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In this thesis the T-matrix method 1is employed for the
characterization of multisode graded-index optical fiber componants
using geometrical optics. The componsnts under consideration are,
connectors, taps and microbeamding semsors.

The power loes cheracteristics of commectors with lateral, axial,

and angular aissalignaeats are des
occupied by the excited mode growps in the phase-spece exhibits a
rotational symmetry and thas, fiber com 3 with lateral offset and
angular missalignment can be treated in the seme memmer. !
The power attenuation characteristics of taps with respect to the
preseated. Also, the mode stripping property of beat fibers is confirmed
by calculating the modal power distributioms at differeamt points along

the bend.
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m-putu-autunmid-m-gm—nru
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confirmed. Fimally, from the smalysis of serial semsors it is found that
the less in a given semser is mearly 1
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During the last two decades the world of telecommunications has
been revolutionized by the introduction of optical fibers as a3 medium
for data transmission [1]). Improvements in the quality and the rate of
data transmission have been the result of extensive research on
amalyzing the performence of optical fibers and optical fiber
components. In Local Area Networks (LANs), where mode dependent optical
fundamental parameter essential to the utility of any transaission line
= attemmtion (2]. The primery sources of loss in a fiber are absorption
(U, IR), Rayleigh scattering, and geomstrical deformation of the fiber
core (3,4,5). In this thesis the contribution of sbeorption and Rayleigh
scattering to the loss calculation is nmeglected and the only source of
loss is considered to be the geomstrical deformation of the fiber.

Traditionally the concept of loes is the same as loss per umit
length. In conventional transmission media such as wires or coaxial
eﬂlnﬂnh&miﬂﬂhﬂ in terms of loss per unit length. The
caloulation of loss in single mede fibers follows this tradition and
their less cem be defined por wmit length (5,6). Nowever, in multimode
fibers, where cach mode attenuates at a different rate, the concept of a



per unit length poses a serious problem for charactarizing the loss
behavior of multimode fibers (6). Thus, a criterion is needed by which
the loss frem each mode and the total loss of multimode optical fibers

and optical fiber components can be determined.

1.2 OBJECTIVE

The primary objective of this research project is to accurately
deternine the total loss (attenuation) of mode dependent graded index
optical fiber components using geomstrical optics. This task requires
the development of a technique in which the loss coatribution of each
mode group to the total loss is considered. The mode depemdent optical
fiber oomponents under consideration are connectors, taps and
microbending sensors. For achieving the  primary objective, some
underlying theory and mumericsl procedures must be described. They are:

1. Description of a connection between the wave theory amd the ray
theory which emsbles us to relate rays to modes of propagation ia a
sultisode graded index fiber.

2. Derivation of the ray equations in circulsrly and periedically
deformed fiber which govern the dynamics of the rays inside the flber
.eoro and deteramination of the solutioms to the ray eguations.

3. Description of a method for selecting a represseatative set of
rays for mmerical simulations of mnode dependent optical fiber
components (8).

4. Dovelopment of a simmlatien progran for calculatiang the less of
total less at sny distamce aleng the fiber.



fiber vith a parabolic index of refraction
, r /2
n(x,y) -nl[l -ﬂ:( !’ti’)] vwhere n is the index of refraction at
’ ’ _ (n?- n?)
t.hmt-rufthﬂhrm.ﬂ'-%lﬂthni‘—:’,-hﬂ-
a n
core mh-it.hﬂhrg;i: is the cladding index of refraction.
concatenation of flbers is imevitable. Commactor is the mame given to
ﬁydﬁm_ﬁ!hhhmﬂhﬂ (7). Dus to the small dimension of
fibers’' cores, it is almost impossible to achieve a perfect conmection

pover among mode growps (7). The amowmt of loes in a commector d
on the degree of misaligament of the two fibers’ cores (7). A better
in an optical

commmication network leads to cost efficiemt design of the network.
Chapter 3 is devoted to the study of commectors.

II.Bent fiber taps: In this thesis, a tap is considered to be a
mschanically stressed (bemt) fiber (8). Tepe are primarily used for
ntﬁgtgign—n-]-tiqum“fﬁ!nﬂhrfwm
such as distributing power to a large mmber of modes, CATY distribution



This property can be used for the purposs of lsunching light power with
fower nmber of modes into another fiber.

The amount of light power extracted from the bamt fiber depsnds on
the bend the larger the extracted power will be. A detalled ammlysis of
the bent fibers is provided in chapter 4 of this thesis.

I11I. Nicrobending sensor: A microbending semsor is a periedically
perturbed fiber characterized by its asplitude, its pericd and the
mmber of periods in its total length [11]. A sisple proceduwre for
producing a microbending sensor is by pressing a fiber betwesa two
plates with periodic deformation. As in the case of a single bend,
microbending of the fiber gives rise to loes of optical power frea the
fiber core which csn be detected by am (OTDR) (12]. This desirsble
property of the microbend allows it to be used as a device for semsing
pressure (13) sound levels [14,15), displacemsnt (16]) and structural

distortions (17). Henceforth, in this thesis, the word semeor will

alvays mean nmicrobending sensor. A detalled description of the
characteristics of s single ssnsor and semsors in series is givea in

chapter S of this thesis.

1.4 ORGARIZATION OF THE TIESIS
enployed to achieve the cbjectives of this ressarch preject. In this
ogusticas of mstien for & muitimeds straight fider with parcbelie inden



Mﬂmmjmﬂmﬁmbﬁ:dmun
meyatoﬁlgliﬁﬂgdtéﬁhhtbm;ﬁnrtaﬂ:ﬁm

Chapter 3 is devoted to the study of commectors. The ray position
and orientation emerging from ocme fiber are related to the ray position
and orieatation entering the second fiber for a pewral configuration of
lateral, axial and angular misalignment. Thea the T-matrix is determined
from which the total loss is found. Then for the purpose of comparing

Chapter 4 provides a detailed amalysis of bent fibers. The
oquations of motion for the rays ia & bemt fiber with comstant radius of
cuwrvature are derived. The solutions to the ray equations in terms of
characteristic behavior of loss versus the distance along the bend and
lmmmmlgiﬁﬁtﬁjithhtﬂhrmdlmi
Then the results are compared with other publications on bent fibers.

Chapter S is devoted to the study of semsors and the results are
conpared to published experimsntal and theoretical work. In this chapter
thulul“ht’hrqf_tlﬁlﬁmh:ﬂhrﬂu:



considered the first original ressarch for amlyzing nsicrobemding
sensors using ray theory.
A summary and conclusions are provided in chapter 6.



