cross, the increasing
sequence of the roots of the relevant Bessel function ~ the value of
the normalised frequency, V, at cut-off is given by the mth root of
JU(O) ~ represents the sequency of modes with decreasing E~values.
The HEl2 modes consist of concentric ring patterns having
rings (%-1 radial zeros) and are unique in that they alone have an
intensity maximum in the centre of the guide. Taking the HEij
component (i # 1) of any other degenerate set, the i-value is

N

related to the number of aximuthal zeros of the near-field distribution

by

N¢ = 2 (i-1) 4,24

and the j-value is related to the number of radial zeros by

N, = (3=1) ; 4,25

This represents a simplification of the situation because polarization

effects, such as the combination of crthogonal modes,65 (observed but

not rxrecorded here) were ocmitted.
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(ii) Experiment.
Though the technique described in the previous section
adequately determined the mode structure, the most attractive and
descriptive method was the direct observation pf the near-field
patterns of the waveguide modes. The low-order modes were excited
by the prism coupler at the cladding-modified and repulled section,
and, because of the gradual slope, the mode field distribution established
at launching remained through the core taper and the dadding transition

~

: B
(assuming, ‘of course, that — >n

” ) and was constructed in its

clad
original form at the fibre termination. Because of the relatively
large diameter of the core at that point (25 - 50 um) the excited mode
field was visible using a low-power travelling microscope, as in
Figure 4.3. The near-field patterns of the eight bwest-order modes
of a clad multimode fibre are shown in Figure 4.l0a-h. In this case
the input beam was plane polarized and an analyser (a plane polarizer)
was intexposed between the microscope and the ground-glass screen.

The core diameter here was 25 - 30 um. Clearly the effects of the
core taper and the cladding transiti;n were negligible for the lower-

order modes, as the observed near-field patterns recorded in Figure 4.10

were consistent with the theoretical predictions for pure or degenexrate

combinations of guided modes.

4.5.4 Comparison of the actual and expected intensity distributions.

The comparison of the experimental results and the theoretical
predictions are embodied in Figure 4.1l which presents in tabulx form
the mode sets in sequence of decreasing % , and a sketch of the expeéted
near-field distribution, cross-referenced to the photographs of

Figure 4.10.
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There is excellent agreement between Figures 4.10 and 4.11,
further indicating that the evanescent wave coupling at the prism

base is in accordance with the theory.

4.5.5 Fibre waveguide mode polarization and its implications.

The relation of fibre waveguide mode polarization relative
to the polarization of the driving wave becomes an intriguing and
complex study in a guide which is circularly éymmeﬁric, and critically
important where circulaxr fibres are to be coupled to planar oOr rectangulaxr
struptures'which have t&o orthogonal mode polarizaticns only.

An attempt was made to study the relationship between the
input beam polarization and that of the obscrved mode field. The
fundamental, HEll' mode, when excited by a plane polarized beam, was
90% plane polarized aftex travelling 100 mum (1.58 x 105 wavelengths)
along a straight fibre.

After a length of fibre, with bends and loops, we predict that
there would be no way of determining the plane of polarization at the
coupling point - that is assuming that the wave does rYemain plane polarized.

It is obvious that the coupling properties of cirxcular fibres
are complicated by the additional considerations of mode polarization,

and a more complete study of the problem is regarded as a future

necessity.

4.6 Summary and Conclusions.

The aim of the chapter was to extract and analyse detailed
information about the evanescent field coupling of cladding-modified
fibres, to help evaluate the method by which thinfilm and fibre
waveguides could be coupled in a wore controllable fashion.
Excitation of the modes of a multimode fibre at a cladding-modified
region by a prism coupler has been studied. Phase-matching

considerations led to the introduction of two synchronous angles of
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the prism which define the propagating mcde field. The near-field
patterns, the far-field patterns, and the reflected-spot ‘m-line’
patterns were discussed, and favourably compared with the theoretical
predictions.

The desire to excite and observe the low-order modes required
a reduction in the V-value of the fibre at launch, and a technique
was described of repulling the cladding modified region in a miniature
electrical furnace to produce a taper with, typically, a ten-fold
reduction'in the core diameter over 5 x lO4 wavelengths. The
synchronous coupling of the quasi-multimode fibre was then investigated
and the propagation behaviour of the modes were féund to closely follow
the established theoretical model. Finally the near-field patterns of

the low order modes were recorded and 'explained.

The primary conclusion to be drawn from the work of this chapter
is that evanescent wave coupling in§olving clad fibre structures is
poscible, given suitable cladding modification. The most serlous
factors limiting the practicality of couplers involving circular fibres
can be concluded to be
(i) the dimensions of a quasi-multimode fibre in air would have to
be a few microns only, increasing the handling and positioning
problems;

(ii) determining and maintaining the waveguide mode polarization at -

- the coupling regions;

(ii) the core taper and the cladding transition necessary to make
this coupler possible would ultimately lead to optical loss and

a degree of unreliability and mechanical instability.

10,0



The experimental techniques will find useful application in

the study of the propagation characteriétics of circular fibres, and

within this context there is much scope for future work. ‘ :
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CHAPTER 5. PLANAR AND SANDWICH-RIBBON FIBRE WAVEGUIDES.

5.1 General Introduction.

circular fibre waveguides in the form envisaged for practical
optical communication systems, either single—modc or multimode in
design, were shown in the last chapter to be unsuitable for evanescent
field coupling to integrated optical waveguides. Even in a form
modified to make coupling possible, the handling difficulties of sub-
micron glass filaments were considered prohibitive. Another flexible
waveguiding sructure would have toc be found which had available
evanescent fields in the interaction region, suitable for transerse
coupling, yet which was large enough to be handled. It was clear
that the geometry of the coupling fibre was not, at this stage, of
paramount importance. For example, the coupling of the fundamental,
HEll' modes of two circular fibres of core diameter 'd' is not
significantly different from the coupling of two rectangular fibres
of equivalent refractive index and core section 2d x 4, caxrying the
Ell modes, as shown by Marcatili,20 based on results by Jones%o1 In
this simplistic argument, the rectangular fibres could be replaced by
slab waveguides where the beam confinement of the fundamental mode is
of the same order as the thickness d. It would, therefore, appear
logical to use a fibre which was flexible analogue of the thin film
waveguides and consequently of a planar ox rectangulaf section.

’

Mechanical support was provided by the bulk of the waveguide

in the width direction in the case of planar ribbon fibre waveguides,
and by an additional supporting substrate £for the sandwicﬁ ribbon
fibres (Figure 5.1). At least one side of the xibbon fibres:wasA
left unclad to allow evanescent field ccupling to other structure,

Because the glass ribbong and the thin film guides support similar

12
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similar waveguide modes, it was hoped that the coupling between
the two might be relatively straightforward. Certainly the evaluation
of the theoretical coupling coefficient was much simplified using slab
or rectangular waveguides and in Chapter 2 of this thesis alternative
methods of describing such a system are presented.

The chapter proceeds with an introductory review of planar
ribbon fibre waveguides and discusses the limitations of such a
coupling fibre. Next it is shown that these difficulties are
overcome by sandwich ribbon (SR fibres, the manufacture and properties
of which are described. It should be noted that there are two
distinct types of SR fibre: f£irstly, the high aspect~ratio guiding
region SR fibre, which is the subiject of this chapter, and secondly,
the low aspect-ratio guiding region SR fibre, or three-dimensional
SR fibre. The importance of the latter special type of fibre is

such that it merits a separate chapter (Chapter 6).

5.2 Planaxr Ribbon Fibre Waveguides.

5.2.1 A review.

Planar ribbon fibre waveguides were first put forward by
Laybourn46 as possible candidates frthe intexconnectin of integratéd
optical circuits, and the cbsexvation of modes in these glass ribbon
waveguides were reported soon afterwards.47 The ribbons consisted
of thin unclad glass guiding filaments (Figure 5.la) pulled by hand
from sheet cover—élip glass, 200 pp thick (Pilkington Glass ned. ;
refractive index of 1.522 at 0.633 jm wavelength). Since no top-
feed was provided to the tubular electric pulling furnace, the width
of the ribbon constantly diminished, although the original ratio of
width to thickﬂess (the aspect ratio), 200:1, was retained down to

thicknesses of a few microns. The minimum thickness possible by

this technique was set by the ability fo handle and control the very
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fine glass ribbons, and was abocut 1.5 um. These ribbons were
assumed to be infinite in the y-direction and with no variation of
the fields in that direction. With the dielectric slab
approximation, Maxwell's equations were solved for propagation

Lo 47 B .
along the length of the ribbon. The solutions for the guided

modes are obtained from the eigenvale equation for a symmetric slab

waveguide (eguation 2.6) given by:

~

Kb =D gln CE -2 Ty 5.1
X 10 k
1
where
r 7 = f -
ElO 1 or TE modes
n
2
= (350 for TM modes
(o)
2 22 2
kl - nl w uoeo =B
2 2 9.2
¥ & nP Yo T BN
and
nl = refractive index of ribkon
no = refractive index of cladding material
t = ribbon thickness.

. The plot of normalized effective refractive index, defined as

8o
N = k no «
e ey Dl
0
against the ribbon thickness, is presented on Figure 5.2 for the
TEm and TMm modes of a glass ribbon of refractive index 1,522 in
air (no = 1.0). The dispersion graph of Figure 5.2 shows that at

the minimum thickness of 1.5 um the number of modes supported was six
in each of the dominant polarizations. Every planar ribbon
waveguide was, therefore, multimode. For single-mode transmission
at 0.633 um, the ribbon would have to be less than 0.26 um thicks

which was not a practical proposition.
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The modes of the planar ribbon were excited using a hihi-index
prism coupler as described by Tlen28 and Laybourn.47 Light coupled
into the ribbon modes was extracted from the guide using a second
prism coupler, described by Laybourn,47 and the angular position of
the mode—linesSO (m-lines) relative to the fibre axis were noted. If
the waveguide core and cladding refractive indices were known then
each angular measurement with its relevant mode number gave a
calculated value of the ribbon thickness, through eguation 5.1.
Alternatively, the ribbon thickness 't' and the ribbon refractive index
'n' ;ere computed from results for several modes, by iteration of the
characteristic equation 5.1, until the mean value of t was minimised
with respect o n, - A computer programme, in BASIC 8 language, was
written by P. Laybourn47 and improved by J. McMurraylo2 for this
latter purpose, and has become a standard method of obtaining nl anq
t for a symmetric or asymmetric slab waveguide found using the mode-
agnle measurements, hereafter called the "mode angle programme".

The mode angle programme produced values of n, and t-to within 0.3%

of the measured values, and verified the theoretical expressions for

the mode propagation in the ribbons.

5.2.2 Merits and disadvantages of planar ribbons.

With the waveguiding properties of planar ribbons established in

the above review, it is worthwhile to discuss the merits and disadvantages

-

of the ribbons. .

The planar ribbons were simple to manufacture from readily
available matexrial. However, because they were unclad, contamination
of the glass surface during and subsequent to pulling, increased the
optical loss by the scattering of the evanescent wave at any
inhomogeneity. Freshly manufactured xibbon fibre had an optical loss

of 0.4 d8/cm for the lowest order mode in a 3 um thick guide, which
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deteriorated as the fibre was handled. A planar ribbon fibre could
seldom be removed and replaced in a particular configuration without
the optical loss increasing. Another factor that increased the
handling difficulties was that the thin glass filaments were prone

to electrostatic charging, and sometimes adhered to, or were repelled

from, cther dielectric materials.

5.2.3 Planar ribbons in a coupling situation.

(i) High order modes.

+ As Laybourn describes,47 a higher order axial mode of a planar
ribbon guide tends to scatter intc lower ordexr modes propagating at
angles to the ribbon axis such that the axial wave velccities of the
lower order modes are ejual to the phase velocity of the higher ordexr
mode. A significant amount of power carried by the excited mode
transfexrs down in mode order at an estimated rate of the order of
3 dB/5cm. This factor, and the additional high attenuation of
higher order modes, made even the thinnest fibre (1.5 um) unattractive
for coupling purposes using the available higher order modes..

(ii) Lowest ordex modes.

Let vs now consider the possibility of using the lowest order
mode in the 1.5 um thick fibre for directional coupling. In this
case we shall examine the coupling of two similar unclad ribbon fibres;
of refractive index 1.522, with an air buffer layer of thickness 'c'
between the two. The dispersion graph of Figure 5.2 indicates that'
for an isolated 1.5 um thick fibre, the difference in the normalised
propagation constant between the zero order and the first order
TE modes, A601/80 » Was 1.353 x 10_2T Consider two planar ribbon
guides, 1.5 um thick, pressed together in intimate contact. The
maximum power transfer between two coupled modes, having prdpagation

constants AB apart, is given in equation 2.81. Restating this in &

L=
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rearranged form

1"\
(17t -11" 1 5.3

The expression for the coefficient for a slab waveguide coupler is

- 8
given by equation 2.86. Substituting n, = 1.522,c=0 and i? = 1.506
il

ives K = mo———— i i i é at A
gives K = m—mrme Substituting th;s value of K and that of AB

01
N

into equation 5.3 reveals M= 9% or ~10.5 dB, and represents the best
value of crosgtalk from the zero to the first'order modes of a planar
ribbon—to—planar ribbon codpler. As one might expect with ribbons

in iptimatg contact, the phase difference between the lowest oxder
modes is not sufficient to prevent coupling from one order to the othexr.
The argument may be extended to the coupling of the m = 1 to the

m = 2 modes of the guides, and so on. This coupling "mode

crosstalk" would be apparent even for the smallest ribBon, and the
coupling between the modes coula result in power eqgualisation after

an interaction of az few coupling l?ngths. The phenomenon of powexr
equalisation and mcde scattering was in fact the substance of the
qualitative cobservations described previously.46 The major
disadvantage of planar ribbon fibres was;, therefore, recognized

to be the inherent multimode nature of the guides, and though the
concept of using planar structures was firmly established, the further
refinements of (i) a semi-clad structure to assist mechanical handiing
and reduce optical loss through contamination of the waveguide surface,
and (ii) reduced waveguide thickness to support a single guided mode

and eliminate crosstalk mode coupling, must now be entertained.
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5.3 Sandwich Ribbon Fibre Waveguides.

5.3:%  Introduction.

