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Abstract

The optical physical layer design of optical communication networks is most
commonly based on intensity modulation and direct detection. This thesis proposes a
multilevel frequency shift keyed optical system as an alternative. The features of this
optical link design enable a multiple access scheme to be employed on a subwavelength
granularity, the scheme is denoted Frequency Code Multiple Access (FCMA). Each
channel of the multiplexed signal is separated out at the receiver using a parallel
architecture of harmonically related Mach-Zehnder optical filters. The demultiplexing is

effected passively in the optical domain.

Some network architectures are suggested in this work where the unique features
of FCMA can be exploited. The majority of this dissertation concentrates on the
construction of the enabling network components and the performance of a prototype

single wavelength FCMA system.

The performance matrix suggests that FCMA is limited to applications with
transmitted symbol rates ranging from 622 Mega-symbols per second to 2488 Mega-
symbols per second (two common SONET line rates). Transmission is limited to
distances ranging from tens of kilometers to a couple hundred kilometers which suggests a
metropolitan area network application. The number of channels that can be multiplexed is

limited by the linewidth of the transmission light source.
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Figure 2.6: An example calculation result of the output optical power for a binary
signal by current modulating a semiconductor laser, with a gain compres-
SIOM OF 6 WLl oot et ss et es e san e
Figure 2.7: An exampﬂe calculation result of the output optical frequency offset
from threshold for a binary signal by cun‘ent modulating a semiconductor
faser, with a gain compression of 6 WL e
Figure 2.8: An expanded view of a high to low bit transition for the optical power
and optical frequency offset for the example calculation result plots of Fig-
ures 2.6 and 2.7 highlighting the relaxation oscillations. ....c.cocvvvccnveennene.
Figure 2.9: An expanded view of a high to low bit transition for the optical power
and optical frequency offset for an example calculation with the same bit se-
quence as Figures 2.6 and 2.7, but a gain compression of 3 WL, highlighting
the relaxation oscIlations. .....cocvoieireiiirincriercercre et cesnt e
Figure 2.10: Schematic diagram of an optical injection system that uses a master/
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slave 1aser arrangement. ....cocouiieeciereeeneecreseee e reaet s esessne s enesseneressorees
Figure 2.11: Instability (oscillation) of the optical power output from one facet for
two modes of a DC biased DFB laser, biased at three times threshold, with
DC optical injection as a function of HME. ...oocvveveeeeeneceeeecee e
Figure 2.12: Instability (oscillation) of the optical frequency, offset from the
threshold oscillation frequency, for the dominant mode of a DC biased DFB
laser, biased at three times threshold, with DC optical injection as a function
OF HIMIC. oveeurriirircnenrieorencsueecnemneeosnsessessessuessessansasessensasssonssseesasssessaesassnsssnasn
Figure 2.13: Self-pulsation of the optical power output from one facet for two
modes of a DC biased DFB laser, biased at three times threshold, with DC
optical injection as a function of tIME. ......cceceerevereecrriereneencesnccnrcnssnesnssennes
Figure 2.14: Optical frequency offset from the threshold oscillation frequency dur-
ing self-pulsation for the dominant mode of a DC biased DFB laser, biased
at three times threshold, with DC optical injection as a function of time. ....
Figure 2.15: Root mean square deviation of the free-running optical frequency of
a DFB laser as a function of incident injected optical power for a sidemode
suppression of 30 dB and five values of injected frequency detuning. ........
Figure 2.16: Root mean square deviation of the free-running optical frequency of
a DFB laser as a function of incident injected optical power for a sidemode
suppression of 30 dB and five values of injected frequency detuning. ........
Figure 2.17: Root mean square deviation of the free-running optical frequency of
a DFB laser as a function of incident injected optical power for a sidemode
suppression of 20 dB and five values of injected frequency detuning. ........
Figure 2.18: Root mean square deviation of the free-running optical frequency of
a DFB laser as a function of incident injected optical power for a sidemode
suppression of 20 dB and five values of injected frequency detuning. ........
Figure 2.19: Optical power output from one facet of a DC biased laser, biased at
three times threshold, with 1 mW incident optical injection power and a de-
tuning of ~20 GHz as a function of time. ....c..ccoveeeereeccieeieenneeeceverenesessenns
Figure 2.20: Output optical frequency offset for the free-running mode of a DC bi-
ased laser, biased at three times threshold, with 1 mW incident optical injec-
tion power and a detuning of -20 GHz as a function of ime. .......cccccveueennne.
Figure 2.21: The time averaged optical power of the free-running mode of the sem-
iconductor laser plotted as a function of incident injected optical power with
a sidemode suppression of 30 dB and biased at three times threshold. Var-
ious optical frequency detunings are shown. The horizontal sections for de-
tunings of -15, -18 and -20 GHz detunings are for unstable operation. .......
Figure 2.22: The time averaged optical frequency offset from threshold of the free-
running mode of the semiconductor laser plotted as a function of incident
injected optical power with a sidemode suppression of 30 dB and biased at
three times threshold. Various optical frequency detunings are shown. The
horizontal sections for detunings of -15, -18 and -20 GHz detunings are for
UNSIADIC OPETALION. ..iiviereenierrerniecrnaccanranesnersunecnassaeecnessocessossnesonncsenesaossesonsoss
Figure 2.23: The output optical power of the free-running mode from one facet of
the laser with the maximum amount of incident injection power for laser
bias currents between two and four times threshold with injection detuning
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as a parameter. The output power of this mode without injection is included
to demonstrate the effect of the INJECION. ..vvvvriererccerriereernrerecreeeecnsarecncerens
Figure 2.24: The optical powers from Figure 2.23 are replotted as the difference
between the free-running optical power without injection minus the free-
running optical power at maximum injection for the same frequency detun-
ings and normalized 1aser BIases. ...ccocvvevrecnercnrereenercrnconieeresensnentsnienneneras
Figure 2.25: The maximum frequency modulation depth of the free-running mode
of the laser for laser bias currents between two and four times threshold.
The injection frequency detuning iS 8 PArameler. .....covvererreseeascenesecsares
Figure 2.26: The total output optical power (free-running and injected modes)
from one facet of the laser with the maximum amount of incident injection
power for laser bias currents between two and four times threshold with in-
jection detuning as a parameter. The output power of the free-running mode
without injection is included to demonstrate the effect of the injection. ......
Figure 2.27: The maximum incident injected optical power at the facet of the laser
for bias currents between two and four times threshold with injection detun-
1N 8S 8 PATAMETET. .eeveiiriiiicreirectnitsennenissorscosassseroonsasssersesesossssossasssssssesons
Figure 2.28: Schematic diagram of an optical injection system that uses a master/
slave laser arrangement that uses an electro-optic modulator to modulate the
INJECIEd SIZNAL coveereireriercrcrerercceneeneniorereereccnenostannssanssesseseasnsesesssesnsaeenesnens
Figure 2.29: An example calculation result of the output optical power for a binary
signal by optical injection modulating a DFB 1aser. .....ccocevevvevcemnvecrccecceancns
Figure 2.30: An example calculation result of the output optical frequency offset
from the threshold frequency for the free-running mode of a DFB laser for
a binary signal by optical injection modulation. .......cccecceerevcrrrrcccreneencccencns
Figure 2.31: Schematic diagram of an optical injection system that uses a master/
slave laser arrangement with additional Amplified Spontaneous Emission
(ASE) IECHOM. .eeuvenrecrnneccrrroerionrersosaesssssoscescossenseseessessassasesssnsessasssoseesssssssas
Figure 2.32: The sidemode suppression ratio with spontaneous emission injection
is plotted against the original sidemode suppression ratio of the laser with
the Relative Spontaneous Emission Spectral Density (RSESD) as a param-
EIET. vcerriromourronseresorosssscossssiosnaosioranssassssrsonsorsrassresosssrsssssssnosssosssssnssranssansoanass
Figure 2.33: Maximum frequency modulation depth of a Fabry-Perot laser with
RSESD = 10 for the main mode and coherent optical injection into a side-
mode with the original sidemode suppression ratio as a parameter. ............
Figure 2.34: Maximum frequency modulation depth of a Fabry-Perot laser with
RSESD = 100 for the main mode and coherent optical injection into a side-
mode with the original sidemode suppression ratio as a parameter. ............
Figure 2.35: Maximum frequency modulation depth of a Fabry-Perot laser with
RSESD = 1000 for the main mode and coherent optical injection into a side-
mode with the original sidemode suppression ratio as a parameter. ............
Figure 2.36: Maximum change of free-running mode optical power due to coher-
ent sidemode injection with different amounts of spontaneous emission in-
jection into the main mode. RSESD (= 10) refers to the relative
spontaneous emission spectral density. ......cccvoerivieninininee e
Figure 2.37: Maximum change of free-running mode optical power due to coher-