2.1 TIR WENTEIL-KRMERS-SRILLOVIN (V.K.B) APPROKINATION

The propagatioa eof visible _.I infrared light (electromagnetic
waves) is cheracterized by very high frequeacy ( of the order 10'*/sec)
end short wavelength (of the order 10°m) [18). In optical fiber
coumunications we are often comcerned with optical fibers aad optical
tmmamwdmmmmnmdm
mam.mm,-mmmtmmmnm
has & core redivs o2%m and a chenge 1n the index of refraction much
mmmuwuammummlm (19,20], 1.e¢
A |éa(r)iér| < 1. This fact allows for an approximation te the
mtlnl.-du‘tiyna.lmmhctottbmlm(ul.
This approximation which replacus wave theory of visible light by
classical theery of a peiat particle is called goometrical optics [(18].
The eptical energy is regarded as being tramsported along curves called
1ight rays. Befere commencing a rigorous amalysis of the optical fiber
componsnts by gesmetrical eptics (ray eptics) theory, let ws first
mmmmmm-nmmummmml.

u'mm.a-udmu.mmunu-
cigmfmetion of MNusell’s ogutions bolenging to a particuler
cigsmvalwe (prepagation ocmmsteant) and satisfying all the beundery
esntitiens (21). Tho uades are trevellag weves aleng the fider axis (la
~8W~ﬂ~¢mm““

L4



direction. A mode of propagation in the V.K.B appreximation is assouned
to have the following form [21]

E(r. ¢. Z)=A(r) -p{.:[-t - 8(r, o z)]} (2.1)

where E(r, ¢, 2) is the electric fleld, @ is the freguency, A(r) is the
slowly varying asplitude of the electric field. The spatial argumant of

where r = (X'e Y)'2, o 15 the & sode mmber, ¢ 15 the

azimuthal angle, £ is the prepagation comstamt, amd F(r) is the
On the other hand, reys are defined as these owves which are

can be described by the gradieat of the phase froat as follews (18]

o) v gk @3

vS(r, ¢ 2)= K(r) =
where k(r), the ray vecter, éﬁﬁk—lm-fm pation end

the wavelength of the light threugh the relstien l-ﬁ.ﬁ




- 172
x = dF(r)/dr = [n'(rn:: - - (-.rn‘] (2.4)
| k(r) |* = 0 = &® ¢ (w/r)? o 02 (2.9)

ii—ff-:k- is the free space wvave vector and n(r) is the refractive imdex
which has the following form.

n(x.ﬂ--lli-z;(z ]]m (2.6)

n.(:.nmﬂmmt;mh:ﬂmnm_gm—nm
respectively. They cam be written as follow

8 = u(r) k‘ﬁﬂf 2.7)
« = a(r) E‘S.lﬂﬁﬁ 2.9)
veralr) k Sine Sing 2.9)



7ig.2.1 A setunstic dlagren of & rey and §ts cupRIte.

10



domuuafﬁ-im:liiﬁtmﬁhtﬁﬂln
radial g and azisuthal v mode nambers. The result is quoted here (21]

.- -ik‘[ 2(20)"% L"%“}] (2.10)

vhere A = ﬂﬁ-lbmmnmlmirﬂmuﬁﬂn‘

1
hmmclﬁljlﬂgﬂﬁiﬁﬁuﬂ.Agﬁimugh

wmwgmrgp-n-.hmmmtmmﬁm
be made from Eq. (2.10), is that there are msay modes (eigenfunctions)
wutﬁ::ﬁ:!hmii)iiﬁﬁﬁiﬁﬂﬁthﬁﬁ
Mlhhnﬂmﬁnmh“h labelled by an
integer m = 2 ¢+ v +1 as fellews (21].

(O | n 5 ]m 2.11)
tmmmﬂ-rgﬂhr'im-ﬁﬁ:j: (cere radivs)
-‘M(-ﬂulm):i!-m&i:!l).
m.ut;llth:ﬁh-ﬂhrﬁiiﬂﬂ:i_. There are
three types of msdes in a fiber, classified by their valws of » (21).
All these medes vith & < ¥ are clessified-as guided medes [22,23). AlL
&-*ﬁ&ii:iﬁnmu_sﬁ; They are
M“Mﬁlﬁ.mﬁsmﬂiixﬂnm

11



modes to radiation modes. A detailed description of the mode
classification is given in Reference [21].

So far the V.K.B. approximation hes paved the way to establishing a
connection betwesn rays and modes. Ve are now prepared to derive aa
expression which will serve as the most important relatiom in ray eptics
of graded index fiber. From Eqs.(2.7) through (2.9) s relation between
the propagation comstant § and the ray oriemtation with respect to the
fiber axis is obtained as follows [3)

B=k [n’(r) - sm’-_]m (2.12)

where 0 vas replaced by 6 through Snell’s law a(r)Sing = Slﬂ‘. with Di
being the angle between k(r) and the Z axis wvhere the ray eaters inte or
onerges from the fiber end face . Comparing Eq.(2.11) with Eq.(2.10)
gives (3)
sind
n r .2 T y ¢

w" (?) * (ﬁ:) (2.13)
where S1n0 = n (24)" and r®= X' + ¥* 1s the radial distence from the
fiber axis. For convenience in the following sections, Eq.(2.13) cem be
written as follows (8]

_ o kK, .
‘!f - ()2 (_E*:)‘ (2.14)

[



section and is given in terms of k: and ki as follows
ki - &%+ x? (2.15)
x y

and k; = k NA is the maximum allowable value of k; .

Equation (2.13) establishes the foundation for the principle of
mode group excitation and detection in a fiber by rays [3). According to
Eq. (2.13), a particular mode group can be excited in a fiber by rays,
provided that the position r and the orientation k, of the rays with
respect to the fiber axis satisfy Eq. (2.14).

The next step is the derivation of the ray equations. The ray
equations allow for the determination of the instantaneous position and
orientation of the rays along the fiber and thus enable us to assign a

ray to a particular mode group at any point along the fiber.

2.2 BAY IQUATIONS IN STRAIGNT FIBER
The ray equations can be derived from the W.K.B theory (21]. It is
found that (18]

(v58)? = n¥(x) (2.16)

where x is the position and S, the eikonal, is the surface of constant
phase which definmes the shepe of the radistion field snd V is the
the propagation of waves in geometrical optics approximation [21).

13



This can be achieved from the eikonal equation by defining a fixed poiat
as the origin and draving a vector r from the origin to all the points
along the ray. By defining s as the distance along the ray, a umit
vector u may be obtained as

us= (2.17)

gl

Knowing that a ray is perpendicular to the phase front S, then another

vector may be defined as

(2.18)

€I
n
R

equation to be |v| = n. The vectors u and v are required to be parallel,

thus the ray equation is determined to be (21]

dzds(n(x) dx/ds) = Wn(x) (2.19)

where X is the position, s is the distance along the ray and n(x) is the
index of refraction.

An alternative procedure is the Hsmiltonian formulation of
geometrical optics (8] which ylelds the seme result as the previous
spproach even though the starting sssumptions are different. In this
treated as a quantum mechanical particle (26]. It is well-known that the
wave vector k(r) by (20)

14
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E = 5y o(% ) (2.20)
Pl i (2.21)
= :
vhere h is the Planck’s constant. The dispersion relation which relates

thofroqmncyotothomvoctori-yhdorind from Maxwell's
oquations in the medium (2S]. In an optical medium such as glass, a good

approximation for the dispersion relation is

Ck
o(x, k)-—;b—d— (2.22)

mc.uthowotu.htmfmm. Hence, the photon energy E
my be written as |

E= _;E)‘ (2.23)

Hamilton's equations of motion are defined as (27,28)

£ %
o

-QL

of
mmmmmmmmuumtutm t. Nemoce,
the follewing equations of motion are obtaimed

ck .
.‘_‘ - (2.36)



= (w2) i(X) (2.25)

a|l.

whare the variable T is defined as T = Idtfﬂ‘(l)_ From the Z componsat
of Eq.(2.24) a relation betwesn Z and T can be obtained as follows
g X
& B

z - - ,—‘f — 2‘ (2-3,

L - N L e a . o " .12
vhere k:ﬁ and from the previous sectioa = nik‘(,l - 24 T) .
Choosing 2.: 0 , the solutions for the X, Y—‘.lf and ,i' components of
Eq. (2.24) and (2.25) cen be writtem ss a function of the distance along

the fiber axis as follows.