The many disadvantages of unclad planar ribbon fibres were
overcome by the development of a novel fibre which will be described
in this section. The "sandwich ribbon fibré waveguide" was a
descriptive term thought bet to describe the structure. The fibre
consisted of a sandwich of three dielectric materials - air, as the
superstrate, a high-refractive-index glass as the guiding region,
and a lowgr refractive index substrate as support. The guiding
region consisted of a very thin ribbon of glass which, having a
large width to thickness ratio, was essentially planar in construction.
The substrate dimensions were much larger than the guiding region,
as can be seen in Figure 5.1b. The top surface of the guiding region
was left unclad (air clad) to allow evanescent field coupling to thin
film waveguides or other structures such as high-index prism couplers.
Similar fibres were developed by other workexrs at Washington University42
who, with the thin film interconnecting possibilities in mind, labelled
the waveguide an “exuxnally nounted fibre". This latter term embodied
the recognition that the fibres were essentially flexible continuations
of the thin film waveguides and were most suited to interconnect them.
After a description of the manufacture and properties of sandwich

ribbon (SR) fibres, the uses to which these fibres may be put are

discuesed, along with some other interesting developments and applications.

5.3.2 Manufacture of SR fibre waveguides.

Sandwich ribbon fibres are composite glass optical waveguides
manufactured in a two-step process. The starting materials consisted
of two slabs of glass, usually of microscope slide dimensions, one of

high-refractive-index glass such as Schott BAKI (nD = 1.3725) and the

othex of lower index glass such as a Chance soda-lime glass (nD = 1,522)

20




ox Corning 7059 (nD g e o) 1A The initial preform of the high
refractive index glass was drawn at a temperature suitable for the
particular material - BAKI, for example, at BOOOC. The ribbon,
approximately 1 mm wide and 40/um thick was laid onto the surface

of the low index glass slab along its axis, and retained at either

end with small clips or drops of epoxy resin. This secondary preform
was then mounted in the fibre pulling rig and.drawﬁ at high temperature
(for example for the BAKI/7059 combination, BSOOC) as previously
described.é7 Our initial report of the manufacture of SR fibre543
included an intermediate step in the process, whexe the high-index
filament and the substrate preformn were loosely bonded together in an
electrical furnace at high temperature, prior to the last draw.
However, this stage of the process was found to be unnécessary, as the
glasses bonded intimately in the final draw anyway, and tended to
flow naturally inte each other as the pglling commenced. Using the
direct technique to some extent allowed combinations of glasses
slightly mismatched in their thermal expansion coefficients and
softening temperatures. For example, it was possible to pull
directly BAKI/7059 combinations which were found to be otherwise
thermally incompatible. After the final draw, the aspect ratio of
thc'cross~sedion of the secondary preform was retained, and the two
parts of the sandwich became intimately attached. No preform top-
fead was supplied to the pulling-rig furnace and consequently the
dimensions of tpe fibre decreased along its length. Short lengths
of fibre with effectively constant cross-section were used, and

could be chosen to ke multimede or single-mode in operation.

5.3.3 Cross-section of a single~-mode SR fibre waveguide,

" The cross-section of a single-mode sandwich ribbon fibre,
produced by this techniqus, is shown in Figure 5.1b, and an interference

microscope picture of the top surface of an SR guide, showing the
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guiding layer 45 ym wide and 0.9 um thick, is presented in Figure 5.3.
The interference photograph was taken with the sample vacuum-coated
with a highly reflecting gold/palladium mixture, and illuminated with
sodium light ( A = 0.589 um) and shows the topographical details only.
The vertical separation of the fringes was 0.29 um. The photograph
indicated that the substrate and the guiding laver did not lie
perfectly flat, possibly because the centre of the high-index region
had sunk into the mass of the substrate or because of differential
contraction when the ribbon cooled. These edge effects were not

¢

thought to be important as the guide was heavily overmoded in the
width direction.

The refractive indices associated with the ribbons had to be
corrected from the bulk value to take into account the compaction
effects of pulling.59 A typical reduction in refractive index from
the bulk value due to the rapid-freezing-induced stress was - 0.3%,
theugh this figure depended on the composition of the glass.

With the refractive index profile and the dimensions of tho
guiding region known subsequent to manufacture, it'was possible to
relate the theoretical propagation characteristics of SR fibres to

the experimentally observed properties.

5.4. Propagation Characteristics of SR Fibre Waveqguides.

5.4.1 Validity of the slab waveguide approximation.

The sandwich ribbon fibre, having a high width-to-thickness
ratio guiding rcéion, may be treated as an asymmetric slab waveguide,
with modal propagation characteristics governed by the eigenvalue
equation (equation 2.6).

How valid is this approximation? If the waveguide is considered
as rectangular with an aspect ratio 'r', entirely embedded in a cladding

medium, then thers will be approximately 'r' times the number of modes
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in the thickness direction, existing in the width directior. In

the case of an SR fibre the thickness~direction modes are bounded
between the substrate refractive index and the guide refractive

index, whereas the width~direction modes are bounded by a lower
effective refractive index equal to unity. The guide is strongly
asymmetrical and the ratio of the number of width modes to thickness
modes becomes greater than 'r'. For example, the single-thickness-
mode SR fibre shown in Figure 5.1b has some 175 width~direction modes.
It has been showu47 that such a density of modes prohibits individual
excftatioﬁ and therefore the'assumption of a mode continuum in the

width direction - the slab approximation - was considered valid.

£.4.2 The theoretical dispersion characteristics

The modal dispersion graph, derived using the slab waveguide
approximation, was calculated and plotted using a PDPS digital
computer, and is presented ‘for a lead-glass/microscope slide SR fibre

5.4 ., The y-axis of this graph is in units of normalised

in Figure
propagation constant, defined by eguation 5.2, and the x-axis is the
guiding region thickness in microns. One can immediately recognise
that the fundamentzl TE and TM modes have a finite thickness cut-off

value and that the thickness for single-mode operation lies between

0.36 ym and 1.25ym at 0.633 ym wavelength for the particular glasses

used.

5.4,{ Excitation of the SR fibre waveguide modes.

.Plane polarized light at 0.633 Hm wavelength for a helium-neon

laser was launched into SR fibres by a high~index prism coupler, in a

manner similar to that described by Laybourn.47 The ribbon was
clamped by the action of a soft rubber rad with its guiding layer in

contact with the base of the prism. Because the mechanical pressure

was applied on the opposite side of the substrate from the guide,
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the support did not contribute to the optical loss.
If the angle of the input beam to the ribbon axis was such that
the velocity of the beam wavefronts in the axial direction of the ribbon
’ - th ) ATl i
equaled the phase velocity, Up of the m guided mode in the rilbbon,

m
that mode will be launched such that

v At sec 6 5.4
n m

P o

where ¢ = 3 % losm/s, Sm is the angle between the light beam and the
ribbon axis, and np is the prism refractive index (as Figure 4.1).

By rgtatiné the input coupler with respect to the input beam, any

cne mode could be launched. A photograph of the experimental set-
up, showing the excitation and propagation of a guided mode in a
sandwich ribbon is presented in Figure 5.5a. Light was focused into
the prism from the left side cf the photograph, and the fibre was
pressed onto the prism face by a soft rﬁbber pad, bonded to the
aluminium bar of the damp. The prism was rotated with respect to

the input beam using the goniometer table to which the clamp was
attached. The excited mode travelled down the guide, as can be

seen by the bright horizontal streak of scattered light in the

filament to the right of the prism coupler. The termination of ihe
ribre was index~matched using nitrobenzene, held in place by surface
tension against a glass plate. The image of the termination was
reconstructed in space using a low-power optical microscope (objiective
8x, n.a. 0.2, eyepiece 10x wide field) and photographed, The

result is shown in Figure 5.5hb. The high light density of the guiding
region is visible with some scattered light, trausmitted in thesnbstiate,
showing the overall créss~section of the fibre.

Freom the mode launching angles the thickness and refractive

index of the guiding layer were computed using the mode angle programme,

and cowmpared with those obtained by Airect measurement.
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Experimental example of SR fibre modes.

To illustrate the methed a particular example will be presented.
The SR fibre used had a lead-glass guiding filament (refractive index
before pulling of 1,563 at 633 umn wavelength) of measured dimensions
85 um x 2.93 ym, and a substrate of Chance soda-lime glass (refractive
index before pulling of 1.518 at 0.633 um) of dimensions 2200 um x 90 pnm.
Using the slab equivalent model for the propagation in the waveguide,
the dispersion curves of Figure 5.2 were seen to appl; in this case.
With the laser plane polarized at right-angles to the ribbon thickness

direction, the TE modes of the guide were excited at the input prisn

coupler. The slab-waveguide modes propagating in the guide wexe
studied by a second prism as an output coupler. In this exanple

there were four such TE waveguide modes, TEO, TEl, TE2 and TE3.

The characteristic output mode-lines were allowed to impinge on a
ground—-glass screen and photographed from behind, and the resulting
observation is shown on Figure 5.6. In this photograph the TEO mode
was excited at the input coupler and the light scattered into the other
modes as the enerqyitravelled down the guide, giving rise to the

fainter m-lines indicated in the figure. The scattering to the left of
the TE3 mode corresponds to the light coupled into the continuum of
substrate modes of the fibre. Table 5.1 presented below, summarizes
the experimental results of the prism coupling experiment. The 600 :

prism had a refractive index of 1.685 and the mode angles were

measured to an accuracy of 7 4' arc.

Mode Order Coupling Angle Ne
TE_ 127 159 0.919
Pt 11° oot 0.719
TE, 9° 10 0.419
TE, 7° o2t 0.035

‘EABLE 5 - l




FIGURE 5.6 SR fibre output prism coupler m-lines.
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Comparison of theory and experiment.

The experimentally measured N, values are superimposed on
Figure 5.2 for comparison. Substitution of this”data into the
mode angle programme gave the following results:
Guiding region thickness : = 3.075 ym
Guiding region refractive index = 1556
Minimum variance from mean value of thickness with respat to
+15
refractive index = 5.2 x 10 .
Clearly there tis’ excellent « agreement . of the guiding region
refractive index and thickness obtained from the propagation
characteristics, and these values indecpendently measured. This
agreement led us to believe that the theoretical model based on aslab
dielectric waveguide was correct, and that the guiding properties
of the SR fibre were completely explained and understood. The
results presented in the example above serve to illustrate the
method of descrihing the mode propagation in the fixes. In practice,
single-mode waveguides were the most useful, and the analysis of them
was exactly the same as above. Since the programme must have at
least gwo sets of data, the TEo and TMO mode angles were supplied to

the computer.

-

5.4.6 Optical loss of SR fibres.

Because . the optical loss of any coupling system mist be
minimised, the attenuation of the guided light in the fibre .is an

imponrtant practical consideration. Optical loss measuremenis were
performed on the ribbons at 0.633 Um wavelength by the des(ructive
method of repeatedly shoctening the ribbon and plotting the increasing
output light intenscity. During the measuremants the Light input
conditions were held constant and couplinthhe light out of the free

end of the xibbon was achieved by nullifying the scattering effects
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4

of the ribbon end with a drop of index-matching fluid (for lead yas
guiding filame?%a nitrobenzene, n, = 1.556, was used) on the glass
face of a wide-area photodiode.

The very first SR fibres reported43 had high optical loss,
measured by this technique. The attenuation was 0.9 dB/cm for the
TEO mode launched in a guiding layer 0.9 pym thick, in a fibre
constructed from lead glass/microscope slide materials. . Although
this loss was high, it must be borne in mind that the materials used
were mt of optical quality - in fact the lead glass used for the
guiding ®gion was obtained by collapsing a semicylindrical section
of glass cut from a hollow tube (this may also explain the observaticn
that the two glasses did not lie perfectly flat in the final fibre,
as can be seen in the interference photograph, Figure 5.3). The
optical loss of the composite glasses were 0.5 dB/cm and 0.35 dB/cm
for the guiding layer and the substrate respectively, measured using
the fundamental modes of 3 ym thick planar ribbons of each material.
Cleanliness in manufacturing and the surface guality of the glasses
were two very important points ignored when the first fibres were made,
and it was expected that the loss figure for the SR guide would be
much reduced by the use of the optical—-quality low-loss bulk materials
in the ribbon preparation. This indeed was the case. The use of
Schott BAKI glass as the guiding region reduced the attenuation to
0.3 dB/cm with microscope slide as the substrate, and to 0.1 dB/cm
with Corning 7059 glass as the substrate. The BAKI was cut from a
slab of glass and the surfaces were polished to better than 1 um
finish. The further reduction in attenuation using 7059 as the
substrate was thought to be due to the improved surface quality of
the glass, quoted by the manufacturerslo4 to be ground and polished.

o]
to a smoothness cf 130A.
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The reduction in the attenuation from the initially reported
value of 0.9 dR/cm toc 0.1 éB8/cm made the SR fibres attractive as low-

loss coupling wavegquides over short distances.

5.5 Uses of the SR Fibre.

Sandwich ribbon fibres are stmightforward to manufacture from
readily available materials and have mechanical and optical properties
particularly suited to the requirvements of low-loss single-mode
vaveguides for interconnecting thin film circuits. To what other

4 f

uses can this type of structure be applied?

5.5.1 Low-loss, short-range data highway.

It was thought that the optical loss figures quotedin Section 5.4.6
could be impreved with further research. A meﬁhod thought to be
particularly suited to this end was to use secondary preforms consisting
of Chemical Vapour Deposited (CVD)103 filaments on pure silica substrates,
pulled to produce ribbons having losses equivalent to CVD fibres
prcduced by Payne and Gambling.7 If the optical losses, reduced by
whatever method, became better than 0.001L dB/cm it is proposed that SR
fibres could act as the main data highway of short-~haul communication
links, such as on board ships or aircraft, and would constitute one of

the first high-bandwidth, single-mode systems using integrated optics.

5.5.2 Multichannel capacity of SR fibres.

SR fibres also offer a unique multichannel facility, because
the waveguide filaments may be packed side by side on the one common
substrate, as in Figure 5.1lc. If the spacing between each filament,
of width a, is b, and the edge of the outermost filament is distance
£ away from the edge of the substrate, then the number of channels

possible on the single substrate of width L is by simple arithmetic:
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(-28 +b)
- (a+h)

If the spacing between each guiding filament is large enough
to prevent cross-talk between adjacent guides (say 10 pm) and some
typical numbers are substituted into the exprgssion, it is seen that,
for L = 1000 ym, £ = 200 um and a = 20 um, the packing density
increases to 20 channels per fibre. For waveguide filaments of lower
aspect ratio, the information carrying capacity of the multichannel
SR fibre increases, though care must be taken in the design to isolate
the electromagnetic fields of each guide from its neighbour. We
have been successful in demonstrating the principle by manufacturing
two-channel and three-channel SR fibres, with each guiding region
having the same propagation characteristics as its neighbour. Given
that single-channel directional coupling to rectangular integrated
optical waveguides is possible, we can foresee the coupling of discrete
integrated channels to separate guides on the single SR connecting

fibre, and the formation of an optical data "busbar".