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

86

87

88

89

90

91

92

93

94

95

97

98

99

99



ent sidemode injection with different amounts of spontanecus emission in-
jection into the main mode. RSESD (= 100) refers to the relative
spontaneous emission Spectral denSity. .....coeeieevrirircreersreneseresesersresesseanns
Figure 2.38: Maximum change of free-running mode optical power due to coher-
ent sidemode injection with different amounts of spontaneous emission in-
jection into the main mode. RSESD (= 1000) refers to the relative
spontaneous emission SPECtral AenSItY. ......cccecevrercrecersernceersecseesnmesnasanesees
Figure 2.39: Schematic diagram of an optical injection system that uses a master/
slave laser arrangement that uses an electro-optic modulator to modulate the
injected signal, including an ASE source to select and stabilize the dominant
mode of the slave 1aSer. .....ccvriveerericenrrccceteenneneterestaenesnaseeeeseseansa
Figure 2.40: An example calculation result of the output optical frequency offset
from the threshold frequency for the free-running mode of a FP laser for a
binary signal by optical injection modulation with RSESD = 1000. ............
Figure 2.41: Anexample calculation result of the output optical power for a binary
signal by optical injection modulating a FP laser with RSESD = 1000. ......
Figure 2.42: The linewidth of a FP laser with binary modulated optical injection
in a sidemode and RSESD = 1000 for the free-running mode as a function
OF HIIMIE. coreiiiniriircicicenineeoesnsionesnsecnneseenaeesaossasnsensssnmesnnsnsssnsarasosssenssnssannanees
Figure 2.43: The linewidth of a DFB laser with binary modulated optical injection
in a sidemode and for the free-running mode as a function of time. ............
Figure 2.44: The frequency levels of a four level FCM signal referenced to the
threshold value of the free-running laser mode frequency as a function of the
MZ EO modulator phase offset with a modulation index of 99% as defined
N EQUAtION (52). ovviviieerieierririrceennneccaesancsecnesssnsssesssssossesosssssasensasssssocsnseones
Figure 2.45: The frequency difference between successive frequency levels of a
four level FCM signal as a function of the MZ EO modulator phase offset
with a modulation index of 99% as defined in Equation (52). ..ccceeeevveinecne
Figure 2.46: The mean frequency level spacing of a four level FCM signal as a
function of the MZ EO modulator phase offset Simulation results for mod-
ulation indices of 99% and 80% are shown. ......cccccocvenviccvvmicninncnccennannne
Figure 2.47: The largest absolute deviation of all three frequency level spacings
from the mean frequency level spacing versus the phase offset of the MZ EO
modulator. Simulation results for modulation indices of 99% and 80% are
SHOWIL cererenererenieecrnnoniesneerecuosassnessessnsossnessssneeossasasassmasssssmasesossassosnssassorvassse
Figure 2.48: The largest deviation of all three frequency level spacings from the
mean frequency level spacing as a percentage of the mean frequency level
spacing versus the phase offset of the MZ EO modulator. Simulation results
for modulation indices of 99% and 80% are shown. ....cccccevvevecienvcccercnnnnes
Figure 2.49: The mean frequency level spacing of a eight level FCM signal as a
function of the MZ EO modulator phase offset Simulation results for mod-
ulation indices of 99% and 80% are shown. .....c.cccccevrerennvneenineciiincvciniinnaane
Figure 2.50: The largest deviation of all seven frequency level spacings from the
mean frequency level spacing as a percentage of the mean frequency level
spacing versus the phase offset of the MZ EO modulator. Simulation results
for modulation indices of 99% and 80% are shoOWn. .....cccccvevvvermcceneincnnneae
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Figure 3-1: Schematic diagram of a general optical injection system that uses a

master/slave 1aser arrangement. .o e eeeeeresienrerneesreesesseencessieceisessesensses 119
Figure 3-2: A depiction of the optical confinement properties of a typical Fabry-
Perot semiconducior IASET. ...occviviniicieiecieree e s e e nnes 120

Figure 3-3: A functional diagram of a Fabry Perot Laser. The photons depicted

internal to the laser cavity are shown to be “in phase” after one round trip in

THE CAVILY. ©erveveerirrreceerrcnerernercmssortonsnanansessmossssessrasesassssensaasassnnsosassnentasassassannans 121
Figure 3-4: The free-running FP laser spectrum at 25 mA bias current is shown

with laser temperature as a parameter. The spectra were measured with a

MONOCHTOMIALOT. ....cveiicreereirericesantresseneacseesencaessoeeesnsatcsassesassosessmssensnsns 122
Figure 3-5: The free-running FP laser spectrum at 35 mA bias current is shown

with laser temperature as a parameter. The spectra were measured with a

MMONOCHIOMABLOL. ..veeriereereererireeeccensereresnsieenessesseesssnsesmssacessensssseessensasossensonees 123
Figure 3-6: The free-running FP laser spectrum at 45 mA bias current is shown

with laser temperature as a parameter. The spectra were measured with a

MONOCHIOMALOT. ..eovuicrrrerereerreeerriinerareaesssssenseessssneaescesseseessosacssassessassasaseses 123
Figure 3-7: A general depiction of the co-injection of a coherent signal and a nar-

row band spontaneous emission source into a laser diode. .....cocevrvvreervcnennen. 125
Figure 3-8: The optical schematic of the narrow band spontaneous emission light