X(2) = X Cos(QZ) + (x_/akQ) $1a(Q,2) (2.27)
Y(Z) = Y Cos(Q2) ¢+ (kﬁi‘ik‘ﬂ) $1a(Q,2) (2.28)
k (2)= ki_ﬁﬁi(ﬂ,lﬂ -XakQ Sia(Q,2) ‘ (2.29)
k}!)i kpﬁj(Q:Z) -YakQ 8in(Q,2) (2.30)

vhere @'« 2 qa — 8 —, @) « F@ + Y@, K@) s

k (2) are the X and Y compoments of the k vecter, k, oad k_ are the
mzhlxﬁifmt:ithlm-ixi;-jii-ﬁthxﬁy
coordinate of the ray at 2+0. From Bge. (2.14) ead (z.z?i through (2.30),
conditions are selected preperly (29,30]. Ia Sectiem 2.5 a mmerical

16



confirms the comservation of the mode group mmber ( a = comstant) for a
ray travelling slong a straight fiber.

2.3 FELATION EETWEEN INFUT AND OUTIUT POVER

In a transmission line, power as a function of the distance Z is
described by P(0) exp(-« Z) where P(0) is the initial power and « is the
attenmmation ocvefficient. This exponential expression is also suitable
for descridbing the power attenuation of a single mode fiber (a fiber
which can support one mode) or any given mode of a multimode
fiber.Nowever, for a fiber carrying more thaa ons mode the total power
flow cammot be described by the above exponential expression [6]. This
is due to the fact that every mode decays at a differeat rate.
References 3 and 31 iadicate that the attenustion rate for higher order
modes is higher then that of lower order modes.

The sources of power attemwation in a fiber are absorptiom (W, IR),
Rayleigh scattering and geomstrical perturbations of the fiber core(31].
Attenmtion dus to absorption results in the comversion of optical power
into heat. As for Rayleigh scattering and geometrical perturbatioms of
the fider core, the mechanisa for the loes of optical power frem the
fider core is cowpling of power from guided to radiation modes (31). A
small degree of mode coupling between lower order modes (low loss mode
grows) to higher order modes (high loes mode growps) lesds to a
significant less of power from the fiber core. Nemce, fer the purpese of
caloulating the tetal pewer attemmation in & smitimode fiber we meed teo
caloulate the differential mode attemmation (M) (3,31). In a striet
cwmse, B is he Jess of power frem & single mede growp to other mede
GrouWpe er to rafiaticn cutside the core Gy msens of eogpling (4). In



this thesis the effects of asbeorption and Rayleigh scattering are
neglected and the only source of attenmation is comsidered to be the
geoometrical deformation of the fiber core or nisaligament of two fibers
connector.

We now proceed to develop a technique which relates the input and
the output powers of the optical fiber componsats. Let us comsider a
fiber with geometric irregularities such as concatemation or deformation
and in the interest of simplicity let us supposs that the fiber is
excited by thres mode growps and each mode growp oomtains a certain
mmber of rays . The geemetrical mxtyettht‘lhrmun
rays in all ssds groups to change their position and orientation with
respect to the fiber axis as they advemce along the fiber. By doing so
soms of the rays lesve the mode growps to which they belonged at the
input ar { couple to different mode groups at the cutput. Thus, the power
of ea. : mode group at the output is coaposed of the fractiomal powers of
all the mode groups at the iaput. For a fiber wvhich can support thres
mode groups, the powers of each mode group at the ocutput can be writtea
as a linsar sum of the fractioms of mode growp powers at the input (32).
For a fiber with geometric irregularities the mmber of occoupled mode
matmmW-MNm-.uuthM. This is due to
the fact that all those rays vhose mode group mmbers & satisfy is N < a
< 24 become leaky and beleng to leaky mede groups. Theee reys vith a >
24 ismediately lcave the fiber cere and are csasidered lest. Nemoe, the
powers of all the mede growps at the eoulput ean be releted te the powers
of all the mede growps ot . the iaput threugh & matrix called the T-matrix

18
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than the mmber of mode groups at the imput. This is an indication of
mode groups (’!‘!) and radiation (Fi)ﬁhmltthm The term
and form mode groups with mode group mumber m > 2. Por exasple, T,
mmfmtlnﬂmfrﬂ-ﬂ:iﬁg_(nehlﬁﬂ that
liﬂmammlltln_bmmm_hﬂhhliﬁ—
those elemsnts of the T-matrix where i=), Hﬂifu (4]. The rest of
tﬁl_ﬁﬂth'i’!ﬁﬁ‘hmﬂ_llﬁﬂm“ﬂ
groups. For instance, thnli;_iti‘-imtabﬂthﬂthfmtm#
Pover ia mode group four (leaky modes) at the owtput that is comverted
input (32).

mﬁﬂm-tn-rm_ﬁh:—h“m
e laput) represemting that colwm. For imstense, if the sws of the

19



consideration in this thesis is a conventional one with core radiw
e=2Spm, NA=0.2 and om-uxis refractive imdex n =1.46. Choosing the wave
length to be A = 1.3ym, the fiber cam support twelve mode groups (M=12).

Hemce, with full excitation of the deformed fiber at the imput, the
rows vhich includes the leaky mods groups. Radiation mode grouwps will

core at the cutput is obtained by following expression.

T = 10 Lg ———

L—«-) ;ﬂ-.-) ]

Vhere MR(m) is the mmber of rays in mode group m1 and TR is the tetal
wamber of rays at the imput.

The idea of using a matrix to determine the DMA and total loss of a
multimode optical fiber was first introduced by Holms (3S] and later put

into practiocs by Evers. The matrix was called the mode tramsitioa matrix



the T-satrix is more wseful tham the NI
In the following chapters the T-matrix will be wsed to deternine

To deternine mode mixing snd loss we perform muwmerical simulatios

k
2 o (L (o 2.32)

rays distributed mearly waifernly ia phese-sy
discrete set of ray for sisulations sy be made as follows (8)
r, =s 0 (2.33)
where 1=0.5, 1.5, 2.5,...0-0.5. Siailarly k, cen be varied as
Ky, = Ko (02 (2.34)
vhere Je0.5, 1.5, 2.5,...M-1. Substitution of Bys.(2.33) and (2.34) in
ER. (2.32) gives
a=jie+) (2.38)
Thus, r end k; csn be varied accerding to Bys. (2.33) and (2.30) and the
sste grewp mmber will be given by By (2.35). wmes, there will be ®
om bo €ivieet seserding o By (2-30) end (2.30) inte rings. Tere will

21



bs = rings in each r and k, spaces. Uniform distribution of the rays
further requires the amgular division of the riags ia phese space. Lst
us suppose there are ! angles (¢) for each ring of r and 1 angles (¢9)
for each ring of k; chosen as follows

= = a
o, =9 =— (2.36)
where q = 1, 2,....1. For an arditrary value of 1 the 8.. Y.. l. and
I,.dame-hhm-imdufollm

s
k = k.L, eoo(O.) P k=K, chu‘).

X=¢ cu(o.) V= r, sh(O.)

Typical valwss of X, Y, k_ and k _ are depicted ia Fig.2.2a end 2.20.
Vith 1 rays for each (X,Y) position and (k_.k ) eriestatien the
total mmber of rays will be m (251 )% As mentionsd befere the
value of 1 is arditrary. Nowever, a larger valus of 1 presumably leads
to greater sccurscy of the simulation resuits. The first cheice of 1 and
3 given sbove lesds to the excitation of bound mode growps and the
secend cheics of 1=0.S, 1.S...M-0.S and 0.5, 1.5...0-0.5 leads te the
excitation of bound and leaky mode groups. The following ecxmaple further
clarifies this comcept. In order to fully excite a fiber which omm
ouppert S mede greups the possible combimations of 1 and J are showm in
table.2.1. All the mwmbers imside the table represeat the mede grewp
sumbers & which include bound (n 5 S) and lesky (S < a < 9) nsde grewps.
This type of encitation corresponds to the secend chedes of § and J. All
asde grouwp mmbers ashove and inciuiing the disgemal eolensnts
(represented by the mmber 8) are bound sede growps and csrrespend %o
the firet cheles of § and J. '
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Table.2.1 Conbinations of 1 and J for type twe enmcitation.



