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' ’ ABSTRACT

’ T
KA

Analog video - transmission using

transmitters is economically attractive i
applications. Examples are  CATV ¥ trunk
multi-channel video transmissiof wusing f
multiplexing is employed, and teleconfe
monitoring and surveillance, where simp

trahsmission i{s usually employed. However,

fiber-optic  CATV systems presently ope

laser diode
n many. short-haul
lines, vhere
requency division
rencing, remote -
le baseband video
in the 20 or more
rating in North

“America, a maximum of only 5 or 6 video channels per fiber

is transmitted. This 1limit 1is due, in g

" nonlinearities associated with the use of a

- degraded. because

well, the picturei quality in baseband
f ldaser “diode nonlin
frequencies.

reat part, to the
las®r diode. As
transmission is -

earity at low

In this project, opto-electronic feedback compensation

and adaptive predistortion technigues w
linearise the light-current characteristic

In addition, the transfer characteristics o
laser diode transmitter were found. a

" techniques involving interpolation of thes

by polynomial splines were used to determin
characteristics of the transmitter. _
The use of predistortion resulted in a
second-- and third order intermodulation di
and 11 dB, respectively..Furthermore, these
virtually = independent of frequency betw
upper -bandwidth of- the laser diode transmit
use of an adaptive teclinigue maintains
these levels even if the slope of th
characteristic varies as  a result of agi
changes. Employing adaptive predistor?ﬁon.c
taking, precautions: to reduce distortion
noise and reflections) can increase 'the

cbanneIS'that can be transmitted over a sim

The use of opto-electronic feedbac
predistortion simultaneously resulted in a
of linearisation, but over a smaller bandwi

case with predistortion. Reduction in the

order intermodulation distortion .of greater

ere ‘employed  to
of a laser diode.
f the compensated
nd mathematical
e characteristics.
e the distortion

reduéction in the-
stortion of 15 dB
reductions were
een 1 MHz and the
ter (40.MHz). The ,
the reductions at
e laser diode
ng or temperature
ompensation (and
caused by modal
number of video
gle fiber.
k and adaptive-.
very high degree
dth than was the
second- and third
tlan 25 dB . . and

20 dB, respectively, were obtained for freguencies up to 11

MHz. This technique can be wused to ‘impr
quality when baseband video transmission 1is

<

ove the picture
employed. :
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d 1. INTRODUCTION ™

A. Historical Background

The use of optical signals for communication ~can be
traced back to the times of antiguity. The techniques used
havevranged from the primitiue fire signals employed by the
armies of the Roman Empire to the optical_telegraph invented
by C. Chappe in Jl}gl\.[ll. The opticai telegraph. found
wvidespread use in Europe for more than 60 years and resulted.
in the development of a binary coded decimal . system by A.
Edelcrantz [1]. _Even today 51gnal lamps are sometimes used
for Morse code communication between ShlpS \

Just over a hundred years ago, Alexander Graham Bell
experimented with the optical transm1551on of speech vsing a
,"photoph%ne" [2]. The photophone did not reach commercial -
fruition, however, due to the absence of the necessary

_%lectro-optical' technologyo and also due to tne_'rapid
development of radio systems. buring World War - IIL' several
of the "countries ~involved .used Jphotophones._ Tneir
developmertt received an impetus'from' advances in gas and
soiid-state laser ‘technology in the'early:19605; Howeyer;
the transmission medium was still the atmosphere andj‘as in
tne 18th and the 19th centuries,fthe‘weather was found to be

a limiting factor. Reliable transmission dictated the need

for an optical waveguide.



The concept oﬁﬁ a ' dielectric. waveguide for ,rhe
propaoation of radio waves had been analysed as early as
1910 by D. Hondros and P. Debye T3]. However, the loss at,
opt1ca1 frequencies 1in the avallable materlals was far too
high for gppllcatlon in communlcarlon ‘systems. In 1966, K. C.
Kao and G.A. Hockham“[4] recognlzed the reason for the.high
loss and speculated that suff1c1fntly low loss fibers could
be produced by‘ the -use .of ultra-pure glasses. They were
proved correct *in 1970 when F. P. Kapron et al. - [5] reported
a Qquartz fiber with an attenuation of about 20 dB/km. This
has been followed By a decade jof explosive development
during which arteduation 'figures‘@ent down and bandwidths
went‘op; In.addition, the need for iight sources compatible
with optical fibers resdlted in the rapid deveiopment of
semiconductor light,sources. Examples of recent‘achievements
'iﬁclude ‘fibers with- a loss of less than 0.2 dB/km, laser
;diodes with a threshold current of a. few milliamperes, and

experimental systems that operate at several hundred Mbits/s

over repeater spans greater than 100 km [6].