SOUTCE. .eneericruererereesrnussnsnesosuesastessansassuossossasssssecsssatessssssessssnssossnssessnsosnaesssnasen 126

Figure 3-9: The optical spectrum of the spontaneous emission source (EDFA) used
to produce the narrow band spontaneous emission injected into the FP laser.
The spectrum with and without the feedback from the fiber Bragg grating
(FBG) filter 15 SHOWIL .ooiivrirreccricreeicceneentinescniessecnanss et nesasaoe 127
Figure 3-10: The optical spectrum of the spontaneous emission source after ampli-
fication and filtering which becomes the narrow band spontaneous emission

injected into the FP IaSer. ...ccovviiicrniinnconinnnenconnireinnnccrssncneceeenvessecnes 128
Figure 3-11: A close up view of the amplified and filtered spontaneous emission

optical spectrum shown in Figure 3-10. ..o 128
Figure 3-12: Experimental setup for ASE injection power calibration. A Hewlett

Packard optical power meter was used to measure the optical power. ......... 129

Figure 3-13: The optical spectrum of the FP laser with constant temperature, 17.5

°C, and 40 mA bias current with spontancous emission injection power as a

parameter (controlled via the pump current for the EDFA). ... 130
Figure 3-14: The optical spectrum of the FP laser with constant spontaneous emis-

sion injection power and 40 mA bias current with temperature as a parame-

BEE. veeeenrveeesreesnasesuessnnssseessaneoscenanoescasasnssnsnssaneesssatacnetseasesostessstsstasassssessesososes 130
Figure 3-15: The optical spectrum of the FP laser subject to spontaneous emission

injection power (EDFA pump laser biased at 150 mA) at a constant temper-

ature, 17.5 °C, plotted with FP bias current as a parameter. Scanned with a

MONOCHIOMIBLOT. .veevrererireenerreerrroteaneeessrenesneecnsssssssssessstossnessssessnossasnosossossess 131
Figure 3-16: The optical schematic of the optical circuit necessary to generate the

ISK injection signal. (TBPF = tunable bandpass filter, ISO = optical isola-

tor, PC = polarization cOntroller) .......covvrceeeveverirencennncnerenniecsnisrnsnconnes 132
Figure 3-17: The optical schematic of the ISK signal generation system including
an optical amplifier to increase the strength of the injection. ........cccceveneeee. 133
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Figure 3-18: An optical schematic showing the connections of the narrow-band
spontaneous ermission source (ASE Injection) and the ISK signal source to
the slave laser. Also shown is the isolated output port where the FCM signal
WL @PPCAT. et cecceeee et e et ae e sar e et e e aee s ava s ea s ns e e e sseernesenreens

Figure 3-19: The optical spectrum of the FP laser with spontaneous emission in-

jection near 1550.8 nm and coherent (laser) injection near 1553.5 nm with

a calibration wavelength at 1550.79 nm. Measured with a monochromator.

re 3-20: The optical spectrum of the FP laser as measured with 2 40.4 GHz

FSR tunable Fabry-Perot filter. The injected laser light is shown at approx-
imately 14 GHz in the figure. The free-running FP laser mode shift is shown
as a function of injected 1aSer POWET. ....ccccccvvceeiireccerrerereseeeeeereenereseeesaeneas
igure 3-21: The center frequency of the free-running FP laser mode as a function
of injected optical power (in the fiber) for various values of optical frequen-

cy offset. The values in the legend were derived from linear least squares
fits to the lines in the figure at 0 injected optical power. ....c.coceevevrcciverrerennns

Figure 3-22: The conversion efficiency of the free-running FP laser mode shift in
GHz/mW of injected optical power (in the fiber) as a function of the free-
running optical frequency without optical injection (offset arbitrarily). ......

Figure 3-23: The FP slave laser shown with ASE injection and ISK injection where
the output light is filtered twice and isolated to allow only the free-running
(FCM signal) mode to appear at the signal output. ....ccocveereeeecnecncierercrnennnne

Figure 3-24: The FP slave laser shown with ASE injection and ISK injection where
the output light is filtered, amplified and filtered again, as well as isolated,
to allow more power of the free-running (FCM signal) mode to appear at the
SIENAL GUIPUL. ..oooiiiiciririicericecctcrteircneeeesereseneenessarnestsasssessesacsasnessasses

Figure 3-25: A functional diagram of a Distributed Feedback Laser showing that
some feedback is due to reflections within the optical cavity with the ends
of the laser (mirrors) providing the same feedback as they do in FP lasers.

Figure 3-26: The free-running spectrum of the DFB slave laser biased at 50 mA
and 8 14.9 OC. .. cecrcneetcesees s eneseestesaeeens s sessnnesesnenesuensesnaeres

Figure 3-27: The DFB slave laser shown with the ISK injection where the output
light is filtered, amplified and filtered again, as well as isolated, to allow
more power of the free-running (FCM signal) mode to appear at the signal
OUEPUL cieiiiiriciieienicericnioeiiis e eosiceiiacsssennicessseossssnssessoesmasssnnssrosssansanannsssssnnnns

Figure 3-28: The optical spectrum of the DFB laser as measured with a 40.39 GHz
FSR tunable Fabry-Perot filter. The injected laser light is shown at approx-
imately 5.3 GHz in the figure. The free-running DFB laser mode shift is
shown (on the right near 16 GHz) as a function of injected laser power. The
calibration wavelength is near 4 GHZ. ...ccovvvveivvvcvnricvncnccncinnciecnrecsnene

Figure 3-29: The center frequency of the free-running DFB laser mode as a func-
tion of injected optical power (in the fiber) for various values of optical fire-
quency offset. The values in the legend were derived from linear least
squares fits to the lines in the figure at 0 injected optical power. .................

Figure 3-30: The conversion efficiency of the free-running DFB laser mode shift
in GHz/mW of injected optical power (in the fiber) as a function of the free-
running optical frequency without optical injection (offset arbitrarily). ......