3.1 INTRODUCTION

A commector, in optical fiber cemmmication, is a device which
comnects the end faces of two fibers (7). Dus to the small diasssion of
the fibers’ cores, a perfect aligammmt of the fibers is almost
of the fibers’ core crossections gives rise to the loss of power. It 1s
the purposs of this chapter to accurately deternine the smowumt of loss
in the following misaligneent configurations of two flbers.

A gemeral configuration of two misaligned fibers is depicted in
Fig.3.1. lﬂ D, are the lateral mimligments in the x and y
directions respectively, B is the axial ssparation in the z directioa
of the pover flow is from fiber cue (on the left) to fiber twe (en the

c—&ﬁﬁﬁhﬂﬂ;ﬂmﬁh—-&dﬁnﬁ

_ ;,77,,,nﬁﬂnd’!§i-l-ﬁﬁﬁfk
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Fig.3.1 A schematic diagram of two fibers with lateral



To find the total loss incurred due to the misalignment of the two
fibers, we need to determine the T-matrix which was introduced in
Chapter 2. At the input the method introduced in Section (2.5) can be
employed to generate a set of rays repressnting all the mode groups.
Each ray has a different position and oriemntation with respect to the
Eq. (2.14).

With the comnection configuration of Fig.3.1, consider a ray
emanating from the first fiber with position (X‘.’\;.D) and orientation
second fiber, there are three transformations involved. The first
transformation is a translation lluﬁ; the z axis by a distance ﬂ:" and
the new coordinate system 1s called (X, Y, Z ). The ray vector in this

coordinate systea is

t ]
[ ]
»
*
N

z (k_/k) (3.1)
w =

L
| |
-

.z (’k“fti) (3.2)
2 r2-D, (3.3)
where z is the distance along Z . The second transformation involves two
translations along the Xi and Y':sn by distances of Di and

D’mtlﬁly. This new coordinate systea is called (1-.?. Z) Tw

ray vector in this coordinate system is

s ) (3.4)
0, (3.9)

(3.6)

X =X
Yev

[ ]
2!




be around Y axis by an angle «. The resultsnt coordinate system is
called (X, ¥, Z). The ray vector in this coordinate system is obtained

as follows [40]

X 0 pz
Yl=] o 1 o Y+ qz - D, 3.7
z 0 D

(3.8)

- D (3.9)

The orientation of the ray can be determined by only a rotationmal
transformation (40), the result is given below.

k- =k cosm + k sins (3.10)
} » e
k= k (3.11)
y L
t; = - k_:l.u + k_e_ (3.12)

with i_ = nlr)k‘i;g comyp , i’_ - i(i‘k‘!iﬂ sing and E_-:‘Ei(’l - 24
ﬂ)“ﬁrjﬁ‘-aiillﬁﬁilﬁﬂ“*. al(r) is the index
of refraction, n is the mede grewp mumber to which the rey belemgs at
mtﬁrﬁﬂlhﬁmﬁrdﬂ“mb



the first fiber.

HBaving determined the position and orientation of the ray at the
cross section of the second fiber, the ray can now be assigned to a
certain mode group by the following relation derived in Chapter 2

- k, .
e -&)‘ (2.10)

where T = ( @ « P2 ;niE;s(:%*k% )2, The same procedure is

This procedure ensbles us to find the T-matrix from which the total
loss, mode group coupling coefficients and modal power distribution cea
be obtained. The following special cases provide a better insight iate

the properties of misaligned fiber connections.

3.3 SPECIAL CASES

I. Two fibers vith latersl mismatch: This is a special case of the
goneral formulation derived in Section (3.2) of this chapter. A typical
in Fig.3.2. The mmber at the bottom of the T-matrix represeats the
total lﬂ-mﬂmhmwthm!ﬂﬂmhmz
The total loss obtained from the T-matrix is in good accord with that of
first fiber are bounded, the T-matrix shows that the misaligament met
fiber. This 1s éu to the fact that seme of the reys enter the seeend



0.28 0.14 0.06 0.04 0.03 0.01 0.00 0.00 0.00 0.00 0.00 O.00
0.11 0.19 0.13 0.07 0.06 0.05 0.03 0.01 0.00 0.00 0.00 O.00
0.22 0.11 0.17 0.12 0.06 0.06 0.04 0.04 0.02 0.01 0.00 O.00
0.22 0.11 0.11 0.13 0.12 0.0S 0.07 0.0S 0.04 0.03 0.02 O.00
0.17 0.17 0.07 0.11 0.10 0.12 0.06 0.06 0.06 0.04 0.03 0.03
0.00 0.14 0.15 0.06 0.11 0.08 0.10 0.06 0.06 0.0S 0.0S 0.03
0.00 0.00 0.13 0.10 0.13 0.04 0.11 0.06 0.08 0.07 0.06 0.04
0.00 0.00 0.06 0.13 0.08 0.13 0.03 0.11 0.06 0.07 0.07 0.06
0.00 0.00 0.00 0.07 0.12 0.06 0.13 0.03 0.11 0.06 0.07 0.06
0.00 0.00 0.00 0.04 0.08 0.12 0.06 0.13 0.02 0.10 0.07 0.06
0.00 0.00 0.00 0.00 0.06 0.06 .12 0.0 0.12 0.02 0.09 0,07
0.00 0.00 0.00 0.00 0.01 0.06 0.06 0. 10 0.04 0.12 0.02 0.08
0.00 0.00 0.00 0.00 0.00 0.04 0.07 0.06 0.09 0.04 O.12 0.02
0.00 0.00 0.00 0.00 8.00 0.00 0.03 0.06 0.07 0.08 0.04 0. 11
0.00 0.00 0.00 0.00 0.00 0.00 0.02 0.04 0.06 0.07 0.08 O.04
0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.03 0.08 0.0S 0.08 0.07
0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.0t 0.03 0.06 0.0S 0.07
0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.02 0.03 0.0S 0.0
0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.04 0.04 0.0S
0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.08 0.04
0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.01 0.04
0.00 0.00 0.00 0.00 0.00 0.09 0.00 0.00 0.00 0.00 0.00 0.02
Lei30e

N



fron. Hemce, these rays vwill not be bound and will radiate ocutside the

second fider. Those rays vhich enter the second fiber with position and

mode groups which will subsequently lead to the tummeling of optical
power from the fiber core. A characteristic plot of the loss with
respect to the latersl offset of the two fibers is givem im Fig.3.3
paramsterized by the ratio of the radii of the second fiber to the first
fider. The results are cospared with thoss obtaimed im referemce (1). A
plot of the tramsmiwsion vith respect to the lateral offset is givea ia
C.M.Miller is also provided in this figure and is represented by fllled
circles.

