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1. INTRODUCTION

Al _'."-"‘-":I:.-\-'ll.'\- i Iraction ol the |\l|.'.|".|| handwsdih of single modle Ol | fiber
1% bging used in commuRiCAEon sYsiEms Conventionsl o ||'_I|||:_"._|:'-r' fec o yees Ly ic Hw
combine signals electrically and drive the transminting laser with the composise ignal
k Ih\..'.'ll;"'ll\."\. of [his bec :'|'|.|||.:' ANE SUC mrmieT ||"|||i-h-\|-|-r- 150 H whikch is ::'i.l"lil" Wi
LRI .I!'.I|-'|' ‘-l'r:l.'.:"-\._ and time-divisioa |'|_;.'_:||:;'||_|:';_' (TMMY whiech iz wasd for dipial
signals

E

SN iavalves direst modolation of 3 .'i.:;_.;l SCMIICE with an giectncal sigmal

which hat- already been |rl'-\.;ll:'|'..\.':. division-mulinplexed ufing codventional elecurical
means. Total system bandwidth of this echnigue 15 typecably limited by the mpdulation
bandwidth of the laser and the electncal bandwidth of the photodetecior and receiver

circuits. In general, the electrical bandwidth of the transmitter and receiver chymponenis
\

must be equal o or greater than that of the COmposite FIiM signal
1§

Cther techniques such as wavelengith division multiplexing |'|.‘.']:-"H.1J-‘;-.;|.' ke

optical spectrum into bamds of operation. Present WM fechnigques use very Coarse

Irequency band allocanon, exhibiting pbor spectral efficiency, Coherentechniques using

nurrowband optical FDM are possible but require ._'1.p_'|.~.:.'.f_ narrow linewidih lazers an
the transmitters and receivérs

A relatively néw coherent echnique, called coherence multiplexing (CM), is nol
hmived by the speed of the electronics nor doees it require & local oscillawr laser ai the
receiver. In addinon, CM isinherently insensitive 1o the stability of the laser transmitter
source and does nod require o namow hnewsdeh ot the head end of the sysiem. CM also
allows simulianeous ransmission of channels {analog or digialy withowt synchronization

LM takes advantage of the I':I'ul!l_‘ coherence of an optical source o perfomm

multiplexing and demuliiplexing in the optical domain using interferometric iechnigues,




Ch uses a wruly optich] technique, the bandwidth of the opto-tlectronic and
clecincal components of the M receiver only needs w be as large as thas of a single
channel and nod the entire multplexed bandsadih, As a resuli, the capacity of the sysiem

!
1% theoretscally limuted only by the -:'\-|'-||:;:|I handwidih, not the elecmical bandwidih of the
Sy slEm

CM was onginally proposed as & method for multiplexing the signals from armmays
al inperterometric liber sensors (1], While CM seemed o be a viable iechnolggy for low
speed sensor sysiems, many were doubtful that it would ever be viable for high speed
commuencations sysiems. Within the past few years, however, interest has grown in
--|l'r'|'-ll!|.' the LM technique Lo (e e c T c Al s Ty emE [2 1], aome of the oniginal
135ues have esscntially been solved bul & number of problems still remain, This thesis
ciamines a particular CM archiiecture, called the “extringic reference ladder™ (ERL)
configuraton, for its feasibility as a multiplexing methiod in a fiber-to-the-home (FTTH)
bmoadband access sysiem. In particular, two :-.i'n;'u;l:h' areas are addressed, that of opcal
rwer oplirmizaion :.:;:1 differential fiber path |::Igm_|'|!~'|.JIL?| elfedts

The oniginal work of Healey [4] sugpesied that the capacity of & CM sysicm of
the type analyred wn ks paper would be severely limited by the large number of s gnal
crossproducts that occur within such a sysiem; Preliminary work for this thesis suggested
that by acsoping a shghtly different CM architecture and optimizing the optical power
distnbunon wiathin the system, capacity of a multi-channel CM system could be
substanually ipcreased. The results and conclusions from this study of power

ophmization are presented in this thesis,

While it has been gencrally accepied that an ERL architecture potentially offers

the most muluplexing capacity of all reponted CM configurations [5), one significant
issuc has not been previously resolved. In the ERL architeciure, 1w optical fibers are
ReCGed 1o connect the mnsmiticr amay W any given receiver. The CM technique requires

that the path lengihs of these two fibers be carcfully maiched and it has long been

\




RS ped el that differential musmaiches o these ;_-|._.;-_!-.-. wni -.I-.'|.'|.|-.'.n.' the perfonmance o
thie '\-:.'H.Il'lll 1 hiks |'r|:-"I|_'||' [} |_'-\.||i||:'{'|| 1IN Nis Ihesas and the elleces of miamaich e
Charactenired