Figu
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Figure 4-1: General optical layout of a free-space Mach-Zehnder interferometer

with a path length difference of AL between Optical Path B and Optical Path

A. (M1 and M2 are mirror 1 and 2, BS1 and BS2 are beam splitter 1 and 2.) 150
Figure 4-2: Schematic diagram of a 50% optical power splitter employing a par-

tially reflective mirror. Input electric fields are £ ,(7) and Eg(¥) and the ex-

iting light is denoted by optical powers P, () and P pn(0). wccevervneccecnnenee 153
Figure 4-3: Optical component layout of a free-space Mach-Zehnder interferom-

eter based on an equilateral triangle geometry (shown in plan view looking

from above the optical table). The arrows show the direction the light trav-

els along the optical paths in thick HNES. ...ovcveveivcivrierirrieeeeereioscesarenen 158
Figure 4-4: The optical schematic for measuring the free spectral range of the free-

space MZ interferometer. (TFPF = tunable Fabry-Perot filter, SM = single

IOAE) cveererrteecnneerocsenssieestonserasnessneessasssneassnesstasssssaressssssssnssressassensensssssnsasnns 161
Figure 4-5: Light that is input to the free space interferometer is shown to be par-

tialty reflected by the partially reflective mirror of the beam splitter cube. . 162
Figure 4-6: Light re-enters the beam splitter cube of the free space interferometer

and is forced to interfere at the by the partially reflective mirror of the beam

splitter cube producing two output light beams. .....cccovceveevieeirvccrnreenceneenens 163
Figure 4-7: Anexample device layout for the photomask. This device has four MZ
interferometers that have a cOMmMON IMPUL. ..ccceceevenreraerreenceereereennansecnerenens 167

Figure 4-8: A scale drawing of the single mode waveguide sections of the harmon-

ically related MZ interferometer devices that were fabricated. The

waveguide core is 2 pm high by 2.5 um wide with a refractive index of 1.55,

and the substrate has a refractive index of 1.5, .oocveeveicriiccvnrcncnniccreeenene 169
Figure 4-9: Example plots of waveguide bend functions that subtend angles greater

than or equal to 180° with values of a-of 1/2, 1 and 2. Only part of the

curve is used for the waveguide bend. .......cccccvvevceveernninieecseeceeneecresescsennnes 174
Figure 4-10: The vertical effective refractive index for vertically polarized light

with a wavelength of 1550 nm in a waveguide structure with refractive in-

dices and dimensions shown in Figure 4-8. ....ccccovvevrvciineennicencninncnccccnnee 175
Figure 4-11: The integrated vertical electric field profile of the single mode

waveguide for vertically polarized light. The core of the waveguide is cen-

tered at 0 in the figure and extends +/- 1.25 pm in either direction. ............ 176
Figure 4-12: The insertion loss of 30 concatenated quarter circle waveguide bends

for both vertical and horizontal polarized light, not including mode mis-

MACH I0SS. crciiiiiiriircnsccercccceeoinencsesscnenaatenesenssas st ensn b nsrs s asssas 177
Figure 4-13: The insertion loss of 15 concatenated 90° cosine waveguide bends for

both vertical and horizontal polarized light. .....cccocevvviivnnccninvninininiins 178
Figure 4-14: The insertion loss of 30 concatenated 45° cosine waveguide bends for

both vertical and horizontal polarized light. ......ccccovvvenrviviiinnnnninenicnnnne. 179

Figure 4-15: The insertion loss of 15 concatenated bends for the waveguide bends

with the functional form given by Equation (88) for both vertical and hori-

zontal polarized light. The parameter o, takes on the value for the bends

that were used in the MZ decoder. .......oocevreerieicennieervcccrceencocsersosenssssnsses 180
Figure 4-16: An example of a damaged area on an integrated MZ harmonic decod-

er wafer. Three waveguides run vertically through the picture, they are
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chipped off the substrate and surrounded by debris. ..oovcvrircceseeiieeeneeeenee 183
Figure 4-17: A photograph of a polished input waveguide on an integrated MZ har-

monic decoder wafer. All of the layers are identified and the core of the

waveguide is in the circle in the center of the photo. ..occeeiieviiiiveeeee, 184
Figure 4-18: Six eye diagrams depicting the difference between 1/2 bit overlap and

1/3 bit overlap for all three channels of an 8-ary, 622 Msps, FCM signal.

The plots include the post subtraction after being received but do notinclude

the receiver transfer function. a), b) and ¢) are channels 1, 2 and 3 for 1/2

bit overlap and d}, e) and f) are channels 1, 2 and 3 for 1/3 bit overlap. ...... 189
Figure 4-19: Six eye diagrams depicting the difference between the response of the

free-space MZ without and with a neutral density filter (NDF) for all three

channels of an 8-ary, 622 Msps, FCM signal. The plots include the post sub-

traction after being received but do not include the receiver transfer func-

tion. a), b) and ¢) are channels 1, 2 and 3 without the NDF (denoted Real)

and d), e) and f) are channels 1, 2 and 3 with the NDF (denoted NDF). ...... 192
Figure 4-20: Four eye diagrams depicting the difference between the response of

an ideal MZ to the free-space MZ with a neutral density filter (NDF) for

both channels of a 4-ary, 1250 Msps, FCM signal. The plots include the

post subtraction after being received but do not include the receiver transfer

function. a) and b) are channels 1 and 2 for the ideal MZ and ¢) and d) are

channels 1 and 2 with the NDF (denoted NDE). occeeeriveveiniineeeirecnineeenecne 194
Figure 4-21: The response of the MZ decoder (post receiver subtraction) is shown

at the top right. The bottom right plots the probability density function (pdf)

for the phase of the incoming signal assuming an nominal linewidth. Atthe

upper left is a plot of the probability density function for the optical power

output from the MZ decoder. The dark lines indicate the ranges over which

the pdfs must be integrated to obtain an equivalent cumulative error. ......... 196
Figure 4-22: The BER of the /16 symbol is shown for a symbol rate of 622 Msps

as a function of signal laser linewidth, with the bit overlap as a parameter,

when received on channel 4. ........cccoovieivrnicincrciciienccr e 202
Figure 4-23: The BER is demonstrated to be a function of the frequency accuracy

of the FCM symbols, specifically for the n/8 symbol of an eight or sixteen

level signal received by channel 3. These calculations are for a laser linew-

It OF 1O MHZ. .ot rrecrenarcnee e onessescneenasascmasastaonsssesnesseon 203
Figure 4-24: To achieve a BER of 107 or better at a symbol rate of 622 Msps with

the n/4 symbols of the FCM signal, the linewidth of the signal laser line has

to be less than the values shown for bit overlaps of 1/2 and 1/3. .....c.occee. 204
Figure 4-25: To achieve a BER of 1 07 or better at a symbol rate of 1.25 Gsps with

the /4 symbols of the FCM signal, the linewidth of the signal laser line

has to be less than the values shown for bit overlaps of 1/2, 1/3 and 1/4. .... 205
Figure 5-1: Anexample circuit schematic of the concatenation of PIN photodiodes
in a dual differential TECEIVET. ..ocievirivrreceirrirerccieence e 209