I1.Two fibers with axial separation: This is another special case
where the end surfaces of the two fibers are ssparated by a distance of
D‘ from each other. A characteristic plot of the loss vwith respect to
the separation distance is given in Fig 3.6. This figwre shows 3ero loss
wp to a short distance. This festure is dus to the fact that the ray
distridution (introduced in Chepter 2) emamating from the first fiber

leaving the first fiber at angles within the lisit of the mmerical

211.%ve fibers vith anguler sismteh: This special case fesusss e



the performance of two fibers with angular aisalignment of « withowt

the two fibers.
conmectors. These figures indicate that the cwrves of loes with reapect
to lateral offset and angular misalignment is idemticel. This feature
can b explained by recalling the procedure for mode excitatiom.
Comsider Eq. (2.14), by introducing normalized spatial coordimate p = r/a
and angular coordinate £ = k;/k;n Eq. (2.14) cen be writtea as (3]
I (3.13)
mmt;htpmgmmmhumi-i_nﬁmmmt
mmﬁl_mlgbymﬁlm:ﬂ-mh:m
index fiber exhibits a rotatiomal symmetry.
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It is well knowm that any geomstrical deformation of an optical
loss from guided modes of a circularly beat fiber (42-49). Mn
altermative approach which is developed in Reference (8] is reviewsd ia
solution of the ray eguations ia a rotating coordinate systes with

the y-= plame of a statiomary ocordinate system vith a radius of
curvatere R is shown ia Fig.4.1. The origin of the rotating coordinate
of the ray is determined.

Given the imdex of refraction as in Eq.(2.6) and the
sbove-menticnsd gesmetry, the eguations of motion for a ray cea be
dotornined using the precedure intreduced ia Section (2.2). Newsver, the

fexne MoV 1)
E:i-;*ki;it‘s ' (7% 3]






~

M;. Y, ;. nd;mthmtmteﬁmx.v.iﬂrﬁul
directions respectively and R is the radius of curvature of the fiber.
After a mmber of steps the eqmtions of motion can mow be written as
(8}

.%:.¢q!v'x-n (4.3)
Y o)
:.‘3 . M = 3-(-‘ e i= (4.4)
_::_ = (C rv) Kk (4.5)

vhere V=C /n., Y 1is the imitial y-coordinate of the ray and Z is the
distance along the fiber axis. Frem By.(4.5) a relation betwesea Z(t) and
T is found

20t) =2 ¢+ () kx (4.6)
[ ] [ ) =

vhere k. for a bent fiber is a function of Y as follows

kK (Re+Y)
L SR (“n

mmzn»»v.dﬂﬁ-;kﬁiﬂ-ﬂm&
first tern ia the espensien gives

k=k (a.9)



&
Using Eq.(4.8) and the relation dr = gemf leads to further

simplifications of Egs.4.3 assuming that z-io.

dz: 0Q?XIQ (4.9)
dr 1
Q , ,
whonQ‘- and m1 is the mode group nusber to which the

(1 - 28 m)'?
ray belongs at the input. Furthermore, a Taylor expansion of the right

hand side of Eq.(4.4) around Y=0 up to the first term and using the

assumption of R > Y.. Eq. (4.4) can be written as

ay L1
:?-*Q:Y-T (4.10)

The solutions of Eq.(4.9) and (4.10) are as follows

X(Z)-x.eu(Q‘Z) + (k_fhlk‘q) ili‘!(Q‘Z) (4.11)
1 e 1 ] 7
Y(2)=( Y.' _.n)m(Q‘Z’ * (Kﬂfnikig,) :;n(QIZI + — (4.12)
s Y

A comparison of Eq.(4.11) and (4.12) with those derived in Reference
(SO)] shows a perfect agreement within the limit of paraxial
approximation where Q.- Q. Having found X(2Z) and Y(Z), the orientatiom
of the ray is deternined to be

k() = u_eu(qlz) - x_-‘k‘m(q!?;) (4.13)



ky(Z) = kﬁm(Q‘ZD - ngk‘!l(‘l- - — ),i,ln(,QiZ,) (4.14)

o

Eqs. (4.11) through (4.14) describe the trajectory of a ray
traveling inside a circularly bent fiber. A comperisom of Egq.(4.11)
through (4.14) with those of (2.27) and (4.30) reveals an interesting
feature of the circularly bent fibers. The comparison indicates a shift
in the position of the rays in the direction of the bend by an amount
1/QR. This shift depends on the mode group mumber m. Rays belonging to
lower order mode groups experience larger shifts then thoee belonging to
higher order mode groups. Also, the shift depends on the radius of

the shift will be. If the radius of curvature spproaches infinity (which
is the case for a straight fiber) the shift in the position of the rays
vill vanish and the solution is the same as in straight fiber. A
schematic diagram of this feature is presented in Fig.4.2. This figure
indicates that the motion of the rays in X-Y plane is elliptical with
the center of the ellipse shifted by 1/(QfR). For a conventional fiber
with NA/a = 0.2/25, on-axis refractive index !’:iiigli and a radius of
curvature Re=Sam the shift in the position of the axis will be 13.32um

vhich is approximately half the fiber core radius. This shift may cause

4.2 LOSS MECHANISHS IN A BENT FISER

Oving to the curvature of the fiber, all the rays imside the fiber
core will eventually be lost by one of the two loss mechenisms, namely,
refraction snd twmeling(S0). Mefraction refers to the less imowrred
whea & ray leaves the fiber's core. Tummeling refers te the gradusl less



with a periodic trajectory loses a fraction of its power at each maximum
distance from the fiber axis in the direction of the bend. The tera
tunneling is borrowed from quantus mechanics and means that for a
particle inside a potential well there is a finite probability of
finding this particle outside the potential well if there is a lower
potential region to tumnel to [19,20]. The probability of a particle
tunneling from ome side of the potential well may be increased by
altering the shape of the potential well. This is precisely what happens
to the rays (photon trajectories) lﬁlhltflhfmmmm
rﬁﬁ-mmmmﬂm-mpmuumﬁpmm
role of an altered potential wel]. Thus, the rays lose part of their
mntﬁymmlnllﬁjthlrtﬂhetmmthMHiﬂ'
the bend as indicated in figure 4.2.

The total loss (the combined loss due to refraction and tunneling)
ltluyplnt along the bent ﬂhrmhd-hﬁlm!‘rﬂ-itﬂﬂ-ﬂl the
rays inside the fiber in the T-matrix which wvas introduced in Chapter 2.
The incorporation of tunneling rays in the T-matrix requires a thorough
investigation of the ray trajectory along the bent fiber.

c.z.inmmmmﬁm
mpﬁﬁﬁ-ﬁrmmuﬁna{lﬂmhhﬂiﬂlﬁ?



7ig.4.2 Prejoctien of the rey path ente the X Y plame.



position and orieatation of the ray with respect to the fider axis. The
ray, with its unique trajectory determimed by Eq. (4.11) through (4.14),
is then traced aloag the bemt fiber by incremsating the distance along
the bend by differential smowmts of A2Z. At each AZ the position X and Y
lﬂthﬁrmhtlﬁk-ﬁt,ithmhm The position of
the ray at lh“d;nH-fr_thﬁﬁmnmﬁm
with the radius of the fiber core a. If the ray position (r=(X + Y)'?)
is greater than the core radius a, the ray is comsidered lost. But if
the maximus ray position in the directiom of the bend is smaller then
the core radius, the ray will lose a fractiom of its power by tunneling.
m——tit-::-l;glﬂ-ﬁhmmrmthmlnﬁr
the tunneling prebability givem below (30)