5.5.3 SR Fibre directional coupler.

An additional device which could be constructed using the
multichannel facility of SR fibres is a directional couplexr, where
unlike the busbar, the waveguides are drawn in close proximity to one
another on the substrate, such that their cecvanescent fields overlap
and the guided modes interfere to produce a spatially periodic
oscillation of power from one guide to the other. However, this
proposal has not been demonstrated experimentally.

It will be shown in a subsequent chapter (Chapter 7) that the‘
sandwich ribbon fibre may be applied principally to the interconnection

of integrated optical circuits and that it is particularly siccessful

in this respect.
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5.6 Summary and Conclusions.

The chapter commenced with a discussion of the difficulties of
coupling to integrated optical waveguides using multimode or monomode
circular fibres, even in a modified form, and the development and use
of ribbon fibres for this purpose was argued.. Three types of ribbon
fibre were identified: the unclad planar ribbon, the large widﬁh—to—
thickness sandwich ribbon; and the three-dimensional sandwich ribbon
fibre. The latter is of such importance to merit a separate chapter.
The subjecp of the planar ribbon fibre was reviewed, and its advantages
and disadvantages discussed, as well as the prohibitive handling
difficulties. The inherent multimode nature of the unclad ribbons
was shown to be the major factor limiting the use of the fibres to
couple thin £ilm waveguides.

Sandwich ribbon fibres were introduced and the method of
manufacture described. Basing the theoretical solution on an
asymmetrical slab waveguide approximation, the propagation characteristics
of the fibres were investigated, and the results were supported by an
experimental example. Single and multimode operation were demonstrated,
and the optical attenuation was discussed. The losses have been reduced
from 0.2 dB/cm for the first ribbons produced, to 0.1 dB/cm using optical-
quality low-loss bulk materials in ribbon preparation. In the final
section, the uses to which the SR fibre may be put, and other novel

applications, were discussed.

In concliusion it may be stated that the purpose of the work of
this chapter, the design, manufacture and study of a fibre capable of
interconnecting thin £ilm circuits, has been achieved, and that the
properties of sandwich ribbon fibres developed for the purpose have

been described. Unclad planar ribbons ‘ave unsatisfactory as inter=-
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connecting fibres, and the problems associated with them, described
in this chapter, were overcome using SR fibres. The present high
optical loss (relative to circular fibres) and their unprotected
open sandwich nature make them unattractive as long distance optical
data highways, although short-range high-bandﬁidth systems are
conceivable using SR fibres with external protection, such as a low-
refractive index plastic coating, coupled to fast integrated optical

devices with the very high efficiencies detailed in Chapter 7.
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CHAPTER 6. THREE-DIMENSTONAL SANDWICH-~-RIBBON FIBRL WAVEGUIDES.

6.l. - Introduction.

The planar and sandwich ribbon fibres previously described
were deliberately chosen to have large aspect-ratio guiding regions,
in the former case to provide mechanical support for the othexwise
flimsy structure, and in the latter to minimise the effects of mode
confinenant in the width direction. The waveguides were simpler
to analyse as only the dominant (slab) modes were considered.
However, it became apparent that the manufacture and analysis of
low aspect-ratio guides was very necessary from the viewpoint of
designing a practical coupling fibre for interconnecting rectangular

'
: = : - 19
integrated optical waveguides. In the words of Goell,
"In many integrated optics applications it is expected that the
waveguides will consist of rectangular, or near rectangular,
dielectric core ....... thus it is important to have a thorough
knowledge of the properties of their modes."
In this section, the manufacture, properties and uses of three-
dimensional SR fibres are described. An extensive study is presented
of the method of excitation of the modes and the observation and

analysis of the near- and far-field patterns obtained.

-

.2 Manufacture of Three-dimensional SR Fibres.

The method of manufacture of three-dimensional SR fibre
waveguides is similar to that described in section 5.3.2, The
initial filament preform consisted of a rectangular block of SCHOTT
BAKL glass (refractive index before Pulling = 1.5725 at 0.589 Hm)
of dimensions 1 mm x 4 mm x 80 mm. The four large faces were
polished to a 1 ym finish. The guiding region seéondary prefoxm
was then manufactured by pulling this glass at 800°C. A 75 mm length
of cross-section 800 pm x 200 um was pPlaced on a slab of Corning 7059

(refractive index before pulling = 1.530 at 0.589 ym) of dimensions
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75 mm x 25 mm x 1 mm, and the composite fibre was formed by pulling

. O o S : )
at B50°C. No preform top-feed was supplied to the pulling-rig furnace,
and consequently the dimensions of the fibre decreased along its length.

The measured refractive indices associated with this ribbon, n =1.58,

gide
n ., = 1.528, are those corrected for the working wavelength of
substrate

0.633 um with the compaction effects of multiple pulling taken into

59 ) ; : 5 . ’
account. The optical loss, measured by the destructive technique
for the E{l mode in a fibre of dimensions 9 ym x 2.2 um, was 0.05 dB/cm.

Such a fibre is shown in the electron micographs in Figures

.

6.1 and 6.2 .

6.3 Cross-section of Three-dimensional SR Fibres.

Figure 6.1 shows the guiding region of the fibre in relief,
and Figure 6.2 shows a cross—section of the guiding region, with the
boundary between the glass species evident by the contrast difference
at the interface. The edges of the guiding filament hae collapsed
during the pulling process and though the remaining section is
perhaps better described as elliptical, the aspect ratio has remained
approximately 4:1. The gradual 'round-off' of the waveguide corners
is beneficial as the edge reflection in the width direction is eliminated;
in fact the equivalent ray-optics model would predict a serpentine
progression of the wavefront in this direction. The method of
manufacture ensures that the edge roughness is reduced by a factor
proportional to the dimensions of the waveguide, allowing observation
of the mode patterns over long distances without undue mixing or
scattering.

Although the cross-section of the guiding region is ngt

rectangular, it has been found that, in the abszence of a conplex
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FIGURE 6.1 SEM photograph of a

3-D SR fibre : relief.

(10 pm markers)
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FIGURE 6.2 SEM photograph of a

3= SR tibre ;: section.

( 1um markers)
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theoretical model, the approximate solutions develcped for rectangular
. 20 . ; . A i

waveguides adequately describe the mode propagation in these fibres.

Experimental results presented here for the prism coupling and the

waveguide field patterns support these simplifications.

6.4 Three-dimensional SR Fibre Mode-excitation Using a Prism Coupler.

6.4.1 Introduction.

The theory and practice of mode excitation of thin film

- . : . : : 18,29
waveguides using high-index prism couplers are well established. )
Similarly the excitation of the low-order modes of circular fibres
using analagous techniques are presented in Chapter 4. In this
section it is demonstrated that the conventional prism coupler with an

additional tilt facility may be usefully employed to excite the

complete mode family of a near-rectangular SR fibre.

6.4.2 Theory of three-dimensional SR fibre mode excitation using
a prism coupler.

In orxder to investigate the éropagation characteristics of
SR fibres, a launching system capable of exciting the three-dimensional
modes of the structures was used. Marcatili20 has shown that the
field within the fibre can be described as the superposition of two
orthogonal fields in x and y, the propagation constant kx along x being
independent of v, and ky abng y being independent of x. The largest
field compconents are perpendicular to the direction of propagation
(the z-axis) and the modes are essentially of the TEM kind, grouped

Yy

in two families B and E;q. Associated with k and k are the
x Y

characteristic angles ex and ey such that'

02 2)2

% 1 & = knl sinsx : 6.1

B

L]
;
=]

1
~

2
8 = (k n - k =
y R ilehy ) kn, sine 6.2

vhere k = N n1 = guiding region refractive index.
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The angles are mutually independent. and for optimum launching
of a particular mode, the launching angles 6 and ¢ must be selected
to match the characteristic anglesax and Cy respectively. In
addition to the usual synchronous coupling angle, defined in equation 4.8

from simple gemoetrical considerations as

~ wl B
8 = sin 3 [ n_sin (sin 4 (=) -« )] 6.3
m P kn
p
where np = prism refractive index = 1.696
: o
ap = prism angle = 60
the tilt angle, ¢c = g—— €y, must also be capable of variation. Due

to refraction of the input beam at the prism face, the measured value
of tilt angle, ¢m' differs from the correct value. Applying Snell's

Law at the boundary gives

s e 3 , =1
gL rE iy - n,Ein ¢ ]= sin [npcosety] 6.4

or from equation 6,2

B
e 2. %
¢m = gin [ np( l—(;%i) ) ]

4 6.‘5

The axial propagation constant, Bz' of the guided mode is given by

1 kx 'y X Y %

The phase-matching properties of the prism coupler were established

through equationé 6.3, 6.5 and 6.6.

6.4.3 Experimental results.

Throughout this work a BAK 1/7059 fibre of dimensiong shown
in Figure 6,2 was used. In order to observe the mode structure
without excessive attenuation or mode mixing, the total length of
the fibre was limited to 30 ﬁm. The fibre supported eight transve;se
modes in the first family (@ = 1) and four transverse modes.in the
second (q = 2), and the excited mode was identified by its characteristic

far-field pattern described in Section 6.6, Light from a 5SmW Svectra-
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Physics 120 He-Ne laser operating at 0.633 ym and plane polarized
parallel to the y-axis, was focused into the launching prism, which

was mounted on a goniometer with x,y,z,9, and ¢ calibrated positioning
devices. The apparatus is shown on Figure 6.3 and the coordinates

of the goniometer and fibre are presented in figure 6.4. As the tilt
angle ¢ was introduced, it was found that the synchronous angle 6 had
to be adjusted in order to launch the same mode. This observation
was consistent with equation 6.6 where any alteration in By(¢) mast

be qffset by an appropriate change in Bx(e) to maintaein Bz constant.
The synchronous coyling angles for different values of tilt angle

were noted fox each mode, and the results are presented in Figure 6.5.
It was found that the modes were excited more efficiently over distinct
bands of tilt angle and the dotted lines in Figure 6.5 represent extra-
polated curves where measurement was not possible. The modes formed a
family of similar curves which could be described universally. The

normalised phase mismatch in x,

B_(¢= 0)
introduced by the tilt angle ¢c, is analagous to the case of Cerenkob
B o e
radiation where

ABX 51n¢

- S o)
E;T¢= by ™ se i sec ( sin ~ (

*) &
P

Bx is obtained from the synchronous coupling angle defined in
equation 6,3.

The theoretical curve of

AB
%

B, (¢=0)

is plotted in Figure 6.6, along with the experimental points for the E{l,

El and Ey modes, extracted from Figure 6.5. It is seen from

Figure 6.6 that there is good agreement between theory and experiment,

verifying the phasematching relations given in equations 6.3 - 6.6.
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L = laser
M = miror
A4 = quarterawvave plate
P, = polariser
L' = lens(f=20cm)
I == iris
SR = sandwich-ribbon fibre
LP = launching prism
O = objective (X 100 n.a. 1-3)
TM = travelling microscope
E = evepiece, X 10
A = analyser
S = shutter
4 = photographic plate

FIGURE 6.3 Investigation of three - dimensional

SR fibre waveguide modes :

apparatus .
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The power coupled into each mode, detected at the output end
of the fibre, was measured as a function of the tilt angle ¢m' and
plotted in figures 6.7a and 6.7b. They show that each mode has an

optimum tilt angle T corresponding to the condition
Pq

- E x 6.8
Pg

T =
Pq

INTE=]

The distribution of power coupled about the optimum tilt angle for
each mode is characteristic of a phase-mismatched coupled wave response
predicted by equation 2.8l with
AB o T-
B ¢c
However precise correlation between the expected and actual power
distributions is difficult, as the coupling coefficient between the
prism and fibre is indeterminate. It is interesting to compare these
. ; 116 ; 106
curves with the graphs presented by Snyder and Clarricoats (an
example of which is given in Appendix 6.1) for the excitation of the
modes of circular fibres using tilting plane wave illumination.
Though the waveguide geometries are different and the coupling is

codirectional rather than transverse, the comparison shows that the

experimental results were not entirely unexpected.

6.4.4 Theory of modal power variation with tilt angle.

The optimum tilt angles were determined from the peak values

of the measured power curves and compared with those predicted by

.

the following simple model. Using the effective refradive index

notaticn, eguation 6.6 becomes

2 2 i 2
nl 9 o Y - N 6.9
pa Pq p ;
where t
o /k for x,y,z, =y ; 6.10
jale} q

The optimum tilt angle, qu for the pqth mode occurs where
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’ /v o (=0) ] 6.11

) 45 P

When the lowest transverse orxder (p=1) is launched,q>= 0, and

Vo= - Moy 6.12

substituting into 6.9 gives

v v 0= 0) = ny 6.13
Pg

N%qx is assumed invariant for all p modes in the qth family and

thus equations 6.12 and 6.13 hold for all p in the qth family.

Therefore,

Z a® 6.14

14 qu 1
pq 4

Subsituting into 6.1l and 6.13 and 6.9 gives

-1 2 2 o
r = cos "~ | f(V - W +1n°)/n. ] 6.15
jolef pqz 1qz ok i

6.4.5 Comparison with experiment.

Table 6.1 compares the corrected optimum tilt angles with
those obtained from equation 6.15. The axial propagation constants

v , in cquation 6.15 were extracted from Figure 6.5 at ¢c o g -
Pq

is seen from Table 6.1 that there is fair agreement between theory and

experiment. The differences were greater as ¢c increased, a trend

which was also noted in Figure 6.6. It would therefore appear that

the error in the prism phase-matching criteria, more apparent at

larger tilt angles, was the majoxr cause of the discrepancy.