Cormack and’ Waschok [6]) have examined a large number of broadband access
ophcal fiber network toprElogics 85 ophons 10 replace the existin g access network. In all,
17 different syslems were analyred with emphazis |-|_|._._-,| @i codereni sysiems Fasiiit-to
PORmE toberent and direct detechion schemes were evaluated as wiell as coberent and noa
coherent broadband access sysiems, One paricular coherent broadband access svsiem
which-could be the sysiem of the fulure 15 dendied by Cormack and 'Waschuk as Svitein
IO and is shown in Figure 1.1

— 3 ]

Lok -
| Telephigny

|

|
Tslsphony |

|

-

Svas ——
Videg| 100 } + 1000 i
V- I .

| —— S | — |

Leairnl OiTies Femole Terminal Frsldrner
Figure 1.1 Fiber broadband scoess wpotogy (Syssem 103 from |60

Using coherent FDM, this system would provide both telephony and a large
number of video channels withowt blocking. A wnable local oscillator laser an each
receiver wiould then be used 1o demultiplex or “tune in" the desired video channel, Their
analysis indicated that such a system would comprise a "high quality digital coberent

network companble with a digital HDTVY format”. However, due o the presently high




cost of optical componenls and wnable lasers required at theé™receiver, the sysiem would
il e @ COSE COmpeiitive as the centrally swatched paant-io-poant systems. Cormack and
Waschuk concluded that if and only i a low cost receiver were perfecied, would this
sydem provide “significant cost and service advantages relative to all other SYSIETE
since & CM receiver is only slightly more complex than a direct detection receiver,
requines low bandwidih electronics and does not require a local sscillator laser, it would
appear Wy be an attractive multiplexing option for System 103, This thesis attempts 1o
determine the fundamental performance limitations of the ERL CM architecture o
dejermine if it should be considered as a potential multiplexing sliemative 10 coherent
FIOM im & broadband access sysiem of the form of .!-i.:.,-nl;c“. 103,

Lhapier £ provides an introduction 1o the fundamentals of CM and outlines three
man architectsres that can be usad in a O Sy ElEm

The spectral characteristics of a single-mode laser diode are examined in Chapter
} and a theoretical model is developed 1w predict the capacity of a hypothetical
heterodyne ERL multi-channel CM gystem. We extend this analysis o deerming the
capacily of this system using a dagital CHOK modulaton scheme

LChapter 4 describes the experimental apparatus uséd to obtain measured results
for the thesis. Experimental data are used 1o confirm portions of the theoretical model
developed in Chapter 3. Chapter 4 concludes by simulating the multiplexing capacity ol
the hypothetical multi-channel CM system. We particularly look at the effects of

differential path length mismaich and optical power optimization

A FUMmMAary of the entire thesis is pru-uid-:d in f"."u]:!rr 5. Limitatons on the

capacity of the CM architecture examined are discussed and the application of such a

iechmgue 10 a FTTH sysiem is assessed. Possible fuiure directions for CM research are

presented and other application areas that may benefit from CM are proposed.




2. PRINCIPLES OF COHERENCE MULTIPLEXING

2.1 Introduction

The technique of coherence muliiplexing is similar in concepl 1o the
spectrum technique used in radio communications. In radio, an information signal is
modulated wath a randém (or psesdo-random) reference final and transmiiied. The
random signal 15 designed o produce a tansmined signal with a spectral widih much
'-'-I-::.r-_'."l-.ul the original information signal. To recover the information signal, the receiver

must correlate the received signal with an identical version of the random [or paewd
ramdom) reference signal. This ¢auses the desired information signal 1o be ",._-.||_._|-.w,,-_-r Th]
s onginal spectrum while leaving the unwaned signals spread over & much larger
speciral w idih. The comelated h'.i:.lld' 15 Tiliered by a mached filer |'|;'5.|||||!||_| in & rejeclon
of inerference nodse outsyde the filier passband. Hence it is possible w obiain a
reasonable receiver SNR even with & number of imlertenng signals