B, Fiber Optic Applications and Field Trials
The advantages and special features of fiber optics
which makes it atractive in a wide range of applicationS'

are: - - . ) ]

. ~Very low atténuation : ‘ .

-Large bandwidth/capacity



—Immunigy to electfomagﬁetic interference and crosstalk
(better securlty) |

-Immunlty to lightning and electromagnet1c pulses
-Potentlal low cost (due ‘to abundance of silica)
-Relatively insensitive to tempergture changes

—High tensile strength ’

~Low weight (aircraft appllcatlons)

—Smaller benalng radius than coax1al cable

;Small size (relleves=congestxon in ducts)

-No problem with ground loops.

“Some disadvantages of optical fibers are:

-Problems with source-fiber coupliné (especially ‘with

single mode fiber)
iDifficultiesvin"cabling, splicing, and ;ohnectors
—Ihébility gg'conductlcurkent.for powéring répegters
~Radiation damage in radioacfive eqvironments.- o

e
.
- The attractive features of fiber  optics have led to its
application in many different ‘areas. -

%

Telephony Applxcatxons . ) \
The most extensive . appllcatlon of fiber optics -is in
the»telephbne "industry. The rapid adyances in the mid 1970's

set the stage for a series of field .experiments and early



-

applications‘tnroughout‘Japan [7],(8]), Europe [9],[10], ' and
North America [11]-[15]). Because of the ready.availability
of adyanoed digitai snitching, ] muitiplexing, and
transmission technology, opticai fiber|Systems for telephony
applicatiqn will _nse digital modqlJtion“_formats almost
' exclusively. | |
The telephone transmission network can be- roughly
dividedt into three 1evels;ithe local loop plant, short. haul
interoffiee trunks, and long distance toll. trunks.- Of the
more tnan 50,000 . kilometers of fiber now'installed‘in the .
Unlted Statés more than 20, 000 km 1s the Western Electric
Company s 44.7 . Mbit/s “FT3" metropolltan (short and medlumf
haul) telephone trunk transm1551on ‘system [11] |

R

In 1December;1978, for the fwrst time 1n North Amerlca,
service Qas'broudnt;into regular subscriber's homes over.
individual fiber optic loops connected to the:telephone
network in Yorkville, Ontario. fhe integrated fiber optic
system providing ydﬁcey Yiaeo; andvdata‘was installed by °

(//Northern Telecom [12]} |

-

‘The steady 1mprovement in: fiber‘ performance and
{ I s

associated technologles has led Western Electric to develop
higher capac1ty long haul llghtwave transm1551on systems for
metropolltan and 1nterc1ty appllcatlons \Fn January 1980

plans for a 90 Mbits/s "FT3C“ system in, the North ‘East
corridor (Boston-New §ork—WasHington) were' announced. The
capacity of these FT3C installations canfﬁ5ventnal}y be

tripled by the use of wavelength division multiplexing (WDM)
N - : >
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at wavelenéths of '0.825 um, 0.875 um, and 1.3 um [13]). In

1980 and 1981, a DS4 rate (274 Mbit/s) fiber\optic trunking
system was ‘installed in Calgary, - Alberta} for Alberta
‘Government‘ Telephones: The 52’ kilometer ntrance linh
'\>connect1ng the Calgary central office to a emote rad{o
vrelay 51te is still the highest b1t rate operatlonal flber
optic telephone link in North Amerlca [14]. L
T Second generatlon systems are now belng developed that
will surpass ex1st1ng long-haul transm1551on systéms in cost
effe¢t1veness,' _taklng advantage ~of | long wave- length
single-mode thitai fiber technology. A .ZOO .Mbit/s field
, ffial is -under way with:-the eventual goal.of dti%izing
-fa/ébit/s~transmissionfanleDM technology in order to- achieve
thfnll use of single{mdde fibers [15]. ‘ o
t;video.hpplicationsf |
The scarcity of radio bandwldth and ‘the high loss and
glltost-Of coaxial cables has’ hamperJd the growth of v1deo .
transmié%ion appiications. The iarge bandwidth and- low cost
*»of flber optics offers an ideal medium for videdk Some of

the principal fiber optic v1deo applications are outlined

below. ' -

" Broadcast Links

" ‘Broadcast applications typica: qvolve only 1 or'2 TV
channels and require extremely "i cuality periormance
- | “ _ c
because of the need for tandem Jeon - ion through many
. : I