T agpf-23 :‘-.p_-{ o-2 ﬂfp-}m ] (4.15)

vhere ¢ = -1-"[1 - (q.a_)‘]“. B, 15 the refractive Index at the
poiat mtﬁmr—hltﬁmmrmmﬂhrm in
" p.p{(p‘enib * p::i:’!) with [ Al A and P Rcosd (¢ =
VG, + X)) being the primcipal redii of curvature in the

uﬁ-mmmmﬁm:mmmmmmﬂ
posk. Semce, watil the rey resshes the peint at which the T-matrix is te
be doternined, the rey will have lest a freotien of its pewer. An
oumple of twe tumsling reye is given in the tables belew for & bend
refius of . Tho firet cslumn shows $he losstien of the peiat aleng



the band at which tunneling takes place. The secend celum gives the
ray position r with respect to the fiber axis, the third colusn gives
the ray's radial orientation Lt? » the fourth column represeats the loss
the ray after each tunneling process. The ray is traced for a distance
of five ray pericds. Thess tables show that whem the ray reeches its
peak, the radial orieatation vamishes, kr- 0, and the distance batwesn
successive tunneling points is ome ray peried. A comparison of
Table.4.1a with Table.4.1b reveals that the smeunt of power loss due to
tumeling is not the same for all the rays. Te deteraine the T-matrix at
the point of chwervation the ray is assigaed to a certain mode group a2

and added to a particular elemsut of an s x ™ matrix. This procedure
satrix. Fimally the T-matrix is obtained by dividiag each element of the
= x m matrix by the correaponding nmber of rays in the sl mode group.
A typical T-matrix at a distance of three ray pericd along the bend with
bend radius R=Sam is given in Fig.4.3. The mmber at the bottom of the
T-satrix is the total loes (the cosbined loss dwe to refraction and
tumneling). A characteristic plot of teotal less versus distance along
the bond, parameterized by the radius of curvature of the bend is given

(S0) showm by filled circles. A cenparisen of Fig.4.4 vith Fig.4.5 show
fiders with different parsmsters snd wovelengthe. These figures shew
almsst 20 less wp G0 a shert distanse frem the beglisaing of the bend




523.00 24.3 0.06187 0. 00833
1650. 00 4.5 0. 05697 0. 00067
Z775.00 4.2 0. 05206 0. 00881
2900. 00 4.2 0.04713 0. 00881
S502S.00 4.2 0.04221 0. 00880
6150. 00 4.3 0.03727 0. 00871
$400. 00 24.20 0.027» 0. 00829
9528.00 4.2 0.02200 0.007%8

10630. 00 4.3 0.01747 0. 00767
11775.00 4.3 0.01250 0.00724

Table 4.1a

aleag fiber position oriemtation loss

0. 99147
0. 98287
0.97421
0.95713
0. 94880
0. 92546
0.91835

Q.91171

1675.00 D.72 0.02376 0. 00004
2800. 00 .72 0.019%0) 0. 00004
S089. 00 D72 0.01073 0.00003
6175.00 .72 0. 00640 0. 00003

Table 4.0

%



slightly less them ome ray period along the bemt fiber. This
characteristic bshavior is due to the fact that the ray trajectory is
periocdic and hence, a ray that is destined to leave the fiber ceore will
do s0 before completing one periocd. The majority of the refracted rays
leave the core at a distance of slightly less then ons ray pericd along
the fiber. Hence, the rapid

loes of power is dus to refraction. BDeyond a distance of ome ray period
the loss of power is solely dus to tummelling.

0.049 0.043 0.016 0.006 0.000 0.000 0.000 0.000 0.000 G.000 0.000 O.000
0.148 0.105 0.082 0.062 0.030 0.008 0.000 0.000 0.000 0.000 0.000 0.000
0.247 0.142 0.115 0.083 0.067 0.089 0.026 O.006 0.000 0.000 0.000 0.000
0.272 0.18S 0.132 0.108 0.081 0.078 0.063 0.040 0.016 0.001 0.000 0.000
0.173 0.179 0.136 0.114 0.106 0.080 0.088 0.044 0.036 0.022 O.000 0.000
0.099 0.154 0.148 0.127 0.106 0.086 0.071 0.062 0.04¢8 0.031 0.016 0.000
0.012 0.123 0.140 0.111 0.09 0.0%3 0.08S 0.07¢ 0.089 0.043 0.028 0.007
0.000 0.068 0.103 0.111 0.104 0.093 0.079 0.069 0.061 0.082 0.031 0.016
0.000 0.000 0.091 0.098 0.084 0.08¢ 0.076 0.07¢ 0.067 0.086 0.086 0.033
0.000 0.000 0.029 0.066 0.072 0.080 0.066 0.069 0.068 0.084 0.082 0.0%
0.000 0.000 0.000 0.02S 0.066 0.084 0.069 0.0899 0.062 0.089 0.047 0.040
0.000 0.000 0.000 0.000 0.017 0.039 0.062 0.083 0.048 0.081 0.088 0.0
0.000 0.000 0.000 0.000 0.000 0.008 0.012 0.022 0.030 0.032 0.037 0.03
0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.008 0.011 0.011 0.030 0.020
0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.089 0.603 0.009 0.603 0.009
0.000 0.000 0.000 ©.000 0.000 ©.000 0.000 0.000 0.080 0.080 0.006 0.008
©0.000 0.000 0.000 0.080 0.000 ©.080 0.080 C.000 6.680 0.000 0.000 0.002
= 2.668 &

7ig.4.3 A typleal T-astrin ot & distanse of thres rey
pericds aleng the bend.



curvature of the fiber. This characteristic bshavier is dapicted in
F!;Lif&gflhrﬂthiia‘ﬁ. MA =0.2and A = 1.3m

One desirable property of the beamt fiber is its applicability for
mtrﬂghltfliﬁmhﬂﬂﬂﬂhymmmnrhﬂﬁi
“tudwﬁﬂﬁm“ﬂmlmmltmlﬂlﬁll-
the bend is given ia Fig.4.7. This figure shows that higher erder mede
the fider. Fimally, at a sufficieatly long distamce glql_ﬁ bond, the
T-matrix. Twe typical DMA curves are gives in Fig.d.8. The wper curve
ﬁﬂif&gﬂ“@lt:ﬂnﬁ-iﬁ.iﬁﬁﬁﬁmi
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S.1 Ray Equations
This chapter is devoted to the amalysis of graded index fiber with

a finite length of periodic perturbations. This type of structure is
commonly used as a sensor and is called a aicrobending sensor. A typical
sensor is characterized by its amplitude, period and the number of
periods in its total length. In practice this structure can be achieved
by pressing a fiber between two Plates with equally spaced grooves. This
structure is shown in Fig.S.1. In this figure A and 8 are the period and
the amplitude of the sensor respectively, F is the force causing the
deformation of the fiber axis and L is the total length of the
deformation. | .

The first objective of this chapter is to analyze the performance
of a single sensor subject to its parameter variation such as amplitude
and period and the second objective is the study of serial sensors.

The analyses of sensors requires the solutions of the ray equations
whlebdomlhtbtnjoctoryotlmhthm. Referring to the
derivation of ray equations in chapter 4, Egs. (4.9) and (4.10) can be
written as follows -

L o v =l (s.1)
%—0¢-° (s.z)



I

A and anplitude &.



mq. is the seme as in Chapter 4 and R(2) is the periodic radius of
curvature of the fiber. Assuming that the fiber has a periodic
deformation in the Y direction, the position of the fiber axis can be

expressed as follows [42].

Y1(2) = -% cos (-2 2) (S.3)

Differentiating Eq.(S.3) twice with respect to Z gives the periodic
curvature of the fiber [42].

1 .= o s
- = Ai 3 @!(T Z) (5.4)

The negative sign in Bq. (5.4) indicates the con
in Y-Z plane. Substitution of Eq.(S.4) into Eq.(S.3) and assuning upward
concavensss of the curvature gives

2 + Q' = (20*/A%) & a-tsz{- 2) (s.5)

Bq. (S.S5) and (S.2) are the equations of motion for a ray traveling along
the sensor.The solutions to the above equutions of motica desoribe the
trajectory of a ray in the fiber core. The solutions are given below.