The same effect can be achieved if the information signal is used 1o modulate a
random carmer signal, In coherence muoluplexing, the information . signal s wsed o
modulate the light outpat of the laser diode externally, Phase noise in the laser creaies
random fluctuations 1 the frequency of the light outpul. Opaical delay lines preceding

ihe external modulators are used 10 decorrelate each channel with the opi cal reference

signal, The modulated light from each transmitier is combined and transmined down a

common path called the bas path. To decode a particular channel, an optical delay which

maiches the ransmitier delay of the desired channel is inserted in the reference fiber
the receiyer. The-delayed reference and bus signals are combined and mimed on &
photodetecior at the receiver, Unly the desired channel wall be “collapsed” io iis original
spectrum while leaving all others spread over a very larpe frequency range. Careful
hilienng of the photodetector output can. therefore reject most nterference noise and

achieve a sufficient Signal 1o noase rald 1 recover the channel mformation




2.2 Fiber Sensor Multiplexing

e idea of using optical coberence o separate the signals returning from & series
of inierferomernic fiber sensors was fimst published by Al Chalabi er al, |7). Since then
there has been much interest in using this technigue as a method for moluplexing fiber
SEAS0T AITAYE

Conventional sensor multiplexing methods include two main techmiques. The
first technique, time-division muoltplexing, typically employs a pulsed optical source,
The sysiem peometry is arranged such that pulses from the opiical sensors return o the
mCeiver separaled in 0me on 4 common liber bus. The second approach, Imequency
division multiplexing, typecally uses a frequency ramped optical source. The system
peomelry is arranged such that the wansit time of the light from the source 10 a sensor
and hack 1o the receiver 15 unique [or each sensor. The delaved outpul fpom each sensor
i5 mined with the source’s non-delayed signal producing a unique heierodyne frequency
for each sensor.

e lechnique of coherence _.'rn.l'.ll;:-:r:l.l!lg wikd fermily established with a key paper
published by Hrodks r ial |1]. Their work built on the l;l,'{?ll'.l-ql,li: ol Al-Uhalaby amd
established 3 number of proposed fiber-based CM architectures. These architectures will

be discussed in Secton 2.4

2.3 Interferameter Basics

Since coherence multiplexing has its basis in optical interferometry, it i3

ApprOpnale o introd ece the COnNCEpts of M h}' cxamining the operation of Lhe unlpl{'

Mach-Zehnder! interferometer shown in Figure 2.1.

! A balanced Mach-Zehnder interfenomeier would have ihe observation screen in the epper right-hand
Coameer 0 ithai the engths of paths L2, ared L1 weouldd be equal, Here wie hdw & Highty modiled vergion
ol (et CondiFurslion which s @sebul foe |||||.:.j_|11.|n|,l'. P s .
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Sourie Eransmiiiing ﬁ 4 b ervalion

e LT ]

Figuire 2.1 Madshied Makh-Lehndar 1Bleilsroimete

As the input o the system we have an arbitrary, visible light source which injects

light into the inerferometer, The first panially ransmitting mirror splits the light along
iwo paths, L2 and L1 Aler traversing dastances L2 and L1, the two hght componcnls are
then recombined and displayved on an observation screcn, We dendle the apdiical pagh
difference(PLY), h:; AL: where AL = L2 - L1, If we imitially set AL = 0 and gradually
starl o increase AL, we will observe alicrnating periods of constructive and destructive
-
interference. AS we continue o ncrease AL, we will notce & reductiin in the depth ol
this interference. Incrcasing Al further, we will eventually reach the point where no
interference will be visible, It murns out that of AL 15 moch greater than a quannty calied
the coherence lemgih® of the source, L, interference fnages will not be observed. I,
howewver, Al. < L., inlerference fringes will be observed (8], The technique of CM
.;.,||_'||I,;|I'.H;':. on thas |1h|:|:-:'-|:|r.'|-:-|'| and the operaluon of the CM Syslem will become more

clear in the following section.

1 Coherence length i treabed in detail in Section 3.1.1




2.4 System Topologles
As siabed prey ioaekly, several hber-based UM archileCiunes werne |:':'-'|"-':u:'l.1 in the
original work by Brooks eral, [1], The basic configurations arc the “sernies®, "exinmss

meference ladder™ and “intnnsic-relerence I:{-'..I-.'r' syilems. The senes L:ll'.l'.;:mnli.ll. 15

shown in Figure 2.2, Moie that a two channel ‘system is ghown (or simpliciry '

S K2

e ¥l

LASER
HODE

DET #i

Figare 1.1 Schemadic of o two channel "teres™ ChM architec e,

We assume that the laser diode is chafscterized by a coherence lengih, L. Light is
._'-:_'.l,l:;!lcuj il the frber and 15 sent I:hrl:JuEh wo Mach Fehnder trangminer interferometers
with OPD's, ALl and AL2 respectively. The interferometers are constructed by using

directional couplers and placing a fiber sensor in one of the inierferometer paths, If the
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12

21 d In peneril, for an N channgl system we would have I.II = il g Hence, the 1odal -.'..*'.:.:.
hine leagih reguired, IRCTeases ;III-:;EII|:. with the namber of channels in the system.