6.4.6 Conclusions.

The characteristics of the several modes supported by the
ribbon have been directly measured by prism launching. Aithough
the cross-—section of the guiding région was not rectangular, it has
been found that the modal characteristics were adequately described

using approximate solutions developed for rectangular waveguides.
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EY mode Axial Theoretical Experimental

order propagation optimum aptimum

pq constant {ilt angles tilt angles

v, l‘pq [

13 1-66386 0°00’ 0°00’

21 156118 3221! 3°25'

31 165369 4°39’ 4°41"

41 155400 6°25° 5°657

51 154898 7°53" 7°20'

61 1564436 %01’ 8°29’

71 1:563991 10°00’ -

81 1:563500 10759’ -

12 154757 0°00’ 0°00’

22 1.54316 4°16' 3745’

32 153786 6°20’ §°50’

42 153254 7°5% 7°00’

TABLE 716 .1 Comparison of the

theoretical and
experimental optimum

tilt  angles.




he higher-order modes were efficiently and selectively launched using
a tilting prism coupler, allowing two synchronous coupling angles

to be determined, the values of which agreed well with theory.

6.5 Near-field Patterns of Three-dimensional SR Fibre Waveguide Modes.

6.5.1 Introductiocn.

Efficient excitation of the complete mode fémily of an SR fibre
using the techniques described in Section 6.4 led to the observation of
the characteristic waveguide mode intensity patterns. Experiments
witﬂ the prism coupler indicated that the approximate solution for
rectangular waveguides was adequate for describing the propagation of
modes in SR fibres. The x- and y-directions are treated independently
and the total field in the cross-section can be describéd as the

superposition of the two orthogonal fields in x and Y. Modes

polarized Eiq will be considered, the obvious extensions for Ex

modes being omitted.

6.5.2 Theory of approximate mode field distributions.

ey :

Marcatili g has examined the theoretical mode field distributions
of a rectangular waveguide and Goell19 has presented computer-drawn
intensity patterns of the same.

In Marcatili's notation the electric field within the guide

cross-section is given by

PL y4mt
o

1
E(y) gt -7 ) 6.16

E cos[
o)

and the magnetic field by

qlt -1 I
H(x) = Ho cos[ b (118) X h (q—l}i ] 6.17
where 2_
o
A= Foer . 6.18

(nl g 5! ) © ka

151



(n1 -0 )

6.19
kb
Since A and B are small for well guided modes (a,b>>A), equations

6.16 and 6.17 may be further simplified to

L I

E(y) = E cos[a y + (p—l)—q~ 6.20
o 2
=, g1 vl

H(x) = H_ cos[b x + (g 1)2] 6.21

The fields outside the guide are exponentially decaying and are small

enough to be insignificant. Since the intensity is proportional to
th .

the square of the field, the intensity pattern of the pgq mode in the

fibre cross-section is
i 21 PIL IL 2r g1 -1)dL
Pop(Xi¥) =P cos ( ¥ Ip l)zlcos ( Sy (g-1)7% | B 5 -

6.5.3 Description of experiment.

The fibre used throughout the following experiments is detailed
in Sections 6.2 and 6.3 and has the cross-section shown in Figure 6.2.
The waveguide modes were selectively excited by the prism coupler and
the maximum efficiency was obtained by introducing the tilt angle as
described in Section 6.44. Light travelled down the 30 mm length of
fibre and the near-field distributions were observed at the cleaved exit
end. The termination was index-matched using methyl salicylate,
refractive index = 1.536 at 0.589 ym. A diagram of the apparatus
used to chserve the near-field patterns is shown in Figure 6.3.

A high-power optical microscope, mounted'on a goniometer, :
focused the image of the fibre cross-section through a shutter onto
a photographic plate set some distance behind the eyepiece. The
typical dimensional magnification was xlO3 and the spatial imaée
filled the entire frame of the photographic plate without further
magnification. A guarter-wave plate and plane polarizer were used
to provide input plane polarization of any orientation, and an

analyser was included for the study of degenerate mode mixtures and
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other polarization effects. The images of the near-field patterns
were also measured using a synchronous scanning photodicde coupled

to an x':t plotter, in place of the photographic plate. The
photodiode+ had an effective diameter of 618 um, and scanned, in the
y-direction, an image 20 mm long corresponding to a near-field
aperture of 10 ym. The resolution was thercfore better than 0.3 um
in the near—~field.

Each of twelve Ey modes was excited at its optimum tilt angle
énd the near-field patterns were recorded using both methods. The
photographic results are presented in Figure 6.8 and the recordings
of the photodiode scans are shown in Figure 6.9. Both are discussed

in the following paragraphs.

¢.5.4 Discussion of the results.

The results shown in Figure 6.8 clearly illustrate the
confinement of the fields in both transverse directions and resemble
those predicted by Goell.19 Care was taken to ensure that the
compcsite photographs in Figure 6.8 were reproduced at the same
magnification, though the exposures for each may have varied throughout
the experiment and the subsequent art-work.

For each mode there are p and g intensity maxima in the y and x
directions respectively, as predicted by equations 6.20 and 6.21.

The scanning measurements of Figure 6.9 were performed for

;l modes (8 = p 2 1) in the y-direction. The image plane was

the E
the same for each measurement and the abscissae of the composite
graphs are therefore ccrmon. The ordinate scales are different for

each mode. The scale indicated in Figure 6.9 was derived from the

known magnification and scanning and plotter rates.

+
Hewlett Packard type 5082/4205.
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The results show the even and odd nature of the waveguide

modes . It is interesting to note that the E{l mode occupies an
aperture of some 5 pym width only, while the Egl fills the entire
cavity width of 9 um. This is because of the non-rectangular
nature of the fibre. The differences in some of the mode

amplitude peaks, particularly for p = 8, are due to difficulties in
aligning the mechanical scan with the correct transverse axis. The
theoretical near-field scans (equation 6.22 with x= constant) consist
of squared sinusoids with p peaks in the guide aperture -~ the observed

.

mode patterns follow this approximate theory.

The experimental results presented above are incomplete in two
respects. Firstly the intensity plots do not produce any information
about the existence of the dominant EX and EY mode polarizations,

although it was assumed throughout that with the input beam plane

Y modes were excited. Secondly both

polarized along the y-axis the E
the experimental methods for recording the mode patterns were insensitive
to the (p-l) and g-l) reversals in the directions of the field components
in the y and X directions respectively. A single experiment, described
in the following paragraphs, provided evidence to support these

predictions.

6.5.5 Near-field patterns of degenerate mode combinations.

It was found that at particular combirmtions of tilt and gynchronous
coupling angle, modes of orthogonal polarization and with different near-
field patterns could be excited simultancously. In order to launch
both modes the input beam was plane polarized at an angle of 450 in
the xy plane. The degenerate, orthogonally polarized modes interfered
in the near~field and the decompositicn of the observed pattern using
an analyser (a plane polarizer) showed how the constituent wavequicle

modes were constructed. The particular combination presented in this
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gection was the most straightforward, and was the (ES1 + E‘2)
B X K i

O
mixture launched at a tilt angle of 8 30' and a synchronous angle

of 10030'. Other combinations obtained were the (EGl o 222) and

(E7l + E32) modes, and they were all characterised by annular shapes
in the intensity patterns.

6.5.6 The (QS + E__) degenerate-mode near-field pattern.

1 2

The near-field pattern of the composite mode (E;, + ElZ)
was photographed, and is presented in Figure 6.l10a. The analyser
was positipned between the microscope eyepiece and the photographic
plate, as in Figure 6.3, and the emergent patterns were recorded as
a function of the position of the anaiyser relative to the y-axis.

The results are shown in Figure 6.1lOb-e. When the analyser was

positioned with its plane of polarization parallel to the y-axis

(taken as reference zero) the Eél mode was transmitted, and when
rotated perpendicular to the y-axis (*%), the E:Z mode was transmitted.

The composite mode was, therefore, the (Egl + E§2)' constructed from

two orxrthogonal pure modes. Figure 6.10c and 6.10e are the
transmitted patterns with the analyser set at %-and—~% respectively.

They are the mirror images of each other about the y-axis, and add

in intensity to produce the composite mode. The complementary nature
of these patterns is a direct consequence of the sign reversals of the
transverse fields in each direction and is unigue to that particular
theoretical model. The theoretical plots of the near-field intensity

: . X
of the composite (Egl *» Elz) mode, as a function of analyser position,

are also presented in Figure 6.10A-E.

6.5.7 Theory of the approximate degenerate-mode distributiocns.

The plots of Figure 6.10A-E were derived from the following

expressions. The equations for the field distributions of the plqlth
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FIGURE 6.10 COMPOSITION OF THE ESl 14 E12
DEGENERATE-MODE NEAR-FIELD PATTERN.

A,a Near-field pattern, without analyser.

B,b Near-field pattern, analyser setting parallel

to y-axis.
C,c Near-field pattern, analyser 450.

D,d Near-field pattern, analyser setting parallel

to x-axis.

e Near-field pattern, analyser -450.
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and pﬂqz modes may be cderived from equation 6.22 and are
A

P, i g, Il .
El (%,y) = Cos (“5" Wyt (rl—l)—é(otfwgn-x +(ql~1)§ﬁ 6.23
NF
p?I 0 q Il
g (x,y) = (-—-——— y + (p —l) )(.os(-~- %X + (q2 l)--) €.24
Ng

The mutually perpendicular polarizations of €. and €, may be accounted

for by the introduction of the imaginary operator such that the total

field of the degenerate mode in the cross-section is

.

- =% j - 6.25
tot X1¥) €,xey) + 3 €, (xy)
The phase associated with Etot is thus
Y= tan_l ez(x,y) i
D e — Ces &
€ 1 (XIY)
and the intensity pattern is
2 2 e
I =€, (x,y) +e, (x,y) 6.27
If an @nalyser is placed between the image vlane and the observed
near-field pattern, a modulation of the intensity pattern by the
function
T = cos’ (@ - ¥) 6.28
A b a 6.28
results, where aa is the phase angle introduced by the analyser.
The complete expression for the near-field intensity pattern of a
degenerate orthogonally polarized mode viewed through an analyéer
with phase angle aa is obtained from equations 6.23 - 6.28 and is
p,li . qlﬂ : 5 P
(cos (—-—-—y+(p -1)-)-cos (--— X +(q1 l) ) + cos (—-—-——y+(p2—1)-—).
2 35
cos (—-—x +(q2 l‘—ﬁ)-
P H q ﬂ N 6.99
cos o A .
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The contour plots were drawn using a standard plotting subroutine

("CONTUR") of a PDP 1l digital computer.

It can be seen from Figure 6.10 that the experimental near-
field plots of the degenerate mode combinations are in complete

agreement with this theory.

.- 6.5.8 Conclusions.

The major conclusions arrived at in Section 6.5 are:
(i) The appioximate solution for rectangular waveguides is adequate
for describing the propagation of modes in SR fibres.
(ii) The near-field intensity patterns indicate that there is mode
confinement in both transverse directions of three-dimensional SR
fibres, and that the theoreteical intensity distributions are in
agreement with those observed. There are p and g intensity maxima
in the y and x directions respectively.
(iii) Polarization studies have revealed

(a) that there are two dominant polarizations existing in
the fibres, E:q and qu and that these are mutually independent due
to their orthogonality. The use of Marcatili's assumptions in
formulating the waveguide theory, principally through eguation 6.6, is
thus justified experimentally.

(b) The mode fields in each transverse direction undergo (p-1)
or (g-1l) sign reversals. :

The amplitude and phase characteristics of the mode fields in
a near-rectangular fibre waveguide have been shown experimentally to

be in accordance with the theoretical predictions.
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6.6 TFar-field Radiation Patterns of Three-dimensional SR Fibre
Waveguide Modes.

6.6.1 Introduction.

The method of detecting a particular mode during the prism
coupling experiments in Section 6.4.3 was by visual observation of the
radiation patterns of the fibres. The characteristic intensity
distributions observed in the far-~field depended on ;he mode excited
and the dimensions of the waveguide. It was considered worthwhile
to present the results for the characteristic radiation patterns and
relate them to a theoretical model. The results have some practical
application to the codirectional coupling of SR fibres and circular
(or other) types of fibres, where a knowledge of the "end fire" radiation
pattern would be useful.

The section prcceeds with the development of the'theoretical
model using the mode field expressions and the theoretical results are
compared with the experimental results for the twelve-mode fibre used
previously. Also presented are the far-field patterns of the modes
of a three-dimensional SR fibre using an output prism coupler. The
Im-line' distributions, as they are alternatively called, are included
in this section because they constitute a radiation pattern characteristic
of the waveguide modes. They do not originate from the confined
energy radiating freely from the fibre termination but via the
evanescent coupling action of the output prism. The diffraction
patterns obtained by this method are presented and described. i

6.6.2 Theory of far-field patterns due to radiation from SR fibre
termination.

The far-field patterns of low-order modes in circular fibres

have been studied extensively by Kapany,72 and in this thesis (Chapter 4)

the radiation patterns of higher-order modes of circular fibres are
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discussed. The theoretical approéch to the problem is well-
established, involving the Fourier theory of Fraunhofer diffraction,
and may be readily extended to the near-rectangular waveguide geometry.
The mode fields € (x,y), launched at z = -« , radiate from the waveguide
aperture into the homogeneous half-space z > O. The situation may
be thought of as a near-rectangular aperture encoded with the amplitude
and phase characteristics of the near-field of the pqth mode and
illuminated by plane wavefronts perpendicular to it. The far-field

distribution (Fraunhofer region) is given by99

' b/z a/2
Lix,y) = j [ -j (ksinvy y+ksiny x)
Loy e(x,v)e Yy " ity
_b/2 _a/2

where % and 19 are the emergent half-angles in the xz and Yz planes
respectively. However the mode fields in x and y may be treated
separately, and the total far-field can be described as the product
of the diffraction patterns in x and y. Equation 6.30 may be

simplified to

6.30

b/, 8/,
o (%,¥) = J Bixje TBLE 5 J E(y)e X8IV Y gy
b 6,31
= /2 -a/2
Each integral has the form
3
/2
i dkat
T, j o JRBINY W, sl l”i+(r-1)-g-1 e 6.32
_1/2
wvhere
w = XY
r = q,p
2 . b'a
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i .
rli and o= (r—l);— , we find

e
05 0
fr) o s e @ ot v costt ain VR
W oo 27 T G 2
-2, sind i asr . vh o ar vy
-2 (4 cOS—= Sin— = sin— 'cos — ) 6.33
SO 2.°"2 2 2

The amplitude distribution in the far-field in the w-direction,
: . 2 . , .
as a function of Y@' is given by II(YW)‘ 5 The complete intensity

pattern in the far-field is therefore;
' 2 2
= i 6.34
Prp (Xr¥) I G N I (v,) l 3

Equation 6,34 was solved using a PDP8 digital computer.

