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ABSTRACT

This thesis discusses a multiple access addressing technique intended for high
speed data transmission in an optical fibre based local area network. This technique, called
Optical Time-of-Flight Multiplexing, or OTFM, employs coherent, self-heterodyne
detection and thus benefits from two advantages of coherent optical systems: channel
selectivity and efficient use of the large bandwidth available in optical fibre. Since itis a
self-heterodyne technique, only one laser is required in each transceiver instead of the two
which are required in coherent systems. This incurs a cost saving. Further, self
heterodyne systems dispense with the need for mutual optical frequency stabilisation of two
independent lasers, and are relatively tolerant of slow optical frequency drifts. The
technique is based on the use of the difference between the propagation times of a signal
through two fibre paths as an address. With the use of a frequency modulated continuous
wave ranging technique, the uniquely designed propagation time differences give rise to
different radio frequency carriers, upon which messages reside. Since the optical
frequency of a laser may be tuned over a very wide range, typically hundreds of gigahertz,
the possibility of utilising a wide transmission spectrum arises. The thesis looks at a
number of system design considerations, including frequency domain phenomena, network
size constraints, and topological variations, and describes an experimental system in which
data transmission at a rate of 10 megabits per second was achieved.

iv



ACKNOWLEDGEMENTS

I am obligated to Dr. R. I. MacDonald, whose idea this thesis is based upon, and to
both Drs. MacDonald and G. D. Cormack for their capable supervision, and their support
and encouragement. I would also like to thank the members of the examining committee,
Drs. G. S. Christensen, R. Fedosejevs, and A. E. Kamal for taking time to read my thesis
and to suggest improvements.

I have appreciated the contact with and help from all graduate students and staff of
the Albe"‘rta Telecommunications Research Centre. In particular, I would like to
acknowledge George Fraser for his many excellent suggestions, Dr. Jann Binder for much
help in the laboratory and many enlightening discussions, and Sunit Lohtia, Marc Veilleux,
and Brent Swekla for their helpful discussions, encouragement, and occasional
distractions.

For financial assistance, I am deeply indebted to the Natural Sciences and
Engineering Research Council for their post-graduate scholarship, the Alberta
Telecommunications Research Centre for their fellowships, the University of Alberta for
their fellowships and teaching assistantship, and Drs. R. I. MacDonald and G. D. Cormack
for their grants.

I am also grateful to Herb Gans and the staff of the mechanical workshop for their
fabrication of numerous mechanical devices.

Last, but not least, I owe thanks to my family for never (usually) getting too upset
with me not being home when they call.



TABLE OF CONTENTS

CHAPTER PAGE
1. INTRODUCTION ....iciitiiiieeieiiisnsntinsiasssissesmsssssssessusessassssassosenses 1
1.1  Coherent Optical CommuniCations .......cccveevereerucrearareerecenressecanns 1
1.2 Semiconductor LaSerS .....ccciiieiiieiueieenieeracncnesssensrecasesnnsenanaes 6
1.2.1 The Laser SPECUM........ceuuurienererearenereecsernnesneesrnassannnes 7
1.2.2 Semiconductor Laser Properties. .....ccoeeereiciiiiieneniinneenennnes 8
1.2.3 Measurement of Spectral Properties of Lasers..........cc.eeuuunes 10
1.3 Self-Heterodyne Optical Communications .........ceeueeneeeeniunruesnennen. 12
1.4 Organisation of ThesiS......c.cvuiuiiiiiiiiiiniiiiiiiiiiiiiniceeneiereenenns 13
2. ADDRESSING BY OPTICAL TIME-OF-FLIGHT MULTIPLEXING.......... 14
2.1  Principle of Optical Time-of-Flight Multiplexing..........cc.ccceuvevunneen. 14
2.2 Optical Frequency Modulated Continuous Wave Ranging.................. 15
2.3 OTFM Addressing SChemES .......cuuieiveniriieneiieiirienierirnernernnenns 20
2.3.1 Bandpass Filter TUning........cccviuuiruiinerniernnerineneernnennnns 20
2.3.2 External Modulator.........ceuieuieniauieneiierneenerntenerneenennnnnn. 20
2.3.3 Sweep Parameter Adjustment........cccceuveveneiieninneneinennnnenn. 22
2.3.4 Optical Delay INSertion............cccceeeeeerrrnenieneeeerissasneenns 23
2.3.5 Summary of Addressing Schemes ...........ccceevereenirniiniinnnnn. 23
2.4  Frequency Domain Considerations............ccceevveeeeneeenneeessenenne 24
2.4.1 Chop-out EffecCt........ccevriicrunrniennunreriiiisierinennesseesneenes 24
2.4.2 Laser Linewidth .......cocuueieeniiiniiiininiiiiianirninenneenineenennes 29
2.4.3 Amplitude Modulation.........ccceeuerrureneenneernnenneenneeneeennens 29
2.5  Determination of Maximum Network Size..........cc.coeeuviviineinnrenennns 30
2.5.1 Type A SYSIemS....uieuiiureiuiienieneeenrernerneernerencrneeenneeneees 31
2.5.1.1 Bandpass Filter Tuning and External Modulator
Schemes....c.coceiiiiiiniirniiiiiiiiiiircen e, 32
2.5.1.2  Sweep Width Alteration.........cccoeeveeenrerncrnnennens 35
2.5.1.3 Sweep Frequency Alteration.........ccceevuvreervnnen. 36
2.5.2 TYPeB SYStEMS . ..viuuiireierueiinieennenuerttsernnerseessnersneenes 37
2.5.3 Comparison of SChemes........ccocovvveiervureriviiniienereeeneennes 40
2.5.4 Delay Insertion.....cccccceeeecrrreninrenenneeneesesceesernnnnreseseeees 42
2.6 SUMMAIY ....itiiniiiiniiiieiiieeieeieeeerteeteaesneresanessiensencennsnnees 42



3.1 Survey of Network ToOpOlogies........ccccreeriiivreeeciivessienseeresvannens 45

3.1.1 Central LOOP ....cuiuiiuiiniiinieiieiiniiieiiesintensaieniessencsnsenns 45

3.1.2 BUS. ittt et st s e s s et s r e s s e e aes 47

3.1.3 Double Star.....cccoiiiniiiiiiiiniiiinieiieeeiieieeresessenaseens 49

3.1.4 Folded RINg......ccviiiiiinioiiiiiininciiiinccteresenneeeaenanans 51

3.1.5 Ladder....cciiuiiiiiiiiiiiii i e ee st st a e e e 53

3.1.6 SUMMAIY...iuiiiiiiiinriniiaeerieriererereaenarreeenssnseenaennnes 55

3.2 The Asymmetry Problem in the Central Loop and Ladder Networks.....57

3.3 POWEr BUudgets c..viiniiiiiiiiiiiiiiiiie i i ieie e etrere e e en et reneas 61

3.3.1 Central LoOP ..viuiiniiiiiii e e e er e e e e e 64

3,302 BUSiiiiiiii i e e e e 65

3.3.3 Double  Star.....ccciiiiiiiiiiiiiiiir et e 66

3.3.4 Folded RING....iuviiiiiiiiiiiiiiiiiiiiiiinre e eie e re s e e 66

3.3.5 Ladder.....ccoiviiiiiiiiiiiiiiinir e ee e 67

3.3.6 Size Comparison of TOPOIOZIES ...ccvvieniiiiiiiiiiiriiiiieiinanenes 67

3.4 SUMMATY ...ttt ittt ee e tr e taeaenen s aasasneenananns 68

4, EXPERIMENTAL RESULTS ...ttt aseenaans 69
4.1  Laser CharaCleriStCs cuueuuineiaiierenrunineieiiinrieeireecenaaienssasracensaans 69

4.1.1 Spectral PrOPEItIEs .. .veniiinieiiiiienerrurentnrastioncencesesasnne 69

4.1.2 Frequency Modulation Efficiency ........cccoovvviniiininininnninae. 86

4.2 Data Transmission EXperiment ..........ccoeviiiriiiiiinininiarenininienanes 89

4.2.1 Experimental Configuration...........cccveeiiiinininrecenerenenennes 89

4.2.2 Data TranSmiSSiON.....c.coceiiiireiirereiinreeenieieniereennerenes 91

4.2.3 Receiver Noise DiSCusSions.........ccccccviiiiiinnnincriiininnne. 100

5. SUMMARY AND CONCLUSIONS.... .ottt 101
REFERENCES..... .ottt st ie s s e e eas 103
APPENDIX A: APL FUNCTION LISTINGS.......ootvitiiiirciiiciriiniencnne 107
APPENDIX B: DEVICE DATA SHEETS.....ccccccoimimiimmmiiiiiinienin, 112
APPENDIX C: CIRCUITDIAGRAMS ..ottt e, 125

vil



LIST OF TABLES

TABLE PAGE
1.1.  Channel separation-to-bit-rate ratios for coherent optical detection................ 5
1.2.  Receiver sensitivities for coherent optical eteCHON. v...vuvevivnreneeniinnenerenennns 6
3.1.  Summary of NetWork tOPOIOGIES. .. ..vueeunereniiriiiiiiiitieiieerneeerneereneranes 55
3.2 Summary of NEtWOTK SIZ€S......eiuuiiueriieeroreneiiniiieireetereeerenerenennreannees 67

viii



LIST OF FIGURES

FIGURE PAGE
1.1, Typical COREIENt SYSIEM. ... uiviiiiitiiiiieiet it iiieeiieiieieerereteeeeeraenenennns 2
1.2. Laser mode spectrum.

(a) gain profile and rescnant cavity modes

(b) multimode 1aser 0SCIlatioN.......ouviiiiiiiiiiiiiin i e e 9
2.1.  Optical time-of-flight multiplexing prinCiple. .......ccccoiiiiiiiiiiiiiiiiiniinnnnnn, 15
2.2. FMCW- sawtooth wave case.

(a) optical frequency

(b) difference freqUENCY «...uuviiiieiiiii ettt ia e ie e e et e ereneaaans 17
2.3.  FMCW- triangle wave case.

(a) optical frequency

(b) difference fTeqUENCY ... iuiit i i et ea e e eae s 20
2.4. Addressing by external modulator.

(a) modulator configuration

(b) triangle wave case

(C) SAWLOOth WAVE CASE ..euvnniiriiniiniineireieeteetaneeaeanenseisenesneesssseninsencnns 22
2.5. Addressing by delay InSErtion. .........cccoviviiiiiiiiiiiiiiiiii e 24
2.6. Construction of chopped-out signal.

(@) fir®)

(®)

(0 I+ ) DT PP 26
2.7. Effect of signal ChOP-0UL. .....ciiiiiiiiiiiiiiiiiiiiiri e 27
2.8. Effect of signal Chop-0uL. ... ccciiuiiniiiiiiiiiiiiiiici e 29
2.9, TYPE A SPECITUIL .euiuirieneieninenatenenreerseatneetitarttetrtnenttrastienensinenneses 33



2.10.

2.11.

3.1.

3.2

3.3.

3.4.

3.5.

3.6.

3.7.

3.8.

3.9.

3.10.

3.11.

4.1.

4.2,

4.3.

4.4,

4.5.

TYPe B SPECHUML ..ottt eeee e e e e e e e 39

Comparison of sizes of addressing SChemes..............ccoevvveeeeeeseeenennnnn. 42
Central 100D tOPOIOZY. ...cerereereeeererunrrretieeeeerseereeeseesesssssnnmseeeeeeee o 46
BUS  t0POL0ZY..uiiiiiiiieiitinie ettt reeeeete e et 48
Double Star toPOIOgY.......cceeiiiiieieiiiiiiiiiiinieiteeeeieeeneen e 50
Folded ring topPOlOZY......ccceerieivreirieeiieeeeneeeereereessensoteesseeeeseeeena 52
Ladder topology. .......uuvvieeiiiiiiiieiiieiiiiinereeeeeeeeeee e 54
Network efficiencies. . ... ..oiierevuerereeniiieieeee e 56
Asymmetric network generation algorithm..............c.ceuuvveeeeeeeeeooennn. S8
An asymmetric ladder NEtWOTK. «..e..vvviiiuieeeeeeeeneeeeeeeeeeeeee oo 60
Ladder network efficiency versus number of potentially addressable nodes...... 62

Number of addressable nodes versus number of potentially addressable

OAES...oueieirniiiniiit e ete et ee et s e eeee s oo e e e 62
Receiver configuration............coouueenuiiniieineeeeeneeeneseeesoeeooeeesse 63
Menochromator experimental configuration. .................cuvveoeneeeoennnen . 70

Mode spectra of Ortel SL300-H laser.

(a) 45 mA bias

(B) 35 MA BIBS....ecuviiniiiiiieeitteetee et 72
Mode spectra of Ortel SL300-H laser, coupling misaligned.

(a) 44.4 mA to 44.9 mA bias

(b) 43.8MA 10 44.3 MA BiaS....vveevurieiririiee e e 73
(©)43.2mA 10 43. T MA DIBS ...eevvveerrinieeeeeeeeeeeeeeee oo 74
Random mode Jumping............cccueeviuiivieeneeeeeeneeeeesoeeeeeoeeeoen 75
Isolator Configuration. ............ceecuureereiiiueeieneeeeeeeeeeeeeeeeees oo 76



4.6.

4.7.

4.8.

4.9.

4.10.

4.11.

4.12.

4.13.

4.14.

4.15.

4.16.

4.17.

4.18.

Mode spectra of Ortel SL300-H laser, after insertion of optical isolator.
(a) 42.5 mA to 45.0 mA bias
(1) 39.5 MA t042.0 MA DI8S ...uieeiiieiiieirnienieniiiieteeriesessereeesncncssncenns 77

Mode spectra of Sharp LTO15MF laser, no isolator.

(a) 76.0 mA to 86.0 mA bias
(0) 64.0 MA t0 74.0 MA DIS....uieiinruiririeirnenieieieneeerneneeneteneneeaceeseennnn 78
(€) 62.0 MA t0 52.0 MA DIBS vueuiviiniienireiieeerneeieieecnereneereseensereneasnsnns 79

Mode spectra of Sharp LTO15MF laser, with isolator.

(a) 76.0 mA to 86.0 mA bias

(b) 64.0 MA t0 T4.0 MA BIaS....iuiiirieiiiiiiiiiiertteiererenrieeereaeereeeaenrnrnns 80
(€) 62.0mA 10 52.0 MA BIaS «..uivuieeieeiiiiiiiiiei e 81
Self-homodyne or -heterodyne Setup. ......ccceieiiiiieiiiiiniiciiiieienirii e, 82

Linewidth of Sharp LTO15MF laser, no isolator.

(a) wide spectrum trace
(D) ZOOMI-IN tTACE 1 1euvieineneneneiieieneereeeetatensnresiaraonsassesenessnsseensornesnsee 83

Linewidth of Sharp LTO15MF laser, with isolator.

(a) wide spectrum trace

(D) ZOOMIIM tTACE «evvvrneiniienerenreeienenrerereeneneeeeseessoncnresnensncersenensnsaens 84
Effect of index matching fluid on external cavity modes. ........cc.ccccuurunnennnn.. 85
Self-heterodyne signals, square wave modulation. .........c.cccoeuveiienninnennnnn.. 87
Self-heterodyne IF SPECITUML. ....c.vcieiiiiiiaierietieneiieieneenerencenreenereeneannns 88
Data transmission experimental configuration. ..........cccceeeieeireniarineenennnn. 90
PIN  TECEIVETI..iiitiiiiiiiiiiiiriiiiiieirieeeit rreierauncereesernssssesnnesensssrnen 92
Received IF SPeCtrUm. ... uuiuiiuiriiiiiieieiiiriiieinereereneecnneenrensenseanaannns 93

Received IF oscilloscope signal, unfiltered (horizontal scale: 50 ns/div.,
vertical scales: 1 V/div.upper trace, 200 mV/div. lower trace).......c.cccc.eovuen. 95



4.19.

4.20.

4.21.

4.22.

4.23.

4.24.

A.l.

A2,

A3.

B.1.

B.2.

B.3.

C.1.

C.2.

C.3.

C.4.