In a serves sysiem, However, there are multiple path combinations through the
trangminer interferometers that may produce identical path lengihs. Brooks e af. have
showrt that 1o avoid this satuation, only certun sequences of OPLYs are permissible. The
permissible delay sequence which is presently known is based on a recursive relation [1]
Using this relation, the length of -the maximum OPD in the series sysiem grows
cxponentially wath the number of channels in the system, imposing a significant limet o
the ;|'|i'\l||_'!:'||_'l'|!.|; on of the seres sysied

An additional advantage of the ERL system is that, in a perfectly matched system,
the ERL architecture appears 0 exhibit superior noise performance over the other
architectures regandless of the number of channels i the system [5). This can be
intuitively undersiood by noting. that in the series and IRL sysiems, multiple path
combinalns mireass the number of hghl components which may interfere with each
oither, -;':ﬁ,-._'nu_*i:. increasing the noase level ai the receiver

Oive of the requiremer ts of a FTTH ielecommunications sysiem is 1o provide the
engd user with the abality 1o select from a larpe number of :.||_'_n:|| channels, Since the ERI
sysiem employs realistic delay sequences and offers the grealest multiplexing capacity, it

wiit ChodeEn 4 basas fof the LY ELE analyvred 10 thas thesis

24.1 Homodyne/Heterodyre Receiver Structures

All of the sensor system architectures previoosly discussed are homodyne
LY SICTTE. [ |‘|l|'|.lu|:. n¢ Syilcmi, a e band spnal 15 produced by the mixing al two I.*;"u
ficlds with the same AVCTAEC I’Fl:-.;_u::n._"_-.' A ph:'m:'-r:l:_'ru_m called sipnal fading can be a
significant problem in a homodyne system. If relative phases between light componenis

are allowed w wander (due 10 low frequency environmental effecis), the interference

may change from constructive 1o destructive, resulting in a complete loss of signal. This
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3. THEORETICAL AMALYSIS OF A CM SYSTEM

3.1 Qulput Spectrum of a Lagsear
I'o charactenze the performance of a CM System, 18 15 necessary o understand ghe
SNCLIEAL [ARONEITEE & il Ehee heeaad Bl § !_'!l LOUFCeE, Several I MITTES

{or a fiber-based CM sysiem. These include

l__.;! 1) semiconducion laser - lader dindes are 'l:l_'l'i_'r;“:. used because ol the !':-FI‘;

EMERCE" 1N LELr alpud

n) Supsriuminescent dende (L) SLLY 5 ;:l_'!'{"!.j”'. poEscis mone iemporal
Cocrence than that of an LELY bt less than'thar of & laser diode

i) Ligh emiting diode (LED) - LED's produce highly incoherent light with a
1

-

resulpng spectral width which is relatively large

e

Goedpgebuer er al. |11 have measured and characterized the spectral properiies of

certuin mult-mode lasers and 5L0Ys They found that highly mult-moded lasers exhibil
& Lorentpan spectral envelope while lasers producing only a few modes have a oos?
power spectrum, S bated a Gawssian spectral profile
In the theoretical analysis and experimental measurements reported 0 this thesis,
1 In(iaAsP DFB laser diode was employed as the source. The spectral properties of an
InCiaAsE distnbuted fgedback (DFB) laser are penerally well understood [9, 10] and the
ouipat spectrum 18 characienzed by oscillation in & single longiudinal mode with a
Lorentzan hine shape. The theoretical justification for the Lorentzian lineshape is given

in | 12] and is summarized ower the next several pages




If & laser were a perfectly monochr > source, the ophical mdiation feld could
e fepreseniad by
Cid [+ @)
tani electmc ficld am e, & % the oSl atenn Irequency anid & 1%
I"-l'l-'\-l.""‘-'l'. I & practicald lase 3t thie Tweld URCCTROCS TIMNOOm

ke and phase which can be repre

LN DLl

e L) angd & i ily daring o opiscal PCTl A are real fun

In the lasing cavity, any photons which are generated by stimulated emission wall
add energy which is phase and frequency synchronous with the existing ficld. In laser
ciodes, B(1) and @ty are largely due w0 quantum noise which resulis from spontineous
emission. Photons e.'l.'lurld'.l.'l\.! t"- SPOnNLEEnSOLES EMESSEOET R CNCTEY whsch has 8 rancosm