Figure 5-2: Functional diagram depicting the operation of a differential optical re-

ceiver. Optical input signals, bsig+ and bsig-, are converted to electrical sig-

nals and added to produce a single electrical output signal. .......ccceocciiiil 210
Figure 5-3: Circuit diagram of a transimpedance amplifier. .......coovevveerviiennnees 211
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Figure 5-4: Proposed functional arrangement of the dual differential receiver. ..... 213
Figure 5-5: The optical receiver circuit schematic {component values are listed in

TABIE 5-1). ittt et eceerene e csnsn e s e s s e s e senasnsenenens 215
Figure 5-6: Equivalent circuit representation of a Nortel HS-PIN optical receiver

GO, vttt e caoe e e s e s e nenessnaenane 217
Figure 5-7: Equivalent circuit for the optical receiver including parasitic contribu-

tions fOr passive COMPONEILS. .c.coevceeeeerervencretiuenicenassossasassssranensssssessossncs 218

Figure 5-8: The electrical power response of the optical receiver as a function of
frequency plotted as output electrical power referenced to electrical power
generated by the PIN photodiode. .......cveerrnceecnineniencnsrreeneneccneniecscsnenen 220
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First Order Derivative of the Laser Gain with Respect to the
Carrier Number in the Active Region

Laser Gain Reduction Factor for Mode /
Threshold Value of the Laser Gain
Planck’s Constant

Planck’s constant divided by 2w

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Boud®)
hyd)
Hyd @)
H )
Hy AP

Hpeclh)
Hy(o)

@ (0p

It

]sig,symbol,channel

Isymbol,channei

1 symbol,channel(ﬁ@'c)

Optical Pulse Shape Output from the Receiver in Receiver
Noise Calculations

Optical Pulse Shape Input to the Receiver in Receiver Noise
Calculations

Fourier Transform of the Optical Pulse Shape Output from
the Receiver in Receiver Noise Calculations

Fourier Transform of the Optical Pulse Shape Input to the
Receiver in Receiver Noise Calculations

Optical Mach-Zehnder Electro-Optic Modulator Transfer
Function

Optical Receiver Transfer Function

Optical Receiver Transfer Function for Noise Calculations

Transimpedance Amplifier Feedback Current

Transimpedance Amplifier Input Current

Mean Square Amplifier Noise Current

Mean Square Shot Noise Current

Mean Square Shot Noise Current at the Center of the
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Injection Current of a Semiconductor Laser as a Function of
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Electrical Signal Current from the Output of the Mach-
Zehnder Interferometer

Electrical Signal Current from the Output of the Mach-
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Electrical Signal Current from the Output of the Mach-
Zehnder Interferometer for a Particular Symbol and
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N

Zehnder Interferometer for a Particular Symbol and
Channel, Expressed as a Mean in the Receiver Noise
Probability Density Function, also as a Function of the
Mach-Zehnder Phase Delay (A¢.)

Electrical Signal Current of the Sum Output of the Mach-
Zehnder Interferometer

Electrical Signal Current of the Difference Output of the
Mach-Zehnder Interferometer

Signal Current for a Transmitted 0 Symbol in the O
Definition

Signal Current for a Transmitted 1 Symbol in the QO
Definition

Injection Current of a Semiconductor Laser at Threshold

Total Electrical Signal Current of the Cutput of the Mach-
Zehnder Interferometer

Mean Signal Current for FCM Signal with A¢ as a
Parameter

Personick’s First Integral
Personick’s Second Integral

Insertion Loss for the Optical Splitter to Distribute the

Signal to the Channel Mach-Zehnder Decoders, for
each Channel ?

Optical Power of a Binary or Multilevel Intensity Shift
Keyed Optical Signal

Center Symmetric Optical Power of a Binary or Multilevel
Intensity Shift Keyed Optical Signal

Optical Power of a Binary or Muiltilevel Intensity Shift
Keyed Optical Signal that Represents the mith Level of
the Signal

Boltzman’s Constant
Subscript to Enumerate Laser Modes

Semiconductor Laser Active Region Length (Resonator
Length)

Mach-Zehnder Interferometer Delay Length as a Fraction of
the Symbol or Bit Period
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L disp. fimit

Lpmy

Vv
Pz

" iz

NF

Distance Travelled in Fiber Under the Influence of
Chromatic Dispersion

Chromatic Dispersion Limited Distance

Reflection Inductance of the PIN Photodiode from the
Receiver

Beat Length of a Multi-Mode Interference (Waveguide)
Coupler

Receiver Inductor Inductances

Difference in Propagation Distances for Optical Paths in a
Mach-Zehnder Interferometer

Difference in Propagation Distances for Optical Paths in the

Mach-Zehnder Interferometer that Demuitiplexes the
Optical Signal to Recover Channel # of a Frequency
Multiplexed Optical Signal

An Integer Index used to Denote a General Transmitted
Symbol

Laser Modulation Waveform Modulation Index
Number of Levels in a Multilevel Signal
Electrical Carrier Number in the Active Region of a Laser

Electrical Carrier Number in the Active Region of a Laser at
Transparency

Active Region Refractive Index for a Laser
Cladding Refractive Index for a Laser

Optical Slab Waveguide Effective Refractive Index in the y-
Direction

Spontaneous Emission Inversion Factor of a Laser

Electrical Carrier Number in the Active Region of a Laser at
Threshold

Filter Order of the Mach-Zehnder Interferometer
Filter Crder of the # Channel Mach-Zehnder Decoder

Filter Order of the # Channel Mach-Zehnder Decoder with

Respect to the Center of the Spectrum of the Input
Optical Signal

Receiver Amplifier Noise Figure
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pp(Pr2)

Plirl

Pi(t)

P?il’l

Plout

P outl
P out?

P channel(e)
P chomner(€l0)

P opanner(ell)

P symbol,chafmel(esﬁ)

P meoi,channe!(eg 1)

Probability Density Function of the Phase of the Laser Line

Probability Density Function of the Power of the Laser Line
After Passing Through A Mach-Zehnder Interferometer

Common Mode Optical Power of the Two Outputs of the
Mach-Zehnder Interferometer

Common Mode Optical Power of the Two Outputs of the
Mach-Zehnder Interferometer

Input Optical Power to the Electro-Optic Mach-Zehnder
Modulator

Incident Optical Power Outside of the Laser Facet for and

Externally Injected Optical Signal Injected into a Laser
Mode with Subscript /

Incident Optical Power Outside of the Laser Facet for and

Externally Injected Optical Signal Injected into a Laser
Mode with Subscript [, as a Signal Waveform

Incident Optical Power Outside of the Laser Facet for and

Externally Injected Optical Signal Injected into a Laser
Mode with Subscript /, as the Mean Value in the Signal
Waveform

Output Optical Power Outside of the Laser Facet for a Laser
Mode with Subscript /