6.6.3 Observation of far-field patterns and comparison with theory.

(i) rediation from fibre termination.

The far—-field patterns were studied using the same apparatus
as Fioure 6.3 but with the eyepiece of the travelling microscope
removed and the emergent patterns focused at infinity. The radiaticn

Y

patterns of the twelve E° modes were recorded using a photographic plate

positionaed behind the microscope, and the result for each mode is shown

in Figure 6.11. For each mode there are p and ¢ intensity maxima in
the y and x directions respectively. In particular the patterns for

the g = 1 family of modes consist of two dominant outer lobes enveloping

(p~-2) inner lobes of lower amplitude. As with the near-field patterns,

the far-field patterns were recorded using a scanning photodiode, and

the result of one such scan for the Eil mode is compared with ﬁhc

theoretical prediction (equation 6.34 with x = constant) in Figure 6.12a,b.
Comparison of the two results show that the measured level of

the innex lobes relative to the outer lobes is larger than one might
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FIGURE 6.11 Far- field patterns of
the EY modes of a
3-D SR fibre,
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expect, perhaps due to phase errors at the waveguide termination or
the non-rectangular nature of the aperture. That apart, the periodicity
and the shape of the experimental curve is close to the theoretical curve.
gimilar scanning results were obtained for the other modes in the E;l

family, but are not included to eliminate unnecessary duplication.

(ii) output prism coupler mode-line distributions.

To observe the mode-line distributions the guiding region of
a three-dimensional SR fibre was pressed -against a high-index prism
and the output pattern was.recorded on a photographic plate. The
m—liné pattérn for a BAK 1/7059 fibre of dimensions 0.9 Um x 3.7 um
is shownin Figure 6.13. The fibre supported seven transverse modes
in the g = 1 family, increasing in p-order from right to left in the
photograph. The Egl mode was selectively launched at the input prism
coupler, but, because the wave travelled with a phase velocity very near
the optical “cut-off", the energy scattered into the other modes.

Figure 6.13 is therefore subtitled a "scafter pattern", and the noisy
background in the photograph is due to the scattering into the substrate.
It is evident that the pth mode-line has (p-1) zeros, and is approximately
p times the length of the p=l mode-line.

There is very little published work on the mode-line distributions
of three-dimensional waveguides, either those expected or encountered.
Dalgoutte et al42 have presented experimental results for an "externally
mounted fibre" of dimensions 2 Hm X 1.5 um and have published the m-line

pattern for the EY modes (p<4). Gallacher and De la Rue °°

pl have

recently reported the m~lines for stripe waveguides formed by silver
ion exchange, but to the authors knowledge there is no theoretical

explanation of the patterns available in the literature.

6.6.4 Conclusions.

The measured power distributions across the far-field patterns
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FIGURE 6.13 m-line scatter pattern of

a 3-D SR fibre ,
3-7pum x 0-9pum .
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emerging from the SR fibre waveguide termination was as predicted by the
approximate theoretical model based on the Fourier theory of Fraurhofer
diffraction of the near-field distribution through the wavequide aperture.
The use of the theory would seem sufficient to calculate the radiation

fields needed in the design of butt Joints using SR fibres,

The recognition of the pPractical importance of Yectangular or
near-rectangular waveguides has led to the study, both theoretical and
experimental of the properties of threadimensional SR fibre wavaeguides,
The aim wass to produce a fibre capable of coupling the envisaged
integrated cptical waveguides. The method of manufacture of the
fibres was described, and it was shown that a three~dimensional fibre,
of low optical loss, can be manufactured simply and inexpensively using
established glass pulling techniques. It was further shown that the
complete mode family of an SR fibre could be excited by a prism coupler.
Knoyledge of the mode structure of the fibres was central to the design
of a coupler constructed from them and in Section 6.4 we discussed the
experimental Lesults of an extensive study of mode excitation, and
relted these results to the thenretical Predictions. It was found that
the approximate model was valid, and that it could be further successfully

applied to the observations of the near-field patterngs. The amplitude

and phase characteristics of the guided wave mode Patterng

-

werve verified
experimentally. The far-field patterns of the fibre waveguide modes
were studied: two such characteristic patterns were dealt with, the

L)

"end fire" radiation pattern and the exit prism coupler mode-lins
distribution. The former was shown to be in accordance with our
understanding of wave propagation in SR fibreg,

It can therefore be concluded that the initial ocbjectives of
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the manufacture and understanding of a three-dimensional waveguide,

capable of coupling practical integrated optical waveguides, have

been realised.

The major results of this chapter have been published}l7
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CHAPTER 7. FEVANESCENT FIELD COUPLING OF RIBBON FIBRES AND

THIN FILM WAVEGUIDES.

Tl o Introductions

The development of fibre guides with an exposed core, such as
planar or three-dimensional ribbons of open sandwich construction,
leads to the consideration of their distributed coupling properties
principally for the interconnection of thin film waveguides.

The principle is simply to press ‘the exposed guiding region of
the fibre onto the surface of the thin film waveguide (non-buried) with
or without a low index buffer layer between the two. If the component
guided modes have the same polarization and are phase-velocity matched,
then directional coupling will take place along the interaction length.
One of the first demonstrations of the principle at optical frequencies
was by Hsu85 who used 'back-to-back' or 'block' coupling to transfer
enexrgy from one f£ilm to another. To ensure a good phase match, Hsu
used the same film divided into two parts, but because of difficulties
in defining the exact dimensions of the ccupling region the maximum
power transfer was limited to 70%. Tien et al38 have presented a
technigue to couple two separate thin film guides on a single substrate,
which involved the transition of the wave into a gradual taper of an
overlay guide. McMurray and Stanley108 have successfully used the
method to transfer optical energy in a thin glass film into and out of
a thin film modulator in cadmium sulphide. The use of taper transitions
has been studied theoretically by Wilson and Teh?5 Smithlo9 and Louisell.
Dalgoutte,42 using fibres similar in construction to three-dimensional
SR fibreé, has reported the observation of transverse coupling from
thin filmlwaveguides, utilizing a tapered velocity coupler to overcome
the phase mismatch, and has proposed methods whereby coupling might be

possible from high refractive index films to glass sandwich ribbons.

A power transfex from a sputtered film to the fibre of 70% was noted.

TR

44



The realisation that external methods and devices to overcome any
inherent mismatch of the coupled waves, such as a thickness taper or a
periodic grating might of themselves be lossy or inefficient, leads us
to the adoption of a slightly different approach. The proposal,
sketched in Figure 7.1, shows that the guiding fegions of the fibre

and film are brought into intimate contact such that the evanescent
waves of the guided modes interact. The figure illustrates the
coupling of an integrated optical device, such as a modulator, via the
SR fibre to gither a semiconductor laser, another thin film or a taper
or a butt joint to a circular fibre. The waveguide structures are
phase matched along the entire region of interaction, allowing a

return to the classical model of directional coupling outlined in
Chapter 2 (Part ii). The matching of the phase velocities of the
guiding etructures is achieved in this case by resorting to silver/
sodium ion-exchanged waveguides where the modal propagation censtants,
Bm' are precisely determined by the fabrication parameters. The
waveguiding properties of thin films used in this work must of necessity
be examined, firstly to ensure a phase-matched configuration and secondly

to obtain a theoretical coupling coefficient for the waves in a coupled

system.

7.2 Silver/Sodium Ion-Exchanged Thin Film Waveqguides,

7.2.1 Advantages of silver/sodium ion~exchanged waveguides.

Thin film optical waveguides have been manufactured by a variety

;: : 73
of techniques, but at present there is considerable interest in guides
formed by various types of diffusion Processes,

including the exchange

+
and diffusion of Ag ions in soda-lime glass.l14 The major adventages

+, +
of Ag /Na ion-exzchanged (IEy waveguides can be listed as follows:

L 37 4 4
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(i) Ease of manufacture.

The soda-lime glass microscope slides were simply dipped in
a stainless steel pot containing the silver nitrate melt, as described
1 ) 55 £ ;i -] s =T e
by Giallorenzi et al, and the planar waveguide was formed on the
surface of the substrate, on both sides.
(ii) Speed of manufacture.
The diffusicn times were typically measured in terms of

minutes or tens of minutes.

(iii) Accurate control of the propagation constants of the resulting
‘ waveguide modes.

At a constant melt temperature the refractive index profile
can be selected by the dip time, and the R/k value could be chosen
to within 0.03% of a set value. IE waveguides are suitable for use
in fibre/film coupling experiments, allowing the phase-matching
properties of the composite waveguides to be varied at will and, most

importantly, to be identically matched.

iv) Low optical loss.
( X

(PR3

i:e optical loss of the non-buried silver/sodium IE waveguides

|
b4 55
was of the order of 0.3dB/cm for the lowest orxder modes.

(v) Simple method of constructing weli-defined waveguide edges.

It has been found s that a 0.2 um thick layer of evaporated
aluminium present on the substrate glass surface prior to diffusion
inhibits the passage of the exchange species and consequently no
refractive index change takes place in the glass immediately beneath
the aluminium. After diffusion into a masked slide it is found that
at the boundary between an aluminized and a clear surface there is a
sharp transition between a diffused layer and a region of homogeneous
substrate. The length of the transition region is, to a first
approximation, the diffusion dgpth ‘dd‘. Using this technique,
Gallacher and De la Rue106 have found it possible to define three-
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dimensional waveguide patterns for integrated optical circuits.

If IE waveguides with the advantages listed above are to be
used in experimental coupling configurations, the refractive index
profile of the waveqguide, its dependence on the fabrication conditions
and the coupling coefficient associated with its particular geometry
and mode~field configuration, must all be examined. Working in
collaboration with Mr. George Stewart of this department, the study
of planar optical waveguides formed by silver-ion migration in glass
was undertaken.56 The following section is a short description of
the re%racti;e indéx profile and shows how the definition of an effective
diffusion depth leads to a universal mode dispersion graph, applicable
over a wide range of fabrication conditions. The construction of an
appropriate eigenvalue equation will be shown to lead to an expression

for the coupling coefficient for such a waveguide.

7.2.2 The refractive index profile.

Using a non-destructive optical technique,56 the refractive
index profile of a silver/sodium IE guide has been found to follow a

quadratic variation with depth into the host glass as

%2 5
nx) =n_ -A & +£=)°) x < d
s dd dd 5 i
1.1
= n2 b 8 5 |

where x is the depth into the sample perpendicular to the surface, n_
and n, are the surface and substrate refractive indices respectively,

S n_ =D, f = 0.64 and dd is a constant which depends on the melt

-

temperature and the diffusion time. The graph of n(x) against (2}0

d
is shown in Figure 7.2. The depth dl is defined by the condition

(-’a‘-— + 0.64 (3—)2)
a d

i
=

f (P

x=d
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refractive" index

1.51

2
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FIGURE 7.2 Second order polynomial

refractive index profile

against normalized depth .

160

v



0¥

d]
== =00,69213 7.3
d
L ' 56,114 :
The constant dd (in microns) has been shown to depend on the

diffusion time t (in minutes) and the melt temperature T (in OK) by

a, = 1.19 x 10% £* exp (~1.02 x 107/27) 7.4

Equations 7.1 to 7.4 determine the refractive index profile for any
set of fabrication parameters t and T.

7.2.3 Universal mode dispersion graph.

" The general form of the eigenvalue equation for a monotonically
decreasing refractive index profile was evaluated in Section 2.3.

Restating the major result (Equation 2.20):

be k

R Py -1y o

k X (n (x) n, )T dx = (mt%)1 + tan Eso ks 7.5
c

In general eguation 7.5 can be solved by methods of numerical integration.

However the eguation can be solved analytically for the second-order

polynomial profile of equation 7.1. Since ;A- is small,
s
2 2 X
n’(x) = n° -2n_ AGE +f(§)% 7.6
x s d a
d d
56

With this approximation a solution may be found,

It may be seen from the profile (Figure 7.2) that a linear

approximation with £ =0 may suffice. Equation 7.6 becomes
: . X :
n(x) =n_ - 2n, A{d ) ¥ ¥ed
1
with
P ¢ g 7.8
d, = dyx 0.69273

For the profile of equation 7.9, equation 7.5 may be readily evaluated

in a gimple, though approximate, form:
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2 2%
(n_ —ne.) -1 "
- e = 1 = \ .9
ke, S A (m + %)+ tan ESO ——kg y 7

~

which, along with equation 7.8, is the universal description of the mode
dispersion curves.

7.2.4 Particular sclution of the mode dispersion against diffusion time.

If cnly one silver nitrate melt temperature is considered, at

O :
say 250 C, equaticn 7.8 becomes

i d = 0.69262 tlz x 0.692%3 {
1 , g 250 10
=250 C

[

Substitution into equation 7.9 gives

2 f
0.69273 x 0.69269kt12 g B = ¥ 7531

250 N A
3 s

£
which defines any propagation constant, B = kne, of the m i TE or TM

mode of the IF waveguide as a function of the diffusion time t in

250"

minutes, at a constant melt temperature cof 2500C.

The graphical solution of equatioﬁ 7.11 is presented in Figure 7.3
for the first two TE and TM modes of thé waveguide, Suvperimposed on
the graph are experimentally measured points for the TM modes.

7.2.5 Selection of the film-mode propagation constant.

-

The results of Figure 7.3 indicate that choice of the diffusion
time at & constant temperature allows us to vary, to within fractions
of one percent, the phase velocity of the guided mode in the film, and
50 produce a maFch at the coupling region to the known velocity of the
wave in the ribhon fibre. The 'tuning' of a film mode to a particular
ne was made less critical because of a slight variation in ne along the
length of the diffused slide, due to a slight temperature gradient in ﬁhe
melting pot. In fact the mounting base had a larger thermal capacity
than the pot lid and this resulted in a gradient in n, of about 1.5 x 1.0'_4

cm =~ over 3 cm.
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It was found that, by sensibly choosing a diffusion time using
Figure 7.3 as a guide, a batch of between three to five samples would
reveal a film mode which had an identical phase constant to the fibre
mode, within the accuracy of the mode-angle measuring apparatus
- :
fn = 371 x 10 over the range ' n . >n >n..
e s e 2

7.2.6 Discussion and conclusions.

IE waveguides have the exceptional advantage of being manufactured
in a manner which allows very accurate control of the propagation constants
of the resulting film modes. Apart from the low optical loss and speed
and ease of manufacture, the facility allows us to realise a phase-
matched film/fibre coupler and to study the effects of known amounts of
mismatch.