Fiem |l
BB b2

phase component. As a result, loctpatons in the phase and nsity of the lasing

2

re 3.1 shows how SpoOnlancous o ion alie phase and amplituge ol




Figwre 3.1 Phasor J s

Ihe fekd can be represenied by a phasor rodating at & mdian frequeency; . If we

(4] = 'H.|_l'll.'l:..:|ll 1 EIMISSEE Event 'h.l'.!.\.':rl ,||!\:'\- s |'\l|‘:|!.'||| o thie |:1,|-\.:_|;_,' fiekil
incoherently, the angle and amplitude of the new held are changed by A$ and cosd
respeciively angle, 0, that the sdditibnal photon may asswme, 14 any valoe
Deiwecn U and widh equal probability and (1) can therefore be described as a 2-

i

net result of many small, statistically independent spontaneous emissions, Consegoently,

he central himit theorem applics and §(t) can be treated a3 a Wiener random process?

whisch possesses the following three properties
1. The itmtal pasaton 1S 260
&) =0
2. The mecan is zem

E{@1)]

: Soe releronce

VLo delefeie




1. The increments of &1, & L) - QL ), are inde pendent, stalionary and Gaussian

Ihe fiekd amplin vanes slij hily dee 1o gain salurahon and this vanabon has
negligible effect on the laser spectr refione, E(t) is assumed o be constant in the

following tmeatment (the effects of venation in ficld amplitude will be treated later in

i T A
SOCRRLE] vt f

We therefore have

elt) = E cos ||-_|_ = i

It can be shown that the autocorrelation function for this expression 15 of

Wicative constani has been omtted | 14) -‘-.;'i'l-. ng ithe Wiener-Ehinuchine
theorem, the power density spectrom of the ficld is found by aking the Fourier i

i "
AN

nction, Henle

coffesponids 10 & LorFfmfilan pOWer Spocing spectral emvelope 13
lenzed by s peak

Man vmum (FWH

When L!r.:l.':!' with Sing

Limewicdih

Expenimentally measured Dnewliing are aciually scver magnitude
greater. than the preceding theory. Henry e
fectuatons of the index of refracton of the laser modiom are responsable for
additional broadening. Spoatancogs cmissons tanly alier the electron density i




1%

the lnming mediam and, as a resull, the real and imaginary components of the index of
refraction are altered. This has the effect of increasing the linewidth by the Lnewidih

enhancement factor [ 13), o, whene

where An and the real and maginary parts of the index of
re | Faciioan

In certain single-mode lasers, the lineshape is not exactly Lorentzian and exhilits
saiellive pcaks which afe scparaled froem the main peak by the |laver _rn,"..n'-..r:u'u MESOnanCe
frequency and multiples therend. Daino e gf. [16] have analyzed this behavior and have
determuncd that these satellite peaks are due 1o relaxation oscillations which are tigpered
by sponiancous emission events. [his behavior 15 ol observed of the melaxation

. L

oacillations are wel damped

4.1.1 Caherence Timea

It 15 useful 1o characiense an l.:""'II.J.: source by 1S femporal colRerence 'ln;'n'pur;h

]

coherence relers to the abulity of a hght beam 1o interfere with a time-delayed version of

'-Iw-jﬂf If the beam 15 highly coherent, interference will be observed owver relatively long

delay tmes. Il the beam 15 hghly incoherent, interfercnce will only be observed during
very shor delay bmes. Following the definition used by Goodman [17], coherence fime

13 ELYCIL a5




where WT) 18 the complex-degree of coherénce. The real pant of ihe complex degret o

toherence i the temporal auiocormelation function of the hght fMeld For a Gaussian

spectral shape, the complex degree of eoherence would be [17]

nift |1

cxp | Expe _|:'.I T)

| |
2ln 2
ng a coherence time of

i

|
1.2 1

where of is the spectral linewidth and T is the average oscillation frequency

Lorentzian spectral sl apc, e COmpex |!|_';:'r|;';,' ol COfieTence 1%

; | - 11 1% = e
Both (3.1.10) and (3.1.12) show that the product of the spec linewidth and the
coherence time of the light source it constant. [t i also wseful o define the coberence

|':'."|'.:.'"T. |... . of the SurCE is




where ¢ = the specd of light in vacuum and n = the refractive index of the opucal
meddinm