P

X(2) = X cos(Q,2) + (k_/nk Q) e1n(q 2) (s.6)

' ﬂi(\l)!-_(ﬂ.!l] (5.7

57



where I' = 20°8/A° and W = 20W/A -The directions k_ end k of the ray are
found to be

k'(Z)-t-eonZ) - u‘k.i_ﬁ SL;(QIZ) (5.8)

k (2)k c0e(Q,2)-n k Y Qsin(Q,2)

B k G‘
(o’ = [.u(o,z)-wq,)mmxl (5.9)

Equations (S.6) through (S.9) show that rays belonging to differeat mode
mmmfﬂ‘tm.oeu’uihyﬂiﬁf\ For exaaple, the
difference betwesa the pericds of the rays eloaging te the lovest mode
(node growp twelve) is ARP=10pm for the fiber under comsideration.
Naving found X(2), Y(Z), k (2) and k (Z), the pesition r(Z) and
orjeatation K;(Z) of s ray cem be deternined at smy point slong the
sensor. This emsbles us to sssign & ray to a certaia mode growp which in
turn allows for the determimation of the T-matrix at amy point along the

sSensor.

$.2 LOBS MECEMIIS IN A SEINDSR

As sentiensd earlier gesmetriocal perturbatieons of a fiber's core
gives rise to mede cowpling and conseguently te the less of power fres
sschenisns respeasible for the less of power in & senser: refrection and
tumel ing.



core. In a semeor, this lmm-mmtoratu’wu.ﬂq

on the relative difference between the ray pericd and the semsor peried.
For example, if the sensor's period is A=4/3 AP (RPwray pericd) thea the
ray will have exhausted all its chances for leaving the fiber core ia
three seasor periocds. Hence, in a distance of I a ray will either leave
the core or remsin inside the core. Newever, if the semser’s peried is
-ﬂ..ntlc-lulupuotthtnyp-ﬂodthnundtbmlslﬂ
periedic aad hard to predict. The mmber of those rays which lesve the
core comstitute the loes of power cmly due to refractica.

mmm-mxmnrmu-dmuu-ug
(90). Teaneling occurs when a ray reaches its maximm distance from the
fiber axis in the direction of the bend. It should be moted that the
fiber has s sinusoidal curvature, therefore a ray most prebebly tummels
when its maxime in the direction of the bead is mear te the fiber's
m—mmmlmuntmmmmu-fu
smaller R (S0]. Nowever, tunneling doss met occwr at fibder's iaflectien
peiats where the radius of curvature of the fiber is iafimite (straight
fider).

6.2.1 A METHED FOR CALOMLATIIGC TIRE LOSS
mmr«m«xummu—u-ummﬁ
hu-t«&m“Mhmtﬁ
mt«mm:mmluyumumc-uﬁ
to doternine the twmsling less. Nawever, ia & smesr where the
ouwrveture of the fider is a periedic function of 2. the redius of
m..u-—.mmdz_mp.w.Am



example of the T-matrix at the distance of 7em along the sensor with
T-satrix represents the mmber of mode growps st the input and the
nusber of rows represents the mmber of mode groups at the point of

cbeesrvation (at distance of 7mm). The fact that the number of rows of

fiber. The mmber at the bottom of the T-matrix represents the total
loes.

parsmsterised by the seasor amplitwie is depicted in Fig 5.3. This
figere indicates a repid loss dwe to refraction followed by an
ouponsatial-like attemmation which is solely attriduted to tummeling.
The periocdicity in the curve of loss versus distance is indicative of
the fact that losses eccowr predeminmsmtly at thoee points along the
sensor wvhere the radius of cwrvatwre of the fiber is the smallest.
Fig.5.4 again shows the loss versus distance characteristics of the

There are mmercus publications which fecus on the theeretical and
owperimental verification of these featwres (11,51,52,53,84). Ia this
pover distridution ebtained frem the T-matrix, (2) veristien of less

with respect %o change ia ssaser anplitude, (3) veristien of Jess with



respect to changs in semsor pericd amd fimally, (4) stedy of the

0.000 0.000 0.016 0.009 0.000 0.000 0.000 0.000 0.000 0.000 O.000 O.000
0.062 0.093 0.078 0.065 0.049 0.029 0.018 0.000 0.000 0.000 0.080 0.080
0.222 0.130 0.086 0.068 0.059 0.0S3 0.042 0.043 0.018 0.007 0.080 ©.000
0.160 0.123 0.09S 0.077 0.06% 0.066 0.062 0.006 0.089 0.036 0.089 ©.008
0.111 0.093 0.099 0.09 0.006 0.070 0.062 0.048 0.086 0.081 0.061 O.021
0.136 0.123 0.078 0.093 0.074 0.070 0.089 0.068 0.083 0.085 0.039 0.027
0.259 0.111 0.119 0.080 0.084 0.07¢ 0.067 0.088 0.030 0.03¢ O.036 0.02S
0.049 0.142 0.095 0.086 0.074 0.086 0.081 0.009 0.088 0.040 0.035 0.029
0.000 0.080 0.107 0.0%2 0.07S 0.0852 0.063 0.086 0.009 0.034 0.02¢ O.030
0.000 0.093 0.077 0.073 0.078 0.063 0.036 0.0¢3 0.038 0.027 0.022 0.017
0.000 0.012 0.062 0.048 0.057 0.027 0.088 0.62¢ 0.027 0.018 0.016 0.007
0.000 0.000 0.017 0.030 0.024 0.037 0.008 0.032 0.014 0.016 O.008 0.00¢
0.000 0.000 0.000 0.00S 0.013 0.016 0.088 ©.008 0.02¢ 0.010 0.006 0.001
0.000 0.000 0.000 0.000 0.004 0.007 0.031 0.021 0.004 0.011 0.008 0.003
0.000 0.000 0.000 0.000 0.000 0.001 0.008 0.006 0.01S 0.001 0.003 0.001
0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.003 0.001 0.011 ©.000 0.000
©0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.002 0.001 0.007 O.000
©0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.001 0.001 O.003
0.000 0.000 0.000 0.000 0.000 0.000 ©.000 0.000 0.000 0.000 0.001 O.000
0.000 0.000 0.000 0.000 0.000 O.000 O.000 0.000 0.000 0.000 O.000 ©.001

L=319d
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$.3.1 TIE NOBAL FOWER BISTRINUTION
matricss. Fig.5.5 dspicts the medal power distribution at distances of

0.1, 5.0 and 7.%m aleng a ssmser with asplitude S=10pm and peoried
Al.%9m. Figme 5.5 further cenfires the mode stripping property of the

a distance of Sum along the ssaser vith parameters a=2%m, NA=0.2 and

The precedwre for calculating this effect is as follows. A
mnﬁﬂﬂiﬂ.z.iﬁﬁiﬂﬁrﬂmnnmg‘:
1.46 is used and the semsor pericd is sst to a fiwed valus. Initially,
in Cupter 2. Alleviag the rays to travel a distance of Sum aleng the

dapioted in Fig. 5.6 puressterised by the peried of the ssmser. Pig.8.6
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incresses rapidly as the ray period equals the semsor period. This
phenomenon will be discuseed in Sectiom (S.3.3).