Optical Power of the Light Propagating Through the Mach-
Zehnder Interferometer Appearing at Output 1

Optical Power of the Light Propagating Through the Mach-
Zehnder Interferometer Appearing at Qutput 2

Probability of Error for a Particular Channel

Probability of Error when a 0 is Expected for a Particular
Channel

Probability of Error when a 1 is Expected for a Particular
Channel

Probability of Error when a 0 is Expected for a Particular
Symbol and Channel

Probability of Error when a 1 is Expected for a Particular
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PuAv)

Prizi(v)
Pygz.(v)
P MZmax

Popr

Popr(f)

Orcmag

Orsk
Fc
725
65

Ramp

Symbol and Channel

Optical Power of the Light Propagating Through the Mach-

Zehnder Interferometer Appearing at Qutput I Minus
the Optical Power of the Light Propagating Through
the Mach-Zehnder Interferometer Appearing at Output
2

Output Optical Power of a Mach-Zehnder Interferometer as
a Function of Optical Frequency where Pyv) =
Puze(V) - Prz(v)

Optical Signal Power at the Primary Output of an Optical
Mach-Zehnder Interferometer

Optical Signal Power at the Complementary Output of an
Optical Mach-Zehnder Interferometer

Maximum Optical Signal Power at Either Output of an
Optical Mach-Zehnder Interferometer

Electro-Optic Mach-Zehnder Modulator Output Optical
Power

Electro-Optic Mach-Zehnder Modulator Output Optical
Power and Input Optical Power to the Optical Receiver

Electronic Charge

Ratio of the Average Signal Amplitude to the Average
Noise Amplitude

Ratio of the Average Signal Amplitude to the Average

Noise Amplitude for the FCM Signal, with A¢ as an
Argument

Ratio of the Average Signal Amplitude to the Average
Noise Amplitude for the ISK Signal

Radial Coordinate of the Cardioid Waveguide Bend
Cylindrical Coordinate Function

Reflection Coefficient of Light Entering a Beam Splitter
Cube at 25° from the Normal to the Reflective Surface

Reflection Coefficient of Light Entering a Beam Splitter
Cube at 65° from the Normal to the Reflective Surface

Noise Resistance of the Receiver Amplifier
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Req Equivalent Noise Resistance of the Receiver Amplifier used
to Calculate the Noise Resistance

Ry Transimpedance Amplifier Feedback Resistance

Ry Semiconductor Laser Mirror Reflectivities

Rppy Reflection Resistance of the PIN Photodicde from the
Receiver

Rp Relative Spontaneous Emission Spectral Density

R, Rate of Spontaneous Emission into the Laser Active Region

Ry Receiver Resistor Resistance

Ry Reflectivity of Light Entering a Beam Splitter Cube at 25°
from the Normal to the Reflective Surface

Rgs Reflectivity of Light Entering a Beam Splitter Cube at 65°
from the Normal to the Reflective Surface

S; Number of Photons in the Lasing Cavity for the Laser Mode
with Subscript /

Sii” Number of Photons Injected into the Lasing Cavity for the
Laser Mode with Subscript /

Sz Receiver Sensitivity

S11 Reflection Scattering Parameter

t Time

f7s Transmission Coefficient of Light Entering a Beam Splitter
Cube at 25° from the Normal to the Reflective Surface

Is5 Transmission Coefficient of Light Entering a Beam Splitter
Cube at 65° from the Normal to the Reflective Surface

¢ Rise Time of the Modulation Waveform Symbols

T Elapse Time of one Bit Period or Symbol Period for a
Digital Optical Signal

Ty Receiver Temperature in Kelvin

Ths Transmissivity of Light Entering a Beam Splitter Cube at
25° from the Normal to the Reflective Surface

T¢s Transmissivity of Light Entering a Beam Splitter Cube at
65° from the Normal to the Reflective Surface

Vg Group Velocity (Optical Group Velocity)
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Vc#

Vv

Ve
Ver)

Greek Alphabet Symbols

U

Transimpedance Amplifier Output Voltage

Voltage of a Binary or Multilevel Amplitude Shifi Keyed
Flectrical Signal that Represents the Zero Level of the
Signal

Center Symmetric Voltage Reference for Binary or
Multilevel Amplitude Shift Keyed Electrical Signals

Voltage of a Binary or Multilevel Amplitude Shift Keyed
Electrical Signal that Represents the mth Level of the
Signal

Nominal Signal Voltage of a Channel (#) of a Muiti-
Channel Voltage Multiplexed Multilevel Amplitude
Shift Keyed Signal Prior to Passive Multiplexing.

Electrical Signal that is Proportional to the Difference of the
Output  Optical Powers of a Mach-Zehnder
Interferometer as a Function of Optical Frequency

Output Voliage from the Optical Receiver

Input Voliage to the Electro-Optic Mach-Zehnder

Modulator from the Network Analyzer to Measure the
Optical Receiver Transfer Function

Voltage Amplitude of the Electro-Optic Mach-Zehnder
Modulator Drive Signal from 0 to Peak Voltage

Voltage Applied to the Electro-Optic Mach-Zehnder
Modulator to Change the Input Optical Phase by =

Linewidth Enhancement Factor

Optical Loss in the Active Region of a Semiconductor Laser
due to Transmission through the Laser Facets

Optical Loss in the Active Region of a Semiconductor Laser
due to Transmission through the Laser Facets and
Scattering

Optical Scattering Loss in the Active Region of a
Semiconductor Laser

Bending Parameter of the Cardioid Waveguide Bend
Cylindrical Coordinate Function
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¢;

d)m'r

¢trtr

bc

o)
Ad

Adp(®)

A7)

Ysms

Vsms,?

Ke

Al
}\.1 5 ?\.,2, etc.

Mach-Zehnder Electro-Optic Modulator Phase Offset in the
Modulation Waveform

Phase of the Slave Laser Mode with Subscript /
Phase of the Master Laser Mode with Subscript /

Phase Accumulated in Reflecting From a Partially
Transimissive Mirror in a Mach-Zehnder Interferometer

Phase Accumulated in Passing Through a Partially
Transmissive Mirror in a Mach-Zehnder Interferometer

Phase Difference in a Mach-Zehnder Interferometer

Accumulated Due to One Path Having Two
Transmissions and the Other Path Having Two
Reflections

Phase Difference in a Mach-Zehnder Interferometer

Accumulated Due to FEach Path Having One
Transmission and One Reflection

Angular Coordinate of the Cardioid Waveguide Bend
Cylindrical Coordinate Function

Transmitted Signal Phase as a Function of Time

Argument of the Phase Probability Density Function of the
Laser Light

Gaussian Random Phase Noise of the Light Input to the
Mach-Zehnder Interferometer

Cumulative Phase Difference Between the Two Paths of a
Mach-Zehnder Interferometer