The refractive index profile and its dependence on the fabrication
parameters have been presented, information which will be required for

the determination of the system coupling coefficient.

7.3 System Coupling Coefficient.

73,1 introduction.

The use of IE waveguides having the advantages listed in Section 7.2,
makes determiﬁation of the theoretical SR fibre/IE waveguide system coupling
coefficient more difficult. The 'system' here consists of the evanescent
field ccoupling of a sandwich ribbon fibre, thickness b, and a graded-index

waveguide having a linear refractive index profile of the effective depth dl
The geometry and refractive index profile of the proposed coupler are

shown in the inset of Figure 7.4. The 1IE and SR waveguides are assumed

infinite in the width direction and the field overlap occurs in the

region of material no.

An expression for the coupling coefficient will be derived and

examined in the following subsections.
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7.3.2 Determination of the IE waveguide seclf-coupling coefficient.

The self-coupling coefficient for the SR fibre section of the
coupler is a simple matter to evaluate, as this is merely the coupling
coefficient of two identical asymmetric slab waveguides. An outline

of the procedure is given in Sectobn 2.8 and the result, for TE modes

is,
2k exp(-ck )
- = 7.2
K = k
B 1 1 10,2
B(b+t/p ) + “/k3) (1t (—)7) -
1
where .
K dia I32 o k2n 2
o o
2 2409
kl = kn; w4
2 2 o2
ks = B =~k n3
b = waveguide thickness
e = interguide spacing
It should be noted that equation 7.12 can be made independent
of the waveguide thickness by resubstituting the characteristic equation
263 Equation 7.12 becomes a function of the mterial refractive indices,
the interguide spacing and the modal propagation constant:
X e 2ko exp (-cko)
SR
W ~1 ko -1 k3 l/ 1/ ko
B [ k) (tan™" = + tan A AU S TG S (B +(-k—-?] 7.13
1 1 i
The expressicn for the self~coupling coefficient for the graded index
guide, KIE' is rather more complex. The novel technique, presented
in Section 2.10, of obtaining the self-coupling coefficient by
differentiation of the charaderistic (eigenvalue) equation may be used.
.Differentiating both sides of equation 7.9 with respect to n_ gives,
o
for TE modes,
kd 3
2 (L (n%n 2)'é )y =4 [ tan™* X ]
dn_ 3n A 8 e =2 7.14
(o] S dno ks .
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where k_ is defined in equation 2.19.

: RS - :
After differentiation, texms 1in e are collected to give

ag n k2
an s 7.15
k 1/ dlks ko
e e R R TSI
n Ak s
s
Multiplying equation 7.15 by the perturbation term, from equation
2.120
2
2 ante. )
Gno & ko exp ( cko;
716
k2n
o
leads to the expression fox KIE'
2k exp(-ck )
dB (o] (o]
KIE'GB"EHOG%” i W e
B /ko+~152][1+(f—)] 7.17
n_Ak 2
S

it is interesting to compare in passing equation 7.17 and 108 B

The term (b+ l/ko + l/k3) has been recognised by Gedeon89 as the
effective thickness of a slab waveguide, and that the terms 1/k0
and 1/h3 represent the effects of the Goos-Hanchen shift. By

direct comparicon it may be seen that the "effective thickness" of

the linear IR profile is

2
S dlks b3 &
e e u + E- 7.18
nsAk (6]
At cut-off, n > n, and, for the refractive indices of Figure 7.4,
e Zdl o e

The condition that the effective thickness of the waveguide at
cut-off should be infinite is clearly not obeyed, and the breakdown
of the theory is thought to be a consequence of the WKB approximation
used to formulate equation 7.5. Equation 7.17 may be rendered

independent of dl by the substitution of equation 7.9, giving
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2kO exp \—cko)

IE 7.20

1 3 il -1k
A [ /ko + /ks (m2H % 7 + tan Eg )] [ l+(_g) ]
s s

7.3.3 Complete expression for the system coupling coefficient.

Using equations 7.20, 7.13 and 2.85, the final expression

for the coupling coefficient is obtained:

2ko (5902 3 || -1 ko 1 g
K = T—-é-— exp ("Cko} o % (1+ ks ) (']‘{"' (n12]I + 'Z' + tan -]Z—) + TC_—)
S S O
x 2 -l
‘§(1+ TN Fotan Vo e T 4 e e ) 7.21
k k. L1 = =T K X
1 i Ky ky o 3

valid except where B/k > n,

ﬁ/k in the above equation ranges from the highest substrate index to the
lewest guide index. Equation 7.21 has been solved for the refractive index
distribution of the SR/IE system and with the fundamental modes

coupling (ml= m, = 0 The graph of the system coupling coefficient
against the propagation congant is shown in Figure 7.4, for different

values of interguide spacing.

7.4 The experimental coupler - preamble.

In the previous two sections the IE waveguide characteristics
and the phase~matching or tuning of the coupler were discussed and an
expression for the coupling coefficient was evaluated. We would
therefore appear to be prepared to investigate the coupling
experimentally. In the event it was discovered that the experimental
work could be divided into three distinct sections,

(i) phase-matched directional coupling.

{ii) phase-mismatched directional coupling.

(iii) phase-mismatched leakage coupling.
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characterised by the vector diagrams of Figure 7.5a-c. Each will
be considered in turn, and the results unified by a concluding

discussion.

7.5 Phase Matched IE/SR Directional Coupler.

Z;E;L Intreduction.

By returning to a classical directbnal coupling situation -
equal propagation constants, equivalent polarizations and low optical
loss over the entire interaction length of parallel waveguides -
reciprocal coupling action with total power transfer is assured.

The vecfor diagram in this case is version (a) in Figure 7.5. The
beating effect of the coupled modes can be measured allowing comparison
of the coupler performance with the theoretical predictions, embodied

in eguations 2.70, 2.71 and 7.21.

7.5.2 Experimental investigation - outline.

The experimental set-up, devised to study film/fibre coupling,
is shown in Figures 7.6 and 7.7. Light (A = 6.633 um) was launched
into the fundamental mode of a three-~dimensional SR fibre waveguide.

The energy travelled down the guide with minimal optical loss (0.05 dB/cm)
and with little mode scattering. The IE waveguide was manufactured
according to Section 7.2 such that the two fundamental modes were very
nearly degenerate. The guiding region of the SR fibre was pressed
onto the surface of the thin film using a soft semicylindrical rubber
pad which expanded along the axis of the fibre as it was pushed again;t
the film, and the variation of the fibre power with applied pressure

was recorded. A direct calibration between the micropositioner setting
and the coupling region profile in three dimensions was obtained by
observing the interference fringes between the fibre substrate and the
bulk of the film. The Fizeau interferometer consisted of a sodium

lamp and the beam-splitting objective of the travelling microscope.
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Tn this manner the periodicity of the observed becats was
related to a measured lengti. The coupling coefficient was thereby
obtained.

7.5. 3 Iu'})\,.\ L.\u ‘U' a0 anC stl “"l tion - d"l‘rif:‘lilS.

(i) material specification.

The material specification of the system to be described was
as follows. The fibre was a BAK 1/7059 three-dimensional SR fibre,
di having a cross-secton, fown in Figure 6.2 of 9 um x 2.1 um. The
width of the suhstrate was 1L0O ym and the fundamental Lll mode ,
B /k . 1.563 *2 x 10 4, was excited. The film was an Ag /Nu 1E
waveguide fabricated by an % minute diffusion at 230 C, with a TT
-4

mode, BIE/k =P 862 *2-x101,

(ii) calibration of the coupling region.

While it was realised that the calibration of the coupling
region was peculiar to thie particular experimental configuration, an
explanztion of the methodology is appropriate, as there is nc reason
why the technique could not be universally applied.

Light (AD = 0.589 um) from a 500W sodium lamp (Griffen and
George Ltd) flooded the coupling region and illuminated the beam-
splitting cbjective of the x70 travelling microscope (Figure 7.7)}.
Interference fringes between the fibre substrate and the bulk of the
thin film occurred and a typical interference photograph is shown
in Figure 7.8. The bright horizental streak is stattered light
from the waveguides at the coupling region. The known width of the
fibre substrate allows us to calibrate the region in the plane of
the photograph, while the fringes detail the separation in the
direction perpendicular to the plane of the photograph (the x-direction).
The ddrk fringes vere used to give betiter resolution and they were

defined in the following Mannex .

The first fringe was called the ‘zero-oxder fringe' and




calibrate
FIGURE 7.8 Interference pattern used to

the coupling region .
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corresponded to zero spacing in x between the fibre substrate and the

£ilm. Note that the reaction to the applied force must be located
at the junction of the two guides. This implies that they must be
in intimate contact at one point, at least. Subsequent fringes
. . .8t na . th ]
were labelled 17 7, 2 .eceees W etc. The m & order fringe is
mA
Wy . ) 7.22
m 2
above contact of the film and the fibre substrate. Taking a line

along the axis of the SR fibre waveguide filament a plot of fringe
order, or,: from eguation 7.22, the separation of the fibre substrate
from contact, may be constructed & a function of applied pressure, shown
in Figure 7.9a. Knowing the height of the fibre filament above the
fibre substrate (in this case 1.8 um due to a burying effect of the
high-index guiding region of about O.j um, seen in Figure 6.2) an
,éccurate picture of the waveguide coupling region, and how it varied
with the position of the synchronous micromanipulator, was constructed.
The sixth order fringe would appear in this case to correspond to zero
interguide spacing. Wh;t can be considered to be the interaction
length? First, it is interesting to note that the eul penetration

A
depth of the evanescent wave in air is only “27 making the effect of

8
the two hyperbolic 'tails' of the coupling region negligible, From
considerations of Figure 7.9a, the interaction length is seen to be
equal to the distance between the sixth order fringe intersccts with
the SR wavegﬁide axis. A check for this deduction is to return
to Figure 7.8, where it is seen that the level of light scattering -

indicative of the perturbation of the evanescent fields - increases

in the coupling region between the sixth fringe intersects.
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(iii) the synchronous micromanipulator.
e s el sa——

The Micro-contrdl Ltd. micromanipulator stage controlled the
position of the rubber pad in the x,y,z and ¢ directions (see Figure 6.4)
to an accuracy better than #+5pym and %30'_ ~ The micrometer in the X -
direction was driven by a small clock motor wﬁich rotated at 2 rev./min.,
and was synchronous with the x': time plotter used to record the fibre
power variations. Thus the micrometer position, proportional to

the interaction length, is equivalent to the time axis on the plottex.

s

(iv) 1linearity.

An obvious consequence of using the natural expansion of a
soft semiclyindrical rubber pad to vary the interaction length was
that non-linearities were experienced. Using a sequence of fringe
pattern photographs like Figure 7.8, the x-micrometer position against
the length of the coupling region (between the sixth order fringe
intersects) was plotted and is shown in Figure 1.8b. It can be seen
from this graph that beyond a manipulator position of about % of its
allowable travel, the interaction length increases linearly with the
position of the micrometer. In this egion the time axis of the
recorder is proportional to the interaction length of the coupler,
and the constant of proportionality may be derived from the synchronism

and the graph of Figure 7.9b.

7.5.4 Results and analysis.

The light remaining in the fibre beyond the coupling region
(see Figures 7.6 and 7.7) was extracted using a second prism coupler
and focused onto a large-area BPY 13 photodiode connected through a
pc amplifier to the x'-axis of.the plotter. Consequently the final
result was a plot of the power in the SR fibre as a function of the
coupler interaction length, for which the theory predicts a coszxz

response. The experimental result for the coupling of the SR fibre
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and the JE waveguide specified in Section 7.5.3(i) is shown in Figure

Let us consider several important points in turn.

(i) lineaxrity.

Clearly the c032 beats of the fibre power are evident. The
non-linearity of the plotter trace was due toc the non-linear pad
expansion and the slight initial variation in the interguide spacing
Loty In accordance with Figure 7.9b the linearity is acceptable
beyond the first quarter of the manipuiator's allowable travel.

(ii) coupling efficiency.

It would appear from Figure 7.10 that there was a coupling
loss of about 10% from the initial value. However, the fact that
this loss did not increase with increasing interaction length
indicated that it had nothing to do with the coupling ﬁechanism.
Furtherxore the loss was incurred even if the £ilm was replaced by
a plane glass slab of substrate material. We conclude that the losse
represented the radiation of the power carried by the fibre substrate
modes and shodld be largely discounted. Of the total vower
available for coupling, the transfer efficiency was 97%, maintained
over marny sptial power oscillations.

(1ii) zeciprocity.

One of the advantages of the experiment is that the result
of Figure 7,10 immediately accounts for the coupling of energy between
the structures in both directions, because the enexgy transferred rrom
the fire to the film couples back to the fibre at a later point.,

(iv) the experimental coupling coefficient.

By relating the beat length observed in the linecar portion

of the pktter trace to a meég%red distance in the coupling region via

the calibration information, an experimental value for the coupling

coefficient of

-5
(o]
o
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. ! 11/2 7.23

exp 2Lc 47 um
was obtained.

(v)“ﬁggther note.

An important point should be noted. . The coupling from the
film to the fibre was of the ordexr of ¢7% and, since this was
maintained over many power.oscillations, diffraction of the coupled
energy into the film away from the coupling region was negligible.
The energy was tightly confined in the film immediately below the
guiding region of the fibre. Given that the structures were
initially phase-matched, the coupling described'here is applicable
to two three—~dimensional waveguides.

7.5.5 Comparison of the theoretical and experimental coupling
coefficients.

Figure 7.4 indicates that for an interguide spacing of zero

and B/k = 1.562, the theoretical coupling coefficient of 2.4 x 104
rads. m ~ oY
n/2
K = Al
th 5 3 7.24

was expected.

It may be seen that the agreement between the theoretical
and experimental coupling coefficients is acceptable, bearing in mind
the normal experimental inexactitudes (*¥10%) and the approximate
nature of the theory,particularly for c = O.

7.5.6 Summery and conclusions.

An experiment has been devised and presented which shows that
a return to classical directicnal coupling with single waveguide modes
results in ; highly efficient f£ilm ~to-fibre couple. The system
was shown to be reciprocal and the measured transfer efficiency was

97%, maintained over many spatial cscillations of power transfer.

The theoretical and experimental coupling coefficients were in fair
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agreement.