The - concept of coherence time (or - length) i3 wseful im the analysis ol
interferometric sysiems. For example, il we examine the ouiput of a Michelson
interferometer we observe a change in the depth of fringe visibility as we vary the

s

miasmaich |:'.'|‘!!!'I i the miederometer arms. If the mismaich Ia_-uylh 1% s&i o some value
kess than the coherence lengith of the source, fringe wvimbility is very pood. I the

mismaich length is set to a value moch greater than the coberence length of the source,

ped anll be wisihle

Ihe 5MNK performance of a UM Svsiem a3 Pr'.r!:h'!'ll'- hmated by. phase-indoced

nicnsity nodse. Knowledge of the noise power spectrum is therefore necessary o
determine the S3hE al such a system. Kikooh and Okoshy [14] provide a model for
determining the power speCirum of this inierierence nodse when the opiical source has a
Lorentzan lineshape. Due to the fundamental importance of their work o this thesis,
their treatment will now be summansed

Figure 3.2 shows the sctup that Kikuchi and Okoshi developed o mcasure the
spectral hnewielth of & singhe longitadinal mode laser. The laser light is divided into the
two paths, labelled Branch 1 and Branch 2. The light in branch 1 passes through an
acousio-ophc (ASLY) modulator which shafis its frequency op by oy, The light in branch 2

passes through-a length of single-mode fiber creating a time delay, 1, The outputs of

d
branches | and . ane then comibaned and mixed on a photodetector. The photocurment of
the photodetscior is amplified and fed w an RF spectrum analyzer, If the delay, 7, &

selected 1o be muoch larger that the coberence time of the sounce, i, the two outpui

signals are uncormelated and beatspectrum wall B observed on the spectrum analvzer
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Figure 3.1 Delayod sclf-heerodyne
If the following assumptions are made, the photodeiecior outpul spectrum can be

obtained wsing Kikochi and Okoshi's method [14]. The remainder of this section, 1.2 is

[

lakcn [rom their paper

1) The spectral spread of the wimarily due jo phase
opiecal field and
1) The spectral shape is Lorentzian
As stated previously in Section 3.1, thess assumpiong gencrally apply for an InGaAsP
UFE laser, Under thése assumptions, then, the electric feld intensity’ of the laser light

can e expressed as

whene [ 15 the average oscillanon frequency amnd * denotes the complex conjugate. E
. |

adtumed 10 vary muoch more slowly than eF9, ‘5:'\1 MEEACOuY &mistin randomly disturt

the laser oscillator and can be rrpns:'n:s_'nl as WieET where ¥i) represenis the rumd

disturbance. Bl contans both .|."1pf||..-|'.i_‘ and pehase NMuctuatione but if the laser is
operated well above threshold, the phase floctuation dominates and E(1) can be expresued

A%




where A danoles a conglant ampliiooe and Q. 1) moprg 15 4 randdpm |."-‘=-W.' fluct
P
o

-

& (1) is a Wierner rmndom peoceis as described in section 1.1, Henee, ==

Lt J—

= ima@pnary component of y and1s Gaaussian. The elecmc feld at o

where [ 18 aCousio-0pic modulator shifl frequency. Branch 2 delays the optical signal by

the fiber delay line ransit ome, T, The field ai the output of branch 2 is

The oatput signals of branches | and & are combined 1n & ;:-:i'-f:-.' wihich is coupled 1o the

phoDAcecion. MNeglectuing & Constani (acior and COMPONENtS Al he sum requency, the

it p!'n!-'n_: rrenl 15 given thy
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eraged optical powers incident on the |
sly and R is the roap Iviry

I =

e vanons can be dedy x b

I, S(N reduces

wigists of a Lorentzian power : FWHM
pwice that of the laser linewiduh (30 Figure 3 ). This relation is

he delayed self-hewr anique ‘ (DSH) 114] for
r linewidths

of vAF 1, 8P cansiss ol & isc" pedestal with a delia

e 3.3 (b)h

£s of 1,50 << 1, S(f) is dominated by a delta function at f, (Figure 3.3

oL




Figure 1.1 gl foe delay regumes

Bi <

- k.
By varying the e product, 1,0f, it is apparent that the distgbynon of power in

the beatspectrum can be varicd between a single frequency “camer tonc
and a broad-band noise spectrum (Figure 3.3 (a)). This variation is the key principle

behind coherence multiplexing and the resulis obtained here will be used Section 3.3

to develop an expression for the signal nierfercnce noise ratio

3.3 System Configuration
For the reasons ( | : n i 2 heterodyne ERL topology was cl
nosl approp i fiber-based CM communications system. The multcl
M system ar lveed in thas thesis | wsed on the ERL
with the excepn that the laser

ERL CM tran




A Combmuiaes wave (W) laser =4 the al thee headd en

the laser-is split into e paths, the reference arm® and the channel

% } ¥ -
1% conmnechad o the receiver. The cf el AITH |-:r umn
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Figure L4 M