Received IF oscilloscope signal, filtered with bandpass filter (horizontal
scale: 50 ns/div., vertical scales: 1 V/div.upper trace. S0 mV/div. lower
1 ¢: &) TP FOTTR feeeeeereranes 95

Demodulated data 1010... (horizontal scale: 50 ns/div., vertical scale: 50 mV/div.).
(a) using lowpass filter with 40.9 MHz cutoff frequency
(b) using lowpass filter with 17.5 MHz cutoff frequency......c..cccevevninennnen.. 96

Demodulated data 1010... , using 40 MHz sweep, unfiltered (horizontal
scale: 50 ns/div., vertical scale: 50 mMV/AIV.).cccovvorrrvrrnnerrireeeireririnneeneeens 97

Demodulated data 1010... , after amplification (horizontal scale: 100

ns/div., vertical scale: 200 MV/AIV.). ceuvuiiiiieiiiiiiiiiiiiiieiiieeenieenereenans 97
Received eye diagram, PRBS sequence of length 220-1 (horizontal scale: 50
ns/div., vertical scale: 200 MV/AIV.). ..o.uvniniiininiiiiiiiiiiieerereineerrnenanenan 99
Received data, 1010000000000... (horizontal scale: 500 ns/div., vertical

Scale: 200 MV/AIV.). coueniniiiiiiiiiiiiiiiiii ettt e e e rean e reneaenaas 99
APL function: LS2. ..ottt et e e 108
APL function: FINDS. ........oiiiiiiiiiiiiiiiriitiieiiceinrieereeneeneernesennenees 110
APL  function: LSQ...iuiiiiiiiiiiiiiiiiiiiiieeaeeeeeeees seerereenssesnsessesessesnnnes 111
Data sheets for Ortel SL 300H laser..........ccccoceirinremenirnneeenernresensens 113
Data sheets for Ortel PDO50-OM PIN photodiode. .......ccoevuiinnneuneienneennnns 119
Data sheets for Sharp LTO15MF laser................ et saaesens 123
FET SWILCh. ..uuiiniiiiiiiiii et ce et 126
Laser bias CirCuiti....ccovvriiiiiiiiniiiiniiiniiiieneiene s enneee e e seeeens 127
PIN diode circuit. ......ccevvuninninnnnnnnne. et e e e —a e et e eerreeesaneas 128
Amp 4: wideband amphifier. ..........oiiiiuiiiiiiiiiiii e 129

Xii



C.5.

C.6.

C.17.

C.8.

c.o.

C.10.

C.11.

Amp 3: wideband amplifier. .....ccoiiriiiiiiiiiiiiiiii e, 130

HP2: highpass filter, 440 MHz cutoff. .........cocoiiiiiiieiiiiiiiiiiniienecineennn. 131
BP1: bandpass filter........ccciciiiiiiiiiiniiiiiiinniiinine . 132
1B 10010/ 111 o) U 133
LP1: lowpass filter, 17.5 MHz cutoff. ........cocooiiiininiiiiiininiininiininen, 134
LP2: lowpass filter, 40.9 MHZ cutoff. .......cccoveviiiiiiiiniiiiiiiiiiniiniiinennne, 135
X COF: 1111111 i1 A PP PTP 136



°K

AGC

APL
ASK
BER
BP
BT&D
dB
dBm
dc
FET

FMCW
FP
FSK
Gb/s
GHz
GRIN
HP

Hz

IF
IM/DD

kHz

LAN

m

mA
Mb/s

LIST OF ACRONYMS AND ABBREVIATIONS

degrees kelvin

ampere

automatic gain control
amplitude modulation

A Programming Language
amplitude shift keying

bit error rate

bandpass

British Telecom and DuPont
decibel

decibels referred to milliwatts
direct current

field effect transistor
frequency modulation
frequency modulated continuous wave
Fabry Perot

frequency shift keying
gigabits per second
gigahertz

graded index
Hewlett-Packard

hertz

intermediate frequency
intensity modulation/direct detection
joule

kilohertz

kilometer

local area network

local oscillator

meter

milliampere

megabits per second

xiv



MHz
Um
mV
mV/div
TAY
mW

ns
ns/div
OTFM
PIN
PRBS
ps
PSK
Rx
SIR
SNR
THz
Tx
V/div

WDM

megahertz

micrometer

millivolt

millivolts per division

microwatt

milliwatt

nanometer

non-return-to-zero

nanosecond

nanoseconds per division

optical time-of-flight multiplexing
p-type layer:intrinsic layer:n-type layer
pseudo-random bit sequence
picosecond

phase shift keying

receive

signal-to-interference ratio
signal-to-noise ratio

terahertz

transmit

volts per division

ohm

watt

wavelength division multiplexing

XV



Ad(t)
Afmin
Ai

Av
At

Atmax
Atmax,we
Atmin
Axmin

E

€

Eg

LIST OF SYMBOLS

laser linewidth

fibre loss

slope of frequency sweep

system loss

dc Fourier coefficient

unit vector giving field direction for path 1 signal
unit vector giving field direction for path 2 signal
unit vector giving field direction for kM channel
ASK modulating signal of kth channel

unit vector giving field direction for local oscillator laser
nth Fourier coefficient

message bandwidth

speed of light in vacuum

Fourier transform of c(t)

sinusoidal function

Fabry-Perot cavity length

fibre distance

fibre distance in ladder network

fibre distance in ladder network

width of optical sweep

time varying phase difference between path 1 and path 2 fields
minimum required sweep width

peak-to-peak amplitude of current waveform
three dB spectral width of laser emission

relative time delay

maximum tolerable relative time delay

maximum tolerable relative time delay, worst case
minimum resolvable relative time delay
minimum resolvable distance

energy gap

dielectric permittivity

electric field amplitude

Xvi



E1 electric field amplitude in path 1

Ep electric field amplitude in path 2

Ex(t) electric field of kth channel

Elo electric field amplitude of local oscillator laser

Eroft) electric field of local oscillator laser

erfc(.) complementary error function

Eiotal total received electric field

f. frequency of 'plus' component of chop-out spectrum
f. frequency of 'minus' component of chop-out spectrum
f1(v) optical frequency of path 1 field

o1(t) time varying phase in path 1 field

fa(t) optical frequency of path 2 field

M() time varying phase in path 2 field

fa(t) difference frequency waveform

fiy 'flyback' frequency

fir intermediate frequency

fiR(t) intermediate frequency waveform

fIF1 downshifted intermediate frequency

fim upshifted intermediate frequency

fk optical frequency of ki channel

dr(®) FSK or PSK modulating signal of kih channel

flo optical frequency of local oscillator laser

fmax maximum electrical frequency

fmod external modulator modulating frequency

fopu(®) optical frequency waveform

fs sweep frequency

fs,max maximum required sweep frequency

fs,min minimum required sweep frequency

Yv) laser gain function

gv) Lorentzian laser lineshape function

£b largest tolerable time delay, as a fraction of bit period
gm FET transconductance

gs largest tolerable time delay, as a fraction of sweep period
n network efficiency

h Planck's constant

i integer index

Xvii



ig(® detector current

k Boltzmann's constant

k integer index

kam differential amplitude modulation efficiency
kg frequency modulation efficiency of a laser
Ler fibre to photodiode coupling loss at receiver
Let laser to fibre coupling loss at transmitter
Lex coupler excess loss

Lsw loss in optical switch

M system margin

m integer index

vl magnetic permeability

M(t) intensity modulation factor

mp constant relating sweep frequency to bit rate
m(t) message of kth channel

N network size

n integer index

n refractive index

Vo centre frequency of Lorentzian lineshape function
N population of lower laser level

N2 population of upper laser level

ng refractive index of fibre

Vm frequency of mth Fabry-Perot cavity mode
Nmax maximum network size

P electrical signal power

P power emitted from laser

p position of a node in a network

P(t) time varying optical power

Po dc optical power

P path 1 received optical power

P1dB path 1 received optical power, in dB units
Py path 2 received optical power

P24 path 2 received optical power, in dB units
Pa electrical signal power, in dB units

Pn power at nth harmonic

Popi(t) average optical power

xviii



total received optical power

total received optical power, in dB units
receiver power sensitivity

transmitted optical power, in dB units

thermal noise power

angle between unit vectors A; and A,
position of a node in a network

angle between local oscillator and kth channel field directions
angle between kth and ith channel field directions
detector responsivity

coupling efficiency

Fourier transform of r(t)

rectangular function

bit rate

biassing resistance

load resistance

optimum coupling ratio

power reflectivity of Fabry-Perot mirrors
channel separation constant

Fourier transform of fIg(t)

asymmetric network series coefficients
signal-to-noise ratio

temperature

constant relating bit rate to channel bandwidth
lifetime of atomic state producing the laser radiation
time

propagation time for signal 1

propagation time for signal 2

bit period

added delay in folded ring topology

relative time delay

network delay in folded ring topology

sweep period

spontaneous emission lifetime

unit step function

xix



Vhbias bias voltage

Vnoise voltage amplitude of noise
Vsignal voltage amplitude of signal
¥ arbitrary phase in local oscillator laser electric field

XX



CHAPTER 1
INTRODUCTION

The purpose of this chapter is to describe the basics of coherent optical
communications, present some laser fundamentals relevant to discussions in this thesis,
and to explain the motivation behind the study of a self-heterodyne addressing and
multiplexing technique such as optical time-of-flight multiplexing (OTFM).

1.1 Coherent Optical Communications

The deployment of fibre optic communication systems has been on the rise for
many years. This tendency is due to advantages afforded by fibre systems over metallic
systems, some of which are: reduced size and weight of the transmission medium, radio
frequency interference immunity, increased message capacity, and increased security.
Fibre systems presently being deployed are primarily of the intensity modulation/direct
detection (IM/DD) type. In these systems, the intensity of light emitted from a light
emitting diode or laser is modulated with a message or subcarrier signal and subsequently
detected at the far end of a fibre with a photodetector. Although IM/DD has achieved
widespread use, a more elegant technique, coherent optical detection [1]-{6], promises
some further advantages.

Coherent detection is the optical analogue of heterodyne detection in radio. In
coherent systems, a message is impressed on the amplitude, frequency, or phase of the
transmitting laser's optical field, and is demodulated at the receiver with a local oscillator
(LO) laser whose optical frequency is equal or near to the frequency of the transmitting
laser. Many such channels can be accommodated on a single optical fibre by ensuring that
the optical frequency of each channel is unique. Since a laser's optical frequency can be
easily changed over a wide range, typically a few hundred gigahertz (GHz), a wide
transmission spectrum is provided.

A typical multichannel coherent system is represented in Figure 1.1. There are N
laser transmitters whose optical frequencies are fy, fp, ..., fN. Each channel's laser is
modulated with its corresponding message signal, mj(t), my(t), ..., or mn(t), with an
external modulator. The type of modulator depends on whether amplitude shift keying
(ASK), frequency shift keying (FSK), or phase shift keying (PSK) is employed. Direct
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laser modulation by modulating the drive current is also possible, but this can produce
unwanted frequency or intensity variation in addition to the desired signal. Laser structures
that suppress intensity variation while allowing frequency modulation, and vice versa, are
being investigated [7], but are not as yet readily available. The derivations below apply to
both external and direct modulation schemes.

The electric field from the k! modulated laser in the system of Figure 1.1 is given
by

Ek(t) = Eo-ak(t)-exp{iZE-fk-t + ¢k(t)]) . Kk (1.1)

where E is the field amplitude, fi is the optical frequency, Kk is a unit vector giving the
direction of the electric field vector, ak(t) is the modulating signal for ASK, and Ok (t) is the
modulating signal for FSK or PSK.

The modulated light beams are combined into one single-mode transmission fibre
with a N-to-one coupler. At the receiver, the light is combined with LO laser light using a
fibre coupler. The electric field of the LO light is given by

ELo(t) = ELoﬂxp{iZ?t'fLot + \lf]} ‘ALo (1.2)

where E[ o is the field amplitude, fi o is the LO frequency,  is an arbitrary phase, and Km
gives the direction of the electric field vector.

The total field at the photodetector is

. N R
%E0 .Y atyexplf2n fiet+ou(t)]) - A

Bt -5 onlfnioroy- 5] Ao+ 203

(1.3)

where o accounts for all losses between the transmitter and the detector, except for the final

coupling loss. Note that the coupler imparts a loss of 142 in both LO and received light
fields and a /2 phase shift in the LO field.

The power averaged over an optical cycle is given by [8]

Popl(t) = %/\/E [Etotal(t)'ﬁtotal(t)] (1.4)
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where L is the permeability of the photodetector materivl and € is the permittivity. Using
(1.3) in (1.4) and the fact that the photodetector current is proportional to the optical power,
the current is obtained as

2 Ean- N
ig(t) =-12§-- ,\/E- <E5° + ®EoEro . lé ak(t)-epoZE-(fLo -fi)t-d +y -g-]}-cos 6k>

2
2.g2 N N
& hﬁ_.a B0 S ap0)-aio)-expl{2m-(h - £t + 6u) - ¢i(0)]cos eki(l.s)

2 k=1 i=1

where R is the responsivity of the photodetector (in amperes/watt), and 0y and O; are the
angles between the field vectors and are given by

cos Oy = ALo*Ax
*

cos O =Ayg-Apk=1,2,.,N,andi=1,2,.,N. (L6

Note that Km and Kk must be in the same direction to maximise the signal power,
which implies the need for light polarisation control. Fibre that preserves the polarisation
of light is available, but expensive. Alternatively, ordinary fibre may be used in
conjunction with continuous polarisation matching techniques at the receiver [9]. In one of
these techniques [10], polarisation is dynamically controlled by inducing stress in the fibre
until the signal power is maximum.

Equation (1.5) contains intermediate frequency (IF) terms arising from beating
between the LO and the message carrier frequencies (second term), cross terms due to
beating between message carrier frequencies (third term), and a dc term (first term).
Normally one expects that

E o >> 02 Ey (1.7)

so that the cross term signals are weak compared to the IF signals containing the channel
messages. If the photodetector signal is passed through a filter whose bandwidth is just
wide enough to pass one channel message, then channel selectivity is obtained by tuning
fLo until the desired signal falls within the filter's passband.

Channel selectivity is one advantage of coherent detection over IM/DD. Although
optical carriers of different frequency may be used in IM/DD (this is called wavelength



division multiplexing or WDM), optical filters do not have sharp cutoffs between passband :
and stopband, and thus wide wavelength separations are required in order to minimise
crosstalk between channels. In a coherent system, channel selectivity is achieved using
electronic filters which can be made much sharper than their optical equivalents, and thus
channels may be closer together. Typical IM/DD WDM channel spacing is on the order of
100 GHz, while spacing for a coherent system is on the order of a few hundred MHz for
45 Mb/s data rates. The effect of this separation reduction is a more efficient use of the
fibre bandwidth. Table 1.1 summarises the channel separation-to-bit-rate ratios required
for a signal-to-crosstalk ratio of 30 dB for various multichannel coherent schemes [5].

Modulation Scheme Channel separation/Bit rate?

Heterodyne ASK 9.5
Heterodyne FSK 3.8
Heterodyne PSK 12.4
Homodyne ASK 7.5
Homodyne PSK 10.5
Table 1.1. Channel separation-to-bit rate ratios for coherent optical detection.

Another advantage that coherent affords over IM/DD is receiver sensitivity. Note
from (1.5) that the received signal level is proportional to the product of the signal and LO
field amplitudes. This implies that the received signal level can be increased by increasing
the LO power, providing optical gain prior to signal detection. Thus, if the signal level is
raised sufficiently high, the signal-to-noise ratio is limited by shot noise in the detector due
to high LO power instead of thermal noise in the subsequent amplifiers. IM/DD systems
cannot benefit from this heterodyne gain, and are thus less sensitive than coherent systems.
Table 1.2 gives the theoretical number of photons required at the receiver to achieve a bit
error rate (BER) of 10-9 for various coherent modulation schemes [3].

0 The required channel separation is actually dependent on a number of parameters, such as laser
linewidth, coding scheme, frequency deviation (for FSK and PSK), and IF-to-bandwidth ratio. See [5] for
dctails pertaining to the figurcs given here.



Modulation Scheme Sensitivity, photons/bit

Heterodyne ASK 36
Heterodyne FSK 36
Heterodyne PSK 18
Homodyne ASK 18
Homodyne PSK 9

Table 1.2.  Receiver sensitivities for coherent optical detection.

Practical IM/DD systems have achieved sensitivities of approximately 500 to 1000
photons per bit while experimental coherent systems have achieved sensitivities as low as
45 photons per bit [3]. The impact of this increased sensitivity is to allow longer fibre
spans between repeaters. Up to 290 kilometer spans have been reported [3] for coherent
systems, while IM/DD spans are typically limited to about 200 kilometers.

Coherent systems are unfortunately much more expensive to implement than are
IM/DD systems, and this is true for several reasons. First, not only are lasers required in
both transmitter and receiver, but they must be of a type that emit light in a single, stable
longitudinal mode with a narrow linewidth. Gas lasers fit into this category, but are bulky
and difficult to modulate at high frequencies. Semiconductor lasers are much more
attractive due to their tiny dimensions and the possibility of integration with other
electronics. Unfortunately they are more difficult to build with the desired frequency
characteristics. Devices such as distributed feedback, distributed Bragg reflector, and
external cavity lasers [11], [12] have achieved single mode and narrow linewidth operation,
but remain somewhat expensive and suffer from a limited frequency tuning range. A
second disadvantage in coherent systems is the sensitivity of laser frequency to temperature
and optical feedback. Temperature stabilisers and optical isolators must be used, which
further add to the cost of transmitter and receiver. The above problems may be somewhat
alleviated with the use of the novel system studied in this thesis.

1.2 Semiconductor Lasers

The purpose of this section is to provide an overview of laser spectral properties
and measurements pertinent to the discussions in this thesis.