The first realisation of quasi-single-mode directicnal coupling
between an optical fibre waveguide and a thin film waveguide constitutes
a major result of the work of this thesis.

A photograph of the coupling device in operation is presented
in Figure 7.15. The fibre was pressed against the thin film at
the point arrowed, and the pressure adjusted until the interaction
length Was equal to an odd number of coupling lengths. The light
couples from the fibre to the film with 95% efficiency. The beam
in t%e filg was discontinued by a surface scratch, showing that the

light was indeed guided as a surface wave.

7.6 Phase Mismatched Directional Coupler.

Js0.). <Introduction.

In the following section we shall be concerned with the effects
cn the coupling of a deliberate amount of phase mismatch, introduced
by the relative rxeduction of the film mode propagation constant ‘EE/k.

Tinis constant, set by the diffusion time, must be chosen such that

P

< |
film pr; ibre 7.25

as in the vectoxr diagram of Figure 7.5b. Measuring the response of
the coupliler to the magnitude of the change (BSR -[%E)= AB will be shown
to result in an independent measurement of the experimental coupling
coefficient, as well as further confirmation of the theory of coupled

waves.

7.6.2 Phase mismatched system response: the method of obtaining the
coupling coefficient.

Investigation of the solution of the coupled wave equation for
the coupling of parallel waves shows that the maximum power transfer
efficiency ﬁ and the beat length L are a function of the parameter
5% and, from equation 2.81

A / . -1
N o= (L4 (%g) } 1.26
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FIGURE 7.15 Phase matched fibre -to - film

directional coupler In operation .

The device is viewed through

the substrate of the thin film.
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L =% " L(AB=0) 7.

N
~J

Concentrating on equation 7.26, it may be seen that the response

- A . ’
of the system transfer efficiency, M , to changes in Aﬁ leads to a
value for the coupling coefficient, which is assumed constant. The
measurement is one of amplitude not beat separation, and is therefore

independent of the experimental uncertainties introduced in Section 7.5.3.

Normalising equatiion 7.26 gives

s \ o P
X (BSR BIE) BSR 1 2.28
M = (1 + 0.25 Bz . K2 ) "
SR A Bsp a BIF

The method is to plot experimental points of 1) against log|

SR
and choose a valuve of e to produce a best fit between those and the
theoretical curve given by equation 7.28.

7.6.3 Results and analysis.

Throughout this work the fibre and the experimeﬁtal apparatus
rvemain unchanged from Section 7.5. The phase mismatch was introduced
by choosing diffusion times less than 8 minutes at 250°C, with the
propagation constants calculated using mode angle measurements. As
before, the SR fibre output was recorded as a function of the inter-
action length for the different amounts of mismatch, and the results
are summarised in Figures 7.11. Figure 7.1la shows the superposition
of four curves extracted from the linear portion of the response, while
Figure 7.11b tabulates the corresponding phase mismatch and a best
estimate of the transfer efficiency. The value of 100% on the fibre
output axis in Figure 7.l1la represents the initial power bhefore coupling
including the fibre substrate mode content. The similarity in shape
and form of these curves to the theoretical predictions of Figures 2.6
and 2.7 should be noted, particularly the reduction in transfer
efficiency and beat length with increasing phase mismatch.

. . . . A
To obtain the coupling coefficient, the graph of T against
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FIGURE 711

(@) SR fibre output against pad pressure :

effect of phase mismateh .

(b) Table summarizing the results

of

(a) .
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AB

—— on a logarithmic scale is constructed (Figure 7.12). Superimposin
SR )

the theoretical curve of equation 7.28, it was found that the best fit

to the experimental points cccurs where

B
_.?B_ = 6.8 X 1.02 e
K
or
g =) _n/2 1430

This value compares with the theoretical prediction of equation 7.24

which, recalling, was

7.6.4 Summary and conclusions.

The effect of mismatching the phase velocities & the coupled
waves was studied. The method of obtaining the coupling coefficient
by measuring the transfer efficiency was described, and the resulis

were shown to be in complete agreement with the theoretical expectations.

7.7 Phase Mismatched Leakage Coupler.

7.7.1 Introduction.

The third and final form of coupling to be described has
altarnatively been called "mode sinking" by Arnaudgo though used in
the slightly different context of sinking unwanted modes of a
circular fibre. The effect has also been noted by Bulmer40 in a

situation similar to the preliminary coupling experiments of Chapter 3.
In the case of a three-dimensional fibre coupling to a two-dimensional

film, there is one less degree d confinement - one additional degree

of freedom - in the thin film over the fibre. The phase-matching
conditions of Figure 7.5c¢ are possible in the Z-plane where the

coupling is via the evanescent wave in the x-direction. The

condition
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B. . > B, 1.32
film fibre
holds in this case. A transfer of energy occurs by virtue of the
coupling of the evanescent waves, but the phase-matching results in
leakage of the coupled energy avay from the coupling region at an
angle * € (Figure 7.5c). The situation is analagous to Cerenkdv
radiation.lo5

A theoretical background to the problém will be presented
and the techique will be shown to proddce novel couplers for use in

optical communication systems.

7.7.2 Antenna formulation - radiation due to travelling waves of current.

In this formulation the travelling wave in the fibre is replaced
by current distribution along a thin-wire antenna. The travelling-

wave part of the current is dominant and the standing-wave part is

negligible. As PapasllO points out the current distribution is
given by
. A J x ;
= 2I f(z % ze-= X
J zoﬁxﬁy (z) (2 z% 2) T.33

vhere IO is the reference current, 2 is the unit vector in z, 6 is the
m

Kronecker delta and f£(z) is a complex function of the real variable z.
Furter, in the case of a travelling wave in a loaded antenna (coupled
waveguide) the distribution is

o A Jpz B

g wzt 06 8 9 z2-2 ;

0°x°y (2 2 z2 2) 7.34

where the index p is the ratio of the wave velocities of the radiating

and travelling waves:

i pfibre
p = —— 7.35
Beilm
Applying the integral relation between the antenna current and the
radiation patternllo’lll
4
/2 -jkzcosE
F(E) = kj e sin€.f(z) dz (0¢ € g 2M)
-.92
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z
= k sin€ j

m,oz

-3t £ -1}
& JkL(COJE P Az 7. 36

In our case the energy is restricted in the x-direction in both
waveguides and € is therefore the emergent radiation angle in the
zy plane. Evaluating the integral gives

sin %1 (cos€ - p)

F(€) = sin€t . (bonk o}

(0O € < 2m) 7.37

The maximum radiation of the travelling wave for k[ -+eo appears at

an angle
Bga
R T 7.38
Bfim
in the forward direction. A typical radiation pattexn, predicted

by equation 7.37, is shown in Figure Ted3%

7.7.3 Rate of leakage.

To obtain a theoretical prediction Hr the rate of leakage of
the coupler,the near-rectangular fibre is divided into the system of
two sets of orthogonal plane waves and each is considered in turn.
The coupling is due to the field overlap in the x-direction, but the
leakage is result of the mode confinement in the fibre in the y-direction.
Looking along the x—-axis at a plan view of the coupling region

(Pigure 7.14a) we find

- =- b 4
n_ ng cos (€) 7.39

The bar over the variable n denotes an effective refractive index and

subscripts s and g denote the sink (thin film) and the guide (three-

dimensicnal SR fibre) respectively. Using equation 2.36 we may
write n x2 - nl2 P i
A =n ‘cog (¢ [l - n_ 2 : 2
s gy ) gy ]
1£ n, ® ngx ¥ 7.41
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the situation of Figure 7.l14a reduces to a straightforward Fresnel
reflection case of a three-layer FTR filter, discussed in Appendix
2.1, vhere

S gy
The two unknowns, n, and d2, in Figure 7.14a can be found using the
coupling conditions in the xz plane, and by matching the fields at
point A (Figure 7.14a) and point B (Figure 7.14b). n_r the
material refractive index in the buffer region, is the same in both
the x- and y~ directions.

' Thé magnitude of the field at point A is determined by the

evanescent field decay in the y-direction: '

F = F exp (~kcydz) 7

A ysurf

with

k
cy gy c

Similarly at point B,

no~n cos (r¢g) 7.4

N

w

44

= %, o I
FB Fxsurf gp kcxdl) e
with 5
2 2 > 3
k e SRR, 7.46
cx gx c
Matching the fields at points A and B we find
F
surf ;
u = exp(-k_d,) = —= exp(~k d.) 7.47
2 !
e Fysurf cx 1
The surface fields may be found using equation 2.8. For a
mcde polarized EY we have
qu_ 2 -
FYsurf e Fo v +[i- (L £ b
ly
. G 2 .
— C L
»surf Fo (l+[ n ] [E."J ) /.49
(o, 1x
2 242 2 ¢
where kly =k ny - Bgy 7.50
2 25 7ed 2
d ~ = X - » 4
an Pl X nl pgx 1.51



Substituting into equation 7.47 gives

o
I+ (EEX-)

1y . exp (=kgydy) 7.52
u = n 4k )
g X, “
1+ (=) (==
n k
C 1x

From simple geometric considerations of Figure 7.14a it is scen

that the distance between consecutive edge wflections is

g _a B a
)4 ] - (from equation 7.41) 7.53
k k
ly ly
The £ransmission loss per reflection is determined from the Fresnel
equations of the three-layer FTR filter93 (see also Appendix 2.1,
equations A2.21, a2.19, A2 A2 3)
k., 16k kl k 2u2
T = k“y : L A . 7.54
s +k e + - k -k e
[ ), oy) (pytke)+ utk, S R B
2 gty 2 -
where kS =(ng ng Jinde 7455
For u <<1 equation 7.54 can be reduced to
16kl 2k 2u2
T = y_ o 7.56
2 2
+ .‘.
(kly kcy) (kly ks)
Using equations 7.56, 7.53 and 7.52, the distance rate of: power
loss o is given b
p g Y? . %o
16 i 1+ (—SL it
kly kcy (L4 =59 ) exp ( ?.kcxdl)
g Ly 7.57
o 85 ik kcx 2 2 2 .
B-a (1 +(-= S + .
5 + n &lx) )(kly kcy) (kly +ls)
The power in the fibre decays as
P(z) = Po exp (-apz) i -1

What are typical order-of-magnitude results for a ?

Clearly if k_, X and kcx are small, with k. s dB
S cy ¥ ly a
1x
equation 7.57 becomes approximately;

‘




16 Tp exp (-2k dl)
o A e

. 7.59
p ) a2
g

I : e, |
For a 10 pm x 2.5 um BAKI/7059 fibre carrying the 2 mode

(p, the transverce mode order = 1) at 0.633 um wavelength we

estimate

3
& = d =0
ap 10um (2kcx i )
7.60a,b
1
(2 R, 2k d4d = 2.303
100 um ¢ kcx L )

It can be seen that the rate of leakage is expected to be

high, typically between the bounds of equation 7.60 a,b. It is
interesting to compare the result of equation 7.57 to that of
0 : S
Aruaud, who predicted the loss coefficient of a mode-sinking
coupler as
- 2

o = JINK 7.61

p 3
where K is the coupling coefficient and N is the density of the
substrate mecdes. Recalling equation 2,129, it is clear that a

dependence of the form

o « k -2 5
P ly s kcxdl)

was not unexpected.

7.7.4 The experimental leakage coupler.

The theory predicts that when a three-dimeénsional fibre is
oupled to a two-dimensional f£ilm such > )
couple I 1 that Bfilm pfibre the power
in the fibre will leak out into the film at an angle,
8
-] ;
R it Bflbre
film
and at a rate governed by eguation 7.57. Experimental observations
agree with these predictions.

Figure 7.16 shows the coupling of a BAKI/7059 SR fibre and

an IE thin fili, viewed through the substrate of the film. The
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FIGURE 7.16 Phase mismatched l|eakage coupling,

viewed through the substrate of

the thin film.
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light enters the left-hand side of the photograph in the 9 jim x 2.1 yum
core of the fibre, as the E{l mode (ﬁSR =1.562k) . On contact
with the film the light couples at the -ve and +ve synchronous angle £ ,
which, for B_(TE ) = 1.568k , is 5°00'. The power in the SR

guide decays exponentially to zero and the transfer efficiency tends

to 100% minus scattering losses. Coupling efficicﬁcics greater

than 94% from fibre to film have been measured using the apparatus

of Figure 7.6.

If there is a single film mode with a higher B-value than the
fibré, the; a fibre-to-film guided mode beam splitter is obtained
with approximately 50% of the power in each of the film beams.

This effect may find useful application in thin f£ilm devices such
as phase modulators, where a stable internal reference beam may
be required for homodyne detection.

The theoretical leakage rate of approximately (lo;im)-l
compared favourably with experimental value, which was estimated
visually.

The coupling action in the reverse direction, from a single
film beam to the fibre at the phase-matching angle was attempted,
but the results were inconclusive due to micropositioning difficulties.
By the reciprocity theorem, both beams must be reconstructed in the
film to make total transfer to the fibre possible, and by using a
single beam alone the maximum transfer in this direction was limited
to 50%. How can a practical single-beam device be devised?
Clearly elimination or reflection of one of the film beams is
required, and one method of doing so - the use of a film edge -

will be discussed briefly.
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kage coupler at a film edg

16
J€ e

14

As described by Ulrich and Martin, 'internally' reflecting
one of the coupled beams at the edge of the light-guiding film,

llel to the fibre axis, resulted in two parallel film
beams slightly displaced. In the limit as the fibre axis and

the film edge became colinear, the in-phase wavefronts combined to
produce a single beam, emanating at an angle t€ to the fibre axis.
The possibility of a phase matched interaction in the -€ direction
was eliminated, and although the analysis of the coupler remains the
same ag séctions 7.7.2 and 7.7.3, the rate of leakage is halved.

The well-defined film edge was prepared using an evaporated
aluminium barrier to the diffusion, and tapered linearly in effective
refractive index over a length of a few microns. Figure 7.17 is a
view of the coupling regicn through the f£ilm substrate, where the :
Jeakage couplexr of Figure 7.16 is placed along a f£ilm edge. The
coupling is indeed into a single beam in the film, with a measured
transfer efiiciency greater than 94%.

Reversing the coupler has not been attempted, although it
is anticipated that the coupling will not be straightforward. Energy
coupled into the fibre from the film may readily leak oui again, and
in fact the sitwtion is very smilar to prism/film coupling using a

truncated plane wavefront.