4 The swerm "srm” i weed because the neference and chamne] paths can be considersd 1o e ihe Pw arma
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Lo Aprendin A for more nformaison on A modulaisn
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i. It allowed the ume-averag
used . model the laser phas ufm
assumphon, B << &f, as impo i that
receiver must be much greaie Ll Ence Lin
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Some physical msighi : ined from

ASSUM PN Ii we avsume ith

exp

Nacs

2R PP, "‘"‘J

I 1, << of, (3.3.26) reduces 10

To|
-
i 2R
EXp|-& |
T )

[

CNR, N
2R PP,

+(MN-1)
If we further assume that N > 10, the noise power contribution of Ny~ will be negligible

with respect 10 the interference power generated by (he other channels. We can also

assume that (N-1)= N. Hence, for N > 10 we have

1
Cxp 'a.t ]
[

CNR, = -

4B
N—
v5f




xdf exp
|

~ 4NB

If we further assume that the

r 1
¢ relanon

which is essentially the upper bound on performance in this sysiem'® for perfectly

maiched paths. In the case where the paths are not perfectly maiched, (3.3.28), we find

that for any given value of mismatch length, L, there is an optimum value of linewidth

which maximizes the CNR,. (3.3.28) can be rewritten

ds

L

L)

where L_=t_ ¢/n, L_=1, ¢/n, T =1/(xdf) and c/n equals the speed of light in the fiber. By
seiting the first derivative of (3.3.30), with respect 1o 8f, equal to zero, we can solve for
the value of laser coherence length, L., (or linewidth, &f) that will maximize the CNR,

& 5 £ : a
for a given mismatch length, L. The resulting equation,

S
N

dCNR, [ L] ﬁl.,,,‘

———w|l-ieEpl-dT | =0
dL, , L, L.

19 Sirictly speaking, (3.3.29) is the upper performance bound for the sysiem assuming that 5f >> . If,
instead, we have 8l << [, (3.3.29) becomes CNR; = =B(/{2NB)
cxpression, (3.3.29),

The use of the more conscrvalive

is deec w0 practical considerations: keeping the heicrodyne camier frequency
relatively low and assuring compatibility with practical AXD modulator devices
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1.5 Recéiver Nalsa
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3.5.2 Amplifier Molsa

1.5.3 Recelver Carrier to Nolse Ratio (CHR)







1.7 SHR, of a Digital OOK CM Syslem
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wntal Setup

spenmental setup shown in Figure 4.1 was used 10 obtain experimental data
for thas thesis. The architeciure maiches that of the two channel CM sysiem discussed in

section 3.3 but excludes the receiver's RF local oscillator, mixer and noise flier
The head end laser was a Hitachi HL1341 InGaAsP DFB semiconductor laser

e

Operating al a nom pal wavelength of 1.3 pm. The lltmg‘l‘l:lturt of the laser chip was
maptained at a constant 25 by a '.h;rmh.tkl_'l:flt L'I,H'ILH'[-T.II.'.‘..'I and thermistor based
fecdback circuit. The output beam of the laser was collimated by an anti-reflection (AR)
conped, 0.22 pﬂch planc-convex GRIN lens. The plano-convex Iens has a convex face at
gne end which faces the laser, ingreasing the NA of the lens and i11'.|;'lrn'-.|l1j,': xnuph:'llﬂ 1o
thé laser output. Laser 1o fiber coupling efficiencies as high as 35 % were abtainable with
this configuration but were not stable for more than a minute or s0. Typical coupling

-

efficiencies were around

The analysis of Schunk and Petermann [13] shows that, for a certain single-mode
|

-
laser diode, levels of exiermal feedback getater than -40 dB result in monotonically

increasing levels of RIN. In ..-5.1.r|:~pc“tli known thai the speciral charactensiics are
/

strongly infleenced by external fdedback [19]. When setting up the experiment, it was
found that rwa stages of optical isolation were required to avoid substantally altering the
aser's speciral characierisiics. The collimated beam of the laser was therefore passed

through two opfical 1solalors in Serics pm\.ul.mp_ a total return loss of betier than 50 dB




The output of the isolators was gollected by a Newport AR coated 40X microscope

objective lens (NA = 0.65, focal length = 4.3 mm, single-layer AR coated) and coupled

to a single-mode fiber (SMF) m(k:!z stripper ' which was included to prevent the
p

propagation of cladding modes in the fiber. The mode stripper was constructed by
removing the plastic coating from a portion of the input fiber, forming a 90 bend of
radius 2 cm, and immersing the bend in fiber core index matching epoxy. The output of
the mode stripper was fusion spliced to the input of Coupler #1.