In practice, the feroe cauwsing the wvariation in the sesmser
amplitude is the only msasursble quantity. Thus a relation betweem the
fwumthmql!tﬂudmw.ﬁ;
relation is derived in (11] and is also givea below

Fe (160 EL3)/7A* M) (S. 10)

where b is the dismster of the fiber incluiing cledding, £ 1s the
Young's modulus of elasticity for the fider, L is the leagth of the
sensor, A and & are the period and the amplitude of the semsor
n.tctx”lyﬁrutbtﬂumnm)mth
veariation of the senser asplituds. Fer esmmple, a force of PFeg.29M ig
required to produce a defermation amplitude of S=Gum with & peried
A=1.43mm and the total lemgth of L=10 A with B= 7 10"%w/n’.

s.:.:mwuum”._m

The procedwre for calculating this effect is as follews. The
conventional fiber of Sectiem (5.3.2) is wsed. The sensor asplitude is
fined at S=igm. Initially the valus of the semsor period is set to &
valus woll belew the rey peried (A=0.%am). Rays carrying egml powers
mmut&udﬁn"whﬁg
Wh*l‘hhh““ldﬂﬁiﬁ
ﬁ“dh*h“h‘ﬂlh-ﬁiﬁ

Ssnser peried 1o wall dhove (e wilyh of e ey parted. The T Se

7



presented in Fig.5.7. From figure 5.7 it is evidemt thet power loss
increases as the valus of the semsor period approaches the valwe of the

further increases. This feature of the microbending semsors is oalled
resomence (S1]. A mathematical amalysis of the ray egquations ales
by setting W = Q ¢ ¢ in Eq.(S5.7) vith ¢ being very small. Retalning the
first order terms in ¢ and using the approximation sin(e2)e 2 and
cos(eZ)= 1, Bq.(S.7) reduces to

Y(Z) = Y.M(Q‘Z) * (mig_m-mm‘fn * (!‘I‘E‘)ﬁhﬂﬂ‘z,) (S.11)

distance Z aleag the fiber's length. Knowing that
r 2 2 9172
rm-[ X (2) + Y (2) ] (s.12)

Bpmtion (S.11) shows that even for very small asplitudes, every ray
vill eventually be lost if the semsor is long encugh.

S.4 SERIAL NICROUNDING SINNORS
Nicrobending sensers have been videly weed for the msesuremen
pressure [13), sewnt level (14,185, (36) end otrestural
distertion [(17). o oy tal study of the performmmee of cemmers ia

 eonalusien that the 1ees ot & Sives seser s tndgentet of W dese ot
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other sensors. In the same paper, he attswpts to provide an sxplamation
for the loss characteristic of a sensor using a mode mmber diffusion
model. However, in this Chapter attempt is made to duplicate the same

Although there are practical ways of amalyzing the performancs of two
sensors in series such as the backscattering technique [S1], &
theoretical approach based on the ray theory is presented here.

The main focus of this section is on the performance of the second
sensor while the first sensor is subjected to amplitude variations. A
schematic diagram of two sensors in series is given in Fig 5.8. The
unperturbed fiber length 1 is the separation distance between the two
sensors and normally much greater than ths length of the sensors In
order for the modal power distribution to reach steady state. In our
case however, where the only source of mode coupling is the geomstrical
perturbation of the fiber, the modal power 4istribution in the straight
fiber is constant. mor.c. the length of the straight fiber 1 is
immaterial for achieving a steady state modal power distribution and may
be chosen to be in the order of one ray period. The procedure for

Using a conventional fiber and setting the periods and the lengths of
both sensors to be equal i.e A‘M'II.S- and Llil.’“ respectively and
1=20mm. Initially, the amplitude of the first semsor is set to l‘!h
Mmqlltmdmm“rl:mtéi:-ﬁ, As in Chapter

u-uw.tmmmﬁ-mﬁmm

T0






sectior. of the fiber separating the sensors. This procedure is repeated
for Cii 3, 4, 5, §m. The result is given in Fig.5.9.

A peculiar property of serial sensors can be inferred from
Figure.5.9. That is, the magnitude of the loss at the second sensor is
nearly comstant for any loss at the first sensor. Thus, one can comnclude

that the loss at the second sensor is almost independent of the loss at

deternined by ray tracing is in agreemsnt with the experimsntal results
obtained in Reference [S1]. This characteristic of the serial sensors is
depicted in Fig.5.10, vhere the change in the loss at the second semsor
", is plotted against the loss at the first seasor P‘- This figure
shows negligibly small change in the magnitude of the loes at the second

sensor as the loss in the first semsor varies. This result may be

series. It that the reading from one sensor vwill not be inflwsnced
by the conditions at another upstresam sensor.
The result obtained in this section sesms to contradict the mode

stripping property of the sensor wherse higher order modes are

elininated in the first sensor, then why should there be loes at the
second sensor? The answer to this question lies in the basic property of
induced mode coupling by nmicrobending ssnsors. As a ray propagates
through a semsor, its mode number fluctuates rapidly and the raage of
fluctuation depends on the ray’s initial ocondition. Therefere a ray
which has not besn lost in the first seasor may easily be lest ia the
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at the input. The coefficients of the expamsion form a matrix called the
coefficients, modal power distributiom, DMA, and total loss.
Inplemsatation of this tecinique in the amalysis of two fiber
with theoretical anmd ﬁ-ﬂ—tu results obtained by other authors
namely C.M.Miller [36) and G.Evers (7). The plot of transaission versus
lateral offest shows a graduml decay in the transaission as the lateral
offest incresses and fimally reaches zero as the lateral offset reaches
tvice the fiber core radius. A comparison of Fig.3.3 with Fig.3.7
indicates that fiber ocommecters with lateral offset and angular
sisslignment eshibit ideaticel loss characteristics. This is explained
fider teps. The charssteriotic babuvier of less versus the distemce
. .



lossss dominate. It should be mentionsd that for fibers with differeat
parameters the amount of radiation loss and tunmelling lees differ.

pends on the radius of curvature of
stripping property of the beat fibers. The plot of D indicates that
characteristic of the bend with that of Referemce (30) showe goed
agresmsnt. However, in Reference ([50] the point where radiation loss
compared to the point obtained in this thesis.

Finally, the study of microbes sengors is carried out by

assuning a sinusoidal deformation of the fiber ocore with certain
asplitude and period. The equations of motiom for the rays are derived
and the solutions to the equatioms of msotion are determined. Again the
T-matrix is used for the characterization of the ssmsors. The curve of
loss versus the distance along the ssnsor indicates that radiation loss
dominates up to a distance of few sensor pericds along the ssasor.
Beyond this distance the loss is strictly duse to tuameling. The periodic
fluctuations along the curve of loss versus the distance is indicative

advance aleng the semser . The MFD fisally attains & steady state end
gradully decresses.



lbnlutlmhtbmmt&mﬁ;mgrﬂlet;mt
b&vlwmmmmldmlstﬁ-mpﬂﬂ. At resonance the
mitlmdtbrmtmthtlhrqiimntbﬁﬂm
along the sensor. ﬂnmdlmmmm:gluﬁi“
thtatrmtbloum-ﬁiﬁpmlyﬂthmttﬁégj-
in the amplitude of the semsor than at non-resonance. The rescoant
mtydthml.mutbplétﬁflmﬁrmt-hip;lﬂﬂaf

mtdmmmmldﬂatgmlmmmmm
periocd equals the ray period.

The study of the performance of two serial sensors vas considered
next. lnthunllycumuhuhgpﬁtmthpiﬁar:ﬂﬁith
downstreen sensor while the wWpstreaa sensor is subjected to amplitude
changes. m“dlmmmﬂltﬁﬂ-lﬁgtﬁi_g‘ﬁ
mwmtadtbflmmﬂtlﬁmtﬂmﬁuht
mlmdtb“totlmntthﬂﬁti-_ﬁrmmtdlﬁ
at the second sensor remains constaat. This result leads to an isportant
conclusion concerning serial semsors, that is, the amount of loes at a
ua:mlalﬂmtetthlmgtmﬁnrﬂma

The study of serial ssmsors concludes this ressarch project.
Nowever, Mmmwlmuhmmmlﬁigth
performance of mode dependent optical fiber components. For future
muhmmluludlﬂ-lﬂﬁntﬁm! The T-matrix
aathed. ‘
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