7.7.6, Discussi

on and conclusions.

W s e

Section 7.7 has introduced phase mismatched leakage coupling
as a method of achieving a transfer of optical energy between the
nodes of a three-dimensional fibre and a thin film waveguide. 41

the interaction length is sufficiently long, the efficiency from

fibre to film is very high because the enexgy radiates away from

the coupling region at the synchronous angles t €

- The major

advantage of the method ig that the phase misuatch is always



FIGURE 7.17 Phase mismatched leakage coupling

of figure 7.16 at a film edge.
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accomodated by the synchronous angle and the manufacturing tolerances

of the component waveguides decrease.

A more practical arrangement has been demonstrated where

one of the synchronous conditions was nullified by deploying the

coupler at a sharp film edge. The transfer efficiency again

apptoached 100%, this time into a single film beam.
The most important factors limiting the application of the
leakage-type coupler were considered to be:

(L) Coupling in the reverse direction, that is from the film
to the rectangular fibre, might not be as efficient.

(2) Practical integrated optical waveguides will undoubtedly be
three-dimensional, and the techniques described in this section
would not strictly apply.

It is interesting to consider the situation where a three—-dimensional

fibre couples to a three-dimensional integrated waveguide, where

pfihn # ﬁfibre and kyfilm #Ikyfib;e. Clearly a synchronous

angle would exist to uphold a phase-matching condition in the yz plane.

An off-axis type of leakage coupler for three-dimensional waveguides

is predicted, though such ideas must be relegated to the category of

topics for further research.
Though the leakage coupler cannot compete with the parallel
phase-matched situation it exists as an interesting alternative,

with the attractive properties of being simple to construct, non-

critical in design and, in one direction at least, highly efficient.

7.8 Summary and General Conclusions.

This chapter was concerned with the evanescent field coupling
of thin film waveguides and the ribbon fibres developed for that
purpose. "Tuning" of the film waveguide mode to match the B -value
of the coupling fibre was achieved by resorting to ion-exchanged

waveguides, the properties of which were briefly discussed, including
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the refractive index profile and the dispersion characteristics.

An expression for the theoretical coupling coefficient was developed.
The chapter was then divided into three sections accoxrding

to the distinctive coupling situations: phase-matched directional

coupling, phase-mismatched directional coupling, and phase-mis~-

matched leakage coupling. The first case was shown to be described

by the classical model of ‘directional coupling and the experimental

results could be directly and accurately compared with the theoretical

prediction. The coupler was entirely reciprocal, the measured

tragsfer fgtio was 97% and the theoretical and experimental coupling

coefficients were in close agreement.

The conditions for the second situvation, Bfibrp< Bfilm'

were shown to lead to a reduction in the maximum transfer efficiency
‘ﬁ and in the beat length L. Measurement of the functional
dependence of ﬁ with (pfibre = Bfilm) led to a second experimental
evaluation of the coupling coefficient, again found to be in
agreement with the theory.

Finally, phase-mismatched leakage coupling was presented as
a novel method of transferring optical energy between waveguiding
structures and a theoretical explanation of the coupling was presented.
The experimental realisation of this type of device was outlined, and
a further development - leakage coupling at a film edge - was
described,

The foremost conclusion to be drawn from the work of this
chapter is that ribbon fibres, in the form of three~dimensional
SR fibres, offer a solution to the coupling problem. By achieving
a rhase-velocity match along the entire 1ength of the interaction
region a highly efficient, reciprocal coupler has been shown to
result, and in this manner the goal of interconnecting thin film

waveguides has been realised.

The major results of this chapter have been published.”'5
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CONCLUSIONS.

8.l. General Conclusicns.

The main body of this thesis has been concerned with th:
treatient of conventional fires, or the development of new fibres, for
the purposes of coupling to and from Planar integrated circuits.

Various methods of coupling have been successfully demonstrated, and
the propagation characteristics of the coupled modes have been studied.
Some of the conclusions reached have been presented with the relevant
section as occasion and need arose. These will now be generalized
and further observations will be made.

The simple ray-optics approach was found to suffice in the
description of the waveguides used throughcut this work, &nd was
vseful to dezcribe the coupled wave interactions between circular
(Lazge diameter) planar and Yectangular fibres structures, and
prisms. The coupling of waveguide modes has been explained using
the coupled wave equations, the solution of which depended on three
paremeters; the complex propagation constants of each guide and the
complex system coupling coefficient. For a lossless exchange of
power beuween the modes the system coupling coefficient g must be
purely imaginary and for the coupling of two dissimilar guides K= lnl
was the geometric mean of the self~coupling coefficients. The
determination of the system coupling coefficient was thereby rendered
independent of any diffeences in the bPrcpagation constants of the
coupled modesi, which entered into the calculation of the solution of
the coupled first-order system of differential equations 2.54. The
wost flexible method of obtaining the solution was by the simulation

of equation 2.54 uging digital computing techniques, which preduced

the result in the form of a direct graphical output for any corbination

of propagation constants and any number of coupled waves. At a later



stage of the work (Chapter 4.5.5) mode polarization v

Ty & v
Fas rounda to

play an important role in the coupling of waveguides, in particular
those of circular cross-section where Yotation ard wvariation of the
node fields are probable over lengths of fibre. It was councluded

that the maintenance of mode polarization and its affect on

coupling of structures of different gemetry may be a limiting factor

not accounted for in the theoretical descriptions presented

in
Chapter 2. It is maintained that ribbon fibres have the advantage
of propagating only two well-defined dominant mode polarizations
and are therefore best suited to interconnecting planax waveguide

structures.

Existine circular optical fibres having a protective

glass

¢ledding can be treated by acid-etching or ion-diffusion to eXposce
the guided mode fields for evanescent field coupling. The better

general method was acid-etching, which was applied in two experimental

coupilng configurations; from a thin film to a circular clad fibre

“ A

and from a prism to a circular clad fibre. The coupled wave interactions

occurred at regions where the cladding was locally modified,; and the

transition between modified and unnodified cladding regicns was

virtually lossless for low-order core modes . From the initial

film/circular fibre coupling experiments, we can conclude that,while

.

cladding modification enables the desired interaction of the evanescent

waves, the remoining large diameter circular core is unsuitable for

coupling to single-mode thin film vaveguides. The word 'unsuitable'

here must be tempered in the knowledge that a high efficiency spilralling

mode coupler has been produced by simply Pressing a fibre on top of a

v
i
by
3
-
=

and observing the phase-matching criteria set out in Chapter 3.

liowever, as far as a pPractical communication system is concerned there

erist doubts as to the Practicalities of such a coupler. Prism



coupling experiments have shown that for low-crder fibre-mode ercitation
the cladding-modified region must be further adjusted to lower the V-valus
of the fibre at the coupling region. The accompanying reduction in
fibre diameter to micron dimensions leads to many handling and positioning
problems, considered prohibitive for most practical coupling situationz.

Coupling light into treated circular fibresc using a high-index
prism was found to ke less cri£ical and has allowed identificaticn of
the mode structure and quantified the coupling to the guided modes of
a clad fibre via the evanescent waves. We can conclude, as Midwintcr97
has dgne, that the techniques described in Chapter 4 will find useful
application in the study of mode-dependent phenomena in circular fibres.

Three types of waveguide were identified as candidates for
coupling fibres; the unclad planar ribbon, the large width-to-thickness
SR fibre, and the three-dimensional SR fibre.

Piarar unclad ribbons, because of their inherent multimode nature
and their undesirable handling properties, were considered to be unsuitable
fox the purposes in mind.

The observation of single-mode operation in a sandwich ribbon
fibxe - a flexible fibre of macroscopic dimensicns - led to the
conclusion that SR fibres were ideally suited for coupling to or from
planar waveguides, although the exposed core of the SR fibre makes then

unsuitable for transmission over long distances. The large width-to-
thickness ratio guiding region of the SR fibre allowed the use of the
sglab waveguide approximation to apply in the description of the node
Fields, and the propagation constant, determined by prism coupling
experiments, was found to be adequately predicted by this method.

These fibres were developed still further to produce three~-dimensional

SR fibre structures capable of coupling to rectangular waveqguides,

envisaged as the building-blocks of integrated optic components.
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The characteristics of the several modes supported by this ribbon in
the width direction have been directly measured by prism launching
and observation of the waveguide field patterns. Although the cross-
section of the guiding region was not rectangular, it has been found
that the modal characteristics were adequately described using
approximate solutions developed for rectangular waveguides. The
modes were efficiently and selectively excited using a tilting prism
coupler, allowing two synchronous coupling angles to be determined,
the values of which agreed well with the theory. The measured
power distributions across the near- and far-field mode patterns
emerging from the fibre were also as predicted by the approximate
theory. The use of the theory seems sufficient to calculate the
mode parameters needed in the design of SR fibre-to-integrated circuit
couplers.

Transverse coupling arrangements using SR fibres have been
cenceived and demonstrated, operating between selected modes in the

guiding structures. Ion-exchanged waveguides were chosen as the

thin films, having many advantageous prcperties, principally the
facility to 'tune' the waveguide mode to within fractions of one

percent of a set value of phase velocity. This property permitted

investigation of a variety of coupling configurations. The first

case, that of phase matched directional coupling, has been shown

to be described by the established model présented in Chapter 2 (Part II)
and has resulted in the development of a reciprocal integrated optic-

fibre waveguide coupler vhich is virtually lossless and has a measured

transfer efficiency of 97%. We can conclude that the first single-

mode fibre-film optical directicnal coupler has been realised by the
application of sandwich ribbon fibres to the coupling problem. The

theoretical and experimental estimates for the system coupling coefficient

were in fair agreement.
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The effect of an amount of phase mismatch deliberately
introduced into the system was analysed, leading to a further verificaticn
of the coupled wave solutions and a second experimental measure of the
system coupling coefficient which agreed to within 6% of the theoretical
value.

Novel coupling configurations have been described which further
reinforce the concepts of coupled propagating waves. Phase mismatched
leakage coupling has been shown to be non-critical in design and
application and has produced a fibre to film coupler which is 100%
effic;ent (;nto two film beams) in that direction. Introducing a
sharp film edge lying colinear with the fibre axis has resulted in a
single-beam device which is analogous to a two-dimensional guided-
mode version of a prism/film coupler. . Clearly much theoretical and
experimental work has still to be done in the study of these devices

but we are able to conclude that new avenues of research are apparent

and the realisation of film—to—fibre'couplers incorporating new

techniques are foreseen.

8.2. Relation of the Results and Future System Development.

What are the projected component technologies? Electxo-optic
modulation has been successfully demonstrated in high-refractive-index

birefringent materials such as gallium arsenide, lithium niobate and

cadmium sulphide. Gallium arsenide tehcnology enables the manufacture

of thin film semiconductor lasers, and waveguides and passive components

can be produced in all these materials. The working wavelength will

be in the infrared or near~infrared region of the spectrum. The
transmission waveguide will undoubtedly be a low-refractive~index
circular glass fibre, and, because of bandwidth requirements, probably
singie-mode. How can the demands of simplicity and high coupling

efficiency and the developing technologies in fibres and integrated

devicese be relsted +o the results of this work?
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An imnediate difficulty which can be foreseen in the application
of phase matched directional coupling using SR fibres is the inherent
phase mismatch existing between a high-refractive-index film (refractive
index =~ 2.2) and a iow~re£ructive—index glass fibre (refractive index a 1.6).
There are two possible methods of overcoming this mismatch. Firstly,
as has been pointed out by McMurray and Stan].ey,lo8 the use of overlay
layers38 to produce low-refractive-index waveguide input and output
sections tapering into and out of high-refractive-index active devices
would allow the efficient coupling of a low-refractive-index SR fibre
in a fhase ﬁatched configuration at the entrance and exit ports (Figure £.1).
As will be described in Section 8.3, the connection to the long-distance
optical fibre cable could be made through a butt-joint (now isolated
from the active thin film device) or a section of SR fibre tapering
into a guide of circular cross—section. The second solution is to
use a high~refractive-index SR fibre and‘proceed exactly as in
Section 7.5 (Figure 7.1), selecting the phase velocity of the guided
fibre-mode to be equal to that of the thin film device. We presume
that the device %— will be the determining factor in the choice of
the system mode velocity, and that the fibre E-will have to be chosen
frow a length of slowly tapering coupling waveguide, or alternatively
locally modified by other means. If such a high-refractive-index
fibre were successfully manufactured, the leakage coupling devices
described in Chapter 7 would also enable the transfer of optical
energy into and out of thin film components, via the SR coupling
fibre, to the circular fibre data highway.

The spiralling mode coyler of Chapter 3 does not appear to

offer a solution because of the projected system requirement of single-

mode operation.
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8.3 Proposals for Future Work.

The SR fibre, in the phase matched directiocnal coupling
configuration, acts as a transition fibre between the circular fibre
and the thin film. . There must, however, be an arrangement whereby
energy is transferred between the two single-mode fibres consisting
of either a butt joint or a taper transition. 0f these, butt
jointing is not thought to present a problem as the apertures of a
circular cross—section fibre and a low aspect-ratio SR fibre can be
designed to.be approximately evenly matched; the theoretical
description of the near- and far-field patterns of three-dimensional
SR fibres should be valuable in the design of such a codirectional
coupler. A taper transition from a circular clad fibre to an open-
sandwich structure would be difficult to engineer, and is not
considered to be an attractive alternative.

Clearly there is a need to develop SR fibres wing high-refractive-
index materials for the purposes of éoupling directly to high-refractive-
index thin films using infrared radiation. A suitable material for
the guiding region is arsenic trisulphide (refractive index=2.4) which
has been used in infrared fibre optics. Short lengths of unclad

o

arsenic trisulphide fibre can be drawn through an orifice at 280°C

to produce the guiding region filament of a secondary preform. One
possible compatible material for the SR fibre substrate is a plastic
(nylon for example melts in an inert atmosphere at 270°C) although
the adhercnce of the two species is a subject of speculation and
future experimentation.

A continuation of the research is proposed into the novel

forms of ccuplers introduced in this thesis; the spiralling mode

coupler and the leakage coupler, to determine their theoretical and

experimental properties and examine their range of application.

.‘.
prepared by Mr, R.H, Hutchins.
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Further investigations are necessary into the feasibility
of short-range communication networks using SR fibres and SR fibre
de§ic;s, in particular on board ships and aircraft, within single
building units, and in computers. A further reduction in the
loss figure for these waveguides is an important goal for future

reseaxch.
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