1.2.1 The Laser Spectrum

The elemental components of a Fabry-Perot (FP) laser are the resonant optical
cavity (called the FP cavity), and the gain medium. The FP cavity consists of two parallel,
partially transmitting mirrors separated by some distance, d. Within this cavity, there is a
medium whose purpose is to provide optical gain by stimulated emission. In a
semiconductor laser, the gain medium is a semiconductor crystal, such as GaAlAs or
InGaAsP, and the mirrors are the cleaved end facets of the crystal.

Laser oscillation has a frequency spectrum that is determined by the resonant mode
pattern of the cavity and the gain profile of the medium. The resonant cavity modes are a
result of standing waves occurring inside the cavity. The expression for the frequencies of
these modes is [13]

m-cC

Vm

2:n-d (1.8)

where c is the speed of light in a vacuum, n is the refractive index of the laser medium, d is
the length of the cavity, and m is any positive integer. The gain, Y(v), in a semiconductor

laser medium is a function of frequency [13]

YY) = Nz - Np) - ——E——g(v)
8m-n2.v “tspont (1.9)

where N2 and N are the populations of the upper and lower laser levels, respectively, c is
the speed of light, n is the refractive index of the semiconductor, and tgpon is the
spontaneous emission lifetime. g(Vv) is the lineshape shape function which is a Lorentzian

function of frequency [13]

Av

o [(v -vo + (i—vﬂ (1.10)

where Av gives the 3 dB spectral width of the electronic states in the gain medium, and vo
is the centre frequency. Av is determined by the lifetime, T, of the atomic state producing
the radiation [13]

gv) =



Av=—1-
-1 (1.11)

and vg is determined by the energy difference, E, between the two laser transition levels

Vo=

oot

(1.12)

where h is Planck's constant.

Figure 1.2(a) shows a representation of expressions (1.8) and (1.10), with a
horizontal line representing the loss in the laser cavity. Loss is due to scattering and
absorption of photons, and the light escaping through the semi-transmitting mirrors. In
1.2(b), oscillation is shown to occur at mode frequencies where gain exceeds the laser

cavity loss.

Since there is more than one cavity mode appearing in the above spectrum, this
oscillation is termed 'multimode." A laser can be made to oscillate in a single longitudinal
mode by shortening the cavity, thersby ensuring that the mode separation is wide compared
to the gain profile and that only one cavity mode has enough gain to exceed the cavity loss.
(There are also several other phenomena that affect the modal properties of a laser [14]-
[16], but these are too involved to discuss here.)

It is important to note that since FP laser oscillation depends on optical feedback
from a reflective surface, it is expected that reflections from other surfaces, such as the end
of an optical fibre, will affect the laser oscillation frequency [17], [18). Thus, for stable
and predictable operation, one must ensure that external reflections are not coupled back
into the laser. This is usually accomplished through the use of an optical isolator, which is
a device that lets light pass unimpeded in the forward direction, but attenuated in the reverse

direction.
1.2.2 Semiconductor Laser Properties

A laser property important in coherent systems is the laser's frequency tunability by
injection current modulation. From (1.8), it is noted that the mode spectrum of a laser
cavity depends on the refractive index of the gain medium. Refractive index is dependent
on both temperature and carrier density in the gain medium, which are in turn affected by
the magnitude of the laser injection current. Thus, the frequency modulation (FM)
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efficiency of a laser, which is the change in frequency for a given change in current, is

dependen: on the mechanical structure of the laser as well as the characteristics of the
semiconductor gain medium. It is important to know the FM efficiency characteristic of a
laser prior to its incorporation into a coherent system.

Linewidth is another important laser property, and is defined as the 3 dB width of
the laser output spectrum. Measurement of this characteristic is necessary as it is often a
dominant noise factor in coherent systems. The linewidth is given by [13]

(Av)l _2mhvo N, [ ¢ .l-sz
= P N2-Ni 2n:nd VRp (1.13)

where vy is the oscillation frequency, P is the total power emitted, d is the cavity length,
and Ry is the power reflectivity of the cavity mirrors.

An important property related to linewidth is the coherence time of a laser. This
value can be thought of as the average time over which the phase of the laser field remains
constant, and is given by [13]

1

o |
e (AVaser (1.14)

1.2.3 Measurement of Spectral Properties of Lasers

The analysis of the spectral properties of lasers is of primary importance in coherent
systems. There are three devices or techniques commonly employed in measuring the
spectral properties of a laser: the scanning monochromator, Fabry-Perot etalon, and self-
heterodyne or -homodyne techniques.

1) Scanning monochromator [19]: This device is a tunable bandpass optical filter
which consists of a diffraction grating followed by a narrow slit. Light is dispersed by the
grating which can be rotated in order to shift the resulting diffraction pattern across the slit.
The slit allows a portion of the pattern, and thus a narrow wavelength band, to pass
through to a broad spectrum photodetector. A plot of detector output against grating
position is representative of the spectral content of the incident light.

Monochromators typically have a wavelength resolution of a few tenths of an
angstrom to several angstroms and a tuning range of several micrometers (um). They are



. 1
useful for analysing the mode spectrum of a laser, but do not have adequate resolution for
determining laser linewidth.

(2) Fabry-Perot Etalon [13]: A Fabry-Perot (FP) etalon is another type of optical
bandpass filter, and it consists of two parallel partially transmitting mirrors. Light is fully
transmitted only when the wavelength is such that constructive interference between the
multiple optical paths occurs. Since this transmission wavelength depends on the distance
between the mirrors, the filtering wavelength may be tuned by scanning the position of one
mirror with respect to the other.

The FP etalon typically has a resolution of a few hundredths of an angstrom, and a
scanning range (referred to as free spectral range) of several angstroms. The range is not
sufficient to display the mode spectrum, nor the resolution adequate to determine the
linewidth, but the FP etalon is able to observe dynamic changes in the laser spectrum. This
capability is useful in measuring the FM efficiency of a laser.

(3) Self-heterodyne or -homodyne technique [20], [21]: This technique is useful
when it has been determined that the laser operates in a single mode. Self-heterodyne is a
technique whereby the light from a laser is split, sent through two separate paths, and then
recombined. Mixing of the two light beams at a photodetector converts the optical signal to
an electrical signal which may be seen on an ordinary spectrum analyser. The frequency
content of the electrical signal depends on the frequency content of the optical carrier, and
thus contains information about the optical spectrum. In fact, the width of the electrical
spectrum is twice the laser linewidth under the condition that the time delay difference
between the two paths is greater than the coherence time of the laser. The resolution of this
technique, as given by [21], is

A=—1_
2-1q (1.15)

where 14 is the time delay difference between the paths.

If the electrical signal is centred at dc, then the technique is called self-homodyne.
Often an acoustooptic modulator is inserted into one path in order to shift the signal away
from dc (self-heterodyne) so that 1/f noise is avoided.

All of the above techniques were used in this thesis in order to select an appropriate
laser. The FP etalon that was available for the experiments in this thesis contained mirrors



that were optimised for a wavelength of 1300 nanometers (nm), and thus, since lasers with
a wavelength of 830 nm were used, gave terrible resolution. These FP results will be
omitted in this thesis. A modified version of self-heterodyne was employed, and will be
described in Chapter 4.

1.3 Self-Heterodyne Optical Communications

Optical time-of-flight multiplexing (OTFM) has been proposed [22] as a coherent,
self-heterodyne technique intended for multiplexing and addressing signals in a fibre optic
local area network (LAN). Similar techniques have been used to multiplex fibre-optic
sensors [23]-[25], and to transmit binary data [26], but the technique has not been fully
investigated for communication purposes. This thesis attempts to address some of the
issues involved in designing an OTFM communication system, and describes the results of
an experiment which demonstrates the OTFM principle. This section explains the basis for
investigating a self-heterodyne system, and sets the stage for the in-depth description of the
OTFM principle which appears in Chapter 2.

In a self-heterodyne system, an IF signal is produced when light from a
transmitting laser is combined with itself, rather than with a LO beam. There are two main
advantages that a sel{-heterodyne system affords over a LO-type of system:

(1) the need for a LO laser is eliminated, significantly reducing receiver cost and

complexity, and
(2) the detrimental effect of slow optical frequency drift due to local temperature

variations at the laser is reduced.

Most coherent experiments have used long wavelength (1300 or 1550 nm) lasers to
take advantage of the dispersion and loss minima of silica fibre. The experiments
conducted for this thesis made use of a short-wavelength (836 nm) single-mode device of
the type found in compact disk players. There are four reasons that this type of laser was

chosen:

(1) they can be made to emit in a single longitudinal mode even with a simple
Fabry-Perot cavity structure [14], [15],

(2) they tend to have narrower linewidths than long wavelength lasers even without
the use of narrowing techniques [27],

(3) they may be tuned over a wide optical frequency range while remaining in one

mode [25], and



(4) they are relatively inexpensive. 13

The main disadvantage in using a short-wavelength laser is the increase in fibre
dispersion and loss; silica fibres have dispersion and loss minima at approximately 1300
and 1550 nm, respectively. Thus, the use of short wavelengths may be limited to short-
reach applications such as local area networks. In fact, the use of a self-heterodyne
technique is already limited to a short-reach network: not only is the advantage of optical
gain by heterodyning, as described in Section 1.1, lost in self-heterodyne systems, but the
requirement for two paths from each node to another precludes long-haul applications of
such a technique. The benefit of channel selectivity is retained, however, and, as a bonus,
addressing capability is gained by using OTFM. This capability will be described in the
next chapter when the OTFM technique is fully explained.

1.4 Organisation of Thesis

The purpose of this thesis is to assess the feasibility of implementation of a system
using the OTFM principle. Theoretical considerations in such a system are examined, and
the data transmission capability of OTFM is proved via the construction of an experimental
system.

Chapter 2 describes the multiplexing and addressing capability of OTFM. Several
different schemes of addressing that may be employed in an OTFM system are presented
and reviewed, various frequency domain implications are discussed, and the maximum
addressable sizes imposed by the various addressing schemes are determined.

In Chapter 3, issues pertaining to network topology, or layout, are discussed.
First, several different topologies that provide the required dual paths are introduced and
assessed. Next, a problem specific to two of the topologies is analysed, and a solution
proposed. In the final section of this chapter, the power budgets of the various topologies
are derived.

The experimental portion of the thesis appears in Chapter 4. Here is described the
experiments in which various lasers were tested for suitability in an OTFM system, and the
experimental configuration which demonstrated the transmission of digital data.

Chapter 5 contains a summary of the discussions in this thesis and some
suggestions for future work on the OTFM principle.



CHAPTER 2
ADDRESSING BY OPTICAL TIME-OF-FLIGHT MULTIPLEXING

In this chapter the principle of optical time-of-flight multiplexing (OTFM) [22] is
explained, various addressing schemes that may be employed in OTFM are presented,
frequency domain considerations are discussed, and the maximum network size constraints
imposed by the various addressing schemes are derived.

2.1 Principle of Optical Time-of-Flight Multiplexing

As the name implies, multiplexing is achieved by measuring the relative 'time-of-
flight' of a signal travelling through two unequal length paths in a network. A network
such as that shown in Figure 2.1 is constructed to provide two signal paths between every
pair of nodes. Node p launches a signal into both paths and node q sees the signal twice,
one signal being delayed with respect to the other by At, which is given by

At=lt; - tg 2.1

where t] and tp are the signal propagation times in the two paths. If the network is
arranged so that the signal propagation time difference between the pth node and each of the
other nodes is unique, then these time delays may be considered as unique addresses.

There are a number of network topologies other than the simple ring of Figure 2.1
that provide the required dual paths, each of which has advantages and disadvantages.
Several topologies will be studied in detail in Chapter 3.

Since two signal paths are required in this technique, OTFM would be most cost
effective for short haul applications such as a local area network, or LAN. Normally the
use of long wavelengths (1300 nm or 1550 nm) is preferred due to the dispersion and loss
minima of optical fibre at such wavelengths, but since the use of OTFM is limited to short
haul systems, one may consider short wavelength lasers as sources. As stated in Section
1.3, short wavelength lasers have several properties desirable for this application.

In order to perform addressing, there must be a means of measuriing the relative
time delays in the network. The method employed in the experiments for this thesis was
optical frequency modulated continuous wave (FMCW) ranging. This technique is

described in the following section.

14
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Figure 2.1. Optical time-of-flight multiplexing principle.
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2.2 Optical Frequency Modulated Continuous Wave Ranging

Frequency modulated continuous wave (FMCW) ranging is a technique that has
been used in radar for many years [28]. In this technique, a radio transmitter sends a signal
whose frequency is linearly swept. The echo from a distant object is received and mixed
with a portion of the transmitted swept carrier, creating a signal whose frequency is the
difference between the frequencies of the echo and transmitted signals. This signal
frequency is constant and proportional to the distance to the object.

In optical FMCW ranging, the optical frequency of a laser is swept by modulating
the laser injection current, and the light is sent down the two fibre paths of an OTFM
network. If a sawtooth-type frequency sweep is used, then the two signals appearing at the
receiving node have the optical frequency waveforms shown in Figure 2.2(a).

The frequency f1(t) is the optical frequency of the short path signal and is given by
fi()=fo+ ¥, a-(t - n-Ts)-ult - n-Tg)-f(n+1)-Ts - o
n=0 (2.2)

where fg is the quiescent frequency in Hz, o is the slope in Hz/second, and T is the

repetition period in seconds.
The long path signal frequency is given by
f2(t) = fi(t - Av) (2.3)
where At is the time delay difference from (2.1).

The two signals are combined in a fibre coupler and detected with a photodetector
such as a PIN diode or avalanche photodiode. The current in the detector is calculated in a
manner similar to that for the general coherent case of the previous chapter. The electric
fields for the two paths are

Ex(® = Er-M()-explj-¢1 (1)) - A;
and Ex(t) = Ex M(t - Atyexplj-¢1(t - AD)} - A 2.4)
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Figure 2.2. FMCW- sawtooth wave case.
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where E} and E3 are the field amplitudes, M(t) is an amplitude factor describing unwanted
intensity modulation, Kl and Kz are unit vectors giving the directions of the fields, and
¢1(t) is the time-varying phase

61(t) = ZR'I fit)dt

< 20yt + 2wt Y (Lt - 0Ty ol 0Ty ffns ) T, -

n=0

(2.5)

Summing expressions (2.4) and substituting into (1.4), the detector current is
obtained as

2. 312 2. M2+
) =R ﬁ ‘El MIO+EZMAE-AY | By M) M(t-At)-cos [Aq)(t) +%}cos e’

2
(2.6)

where R is the responsivity of the detector,

cosO=Xl-Kg @7
and

A(®) = da(t - At) - 61(1)

=-(2n-0-At)t - 2 {5 - & (At + nTy)} At ,

for nTs+At<t<(n+1)Ts. (2.8)

The frequency of the signal portion of (2.6) is

_ 1. PAOY e,
fIF_Zn ﬁ?—l—aAt-AffsAt 2.9)

where Af is the width of the frequency sweep, and fg=1/T; is the sweep rate. The
frequency waveform of the detected signal is shown in Figure 2.2(b).

It is clear from (2.9) that the received frequency is proportional to the time delay
difference. If At is small compared to Ts, then fiE is constant for most of the period, and

may be used as a message carrier. We stated earlier that the relative delays between nodes



19
can be made unique, and thus, from (2.9), the carrier frequencies are unigue. With
appropriate filtering, channel selectivity is achieved.

To accomplish addressing, either carrier frequency or filter centre frequency may be
shifted in order to centre the signal within the receiver band. Shifting of the carrier
frequencies can be done by either transmitter or receiver, while shifting of filter centre
frequency can be done only by the receiver. Various modes of addressing will be
discussed later in this chapter.

Note from Figure 2.2(b) that there is also a detrimental ‘flyback’ frequency,
fro = o (T, - At) 2.10)
which occurs during the time period
(n-Ts)St<(n-Ts +At). (2.11)
If At is sufficiently smaller than T, then fp, is much larger than fir and the flyback time
duration small so that fg, can be filtered out with a small effect on the message. The effect

of this filtering is to chop out small portions of the message, the implications of which will
be considered in Section 2.4.1.

The preceding analysis has dealt with an optical carrier that is swept in a sawtooth
pattern. Alternatively, the laser may be swept with the triangle wave shown in Figure
2.3(a). The resulting difference frequency is shown in Figure 2.3(b). The frequencies
here are

fl(t)=f0+i('1)“' o li.nTs) [ v Ts) [T
2 2 2

n=0
and,
f() =fi(t- Ay (2.12)

and (2.9) is modified to obtain the IF as

fir = 2-Af-f5-At (2.13)
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Figure 2.3 FMCW- triangle wave case.
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There are two advantages to using a triangle over a sawtooth. First, the frequency
content of the triangle is lower than that of the sawtooth, which allows the laser to be swept
at a higher frequency. Second, the slope of a triangle is double that of a sawtooth for the
same sweep frequency, and thus fir is doubled. It is often desirable to maintain the IF
much higher than the bit rate, and this doubling helps to ensure a high IF-to-bit-rate ratio.

There are a number of considerations in designing an OTFM system, such as
frequency domain effects, schemes of addressing, implications of parameter choice on
network size, topology variations, and power budgets. These topics will be examined in
this and the following chapters.