Sidemode Suppression Factor for the Laser Gain
Sidemode Suppression Factor for the Laser Gain of Mode /
Receiver Photodiode External Quantum Efficiency

Semiconductor Laser Optical Injection Coupling
Coefficient

Semiconductor Laser Gain Compression Coefficient
Normalized to the Photon Number

Semiconductor Laser Gain Compression Coefficient
Normalized to the Optical Power

Wavelength Difference
Optical Wavelengths of a Wavelength Division Multiple
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Av

AV EwEM

AVLW

Avrozar

Vg

VO’

vi
in

k%

Vi
Vik
Viki

Spw

Access (WDMA) Transmission System
Wavelength of Laser Mode /
Bragg Grating Pitch
Refractive Index of Air
Refractive Index of the Core of an Optical Waveguide

Effective Index of Refraction for an Optical Path of a Mach-
Zehnder Interferometer

Group Refractive Index
Refractive Index of the Substrate of an Optical Waveguide

Refractive Index Encountered by Light Passing Through a
Mach-Zehnder Interferometer, may be a Function of
Position

Optical Frequency Spacing of Adjacent Symbols in the
Optical Frequency Domain of the Multilevel Optical
Frequency Shift Keyed Signal

Optical Linewidth, Full Width at Half Maximum, of Laser
Mode /

Optical Linewidth, Full Width at Half Maximum
Optical Spectral Width of the Transmitted Signal
Optical Frequency

Optical Frequency of a Multilevel (Optical) Frequency Shift

Keyed Signal for the Optical Frequency Representing a
Zero

Center Symmetric Optical Frequency Reference for
Multilevel Frequency Shift Keyed Optical Signals

Optical Frequency of the Laser Mode /

Optical Frequency of the Master Laser Mode [

Optical Frequency of a Multilevel (Optical) Frequency Shift

Keyed Signal for the Optical Frequency Representing
the mth Optical Frequency Level

Optical Frequency of the Slave Laser Mode /

Optical Frequency of a Laser at Threshold

Optical Frequency of a Laser at Threshold of Mode /
Standard Deviation for the Probability Density Function of
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Gp

GA{EE

2
G symbol channel

g

TAL

TAL#

in

@ po

B

the Flectrical Current from the Laser Light After
Passing Through a Mach-Zehnder Interferometer, in a
Linear Approximation

Standard Deviation for the Probability Density Function of

the Intensity of the Laser Light After Passing Through
a Mach-Zehnder Interferometer, in a Linear
Approximation

Standard Deviation for the Probability Density Function of
the Phase of the Laser Light

Total Mean Square Noise Current for the Error Calculation
for a Particular Symbol and Channel

Propagation Delay for Different Wavelengths of Light After
Travelling Through Fiber with Chromatic Dispersion

Linear Dispersion Coefficient
Round Trip Cavity Group Propagation Time

Electrical Carrier Lifetime in the Active Region of a
Semiconductor Laser

Photon Lifetime in the Active Region of a Semiconductor
Laser

Transit Time Difference Between Two Paths of a Mach-
Zehnder Interferometer

Transit Time Difference Between Two Paths of a Mach-
Zehnder Interferometer for Channel #

Circular Optical Frequency of an Externally Injected
Optical Signal Injected into a Laser Mode with
Subscript /

Constant Component of the Transmitted Signal Circular
Optical Frequency

Varying (Signal Carrying) Component of the Transmitted
Signal Circular Optical Frequency
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pter 1. Introduction.

Fiber optic based systems provide communication network designers with a means
to meet the demands placed on communication systems by the trend toward digital
transmission of most, if not all, electronic media services; internet, phone, fax, video and
data. Fiber optic communications encompasses many subsets of technology where the
available data formats, signal distribution schemes and properties of guided light give
designers seemingly endless alternatives for deploying systems that must meet specific
requirements. The objective of this research on Frequency Code Multiple Access
(FCMA) is to provide communication network designers with another alternative in the
ongoing challenge to achieve optimum system deployment in a particular application area;
optical Metropolitan Area Networks (MANs).

This introductory chapter begins with a brief overview of optical networks and
relevant design considerations of the physical layer for present and future fiber optic
networks on a scale that applies to medium and large population centers, metropolitan
areas, with populations greater than about 500,000 people in Sections 1.1 and 1.2. The
basic principles of a single FCMA fiber link are outlined in Sections 1.3 and 1.4. The
elaboration of these principles, concerning design and implementation of a fiber optic link
based on FCMA, is the subject of Sections 1.5 through 1.9. Section 1.10 outlines the goals
of the first generation of FCMA link design. Section 1.11 presents a discussion of how
FCMA links can be deployed in unique physical architectures that suggest architectural
advantages over current network physical layer technologies. Section 1.12 summarizes

Chapter 1 and outlines the topics of the remaining chapters.

1.1 Metropolitan Area Netw

Metropolitan Area Networks (MANSs) are networks with a distance scale of the
size of a modern city, a few kilometers to tens of kilometers. The application of the term

MAN is often used to describe the interconnectivity with respect to a number of
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communication services within one organization that is decentralized and may have many
offices/locations spread across the defined distance scale. This type of network is called a
dedicated network. A more general interpretation of the term applies to connecting any
user or provider of communication services (such as phone, fax, data or video) to any
other user or provider on the stated distance scale. This definition, called a shared or
public nerwork, can include the dedicated network as a subset of its connectivity as a
virtual private network (VPN). A VPN can serve as a replacement for networks owned
and operated by private organizations.

The economics of network deployment depend on a number of factors including
link lengths, bandwidth capacity, bandwidth usage, density of users, and types of services
provided. The cost of deployment and the projected revenues from the network, as well as
quality of service considerations, determine the technology that is used to construct a
network. For example, synchronous optical networks (SONET) are used for long haul
transmission in wide area networks (WANs) instead of ethernet, which is used for local
area networks (LANSs).

Metropolitan area networks can be thought of as a bridge between LANs and
WANS and have a mixture of LAN and WAN qualities. For instance, the physical density
of users (or network access points) would be less than that of a LAN but greater than that
for a WAN.

The MAN architectures being deployed at present are digital. Any analog signals
that need to be transported, point to point or broadcast, are digitized at the source and
reconstructed at the destination. These networks are also evolving to broadband networks
and may employ a mixture of circuit switching and packet switching for data routing.

The remainder of this section will present a few ideas relevant to the deployment
of MAN technologies as they exist today. The topics covered are neither a complete list of
ideas nor a complete explanation of the ideas that are introduced. Reference materials will
be suggested where it is considered necessary. The subjects covered are; established
MAN technologies, gigabit Ethernet, broadband networks, physical layers and multiple

acCess.
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1.1.1 Established R

IAN Technologies.