The A/ modulators (IntraAction Corp AOM-40N) consisted of packaged, bulk
devices with broadband anti-refleciion {AR) coated faces. Newport 40X objective lenses
were used on both sides of the A/O modulators. The input beam to each A/AD modulator
was oriented at the Bragg angle? (6.7 mrad or 0.38°) in an upshified® configuration. Fine
adjustment was achieved by applying approximately 4 waus of RF power 1o each
modulator and wvarying the input beam angle until the light intensity in the first
diffraction order was maximized. The zeroeth order was then masked off and the output
fiber was coupled to the first order diffracted beam through an objective lens. Newport
F-915 single mode fiber coupler stages were used to position the fiber and objective lens
and greatly improved beam-to-fiber coupling efficiency and long-term stability over the
use of X-Y-Z positioners. Using this configuration, a stable insertion loss (assuming a
diffraction efficiency of 100%) as low as 4.5 dB was obtained. Typical values were
around 5 dB. The frequency of the modulator RF carrier was set to 40 Mhz and RF drive
power was varigble from 0 - 5.5 watts for channel #1 (using the ME-40R driver) and 0 -

4 waits for channel #2 (using the DE-40B driver). By varying the input voltage to the

| The fiber mode fiekd diameter was calculaied w be 9.2 pm (dia) using the expression in [24]. The
Newpor 40X objective lens provides a 0.77 mm beam waist diameter al the lens for a 9.2 pm beam waist
diameter al the fiber face

i See Appendix A for the definition of Bragg angle

} See Appendin A for an explanation of the upshified configuration
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4.2 Lasar Characteristics

4. 2.1 Outpart Power Curve
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[hese optical power ']Ijl.il'fll_l_:lllll- were due to the long term coupling stability problem

that was noted 1n Section 4.1 and "'.['|'H.'I'-1-‘- s

SpeCinum

I B
oen l.."'.i'.ul”'!
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Figure 4.9 Phs

Ihe beatspecttum shown in Figure 4. 10 was ot tarned using the (.39 m delay line

Once again, the jagped line represents the measured data while the smooth Curve
!

:T'i"".'r\f"d\ 'I'H_- hnng {unct il |}I‘ '.I”I"I1 '.ilf'.':.l funcnon 18 .l\l"'l.'| I. wilh the measured

delta function at 40 MHz. appearing as one spike. The peak value of the measured delu

function is approximately 2 dB less than thai of the calculated one

Figure 4.11 shows the measured data and fitted function for the

While s small delta function 15 observed in the Nitted function, 1

frivm the
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Figure 4.10 Photodeiccuor begtspectrum for L, =
B = 230 MHz, and L1
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Figure d.11 Pholndetecion hestspectram for L, = 1.15 m. Fiumed parameters are L,

15m., & =230 MHz. and L. =4

shows measured and firted spectrums for the 20 m delay line
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4.7 Capacity of a Digital OOK CM System

[he pnmary physical constrainl on the periom

ty to match the length of the relerence path &

path. From the digital OOK system analyzed in secti

excluded all noise sources except interference
]

system are summarized in Table 4.1 where
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4.8 Amplnude Modulation Demonstralios
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5. CONCLUSIONS

L e L welllhh ol

e lecommunecations  multiplexing contil over hiber path len

required and the need exists for a pracucal path matching scheme. For example

Ly
a total throughput of 6 Gh's i an OOK ERL ( M swstem, dilferential length o

miwsl e fess 1l
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the analogy can be drawn to the production of frequency components, resulting from

amplitude modulation in AM radio theory Most practical A/O devices operate in the

Bragg regime and all of the following analysis will deal with this regime
Ll | ! ) ]

A3 shows two near-normal geometries that will support Bragg diffraction

e

prat iled conliguration

b) Downshified conliguration

Figure A3 Bragg diffraction geometry showing (a) upshified configuration and (b
dorenshilied confliguration




From coupling of mades theory |12)], it can be shown that for @ = 8, where §

the Bragg angle,

and the frequency of the | st onder diffracied light beam, [, will be give

for the wpshifted confliguranon where [ 15 the trequency of The
is the acoustic frequency. For the downshified configuration

order diffracied light beam 15 given by

Thus an AJO device can be used as a 'I;I:hI frequency shifier Ihe Ireguency ol |

the zeroeth diffracied order will simply equal that of the incident light frequer
We now denote the intensity of the light in the incident beam by |, the inter

of the 1st order diffracted beam by I, and the iniensaty of the (ih order dulfracied beamn

by 1, It can be shown that the optical power transfer from the incident 0 15l

e

diffracted beam (diffraction efficiency) | 34] is given by
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