2.3 OTFM Addressing Schemes

The previous sections have explained how multiplexing may be achieved using
OTFM. To perform addressing, either transmitter or receiver must perform some operation
in order to place the desired message within the receiver's bandpass filter. If addressing is
performed by the receiver, then the system is of the broadcast type. Often in computer
LAN:S, the transmitting station requires addressing control. Several receiver-controlled and
transmitter-controlled addressing schemes are discussed in this section.

2.3.1 Bandpass Filter Tuning

At any receiver in an OTFM system, messages from different transmitters are seen
at different IF frequencies. The receiver can thus select the appropriate message by varying
the frequency position of its bandpass (BP) filter. Although this is perhaps the addressing
mode most easily implemented, the usable width of the spectrum is constrained by electrical
considerations, and thus the fibre bandwidth is less efficiently utilised. Also, this scheme
forces receiver-controlled addressing.

2.3.2 External Modulator

Addressing can also be achieved by placing an optical frequency shifter in one of
the paths, as shown in Figure 2.4(a). If the receivers' bandpass filters are fixed, the
modulator may shift the quiescent frequency of one of the frequency swept signals up or
down by the modulating frequency, fod, so that the appropriate IF falls within a receiver
band. This modulator may be placed at either transmitter or receiver.
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Figure 2.4. Addressing by external modulator.

22



If a triangle sweep is used, as shown in Figure 2.4(b), fir is split into two IF23
signals, fir; and fir, given by

fiF1 = f1F - fmod
and fir2= fir + fmod . (2.14)

Since one of these frequencies is filtered out, there is a 3 dB loss incurred. Also,
the same pair of frequencies occur whether the optical frequency is shifted up or down,
resulting in addressing ambiguities. As shown in Figure 2.4(c), these probiems are not
present when a sawtooth sweep is used.

The main disadvantage to this addressing scheme is that the external modulator
must be driven by a high frequency electrical signal in order to perform the required shift.
Thus, the width of the usable spectrum is again limited by electrical considerations.
However, the external modulator scheme may be easier to implement than the BP tuning
scheme for the following reason. The BP tuning receiver requires that nearly all receiver
components be able to handle high frequencies, while the external modulator scheme
requires only a high frequency oscillator and optical frequency shifter.

One type of external modulator that can be used is an acoustooptic modulator.
However, modulation of these devices is often limited to about 200 MHz, which places a
severe restriction on the number of addressable nodes.

Another type of modulator is a phase modulator, which may be used as a frequency
shifter by ramping the input signal. Some devices [29] may be modulated as fast as 15
GHz, which may allow a reasonable network size.

2.3.3 Sweep Parameter Adjustment

As is apparent from expressions (2.9) and (2.13), the IF seen by a receiver depends
not only on the time delay, but also on the width of the frequency sweep, Af, and the
sweep repetition frequency, fs. Thus, variation of these parameters alters the value of the
IF. If, as in the previous scheme, the receivers' filters are fixed, the transmitter may
address the appropriate receiver by altering Af or fs to place its signal in the addressed
receiver's band. This is perhaps easily accomplished (as long as the relative time delay is
not zero), but, as will be seen in Section 2.5, varying these parameters puts a very severe
constraint on the maximum network size.
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2.3.4 Optical Delay Insertion
In this method of addressing, an optical delay is placed in the shorter of the two

fibre paths, at either transmitter or receiver, in order to compensate for the relative delay in
the network. This configuration is shown in Figure 2.5.

()

switchable delay elements

Figure 2.5. Addressing by delay insertion.

In this scheme, the over-all delay from the transmitter to the addressed receiver
never changes, and can be made small so that the ‘chop-out effect,’ as described in the next
section, is minimised. As will be seen in Section 2.5, relative time delay considerations
can severely limit the size of a network. With a constant and known delay, these
limitations are eliminated, and the size constraint is due only to power budget
considerations. The disadvantage to this scheme is the difficulty in switching many
different optical delay elements.

2.3.5 Summary of Addressing Schemes

A few conclusions can be drawn from the above discussions. Firstly, bandpass
filter tuning may be used in a broadcast type of network, but requires widely tunable
electrical filters. Secondly, the use of an external modulator to shift the optical frequency in
one path is possible, but unfortunately requires high frequency electrical signals. The
bandpass filter tuning and external modulator schemes may not utilise fibre bandwidth any
more efficiently than an IM/DD system, but they still maintain an advantage since they do



. . . . 25
not require that the laser be modulated at high frequencies. Finally, delay insertion is much

preferred over sweep parameter adjustment because of the maintenance of a small relative
time delay.

2.4 Frequency Domain Considerations

There are several detrimental effects that must be considered when using the OTFM
technique. Among these are: the carrier 'chop-out' effect, and carrier broadening due to
laser linewidth, and amplitude modulation. This section looks at the implications that these
problems have on the frequency spectrum of a received carrier signzl.

2.4.1 Chop-out Effect

It is apparent from Figures 2.2 and 2.3 that the signal IF is not constant over the
whole sweep period. When the received IF is filtered, the frequencies that are out of band
are removed, and thus the IF is periodically 'chopped out.' The resulting IF carrier is
shown in Figure 2.6(a) for the sawtooth case. This waveform, denoted by fir(t), can be
obtained by the multiplication of a rectangular waveform, r(t) in Figure 2.6(b), by a
continuous sinusoid, c(t) in Figure 2.6(c). That is

fir(t) = r(t)-c(t) (2.15)
where
1© =Y, ut - 0Ty~ ut- (n+1) - T, + Al
n=0 ’
and, ot) =sin (21t-f1p-t) . ‘ (2.16)

The power spectrum of the chopped out signal is the square of the convolution of
the two Fourier transforms

S(f) = [R(EPC(E)? @.17)

where R(f) and C(f) are the Fourier transforms of r(t) and c(t), respectively. As shown in
Figure 2.7 (note that the lines in this figure are separated by f), the effect on the received
power spectrum is the replication of the IF signal at harmonics of the sweep frequency, f;,
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Figure 2.7. Effect of signal chop-out.
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which causes interference at other nodes in the network. The shape of the spectrum, and
thus the level of interference, is dependent on the relative values of At and Tg, which

implies the imposition of an upper limit on the time delay and careful selection of channel

separations.

To achieve an understanding of the level of interference caused by the chop-out
effect, a simplified expression based on a Fourier series analysis [30] may be used. This
analysis gives the power at the nth harmonic of f; as

1 j1-cos [Zn-f.- (At - Ts)] + 1-cos [21t-f+- (At - Ts)]

Pp=
4.7} (2r-£.f (2n-£,f ,
where f=fip-L f,=flp+21 (2.18)
s Ts

Implicit in the derivation of this expression is the assumption that the signal is periodic with
period Ts, which means that the phase of the carrier is assumed to be the same at the start of
each period. This is, of course, an artificial situation, but the analysis is simple and gives a
general picture of the severity of the chop-out effect.

Figure 2.7 was generated using the above expression along with the typical
parameters fir=700 MHz, ;=20 MHz, and At=2.5 ns (At/Ts=0.05), and shows that the

components immediately on either side of fyr are 25.6 dB below the level of the signal at
fir, and components 10 harmonics away on either side are 29.5 dB below. Thus, for a

signal-to-interference ratio (SIR) of about 30 dB, a channel separation of 10-f; along with
a maximum time delay of 0.05-Ts may be used. Further calculations show that a SIR of

20 dB results from a channel separation of fg and 2 maximum time delay of 0.091-T.

This seemingly stringent constraint can be somewhat alleviated in a system using
the titue delay insertion scheme by judicious design of At. Figure 2.8 shows the spectrum

for At = 0.1-T. Inthis case, the spectrum goes to zero at frequencies which are a multiple
of 10-fs away from fi, and thus, if the system is designed with a channel separation of
10-f,, there will be little cross channel interference due the chop-out effect. Inband
interference can be minimised by assuring that fs>BW, where BW is the required message
bandwidth.
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It is apparent by comparing Figures 2.2 and 2.3 that the chop-out signal for the
triangle case has twice the frequency as that for the sawtooth case. The above discussions
apply for the triangle if a factor of two is placed in front of f;.

2.4.2 Laser Linewidth

A further frequency domain consideration is the broadening of the IF carrier due the
laser linewidth. The dominant effect of laser linewidth is the addition of noise to the
received signal, and thus the existence of a BER floor; in the absence of other noise
sources, errors in the detection of the received message will still take place due to random
fluctuations in the laser light. Kazovsky [31] has derived guidelines for linewidth-to-bit-
rate ratios for various ASK, FSK, and differential PSK heterodyne systems. For example,
a BER of 10-10 in a heterodyne ASK system with envelope postdetection requires a
linewidth-to-bit-rate ratio of 0.18 or better.

Kikuchi and Okoshi [21] have obtained an expression describing the IF spectrum of
a self-heterodyne signal due to laser linewidth. This expression reveals that the IF has a 3
dB spectral width equal to twice the laser linewidth when the relative time delay is much
longer that the laser coherence time. If the relative time delay is shorter, then a narrow
frequency component becomes dominant in the IF spectrum. This suggests that the use of
the time delay insertion addressing scheme with a small relative time delay may result in a
narrower IF, and thus a better BER.

2.4.3 Amplitude Modulation

Another mechanism causing broadening of the IF spectrum is the variation of light
intensity (amplitude modulation or AM) due to modulation of the laser bias current. The

effect of AM may be determined by analysing the factor, M(t) -M(t - At), in expression
(2.6). This factor is given by

M(t) -M(t-At)= 2 -’\/%-VP(t) -l_)‘t-At’

E)-Ez (2.19)

where P(t) is the time varying optical power, and is given by

©o

P(t) =Py - ka"‘;’Ai + k“{Ai ZO (t- 0Ts) -uft - nTy) - ofn + 1) T, - ]
n=

(2.20)
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for the sawtooth case. In the above, Py is the dc light power, kan, is the differential AM
efficiency of the laser (units of mW/mA), and Ai is the peak-to-peak amplitude of the

sawtooth current wavefonp. The IF portion of the detector current in (2.6) is
in:(t) =R- ¥ P(t) . E‘t - At) - COS (Zﬂ'flp‘t) (2.21)

ignoring the constant phase terms and the polarisation mismatch factor.

Since it is difficult to find the Fourier coefficients of ijg(t) in this form, it is
assumed that At is very small and can be ignored. The expression now becomes

iift) = R-P(t) - cos (27t-fn=-t) ) (2.22)

The baseband Fourier coefficients are obtained from the Euler formulae as

ag = R-Pg ,
an=-M ,n=1,23,..
2m-n . (2.23)

Squaring these coefficients gives the relative power at harmonics of fg. The
numbers typical in the experiments of this thesis were: Pp=18 mW, R=0.45 A/W,
kam=0.78 mW/mA, and Ai=4.4 mA, from which

lag? = 65.61 mAZ2, and Ja? = Q'—gimAz
n .
Thus, due to the high dc power and the relatively low AM depth, IF broadening due
to unwanted AM is insignificant.
2.5 Determination of Maximum Network Size

For a network using the OTFM method there exists a maximum allowable size
which depends on the particular scheme of addressing and the system parameters. This
section deals with the optimum design of a system given constraints such as bit rate,
channel separation, and laser frequency sweep width.

OTFM systems can be divided into two general categories according to the
relationship between bit period and sweep period [22]. In what will be referred to as a type
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A system, fs is greater than or equal to the channel separation so that the harmonics of fg are

well out of band, while, in a type B system, the opposite is true and the harmonics fall
within a receiver's allocated frequency band. In either case, it must be assured that the
harmonics of fs remain below some appropriate level to avoid interference between
channels. The size constraints for each type are different and thus are derived separately.
Derivations in this section assume that a sawtooth frequency sweep is used.

Some of the basic variables that will be used in this analysis are listed below:

fs : sweep frequency,

Ts : sweep period (=1/f;),

Af : laser frequency sweep width,
Rp : bit rate,

Tp : bit period (=1/Rp),

2-BW : bandwidth of receiver IF filter,
At : time delay,

fIr : intermediate frequency ,

fro : flyback frequency,

Nmax : largest number of addressable nodes, or maximum size,
Atmax : largest allowable time delay,
Atmin : smallest resolvable time delay.

Some basic equations that will be used throughout are
BW =tRp (2.24)
where t depends on the type of data modulation used,
fir = f; Af-At , (2.25)
for a sawtooth, and

Niax = Atpar 1
Atmin . (2.26)
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2.5.1 Type A Systems

In this type of system the signal at harmonics of fs appear well out of the receiver
band. This case is shown in Figure 2.9.

- lﬁ > f

fn:+ fs

Figure 2.9. Type A spectrum.

It is clear that fg must be at least twice the message bandwidth in order to avoid
interference between adjacent channels, that is,

fs 2sBW , (227)
where
$22 (2.28)

The derivations for maximum size differ for the various addressing schemes, and
thus are divided accordingly.

2.5.1.1 Bandpass Filter Tuning and External Modulator Schemes
The minimum resolvable time delay for a type A system is that which corresponds

to an IF separation of fs, which, from expression (2.25), is given by,

Affs  Af (2.29)
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Maximum time delay for the bandpass filter tuning and external modulator schemes
may be constrained by either electrical frequency considerations or time delay
considerations. If the former is the case, then, from (2.25),

fmax

Affs (2.30)

Atmax =

where fimay is the highest electrical frequency that either the receiver or external modulator
is able to respond to. Using this along with (2.29) in (2.26), Npyax becomes

f
N, ., = max 4 i
T . (2.31)

Obviously the size gets larger as fs decreases. The smallest f; for a type A system
is obtained from (2.24) and (2.27) as

fs,min = s't'Ryp , (2.32)
which, when substituted into (2.31) gives

Ninax = —1M8%_ 4 1

s-t:Rp | (2.33)

To deiermine the maximum allowable time delay when time delay considerations
impose the dominant constraint, refer back to Figure 2.2. It is clear that if the delay is
longer than Tg/2, then fg, becomes smaller than fir, and winds up in the same frequency
slot that the difference frequency would for a particular time delay shorter than Tg/2. This
results in an addiessing ambiguity and must be avoided. Thus, the maximum time delay is
given by,

£ (2.34)
where
1
< 4
O<g <y (2.35)

which, using equations (2.26), (2.29), and (2.32) gives a maximum size of,
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fs stRp | (2.36)
The above expression is similar to (2.33) and becomes the limiting case only when
fmax 2 gs-Af 2.37)

Since Af is the width of an optical sweep and can be tens to hundreds of GHz,
(2.37) would not normally be true, and the size would be given by (2.33).

Another consideration is the relative delay between the two arriving message
signals. It must be assured that the delay between arrivals of the same bit from the two
paths is kept below some fraction, gy, of the bit period

Atmax = 86Ty =5

Ry, (2.38)
where
0<gp<l (2.39)

With (2.26) and (2.29), this gives a maximum size of

gorAf | 1
Rp (2.40)

Nmax =

which becomes the appropriate expression only when gp is the more severe constraint.
This occurs when (2.37) is true and

&b,
Ry>3, 1s 2.41)
or, using (2.32),
g < 3
st (2.42)

The preceding discussioh has been based on a sawtooth frequency sweep. If a
triangle is used instead, fir doubles, which halves the minimum resolvable delay.
However, Atmax in equation (2.30) is also halved, leaving equations (2.31) and (2.33)
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unchanged. Expressions (2.36) and (2.40) are modified to describe the triangle case by
placing a factor of two in front of gs and gp, respectively. Note also that (2.35) becomes

< 1
0<g<y (2.352)

for the triangle wave.
2.5.1.2 Sweep Width Alferation

Maximum addressable size for the sweep width alteration scheme is derived in a
manner similar to that of the previous section, but with an additional consideration. Since
Af is being altered according to receiver address, and, from (2.29), the minimum
resolvable time delay is dependent on Af, one must take into account the worst case

address.

As before, the largest time delay allowed will depend on whether the system is
sweep period limited or bit period limited, as decided by equation (2.41) or (2.42). First
let us consider the former, in which case the maximum delay is given by (2.34).

The smallest required sweep width is, from (2.25),

Afgin = i
Atmax-fs | (2.43)

Using the above and expression (2.34),

fir
Af; =-E
mnogs (2.44)

From (2.26), (2.29), and (2.43), the maximum size is

_fie
Ninax = £, " ! ) (2.45)

The intermediate frequency, fiF, can be found from equations (2.25), (2.29),
(2.43), and (2.44) as

fir=Vgs Aff (2.46)

where Af is the largest sweep width obtainable from the laser. From this and (2.45),
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Nmax=/\/-gs.—Af+1= .E_‘;éf_.*.l
fs s't:Ryp .

By comparing expression (2.47) with (2.36), it is apparent that the maximum size
is degraded by using this type of addressing.

(2.47)

The derivation for the bit period limited case, where (2.42) is true, is very similar to
the above, and the final result is

go-Af
Nimax =4/ +1
max Ry . (2.48)

Again, by comparing (2.48) to (2.40), it is found that the network size is degraded.