Much of the discussion in reference books on the subject of MAN architectures
centers on the implementation of a network that is set up for connecting one service
provider to its customers (such as a cable television system) or for connecting one
organization internally as a distributed but dedicated network. Prior to the popularity of
home computers and the creation of graphically based internet applications, these kinds of
network deployments made sense. Since the invention of the World Wide Web, email, and
other digital services, the utility of deploying a private network has diminished.
Integrated service networks, with the ability to provide a wide range of interconnection
options, are viewed as more practical solutions for providing service. With the digital
services already available, and more services appearing every day, data networks are
experiencing a boom that is making old concepts (simple bus, ring, or star architectures)
of MAN deployment obsolete.

Two of the options that have become standards for MAN in recent years are Fiber
Distributed Data Interface (FDDI) [CONI1,KE1,ST1,JAI1,AC1] and IEEE 802.6
Distributed Queue Dual Bus (DQDB) [CON1,KE1,ST1,AC1]. These technologies are
network architectures whose specifications include network access, supported protocols,
data rates, and topology.

FDDI is usually implemented as a ring architecture with a fixed link bit-rate of 100
Megabits per second (Mbps). It is used primarily for private data transport for
interconnection of LANs or high speed workstations. The protocols implemented on
FDDI are not easily switched making it difficult to use as a broadband network.

DQDB is a bidirectional bus architecture with SONET bit-rates and can be scaled
up to higher bit-rates which makes it possible to evolve with new technologies. The
protocol for DQDB is similar to Asynchronous Transfer Mode (ATM) that is used for long
haul broadband networks in that it uses 53 byte cell units for data packets. Interfacing a
DQDB network to a long haul network that uses ATM would be easier than interfacing
FDDI. The efficiency of DQDB at higher bit-rates, greater than 1 Gigabit per second
(Gbps), is prohibitively low, making it difficult to use as a Gigabit broadband network.
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1.1.2 A New Format - Gigabit Ethernet.

Recent developments in ethernet based networks have increased the data rates for
standard ethernet (10 Mbps and 100 Mbps) to include a new 1 Gbps standard. 1 Gbps
ethernet is already being manufactured by a number of network equipment suppliers.

The line rate of bits on ethernet is actually 1.25 times the data rate due to a 4/5
signal encoding scheme so that what is nominally called 1 Gbps ethernet actually runs ata
line rate of 1.25 Gbps. The protocol for this new standard, as far as frame structure is
concerned, strongly resembles long haul WAN SONET standard frames and makes it an
ideal candidate for use on an FCMA based physical layer network [DUD1,MART1].

1.1.3 Comments on Deploying 2 Broadband Network.

It is the requirement of deploying a Gigabit broadband network, supporting voice
transmission and data transfer, that has motivated the development of new MAN
architectures [DUDI,MART1]. Among the proposals for new architectures are the use of
SONET as network backbone and/or the use of ATM to support broadband switching
[MART1]. ATM standards, originally for WANSs, are now established for LANs and it
would be a matter of convenience to implement ATM and SONET on MANSs [KET].

Whether or not ATM is used as a data link protocol this research accepts the option
of using SONET-like optical backbone and proposes the use of a novel multiplexing
technique that may make SONET standard backbones more attractive to MAN designers.
The adaptation of WAN SONET protocols to networks that are more dense could make
switched networks possible on MAN distance scales. The network topologies could then
evolve from rings and buses to mesh networks. This topology evolution requires a parallel

evolution in physical layer design.

1.1.4 The Physical Layer of a Fiber Optic Communication Link.

The physical layer is the lowest level protocol layer in the seven layer protocol
stack of the Open Systems Interconnection (OSI) model. The physical layer is responsible

for establishing, maintaining and terminating connections and for transmission of digital
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data from a point of origin to a destination. Included in the physical layer are the
specifications of the transmitted signal; the signal amplitude and/or frequency and/or
phase, bit duration and logic levels (§2.3 of [ST1}).

The physical layer of a basic fiber optic communication link employs a transmitter,
receiver and a connecting fiber. An electrical signal enters the link at the transmission end
of the optical link and an electrical signal exits at the receiver. The electrical signal format

is usually amplitude shift keying. Figure 1-1 depicts this generic definition of a fiber link.

Electrical Electrical
é Signal IN Signal OUT
Transmitter —/\ﬂ/\m O '/\ﬂ]\” Receiver
Optical Signal on
a Fiber Link

Figure 1-1: Schematic depiction of generic fiber optic communication link.

The transmitter performs an electrical to optical (E/O) conversion and the receiver
performs an optical to electrical (O/E) conversion. There may also be a conversion of
signal format at the transmitter and the inverse format conversion at the receiver. The
particular signal format is also part of the physical layer description of the optical
communication link but it is also usually amplitude shift keying.

The FDDI and DQDB based MANSs are more concerned with the adjacent protocol
level of the OSI model which is the data link layer. FDDI does specify the bit-rate at 100
Mbps but, because it is a ring architecture, the specifications concentrate on the efficient
use of ring data link protocols for high speed fiber optic transmission and are independent
of the particular type of signalling used on the transmission medium: Amplitude Shift
Keying (ASK), Frequency Shift Keying (FSK), etc.(§6.1 of [ST1]). DQDB is specified at
SONET rates and therefore is independent of absolute data rates but the bus nature of the
physical network topology directs the focus of discussions on DQDB to optimization of
bus data link protocols.

These established technologies use binary transmission, signals with two logic
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levels. FDDI handles network access by different parties on the network by passing a
“token” around the ring; it is a token ring network. Network access for DQDB is more
complicated. 53-byte slots continually pass from the start to the end of the bus through the
nodes (user access points) where unused slots can be acquired by the node for
transmission of data. These networks employ transmission schemes where only one
transmission appears on the network during any particular time slot.

In order to increase the carrying capacity of networks based on DQDB or FDDI
the bit-rate could be increased or a multiple access scheme, such as wavelength division
multiple access, could be used. FCMA could provide multiple access to a DQDB network
to increase the carrying capacity without a change to the bit-rate and without adding
wavelengths. Changing the network design from DQDB or FDDI to a new design, like
Gigabit Ethernet, is also an alternative and FCMA could be used as the supporting

physical layer.

1.1.5 Increasing Utility Through Multiplexing and Multiple Access.

Multiplexing is the term used to describe the use of the same physical path in a
transmission link for more than one logical path at the same time. Some common means
of multiplexing are Wavelength Division Multiplexing (WDM), Frequency Division
Multiplexing (FDM), Time Division Multiplexing (TDM), and Code Division
Multiplexing (CDM). The reason for employing multiplexing schemes is to make more
use of the physical infrastructure of a communication network without having to spend
more money on physical network components. The use of one physical path by multiple
users by employing a multiplexing scheme gives those users multiple access. For
example, the use WDM to establish multiple access on a network is referred to as
Wavelength Division Multiple Access (WDMA), which is illustrated by the graphic in
Figure 1-2.
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