2.5.1.3 Sweep Frequency Alteration

As in the sweep width alteration case, addressing by sweep frequency alteration
requires an additional consideration when determining the maximum network size. Since
the sweep frequency is being altered, expression (2.34) must be remain true for the highest
required fg.

Assuming the system is sweep period limited, the worst case maximum time delay
from (2.34) is

gs
Fomar | (2.49)

Almax.Wc =

where fs max is the f required to address the receiver with the smallest time delay, and is
obtained from (2.25) and (2.29) as

fsmax = fIF _ (2.50)

The maximum size becomes, from (2.26), (2.29), (2.49), and (2.50),

gs'Af +1
fir ) (2.51)

Nmax =

Calculation of fir is achieved by inserting the smallest sweep frequency, fsmin, into
(2.46):
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fir= Vgs‘Af'fs.min . (2.52)

Substitution of (2.52) into (2.51) results in
Nmax=‘v gs-Af +1= £§:—A—f--i'l
femin VstRy (2.53)

The above expression is identical to (2.47), which demonstrates the parallelism
between the two sweep parameter alteration cases.

In the bit limited case of sweep frequency alteration, the maximum size is simply
given by (2.40). However, a system is only bit limited when the condition (2.41) is true
for fs max. It can be shown that (2.41) becomes

4t Af.02
>StAfgb

Ro & . 2.54)

Since Af is normally very large, a sweep frequency altered system may only be bit
limited for very high bit rates.

2.5.2 Type B Systems

The analyses in thi. section pertain only to the time delay constraints in the
bandwidth tuning and external modulator addressing schemes. The derivations for sweep
parameter alteration are omitted since B type systems will be shown to be inferior to type A
systems.

Each channel in a type B system is allocated a frequency band that is wide
compared to fs. In other words, the replications of the message at harmonics of fg occur
within the channel allocation band, as shown in Figure 2.10.

The sweep frequency is

fs<ssBW (2.55)
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Figure 2.10. Type B spectrum.

The smallest resolvable time delay in this case is obtained from equation (2.25) and

the channel separation, s:B W, as

ssBW _s-t-Rp
Affy  Affy (2.56)

Atmin =

The maximum allowable time delay is determined by a procedure similar to that for
type A. First, consider the bit period, which gives a constraint of

Y

Atmax = 8o T =
max = 8b' 1b Rp @.57)

where gy, is a fraction as given by (2.39). Using (2.56) and (2.57) in (2.26), the maximum
size is found to be

gb'Af':s 1
s-tRyp X (2.58)

Nmax =

This shows that an increase in the bit rate in the B system incurs a double penalty
on the size. This can be made less severe, however, if fg is scaled with Ry. That is, if it is
assured that

fs =mp-Rp, mp <st (2.59)
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which gives

=M+ 1
s't:Rp ) (2.60)

Nmax

Note that the Npyax in this expression becomes larger as mp—s-t, which is the

point where the system becomes type A. At the limit, mp=s-t, the expression for Npax
becomes identical to equation (2.40). This fact suggests that the bit limited B system is
inferior to the bit limited A system from the point of view of network size maximisation.

As in the type A system, the sweep limited case must also be considered. The time
delay constraint is again some fraction, gg, of T

&s

Atray = 80T =
max = £s%s =g (2.61)

This gives the maximum size as,

s‘t‘Rp (2.62)
which is identical to expression (2.36).

Expression (2.62) becomes the limiting case when

b

Ro<ige fe (2.63)
If the type B system is sweep limited, there exists the possibility of a size advantage
over the type A system. Since signal replications due to the chop-out effect appear with a
separation smaller than the channel separation, cross-channel interference is less severe. In
fact, if the adjacent channels appear at spectral zeros, the cross-channel interference is very
small. In type A systems, the first harmonic away from fiF is in the band of the adjacent

channel, while in type B systems, it appears in between channels as long as

BW<f;<(s-1)-BW . (2.64)

Since the first harmonic away does not occur in the receiver band, the constraint on the
value of gg may be less severe than in the type A system. To determine the conditions for



remaining sweep limited while taking advantage of the relaxation of g, expression (2.63;u
is applied. For maximum bit rate, f must be at its largest value, which is given by (2.64)
as fy=(s- 1)-BW. Using this and expressions (2.63) and (2.24) it is found that the
condition for a sweep limited system is

s

gb>
(s-1)-t (2.65)

Since s is typically fairly large (see Table 1.1), this will likely hold true for even for
large values of g;.

The next logical question is how much can gg be relaxed. Knowing that the
component falling into the adjacent channel band might now be the second harmonic away
from fiF, the largest allowable At must be found such that cross-channel interference is
acceptable. The criterion for acceptable interference is chosen to be a SIR of 20 dB. The
spectrum was calculated using (2.18) for various values of gs, and it was found that
gs=0.095 met the above criterion. In Section 2.4.1, it was determined that gs=0.091
resulted in a SIR of 20 dB when the first harmonic away was considered. In light of these
results, it can be stated that the size improvement is in fact small.

The analyses in this section have shown that the type B system affords little or no
size advantage over the type A system. The only problem with the type A system is the
practical problem of generating a high frequency triangle or sawtooth wave. This problem
may ultimately limit the bit rate obtainable with an OTFM system.

2.5.3 Comparison of Schemes

Plots of expressions (2.33), (2.36), and (2.53) appear in Figure 2.11 for s-t=10,
gs=0.1, fmax=3 GHz and 15 GHz, and Af=40 GHz and 200 GHz. The separation of 10
was chosen upon consideration of the channel separation guidelines introduced in Section
1.1. Since the signal at the receiver appears as an ASK signal, the separation of 9.5-Ry,
applies, and it was decided to exceed that guideline slightly for a safety margin. With this
separation and the gg of 0.1, expression (2.42) is likely to be false (gp would have to be
smaller than 0.01, which is unlikely), and thus the system is sweep limited. The fmax of
15 GHz is applicable to the external modulator scheme when using one of the BT&D phase
modulators [29] whose modulation bandwidths are 15 GHz.
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Figure 2.11. Comparison of sizes of addressing schemes.
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Note from the figure that the bandpass filter tuning and external modulator scheme§1 3
are more likely to be limited by electrical frequency constraints than by the time delay
constraints. Note also that the sweep parameter alteration schemes allow smaller sizes at
lower bit rates, but become better than the others at approximately 65 Mb/s. This occurs
because the size for sweep parameter alteration is proportional to 1/YRyp,while the other
sizes are proportional to 1/Rp.

2.5.4 Delay Insertion

If time delay insertion is used, then the relative delay between the two signal
arrivals is constant, and the network is constrained by neither sweep nor bit period.
Instead, network size is limited by either fibre dispersion or power budget considerations.

A quick calculation can determine the severity of dispersion. The fibre dispersion
parameter for short wavelengths is typically 100 ps/nm/km. First of all, linewidths of the
lasers used in this thesis are much less than 0.001 nm, so this gives an rms pulse spread of
less than 0.1 ps/km. The second thing to consider is the shift in wavelength due to the
frequency sweep. A sweep width of 20 GHz is a shift in wavelength of approximately
0.05 nm for 840 nm lasers. This sweep width corresponds to a minimum resolvable time
difference of 50 ps, and a pulse spread of 5 ps/km. Given that this application is a LAN
and will have a reach of a few kilometers at most, it is expected that dispersion will not be a
limiting factor.

Power budget calculations depend heavily on the particular choice of network
topology, and so this topic is reserved for Chapter 3 after topological considerations are
discussed.

2.6 Summary

In summary, OTFM uses propagation time differences between dual network paths
as addresses. To detect these differences, optical FMCW ranging is employed, which
produces a message carrier whose frequency is proportional to the relative delay between
transmitting and receiving nodes. Since optical frequencies are typically on the order of
hundreds of terahertz (359 THz for 836 nm) and can be swept over a large frequency range
(hundreds of GHz), IFs may be very high. Thus, OTFM offers more efficient utilisation
of the wide bandwidth available with optical fibre. Since the received signal may be in the
electrical frequency regime, very sharp electrical filters may be used, providing channel
selectivity.
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Section 2.3 discussed several addressing alternatives in the implementation of an
OTFM system. It was pointed out that the optical delay insertion scheme may be the best
alternative, but may also be the most difficult of the schemes to implement.

Three deleterious frequency domain effects were discussed in Section 2.4. It is
believed that IF spectrum broadening due to laser linewidth, which limits the BER
achievable, is a more severe problem than either the chop-out effect or amplitude

modulation, which can both be controlled by appropriatc - . - -zsign,
In Section 2.5, it was found that an A type sys.e.. ‘v« ilows a size advantage
over the B type system. We also found that addr-evir: . v parameter adjustment

causes network size reduction as compared to eitiior the = - jass filter tuning or external
modulator schemes, but only for low bit rates. Finally, it was stated that a network using
addressing by delay insertion has a size limit imposed only by power budget
considerations.



CHAPTER 3
TOPOLOGICAL CONSIDERATIONS

Issues relating to the network layout, or topology, are discussed in this chapter.
Several topological variations are presented along with their advantages and disadvantages,
and the problem of addressing ambiguities in two of these topologies is discussed. Finally,
power budgets for the various topologies are analysed.

3.1 Survey of Network Topologies

There are numerous ways of providing the dual signal paths in a network
employing the OTFM method [22]. This section reviews the advantages and disadvantages
of a number of the possible network topologies. Throughout this section, reference will he
made to a quantity called 'network efficiency.’ Network efficiency, 1, is defined as the

number of uniquely addressable nodes, N, divided by the potential network size, Nmax, as
defined by expression (2.26) in Section 2.5
=N _.100%
= N : (3.1)
The value of M is different for each topology, and is one measure of the desirability
of the topology.

3.1.1 Central Loop

The central loop topology is possibly the most obvious of network configurations.
This topology, shown in Figure 3.1, consists of a ring of fibre with signals tapped off
from each direction using couplers with a coupling ratio of . A 3 dB coupler serves to
combine the two signals into the receiver, and divide the signal from the transmitter. The
time delay difference is given by

At=lt; -t (3.2)
where t) and ty are the propagation times in paths 1 and 2, respectively.

The advantage of this topology is that the received signal power is constant
irrespective of the relative positions of the transmitting and receiving nodes (this will
become apparent in Section 3.3 when the power budget for this topology is analysed).
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Constant signal power level is desirable in a communication system since signal-to-noise
ratios remain the same for all received signals.

The disadvantages inherent in this topology are unfortunately numerous. First,
light launched into the loop circulates around indefinitely, which adds to the noise at each
receiver. This problem, however, may not be too serious since the 'second-time-around'
signals will have experienced considerable network loss, and thus may be sufficiently
extinguished.

Second, there exist addressing ambiguities in a central loop network. These occur
at receivers that are equidistant in either direction from the transmitting node. Since the
detection process produces an IF equal to the absolute value of the difference between the
two signal frequencies, the receiver at each of these equidistant points sees an identical
signal, and may be erroneously addressed. As will be shown in Section 3.2, this problem
reduces the number of addressable nodes in a central loop network, thus decreasing the
network efficiency.

A third disarlvantage is that a central unit containing the central addressing loop may
be required. Since the distances between adjacent stations must be carefully selected to
control channel separation, and the actual node separations may be required to be much
larger than these distances, it may be advantageous to contain the addressing unit at a
central location and run arbitrarily long lines to each node. More fibre is thus required to
connect all nodes to this central unit. On the other hand, this may be favorable since the
addressing unit may be made secure 5o tha. - #:e event of a broken fibre, only one node is
out of service instead of the whole system.

3.1.2 Bus

A topology that is related to the central loop is the bus, shown in Figure 3.2. It
consists of two fibre lcops, one of which contains delay elements between nodes. One
signal is coupled onto each of the loops, and they propagate in the same direction. One unit
of delay is added to one signal as the signals pass each node, and the relative time delay
difference for transmission from node p to node q is

Aty g ={q-p)-Atmin ,1Sp<q<N, (3.3)
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where p is the position of the transmitting station, q is the position of the receiving station,
N is the number of nodes in the network, and Aty;p is the minimum resolvable time delay
as given by (2.29). If the roles of p and q are interchanged, that is q transmits and p
receives, then At becomes

Ths priine sy advantage of this layout is that addressing ambiguities are eliminated,
which ro7ans most efficient use of addresssble space. In fact, since the number nf
addressuble nodes is equal to the potential size, the network efficiency is 100%.

A second advantage is that, althougi: signals do repropagate around the two loops,
relative delay accumulates with each compiate circulation so that interfering signals become
higher and higher in frequency, and thus 27e not seen by any receiver.

Thirdly, no central addressing unit is required since the delay elements can be
located at each node, and the two lines between nodes may be as long as necessary,
providing they are of identical length. If, in this case, a fibre is cut at any point, not all one
way communications are interrupted, but two way communications are. The bus may be
made more robust by piacing the addressing loop in a central secure unit.

There are a couple of problems inherent in this topology. Signals accumulate loss
as they propagate around the loop which means signal levels depend on the relative
positions of transmitter and receiver. Secondly, more fibre and couplers are required than
in certain other topologies, which increases cost.

3.1.3 Double Star

The double star is constructed by 'piggy-backing' two star coupleis as shown in
Figure 3.3. One star coupler splits the light into a set of equal length reference paths, and
the other splits the light into paths containing various delays. Delays range from 0 to (N-
1)-Atmin. Here, At for communication between nodes 3 and q is

At=(p+4q-2)-Atmin ) (3.5)

This topology has these advantages: no addressing ambiguities, equal signal power
at all receivers, and no signal repropagation problem.



Figure 3.3. Double star topology.
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Network efficiency of the double star is a function of the number of nodes in the
network. For a network having N nodes, the largest time delay is that corresponding to
communication between the Nt and (N-1)% nodes, and is equal to

Atmax =[N +(N - 1) - 2] -Atmin =(2N - 3)-Atmin (3.6)

where Atpin is the minimum resolvable time delay as discussed in Chapter 2. The
maximum size as given by (2.26) is thus

Nmax = 2'N - 2 (3.7)

and the nexwork efficiency is

n=—N__.100%
2N - 2 . (3.8)

Note that this quantity decreases to 50% as the network becomes increasingly large.
The efficiency of the double star network is higher than that for the central loop topology
for large networks, but decreases quickly to half that of the bus topology.

One disadvantage of this topology is that a central addressing unit is required and all
stations require a fibre run.

3.1.4 Folded Ring

The folded ring of Figure 3.4 is a rearrangement of the central loop topology that
eliminates the addressing ambiguity problem. Here, the two signals are injected into the
ring at symmetric points, and travel towards each other. A delay, Tg, is added at one end in
order to ensure the elimination of addressing ambiguities. Tpeq is the total network delay
excluding Ty, and is given by

Thet = N-Atpin . (3.9)

As in the bus topology, At depends on the the direction of data transmission. If, in
Figure 3.4, p is the transmitter and q is the receiver, then

Atp_-,q = (N - Q) ‘Atpin + T4 (3.10)

and
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Atg—sp = p-Atpin (3.11)

if their functions are reversed. Note that, in both cases, the relative time delay, and thus the
address, is dependent only on the position of the intended receiver.

It is apparent from (3.10) and (3.11) that, in order for ambiguities to be avoided,

T4 = Thet = N-Atpin (3.12)

is the smallest allowable value for Tq. The largest time delay in the network occurs when p
is transmitting to q, and g=1, and is given by (3.10) as

Aty =(Atp—)q)q=l =(2:N - 1) -Atmi . (3.13)

From (3.1), (2.26), and (3.13), the efficiency is found to be 50%, and independent
of N.

The primary advantage of this topology is the absence of addressing ambiguities. A
further advantage is the fact that the address of each node is the same regardless of the
position of the transmitter. This simplifies the design of the transmitters since a node need
not know its own position in the network to perform addressing.

The folded ring topology suffers from signal repropagation and must have a
centralised addressing unit. As well, received signal power is not constant.

3.1.5 Ladder

The ladder network is a modification of the folded ring. In Figure 3.5, the left end
of the network is terminated in a node instead of allowing the signal io repropagate around.
The relative time delay for transmission between nodes p and q is

At=(q-p)-Atmin ,1Sp<qsN_ (3.14)

The signal repropagation problem is eliminated in this network, but addressing
ambiguities reappear. Fortunately, as will be shown in Sectior 3.2, the ambiguities can be
more economically overcome in the ladder than in the central loop. The network efficiency
is also obtained in Section 3.2.
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As ia the bus network, no central addressing unit is required since delays may be
located at each node. This network may be considered more robust than the bus since, if a
fibre is broken in the ladder, only those nodes to the left (in Figure 3.5) of the break are
placed out of service; those to the right may still communicate amongst themselves. The
problem of non-uniform signal power is unfortunately present once more.

3.1.6 Summary

The advantages and disadvantages of various tepologies were outlined in the
preceding sections. Table 3.1 summarises the above discussions.

\»y S @‘&

S ‘b"% <>°°V§J 7 G
Signal Repropagation Y|Y|NJY|N
Constant ReceivedPower | Y | N| Y| N | N
Addressing Ambiguities Y| N|NINI]Y
Distributed N|J]Y|N|N]Y
Network Efficiency S|11]12}13]4
Robustness 4 13 |11}13]2

Table 3.1. Summary of network topologies.

The question of distributed versus centralised networks requires some explanation.
While all of these networks may be configured with & central addressing unit, only the bus
and ladder networks may be distributed regardless of the value of Atpj,. If, however,

Atpin is large enough to allow practical node separation, then the central loop and folded
ring networks may also be distributed. The double star can only be a centralised network.

Network efficiency of the topologies is ranked from best to worst, a rank of 1
denoting the best. The ranking is apparent from Figure 3.6, which contains plots of
network efficiency versus addressable size for the double star, central loop, and ladder
topologies. (Network efficiencies for the central loop and ladder networks are obtained in
Section 3.2.) The central loop and ladder are more efficient than the folded ring for very
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small networks, but become highly inefficient as the network size increases. The
efficiencies for central loop and ladder appear to be the same in this plot, but, as will be
axplained in Section 3.2, the central loop suffers addressing ambiguities at certain sizes
where the ladder does not.

Another entry in Table 3.1 is the robustness of the networks, which concerns the
degree to which each are affected by fibre breaks. If the networks are compared in their
centralised configuration, then all are equivalent since the more vulnerable fibre lines are
those emanating from the central unit, and in this case, a broken fibre affects only one
node. The table, however, compares the robustness of the networks assuming they may be
distributed. It is obvious that the central loop is the worst since a fibre broken in the ring
brings down the whole system. The double star is ranked the best since it can in fact only
be a centralised topology. In the ladder, a broken fibre still may allow two-way data
transmission between certain nodes, while in both the bus and folded ring, only one-way
transmission remains intact.

In light of the issues discussed in this section, it is believed that the double star
topology is the best choice if the use of a network with a central addressing unit is
acceptable. If, however, a central unit is to be avoided, then the bus network becomes the
optimum choice.

3.2 The Asymmetry Problem in the Central Loop and Ladder Networks

A severe problem with the central loop and ladder networks is iiie existence of
addressing ambiguities. Ambiguities occur when there are two or mare nodes that have the
same distance address with respect to a transmitting node. This occurs at points equidistant
in either dirc;tion from the transmitting node; in other words, ambiguous addresses are
symmetries about a node. To avoid an ambiguity, no node is allowed al one of the pair of
symmetric points. This has the effect of reducing the number of addressable nodes in a
nétwork. This section looks at the creation of asymmetric networks, with emphasis on the
ladder topology.

An asymmetric ladder can be built using an intuitive algorithm. First, start with a
node, denoted by a filled circle, at the far left of the ladder, as shown in Figure 3.7. There
are an infinite number of slots, denoted by open circles, (and which are separated by the
minimum resolvable time delay) to the right where = second node may be placed. If a node
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Figure 3.7. Asymmetric network generation algorithm.
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is placed immediately to the right of the first one, there is a slot, denoted by the X, where a
node is disallowed by symmetry. In step 3, a node is placed at the next available slot, and
ali symmetries to the right are disallowed. This procedure is continued until a network of
the desired size is obtained. The numbers at the bottom of this figure denote the number of
slots in between allowed nodes. It turns out, as one might expect, that the fields of
disallowed slots become larger as the network grows. Thus, the network efficiency as
defined by expression (3.1) decreases as the network size increases.

In the above example a node had always been placed at the first available slot. It is
possible to obtain different networks by skipping available slots. A pair of APL functions
(the listings of which appear in Apperndix A) were written to create large networks, and
included a variable vector (termed the 'skip vector’) to define the pattern of slot-skipping.
Networks were generated for many different skip vectors, but it turned out that the first
network, the one for which no slot-skipping took place, always had the largest number of
allowed nodes. Although it was impossible to calculate every possible asymmetric network
for proof, it is believed that the non-skipped one may be the optimum.

When a large, non-skipped network was calculated, an obvious pattern arose.
Such a network is shown in Figure 3.8. The numbers here represent distances between
adjacent allowed nodes. The network size is 9842 and the number of allowed nodes is
512, giving a network efficiency of 5.2 %. Note that short subnetworks, such as (1 2 1),
(1215121)and so on, are repeated after the appearance of every new number. The
numbers that appear are 1, 2, 5, 14, 41, 122, 365 etc., and this is a series described by,

S =1,
Sk=3Sk1-1,k=23,4, . (3.15)

It is interesting to note that if one looks at the first appearance of a series number,
the sum of all the previous distances in the network is one less than that series number.
For example, the sum of all distances previous to the first appearance of 41 is 40, the sum
of all distances previous to the first 122 is 121, and so on. These points are where the
network becomes saturated with disallowed slots, and the next allowable slot is past the
furthest symmetry of the first node.

Knowing the pattern of network generation, another APL function (listed in
Appendix A) was written to create large networks very quickly. From a large network, it
was possible to plot a graph of network efficiency versus number of potentially addressable
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Figure 3.8. An asymmetric ladder network.
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nodes. This appears in Figure 3.9. The network efficiency decreases as the size increases,
and large downward slides occur when a new series number first appears. Immediately
after a slide, the efficiency sises since only small distances are being added for each new
node. Figure 3.10 uses the same data to show the number of addressable nodes versus
number of potentially addressable nodes. It is apparent from these graphs that the address
ambiguity problem severely limits network size for the ladder.

The networks generated for the ladder can also be used as central loop networks by
tying the ends of the ladders together. The only time that this works, however, is just after
adding a new seriec number. Since the efficiency is minimum at these points, it is apparent
that the loop has a more severe asymmetry constraint. It would appear that, for the central
loop, there are certain sizes for which no unambiguous networks exist. These sizes may be
taken care of, however, by new networks generated by different skip vectors.

3.3 Power Budgets

The final topic of this chapter is the analysis of power budgets for the various
topologies. Ignoring coupser loss, amplitude modulation, phase factors, and polarisation
mismatch, the amplitude of the optical power at the detector is, from (2.6),

P, =2-4PyPy
or, in dB units,

=1. P
Prdp ) [P1,dB + P2,d8] + 3 (3.16)

where P; and P; are the magnitudes ol tii2 average optical power in the two paths, and are
given by

=1. [g.
and Pp=3 "/u E%. 3.17)

With the receiver configuration shown in Figure 3.11, the signal power delivered
by the field effect transitor (FET) amplifier (which has a high input impedance, a 50Q
output impedance, and a transconductance, gm) to the matched load resistance, Rjgag=502,

is
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Figure 3.11. Peceiver configuration.

P= R‘g“d (gm RpiasR-Pif = 6.25 (gm-Roias'R-Pyf

or, in dB units,
P4 = 2'P,.dp - 20-log (gm-Rbias-R) + 10-log (625) (3.18)
‘2 Rpias is the photodetector biassing resistance, and R is the responsivity of the
pt:stodetector. The receiver sensitivity in dB units is

Psens= Py + SNR+ M (3.19)

where Py, is the thermal noise floor, SNR is the sigral-to-noise ratio require for a given
BER, and M is a system margin. The thermal noise power is given by the well known
expression

Py = 10-log (k-T-B W) = 10-log (k-T-t-R ) (3.20)
where k=1.38-10"23 J/°K is Boltzmann's constant, and T is the temnperature in degrees
Kelvin.

Expressicns for received power as a function of the following system parameters
will be derived for each topology:

N : netwoik size,
Pidg : transmitted optical power in dB,
r : coupling ratio as a fraction,

Lex  :coupler excess loss in dB,



o : fibre loss in dB/km,

Lot : faser-to-fibre coupling loss at transritter, in dB,
Le  : fibre-to-detector coupling loss at receiver, in dB,
Lsw  :losses due to optical switches, ir: dB,

Axmin : smallest resolvable distance, given Ly

=L . .
Axmln—nr Atmm (3.2])

where ¢ is the speed of light in a vacuum, and n is is the refractive index of the fibre. It
will be assumed throughout this section that addressing iy delay insertion is used.

3.3.1 Central Loop

If niode p is transmitting to node g, one can calculate the optical power falling on the
detector by tracing through the signal paths i1 Figure 3.1. The optical power from signal
path 1 is

[, 4B = Pigp -6+20-log (1-TH20- (q-p}log r +AXpmin' (q-p) -0+ 2- {q-p+1) -Lex
+Le+L A LswtAXmin: (q-p-l) "0 (3.22)

The final term in (3.22) is the additional fibre loss due to insertion of fibre delays.

The power from path 2 is

P2.48 = Py ap -6+20-log (1-r}+20- {N-q+p-1}1og r +AXmin- (N-g+p-1) - &
+2+ (N-q+p+1) -Lex+Lo+Le, . (3.23)

The total received power is found by substituting (3.22) and (3.23) into (3.16)

Pr.4B = Py ap -3+20-log (1-1}+20- (N-2)}log r +Axmin-N-a+-Ax2Li“ - (g-p-1)- o
+2: (N+2) -L‘,_,‘+Lcl+Lc,-|I"—£w . (3.24)
Note that if the term due 1 the insertion of additional fibrc delays were not present,

then the received power would be absolutely independent of the relative positions of
transmitting and receiving nodes. In fact, since Axmjp is typically on the order of a few

centimeters, and fibre loss at 830 nm is approximately 2 dB/km, this term is negligible with
respect 1o ihe other losses.
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The received power is obviously dependent on the choice of coupler ratio r. The
optimum choice is found by taking the derivative of (3.24) with respect to r, and setting i
equal to zero. This results in a optimum coupling ratio of

=N-2
ToP=NT . (3.25)
Substitution of (3.25) into (3.24) gives
P;4p = Prap -3-20- (N-1) - log (N-1120- (N-2)} log (N-2) +Axpin-N-0t+2: (N+2) ‘Lo

Lew
Heatlert 5"~ 326)

From this equation and the receiver sensitivity given by (3.19), the maximum size
constraint due to network loss considerations can be obtained. The system parameters
were assumed to have the followiny reasonable values:

Pigg =12.6 dBm (18 mW),

8¢ = 0.05 mS,
L.. ~-0.1dB,
o = -2 dB/km,
La =-6 dB,
L =-3dB,
Lew =-6dB,

AXmin =2 cm,

Rpias = 10k,

R =045A/W,

SNR =15 dB, for BER=10"9,
M  =3dB,

T  =295%K.

The maximum size was found by plotting Pgg against N, usirg expression (3.26) in
(3.18), and determining the largest N that allowed the received power to remain larger than
the receiver sensitivity limit given by (3.19). Mpax was found for i Gb/s, 100 Mb/s, 10
Mby/s, and 1 Mb/s to be 114, 132, 151, and 171 nodes, respectively.

3.3.2 Bus

The received power for the bus topology of Figure 3.2 is
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Pdp = Piap +3-10-N-log N +10- (N-2} log(N-2) H{d+Axmin} (N-1) m—ém

HN+2)- ch+Lcl+Lc,+Ls— 3.27)

where d is the distance between nodes. The above was derived for the worst case, which
is when g=N and p=1. It was also assumed that the optimum coupling ratio has been

chosen.

The same system parameters as i *he central loop case were used here, as v.cll asa
node separation of d=5m. The maximum sizes for 1 Gb/s, 100 Mb/, 10 Mb/s, and 1
Mb/s, were found to b 214, 247, 282, and 318 nodes, respectively.

3.3.3 Double Star

The power equation for the double star network of Figure 3.3 is

P,aB = P ap -3-10-log N +6%n (2-N-4) *{2 d Ax’"'“)“*” Le**’*ﬂ*L“'Ls 2 (3.28)

where d is the total disiance from a node to the centre of a star coupler. The worst case for
this topology occurs when g=N and p=N-1. Note that it is assumed that the excess loss of
a star coupler is proporticnal to the number of coupler ports. In fact, the actual size
dependence of excess loss is a function of the exact configuration of the star. The
assumption in the above equation is used in order to find an approximate network size.

The sizes for 1 Gb/s, 100 Mb/s, 10 Mb/s, and 1 Mb/s were found to be 463, 509,
555, and 601, respectively.

3.3.4 Folded Ring
From Figure 3.4, the power budget for the folded ring is found to be
Prap = Pag +6-5 (3-N+2) log (3-N+2) +5- (3-N-2} log (3-N-2) +Axmin (% ‘N- %} o
+2'd' a+(2'N+ 2) 'Lex+Lc[+Lcr+L~;v‘ (3 29)

where d is the distance from a node to the addressing loop. For this topology, the worst
case occurs when node 1 transmits to node N.
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With the system parameters the same as for the previous cases and d=5m, the sizes
for 1 Gb/s, 100 Mb/s, 10 Mb/s, anit 1 Mb/s were calculated as 112, 131, 150, and 169,
respectively.

3.3.5 Ladder

The ladder's power equation, derived from Figure 3.5, is

Prap = Pigp +3-10- (2-N-1} log (2-N-1) +10- (2-N-3} Iog (2-N-3) +Ax i (N- %} o

H4-d,42:N-1) -] - at{2-N+1) LoxtlotLort 552 (3.30)

where d, is the short length from the central couplers to the outside couplers ind dy is the
distave between nodes. These distances were assuiited to be d;=10 cm and dy=5m. The
above equation has been derived for the worst case which arises when q=2 and p=1.

Maxiraum sizes for 1 Gb/s, 100 Mb/s, 10 Mb/s, and 1 Mb/s were 107, 124, 141,
159 ncdes, respectively.

3.3.6 Size Comparison of Topologies

The sizes generated in the previous section are summarised in Table 3.2.

S .
& \;‘a“”‘ b@f& /
. A 06,0 \e’e bb
Bit Rate YL YL LS;

1Gb/s (114 |214 1463 |112 [107

100 Mb/s |132 1247 [509 {131 |124

10Mb/s [151 |282 |555 {150 |141

1Mb/s |171 |318 |601 [169 |159

Table 3.2. Summary of network sizes.

It is interesting to noie that the central loop, folded ring, and ladder topologies have
the same approximate size limitation, while the bus topology limitation is roughly double.
The dominant losses are due to the coupling and excess losses in the couplers, and since
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each signal passes half as many couplers in the bus network than in the others, the bus has
a sensitivity advantage. The double star network seems to be the best of all networks, but
on<: must keep in mind that the size will heavily depend on the excess loss in the star
coupler. Also note that the maximum sizes are relatively insensitive to bit rate. Recall from
Figure 2.1, that the best addressing scheme can handle very few nodes at high bit rates (3
nodes at 1 Gb/s, for example). This suggests that the delay insertion addressing scheme is
the best alternative for high bit rates. However, it is also noteworthy that the external
modulator and bandpass tuning schemes may have a size advantage over delay insertion for
low bit rates (300 to 2G90 nodes for 1 Mby/s).

3.4 Summary

We have seen that there are several topologies that may be considered in designing a
sysiem that employs (Y77 © These topologies have been compared from many points of
view. In general it s - double star topology is the most desirable, foliowed
closely by the bus. . - ' the addressing arbiguity problem «nd tend to allow the
largest network ri.e.



CHAPTER 4

EXPERIMENTAL RESULTS
This chapter outlines the results of two sets of experiments The purpose of the first
set was to obtain the spectral characteristics of three different semiconductor lasers, and thai
of the second set to demonstrate the transmission of binary data using the OTFM principle.

4.1 Laser Characieristics

Three lasers made by two different manufacturers were characterised in order to
assess their suitability ‘n an OTFM system. The first two lascrs were Ortel's SL300-H
model, and the third was a Sharp LTO15MF, and all were unstabilised FP lasers. The data
sheets of these lasers appear in Appendix B. Lasers were acquired whose wavelengths
were near 830 nm instead of the more common 780 nm because of the immediate
availability of couplers and GRIN (graded index) lenses which were optimised for the 830
nm wavelength region.

Experiments described in this section were conducio i obtain the spectral
characteristics and frequency modulation efficiencies of the lasers.

4.1.1 Spectral Properties

As mentioned in the first chapter, a laser for use in a coherent system must emit in a
single longitudinal mode with a narrow linewidth. Thus, the selection of an appropriate
laser device warrants the the study of its spectral properties. This section outlines
experiments in which the modal behavior of all the aforementioned lasers were: < xamined,
and linewidth of only the Sharp laser was examined.

First, the McPherson 270 Scanning Monochromator was used to observe the mode
spectra of the lasers. Figure 4.1 shows the experimental configurationl. The laser light
was focussed by a GRIN lens into a single mode fibre. The light at the monochromator
was modulated with a chopper wheel, and the signal from the detecter was amplified with
an amplifier locked to the chopping frequency. The plotter recorded the amplifier output as
the grating was scanned, providing a trace of the mode spectrum of the laser.

1 The drawing of the monochromator is only a simplified picture; the actual optical path is more
involved, but is not worth reproducing here. See [19] for more detail.
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The mode spectra ¢ tiv+ it Ortel SL300-H for bias currents of 45 mA and 35 .4
appear in Figure 4.2. Siri: tne side modes are only about 4 dB down from the main
mode, this laser is not single-mode =nough for a coherent system.

The reason for the muitimode behavior of this laser was suspected to be the high
‘evel of optical feedback from the near and far ends of the fibre. To reduce the feedback,
ihe fibre was misaligned axially, thus defocussing reflections back into the laser. Figure
4.3 shows that the laser has indeed become more single-mode, but its oscillation frequency
secms to jump between cavity :odes as the bias current is changed. This is evidence that
there still may exist reflections strong enough to have a detrimental effect.

A theory to explain the seemingly random jumping between laser cavity modes is
presented with the help of Figure 4.4. The tall lines represent resonant modes of the laser
cavity as predicted by equation (1.8), and the short lines represent the external cavity (fibre
end) modes. It is assumed here that the dominant external cavity is due to the near fibre
end reflzction. There is a reduction in the cavity loss at frequencies vhere lines of the two
patterns coincide, anu thus the laser may oscillate at these freques:ies. Oscilla: .. at
frequencies where the mode patterns nearly overlap is also possible, it <oupling into thiesc
modes is weaker, and thus the intensity weaker. As the bias current i; chinged, the two
mode patterns shift with respect to each other and different pairs of modes overlap, causing
the oscillation frequency to jump to different cavity modes. This explains the sr¥tting of
oscillation between widely separated laser cavity modes.

In order to further reduce feedback, an Optics For Research 10-5-NIR tunable
optical isolator having approximately 30 dB of isolation was inserted between the laser and
the fibre, as shown in Figure 4.5.

The mode spectra for this configuration appear in Figure 4.6. The traces containing
sharp spikes occurred because of hopping between modes while the trace was obtained,
which suggests that optical feedback is still strong enough to have an effect.

The second Ortel laser was put through ike abo«+ tests, and was found to exhibit
similar behavior.
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Figure 4.5. Isolator configuration.

The Sharp LT015MF was the last laser to be examined. Figure 4.7 shows its mode
spectra without having inserted the optical isolator. It is obviously very multimode due to
the high level of optical feedback. The spectra of the laser with the isolator in place are
shown in Figure 4.8. The spectra now contain a single mode, and the laser appears to stay
in one mode for bias currents ranging from 60.0 mA to 86.0 mA. Judging from the
stability of the mode spectrum, this laser is a likely candidate for use in a coherent system,
and is in fact the one selected for use in the data transmission experiment.

In the next experiment, the linewidth of the Sharp laser was examined using the
self-homodyne technique; the experimental configuration appears in Figure 4.9. The laser
light is collimated by an anti-reflection-coated, plano-convex GRIN lens, sen: through the
isolator and focussed into a single mode fibre. A 3 dB coupler splits the light into two fibre
paths whose lengths differ by several times the coherence length of the laser. The light is
recombined and focussed onto a wide bandwidth PIN photodiode, and the resulting
electrical signal is amplified and sent to a high frequency spectrum analyser.

Figure 4.10 is the spectrum analyser trace obtained with the isolator removed, and a
path length difference of 10 meters. From this, the linewidth is estimated to be 75 MHz.
The trace obtained with the isolator reinserted and a path length difference of 1.15
kilometers appears in Figure 4.11. The linewidth now appears to be approximately 10
MHz. These results demonstrate the broadening of laser linewidth with increasing optical
feedback.

In Figure 4.11(a), one can see small modes at about 650 MHz, 1.3 GHz, and so
on, that were not previously visible. When a path of 1.1 meters is inserted, the modes
become even more visible, as shown in the upper trace of Figure 4.12. These modes are
due to the 16.5 cm external cavity between the laser and the near fibre end.
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The external cavity modes were eliminated by two techniques. First, a drop of8 6
index matching fluid was placed between the second GRIN lens and the fibre end. The
effect of this is apparent in the lower trace of Figure 4.12, where the modes are all but
gone. The second technique used a 'twisted' fibre cleave. To obtain a twisted cleave, a
nick was made in the fibre with a diamond bit, and instead of pulling the fibre straight to
get a 90 degree cleave, a slight twist was imparted. When the fibre was pulled, the
resulting cleave was smooth and slightly spiral. This kind of cleave directs the reflection
off the optical axis so that reflected light is not coupled back into the laser, yet allows
efficient coupling of light into the fibre. The external modes were thus eliminated quite
effectively.

4.1.2 Frequency Modulation Efficiency

The final laser characteristic investigated was the laser frequency modulation
efficiency. The self-heterodyne setup of Figure 4.9 was employed to find the frequency
deviation constant, kf (in MHz/mA or GHz/mA), of the Sharp LT015MF laser. This
involved frequency modulating ihe laser with either a square wave or a triangle wave, and
observing the resultant IF spectrum.

In the square wave case, the delay path was a fibre of length 1.15 kilometers and
the modulation was an 87 kHz, 50% duty cycle square wave added to the laser bias
current. As shown in Figure 4.13, the square wave frequency was chosen so that its
period was approximately twice the delay time, At, of the fibre path, so that the high level
frequency, f, of one path is combined with the low level frequency, f1, of the other path.

Interference and detection at the receiver produces an IF of fir=f-f;. Knowing the
peak-to-peak current amplitude, A, of the square wave, and observing the value of firon a

spectrum analyser, kg can be calculated as

ke = fi

Ai . 4.1)
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fopt (1)
0‘; At long path frequency
- short path frequency
fa - - - e
fir=1f2-f;
fi | = - — _—— -
- {

Figure 4.13. Self-heterodyne optical signals, square wave modulation.

Figure 4.14 contains the IF spectrum resulting from square wave modulation with a
Ai of 0.76 mA. Here, fiF is approximately 1.2 GHz, which gives a kr of 1.6 GHz/mA.
By changing the delay path, kf was determined at 5 MHz and 10 MHz, as 850 MHz/mA
and 524 MHz/maA, respectively.

The problem with the square wave technique is that different lengths of fibre are
required for each modulating frequency. In order to find kr easily at many different
frequencies, the triangle modulation technique was employed. When the laser frequency is
modulated with a triangle wave, the received IF is given by eauation (2.13). Knowing the
path length, and frequency and amplitude of the signal, and observing the value of fir on
the spectrum analyser, one can calculate k¢ with (2.13) and

Af = ke Ai . (4.2)

The k¢ constant was found using this technique for frequencies of 10 MHz, 20
MHz and 50 MHz. The results were 700 MHz/mA, 620 MHz/mA, and 340 MHz/mA,
respectively.

Upon comparison of the 10 MHz square wave and triangle. wave results, there is
found a 14% error, which can be accredited to two factors. First, the IF spectrum is very
wide, and thus the choice of the value of fir is subjective. Second, the value of Ai was
calculated from the voltage amplitude and the assumed input impedance of the laser circuit.
This impedance was always assumed to be 50Q (referring to the laser circuit in Figure C.2,
the impedance is due to the 47Q resistor in series with the dynamic laser impedance, which
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was measured to be approximately 3Q), but in fact may change with frequency and bias8 ?

current.
4.2 Data Transmission Experiment

Once the lasers were characterised and the Sharp LTO15MF laser selected, an
experimental system using the OTFM principle was set up to transmit data at a rate of 10
Mb/s.

4.2.1 Experimental Configuration

The configuration of the system is shown in Figure 4.15. The triangle sweep is
supplied by the HP 8116A Pulse/Function Generator and the data by the HP 3780A Pattern
Generator/Error Detector. A 10 MHz clock for the 3780A is provided by the HP 3325A
Synthesizer/Function Generator. The triangle sweep is switched off for a logical '1', and
on for a '0' by the FET switch, whose circuit diagram appears in Figure C.1 in Appendix
C. The voltage extinction ratio? of the switch was found to be 0.24. The switched sweep
signal is sent to the laser circuit, the details of which appear in Figure C.2 in Appendix C.

Light from the laser is collimated with a GRIN lens, directed through an Optics For
Research IO-5-NIR tunable optical isolator, and focussed into one input of a Canstar SF4-
G-850-B fibre coupler. The other coupler input is immersed in index matching oil to avoid
any reflections from the fibre end.

Optical connections between sections of fibre are made with Norland's reusable
splices so that the delay line may be easily changed. The fibre is Corning Flexcor-850
whose mode field diameter is estimated to be 4 to 6 Hm, and which has a cutoff wavelength

of approximately 750 nm.

The cladding mode stripper was constructed by removing the jacket from a length
of fibre and immersing the slightly bent fibre in index matching oil. This is necessary as
the fibres are not long enough to fully attenuate modes that may be coupled into the
cladding of the fibre.

2 Since the 'on' channel resistance of the FET in Figure C.1 is not zero, the amplitude of the
triangle wave cannot be brought fully to zero. The voltage extinction ratio is therefore defined as the ratio
of the amplitude of the 'off' triangle to the amplitude of the 'on’ triangle. The impact of this (as will be
demonstrated in Section 4.2.2) is the appearance of a second IF signal during the logical '1'.
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A second 3 dB coupler combines the light from the two paths, and the light is

subsequently focussed by a Newport FLA-40 objective lens onto the PIN diode of the
receiver. The signal from the receiver is sent to an oscilloscope, spectrum analyser, and
also to the receiver of the HP 3780A to monitor bit errors. The second output of the
coupler is directed onto a Newport 835 Optico. Power Meter in order to monitor the
received optical power.

The block diagram of the receiver appears in Figure 4.16, with details of the blocks
in Figures C.3 to C.11, in Appendix C.

In the receiver, light is transformed into an electrical signal by the PIN diode, and
the IF signal is amplified to a level that the demodulator can handle. The bandpass filter,
BP1, is required to select only the IF signal, and the highpass filter, HP2, is added to
provide extra reduction of the low frequency noise due to laser linewidth. The demodulator
downconverts the IF signal to baseband using a Schottky diode as a square law detector,
and also provides some gain with a built-in high-input-impedance FET amplifier. Data is
filtered by a low pass filter, LP1 or LP2, to remove high frequency components generated
in the demodulator, and is amplified with an automatic gain control (AGC) circuit. There is
a dc bias level control at the output of the AGC amplifier so that the signal may be shifted to
a position that is optimum with respect to the threshold of error detector.

4.2.2 Data Transmission

The system described above was used to transmit data at a rate of 10 Mb/s. An IF
of between 650 and 800 MHz was chosen to give a high IF-to-bit rate ratio while
maintaining an easily handled frequency. The bandpass filter was designed with a centre
frequency of 688 MHz and a bandwidth of 580 MHz.

The upper trace in Figure 4.17 shows the IF obtained at the output of amplifier 3
(point I in Figure 4.16) when a 20 MHz, 4.4 mA peak-to-peak triangle wave was applied
to the laser, a path imbalance of 1.87 meters was in place, and 10 Mb/s data in NRZ format
was superimposed. The lower trace was obtained by disabling the triangle sweep, and
represents the received noise level due to laser linewidth. The centre of the IF spectrum
was estimated at 750 MHz, which, using expressions (2.13) and (4.1), gives a kg of 455
MHz/mA. Note the peak near 1.3 GHz due to the external cavity, which was still present
despite the use of a twisted cleave. Note also that an IF signal appeared at about 200 MHz
because of the presence of the lower amplitude triangle due to the FET switch's non-zero
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)

extinction ratio. The ratio of the lower to higher IFs is roughly 200 MHz/750 MHz=0.27
which is close to the 0.24 extinction ratio obtained in Section 4.2.1.

The width of IF signal was approximately 200 MHz. It is believed that this width
was mainly due to three factors: the linewidth of the laser, nonlinearity of the triangle wave,
and a nonlinear relationship between laser drive current and optical frequency.

The oscilloscope signal at point I in Figure 4.16 appears at the bottom of Figure
4.18, the top signal being the transmitted data signal of bit sequence '1010...." A different
IF of similar amplitude appears for each of the bits '1' and '0." When this signal is filtered,
only the data-carrying IF remains, as shown in Figure 4.19.

Data is recovered by the demodulator, which follows the envelope of the filtered IF
signal, and subsequent low pass filtering rejects the high frequency components. Two
different low pass filters were tried in order to observe the effect of cutoff frequency.
Figure 4.20(a) shows the oscilloscope trace at point III in Figure 4.16 when a filter with a
cutoff frequency of 40.9 MHz was in place, and Figure 4.20(b) is that with a 17.5 MHz
filter. To understand why the '0' in trace (a) is noisier, refer back to Figure 2.3. In this
figure, it is obvious that the signal disappears for the delay time, At, twice per triangle
period. This resuits in a signal added to the '0' having a frequency twice that of the
triangle. The 17.5 MHz filter is able to remove this signal while the 40.9 MHz filter is not,
hence the trace in (b) is cleaner. Figure 4.21 shows the unfiltered 'chop-out' signal more
clearly. Here, the triangle frequency is 40 MHz, giving a chop-out signal of 80 MHz.

The amplified data at point IV (in Figure 4.16) appears in Figure 4.22. An estimate
can be made of the received signal-to-noise ratio (SNR) by estimating the signal and noise
amplitudes in this oscilloscope trace. The signal amplitude, Vsignal, is approximately 700
mYV peak-to-peak, and the noise amplitude, vpeise, is about 160 mV peak-to-peak. This
gives a SNR of approximately 13 dB. Using the expression [32]

o Vo
BER = 1. Vsignal/ Vnoise
2 M 4.3)

which relates signal and noise voltages to bit error rate (BER) for fibre systems, a BER of
6.1 x 1076 is obtained In fact, the BER measured for the data pattern, '1010... ,' was as
low as 2.7 x 10", This rough calculation is thus reasonably close to the actual BER.
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Figure 4.18. Transmitted and received IF oscilloscope signals, unfiltered (horizontal scale:
30 ns/div., vertical scales: 1 V/div. upper trace, 200 mV/div. lower trace).
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Figure 4.19. Transmitted and received IF oscilloscope signals, filtered with bandpass filter
(horizontal scale: 50 ns/div., vertical scales: 1 V/div. upper trace, 50 mV/div. lower trace).
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(a) using lowpass filter with 40.9 MHz cutoff frequency

(b) using lowpass filter with 17.5 MHz cutoff frequency
Figure 4.20. Demodulated data 1010... (horizontal scale: 50 ns/div., vertical scale: 50
mV/div.).
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Figure 4.21. Demodulated data 1010..., using 40 MHz sweep, unfiltered (horizontal
scale: 50 ns/div., vertical scale: 50 mV/div.).

Figure 4.22. Demodulated data 1010... , after amplification (horizontal scale: 100 ns/div.,
vertical scale: 200 mV/div.).
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The SNR ratio can also be inferred from the IF spectrum of Figure 4.17. If the arez? 8
under each of the two curves within the bandpass filter extremes is estimated, a SNR of
approximately 14 dB is obtained. This is close to the above estimate.

The eye diagram obtained with a pseudo-random bit sequence (PRBS) of length
220-1 is shown in Figure 4.23. The BER obtained for this sequence was 6.0 x 106, The
degradation of BER from the '1010..." pattern to the above PRBS can be explained by
inspecting Figure 4.24. This is the received signal for the pattern, '1010,' followed by ten
additional '0's. The noise is significantly higher, and this is because of the AGC amplifier.
When many '0's occur in a row, the amplitude detection circuit of the AGC amplifier
detects a lower level signal , and thus boosts the gain. This serves to amplify the noise,
which degrades the SNR, and thus raises the BER.

It was shown that optical feedback into the laser was still at a level which affected
the BER performance by adjusting the laser-to-fibre coupling. When the coupling
efficiency was adjusted to its optimum, giving a received light power of approximately 1
mW, the received data stream was so noisy that the eye was completely closed. The level
of optical feedback was lowered gradually by axially misaligning the fibre with respect to
the focus of the laser light, and in doing so, the eye slowly opened. One can conclude
from this that the noise was primarily due to optical feedback. The results described above
were obtained when the coupling efficiency was approximately 6 dB worse than the best
obtainable efficiency. This particular alignment, giving a received light power of about 230
KW, afforded the best BER. Further misalignment lowered the signal to a level below the
thermal noise limit of the amplifier, and thus the BER was degraded.

An attempt was made to assess the level of crosstalk that would appear if there were
a second transmission adjacent in frequency. This was done in two ways. First, the width
of the frequency sweep was doubled by doubling the amplitude of the triangle wave. This
resulted in a doubling of the IF. The effect of this was to place the secondary IF signal
(that signal due to the non-extinguished sweep) very near the 650 MHz cavity mode.
Thus, the cavity mode seemed to become noisy, and while no data could be recovered, the
noise level within the receiver's bandpass filter was increased by a few dB. Also, the
primary IF was still partially inband due to its large width, and therefore also contributed to
the noise level. Second, the 1.87 m optical path was replaced by one of length 10 m, to
simulate addressing by delay insertion. There was very little additional noise since the IF
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Figure 4.23. Received eye diagram, PRBS sequence of length 220-1 (horizontal scale: 50
ns/div., vertical scale: 200 mV/div.).

Figure 4.24. Received data, 1010000000000... (horizontal scale: 500 ns/div., vertical
' scale: 200 mV/div.).



was shifted up by a factor more than 5. From this it may be concluded that the crosépo
channel interference was at a level below that of the phase noise.

4.2.3 Receiver Noise Discussions

From the experimental data obtained in the previous section, some general
statements about the noise in the system can be made.

It was stated in Section 2.4.2 that a linewidth-to-bit-rate ratio of 0.17 is theoretically
required to achieve a BER of 10-10. By way of an indirect comparison to this system, it is
noted that a BER of 10-7 was achieved with a ratio of 1.

The dominant noise in this system is that which arises from the laser linewidth. In
Figare 4.17, one may assume that the noise is constant with frequency within the passband
of the filter at a level of -40 dBm. Using the resolution bandwidth of 300 kHz, a noise
power spectral density of 3.3 x 10"1® mW/Hz is obtained. Thus the total noise power in
the filter bandwidth of 580 MHz is 0.19 mW, or -7.2 dBm. This power level is at the
output of the amplifier, Amp 3. To refer this noise to the input of the first amplifier, the 53
dB of gain and the 7 dB cumulative amplifier noise figure is subtracted from -7.2 dBm,
giving a noise level of -67.2 dBm at the detector. To show that this is in fact the dominant
noise, the thermal and detector shot noise contributions are calculated from standard
equations. Thermal noise with the above filter bandwidth is -86 dB.n, and shot noise for a
typical detector current of 220 HLA is -104 dBm. These noise powers are much less than the
linewidth noise.

The receiver sensitivity may be defined in this instance as that signal level which
gives a BER of 10-7. From expression (4.3), the required SNR is 14.3 dB. With the
measured noise level of -67.2 dBm, a signal level of -52.9 dBm out of the detector is
required,

Knowing that linewidth noise is dominant, there are two things that may be done to
improve the BER. First, since the linewidth noise decreases with increasing frequency,
one may shift the IF up in frequency to where the noise is lower. This, however, requires
higher frequency receiver components, which is more costly. Second, linewidth noise may
be reduced by increasing the optical isolation.



CHAPTER 5§
SUMMARY AND CONCLUSIONS

This thesis has discussed the Optical Time-of-Flight Multiplexing (OTFM)
technique, which is a method for addressing and multiplexing signals in an optical local
area network. This coherent, self-heterodyne technique promises fuller utilisation of the
immense bandwidth that optical fibre provides. The thesis attempted to assess some of the
problems and options in the implementation of a network utilising OTFM, and to prove the
concept by transmitting data between two nodes.

OTFM is based on a network which provides two signal paths between nodes. The
difference in propagation times in the two paths is used as an address. By appropriate
design of the network, propagation time differences may be arranged to be unique, and
thus there exist unique addresses. To make use of these addresses, a technique called
Frequency Modulated Continuous Wave (FMCW) ranging is used, in which the optical
frequency of a laser is linearly swept. This technique transforms unique time differences
into unique radio frequency carriers upon which messages may be placed.

There are several schemes of addressing possible in an OTEM system. These
include bandpass filter tuning, frequency shifting by external modulator, frequency sweep
parameter adjustment, and optical delay insertion. It was shown that optical delay insertion
is the most desirable scheme at high bit rates, since the other techniques impose severe
network size constraints at high bit rates.

Numerous frequency domain effects arise from the use of FMCW in an OTFM
system, some of which are: the signal 'chop-out effect,’ in which the message drops out
for short periods of time, carrier frequency broadening due to linewidth of the laser, and
broadening due to laser intensity modulation. It was shown that the chop-out and intensity
modulation effects could be controlled with careful system design. The effect due to laser
linewidth was, on the other hand, more severe. Results from the literature [31] suggest
that linewidth-to-bit-rate ratios of 0.17 are required for a bit error rate of 10-10,

There exist a number of topologies that provide the dual paths that OTFM requires.
The topologies reviewed in this thesis were the central loop, bus, double star, folded ring,
and ladder networks, from the points of view of network size maximisation, constant
received power, robustness, and freedom from addressing ambiguities and signal
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repropagation. It was suggested that the double star and bus networks were the most

desirable topologies.

An experimental system was set up in which digital data at a rate of 10 Mb/s was
transmitted between two mock-up nodes. The system used a readily available and
inexpensive single mode laser, similar to the type found in compact disk players. The best
bit error rate obtained was 10-7, and was believed to be limited by laser linewidth and
optical frequency instability due to optical feedback into the laser. The linewidth-to-bit-rate
ratio for the system was 1. The three dB width of the received IF spectrum was found to
be approximately 200 MHz. .

Much more research could be done on the OTFM technique. Some possible
avenues that may be explored are outlined in the following paragraphs.

A more thorough study of the effect of linewidth on the breadth of the received
spectrum is desirable. This would involve an approach similar to that taken in [21], but
with the consideration of a swept frequency optical signal. From this theory, channel
separation rules could be derived which are specifically applicable to OTEM.

The bit error rate for data transmission could be improved by increasin g the level of
optical isolation. The 30 dB of isolation used in this research was shown to be insufficient,
and was believed to be the factor limiting the bit error rate performance.

Another avenue of potential research is the construction of a system utilising the
external modulator addressing scheme. Only the delay insertion and frequency width
addressing schemes were tried in this research.

Furthermore, a multi-node experimental system could be built to assess the effect of
the buildup of cross-channel interference due to several active nodes.

To conclude, the OTFM principle may be a feasible data transmission technique for
use in an optical local area network. It was found that are several problems to be
considered in designing a system using OTFM, but it was shown that there are solutions to
these problems. Further, the construction of an experimental system proved that the
technique does indeed work.
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APPENDIX A

APL FUNCTION LISTINGS

This appendix contains the APL functions which were written for this thesis. The
first function, LS2, uses the algorithm described in Section 3.2 to generate an asymmetric
ladder network. The second function, FINDS, uses LS2 with different patterns of slot-
skipping. The third function, LSQ, is able to generate one specific pattern of an
asymmetric ladder very quickly.
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APPENDIX B

DEVICE DATA SHEETS

This appendix contains the data sheets for the two Ortel SL300-H lasers, and the
Sharp LTO15MF laser, as well as for the Ortel PD050-OM PIN photodiode.
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LDS10-H
LASER DIODE

HOTE: The SL 300H is an improved

version of the LDS10-H

SINGLE LONGITUDINAL MODE GaAlAs LASER

FEATURES

H 10mW Output Power

M Single Spatial Mode

H Single Longitudinal Mode
M No Astigmatism

Ml 150ps Rise Time

B 25mA Threshold Current

DESCRIPTION

Ortel Corporation's Model LDS10-H consists of a very
low threshald, highly efficient, single spatial mode
GaAlAs laser diode mounted on an open heatsink. The
model LDS10-H emits up to 10mw and has a direct
modulation bandwidth of 3 GHz. Light-current charac-
teristics are highly linear and kink-free.

The output facets of the Mode! LDS10-H laser are
passivated to assure long operating lifetime. The laser
chip is mounted junclion side up on the heatsink. The
mount is designed to allow complete access to the front
facet of the laser. Light from the rear facet of the laser
can be used to monitor the laser output power.

The high speed performance of Mode! LOS10-H
allows modulation of the laser at frequencies as high as
3 GHz with typical rise and fall times of 150 pico-
seconds. The output wavelength (840 nm) is well
matched to most optical fibers and to both GaAs and Si
photodiodes. The absence of astigmatism and the
nearly circutar far field pattern allow the output beam to
be easily collimated or focused to a diffraction limited
spot.

OC

The Model LDS10-H laser diode is well suited to a
variety of applications, including:

« Free Space Communication

« Fiberoptic Communication

« Optical Disc Systems

+ Optical Distance Measurement
« High Speed Instrumentation

The LDS10-series laser is also available in a high
speed optical mount with a monitor photodiode (Model
LDS10-0OM) and with a fiber pigtail (Model LDS10-PM).
Other versions based on a special high frequency laser
cavity design have modulation bandwidths to 6 GHz
(Models LDS10-OMF/PMF). Consult the factory for
complete information.

ORTEL CORPORATION 2015 W. Chestnut St. » Alhambra, CA 91803 « (818) 281-3636 - TLX 752434

B.1. Data sheets for Ortel SL 300H laser.
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ORTEL CORPORATION

LDS10-H
LASER DIODE

SINGLE LONGITUDINAL MODE GaAlAs LASER

SAFETY CONSIDERATIONS

The laser light emitted from this laser diode is invisible
and may be harmful to the human eye. Avoid Jooking
directiy into the laser diode or into the collimated beam
along its optical axis when the device is in operation.

Operating the laser diode outside of its maximum
ralings may cause device failure or a safety hazard.

OPERATION & HANDLING
.CONSIDERATIONS

“The Ortel Model LDS10-H laser diodeis a very low
threshold, highly efficient device and is therefore sus-
ceptible to excesssive drive current. When using a
power supply, a suitable current-limiting resistor should
be placed in series with the laser diode. The laser diode
should be connected or disconnected from the power
supply only while the main power is on and the output
voltage is set at zero. The current should be increased or
decreased slowly while monitoring the laser optical out-
put power.

The semiconductor laser chip on this device is mounted
directly to an open heatsink. Proper care should be
exercised to insure that no physicial contact is made
with the laser chip or the bonding wires.

LABELING

Because of the small size of these devices, each of the
labels shown below are attached to the individual ship-
ping container. They are iflustrated here to comply with
DHEW standards under the Radiation Control for
Health and Safety Act of 1968.

m\
INVISIBLE LASER RADIATION =
AVOD DRECT EAPOSLAL 10 BIAM

PLas FOWLR L)
WAVELENG I fingd
. CLASS WO LASER PROOUCT |

Warning Label

AVOID EXPOSURE—Laser imvisole raduaton 13 emtied
oM H3NS03M wndow, of from Koet pugtad and, or om
rser chp mounted on 10p of header Belore use. Comut 8D-
Propnale Calalogs Of manuais

LASER SAFETY
Tres Laser device o opatation

Onecty
loolung ko the device o the colmaled beam algng fs
opical ang when the device 13 1 opetation

Aperture Label

OC onie corronation
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TYPE SN
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2015 W. Chestnut St. Alhambra, CA 91803 Tel: (818) 281-3636 Telex: 752434 Fax: (818) 2681-8231

Serial No. W (0509
pate ___[©-08-33

GaAlAs Laser Certificate

Laser Model: SL 300-#

Threshold Current: 2 oL mA Bum-in Test: -
Peak Wavelength: 223.7 m Absence of Self Pulsation: &~
Forward Voltage: .'.'2' L Volts at 10u# output power

10 .-.- sesofaghy ..

- Light Output (mi)
F )

B

20 40 60 80

Laser Current (mA)

Sleptiance 7.9

Test fre‘éhnician
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Serial No. W 1051

pate _|Q 0%.48

GaAlAs Laser Certificate

Laser Model: SL 300-H

Threstold Current: 27 mA Burmn-in Test: e
Peak Wavelength: 3540 m Absence of Self Pulsation: _(~
Forward Voltage: 2.28 Volts at 10aW output power

|
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B
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MODEL PD050-OM'

PHOTODIODE

HIGH SPEED GaAlAs/GaAs PIN PHOTODIODE

FEATURES

10db Bandwidth of 7.0 GHz
MResponsivity of 0.45 A/W
®700 to 900 nm Response
®@Rise Time of 50 ps

H Optical Mount

B Semi-insulating Substrate

'DESCRIPTION

The Ortel Corporation Model PD050-OM is a
photodetector consisting of a very high speed,
highly efficient GaAlAs/GaAs p-i-n photodiode
mounted in a.high speed package with an integral
SMA type electrical connector. The photodiode has
a typical rise’time of 50 ps, 10dB bandwidth of
greater than ‘7.0 GHz, and quantum efficiency of
65%. The Model PD050-OM also features extremely
low capacitance and dark current.

The photodiode structure consists of a photo-
sensitive GaAs layer, overlayed by a transparent
GaAlAs window fayer, grown on a semi-insulating
substrate. The use of a semi-insulating GaAs sub-
strate in the Model PD050-OM significantly reduces
parasitic capacitance. The photodiode chip is pas-
sivated with a dielectric coating to assure high re-

by a sapphire window. An SMA-type connector is in-
corporated into the diode for ease in coupling to
500 systems.

The wavelength response of the Mode! PD050-OM
(700-900 nm) is well matched to the output spectrum
of GaAlAs lasers. To construct a high speed optical
link with our photodicde, we recommend our semi-
conductor laser sources, Models LDM3-H or
LDS3-H, which have transmission bandwidths in
excess of 3.0 GHz, or LDS3-OMF, which has a
transmission bandwidth in excess of 6.0 GHz.

The Model PD50-OM p-i-n photodiode is well
suited to a variety of applications, including:

* Optical Communications
® Picosecond Pulse Detection

B.2. Data sheets for Ortel PD050-OM PIN photodiode.
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PERFORMANCE CURVES PD050-OM
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ORTEL CORPORATION

MODEL PD050-OM

PHOTODIODE

HIGH SPEED GaAlAs/GaAs PIN PHOTODIODE

OPERATING CONSIDERATIONS

The Model PD050-OM p-i-n photodiode can be
operated in either an AC or DC coupled mode.

A circuit for AC coupling the Mode! PD050-OM
is shown in Fig. 6. The DC and AC photocurrents
are decoupled using a microwave bias-T. The
amount of CW incident optical power can be deter-
mined by measuring the current along the DC bias
path. The AC coupled signal appears at the rf out-
put of the bias T.

A circult for DC coupling the Model PD050-OM
- is.shown in Fig. 7. A load must be present.at the
photodiode output to complete the DC bias path.
The amount of CW incident optical power can be
determined by measuring the current delivered by
the bias supply. in the DC biasing mode, the case
of the photodetector will be at the bias voltage, and
should therefore be insulated.

herein is d

/MODEL PDOS0-0M PIN PHOTODIODE

MICROWAVE *
/ BIAS T
INCOENT $ H SIGNAL
—N e—— — ] Qut
leamal
RADIATION [ l !
plaion 4 4 3 1 L0AD
i (TYP 500)
' 2 10K
A
+
20v - ..
- *HP WODEL 33150
1 OR EQUIVALENT
FIG.6 AC Coupled Circuit
/MODSL PDO5S0-0M PIty PHOTODIODE
ay,
Pt .
/DC BLOCK
INCIDENT d S&J@Tm.
——An—) I
RADIATION [“' I .J, LOAD
i (TYP500)
{on =
Y 20v "ARRA INC MODEL 19572
+ OR CQUIVALEN

FIG. 7 DC Coupled Circuit

v ils use, nor for any infringement on the rights

d to be and for
nl olhers Ortel Corooraﬂon reserves the right to change the design, specmcahons e!c c' lhe product at any time without nofice.
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LTO15MD/MF

Features
* High output (maximum optical power
: 40 m

output:
= Wavelength: 830nm
« Single transverse mode

Application

» Optical disk memories

» Medica! apparatus

« Optical floppy disks

+ Optical memory cards

« Light source for optical information
processing

Absolute Maximum Ratings

(Tc=25°C)
Parameter Symbol Ratinas Units
Optical powes output Po 40 mw
o Laser : 2
f vollage PIN v... 30 \
Operating temperature®® - Topr . —10~-+50 *C
Storage temperature® ' Tstg —40~+485 ° °C
Soldering temperature *? Tsot 260 (less than 5 seconds) °C
®1Case lempecature %2 A1 point 1.6 mm from lead base
ey 'y [ 3]
Electro-Opitical Characteristics (Te=25C)
Ratings
Parameter Symbol Condition W, | TYP. TWAX. Units
Threshold cutrent ith —_— — | 60 80 mA
Operating current 100, Po=30mwW — § 95 130 mA
Operating voltage Vop Po=30mwW — | 178 | 22 \
Wavelength*? Ap Po=30mw 815 | 830 | 845 nm
. Po=30mwW
Monitor cutrent im Va= 15V 75 250 | 750 WA
Angk.a: Parallel to junction aun Po=30mW 8 9.5 14 deg
Radiation characteristics Perpendicutar 1o junction 8L Po=30mw 20 27 38 deg
Ripple Po=30mwW — | — | 220 %
Angle AU Po=30mwW — | — | 42 deg
Emission point accuracy a¢L Po=30mw ~— | — | %3 deg
Position** ax, Ay, 4z -_— — | — | +80 2m
Differential efficiency n L 05 { 08 11 | mWimA
1(30mW) - {{(10mW} i .
* 1 Initial valve *3 Angle 31 50% peak intensity (full width at hati-maximum)
*2Smgle mode %4 Nol for LTOISMF .

Electrical Characteristics of Photodiode

(Tc=25C)
, Ratings
Paramet ymbol | Condi
- il s ton —wiN, TYP. MAX, Units
Sensitivity S Va=15V -— 83 — AW
Dark current lo Va= 15V _— —— 150 nA -
Terminal capacitance Ct Vo= 15V — 8 20 ; ofF
64

B.3. Data sheets for Sharp LTO15MF laser.



Fig. 130 Forward Current vs. Forward Voitage Fig. 133 Wavelength vs. Temperature
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APPENDIX C

CIRCUIT DIAGRAMS

This appendix contains the circuit diagrams for each section of the laser transmitter
and PIN receiver.
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