/,
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facilities. Video loops' (VL) 'are;vused tp‘ carfy' netwbgk
television signals from studios to the felgvision operating
centers (TOC) and to Vthe: broadcast ttapémitter. -Viaeoi
meﬁéranee links (VEL)Aprbbide_connections via radio sites or
satellite eafth-stations to the cfoss—couﬁtry network, -
Fiber optics :molds vthg promise of ovérdoming the
prob;gms of high ‘clost, p&%r' stability vand exﬁensive

maintenaqce that characterize coaxial and shielded pair (16

PEVLfisystems for such applications. }An ;example is the

" optical fiber system installed in Lake Blacid for use during

the Winter Olympic Games of 1980.'VLs were installed between
the \brbadcgstf 'center . and the vice arena- (where the

ice-skating events and the championship- hockey games. were

' televised) and between the broadcast center and the stands.

where the'opening‘ceremoﬁies took ,pléce; ‘Becaus® of th%

short transmission distances involved, digital transmission, =

which requires cosfly video CODECs, was not wused. Rathér,
the video signals were transmitted using a éM/IM.(fréquéhcy‘
modulation/intensity_modulation) Scheme. It 1is n&teworfhy
that Vipeo " signals 'cafriedfvoﬁ - coax along a 3.2 km route

(between the broadcast center and the ice arena) required

manual equalization when the temperature changed; lightwave

channels along the same route were unaffected by temperature

[16].
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CATV 5
| | conventional commenity anteﬁna television  (CATV)
systems have architectures similar to a tree. At the origin'
of the system, known as the head end, TV signals are brought
in via radio or satelllte. From thlS p01nt multlpAe channel
TV signals are trensmitted to - remote 1ocat10ns in the
commpnitys oyef trunk edaxiél cables that are typically 5/8
to 1 inch 1in diimefer with solid aluminum outer sheatﬁs.
‘Amplifiefs' are periodically required on these cables,“st
1ntervals of 2000 ft or less. Signals branch off .from the
trunk cables at these ampllfler locatlons These‘branches
are known as feeder cables. They are typically 1/2 ﬂinch in |
diameter and aise haQe a solid aluminum oueer conductor.
Individual subscribers are 'in turn fed from thel feeder -
cables. by iines known as drop cables.fThe drop cable is
qsually a flexible coexial cable ‘Qith a braided aluminum
outer , eonductor such as the stan Q( Q-SQ cable.'Ub to 64
video channels can be transmitted gver a cable system such
as this usinéban VFB{FDM format. ' |
Fiber optics is already ~ﬁiﬂding ‘applications iﬁ“ the
- trunking poftion efhthe CATV netwbrk..The.driving factor for
its entry waslfhe fact that the lower trédsmiSsionAlosses in
'flbers permitted a greater area of coverage. The coverage of
'CATV systems 1s 11m1ted by the accumulatlon‘ of noise from.
the' cascaded ampllflers that drive the system. After
approximately 27 to 30 amplifiers, the <si§nal quality, is

rendered unsatisfactory for .viewing. Use of fibers permits
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the traditionaha 2000 ft repeater spacing to be extended to
over 12,000 ft. gther benefitslof using optical fibers for
the trunking portich are that the cables are smaller and
lighter; maintenance_costs are lower dueato the absence 'of
lightning pick-up  and lonthuainal sheath currents; there
are no‘problems nith EMI or ground loops- vand capital
investment and ‘operating costs are potentlally lower. Forv
these reasons more than 20 fiber optic CATV trunklng systems
have already been installed in the U.S. during the past sif’
years [17]),[18]. o R
. | Over the past year fiber optics has made a strong entry
into the subscrlber dlstrlbutlon portion of CATV systems
also. The advantage of using fbber in the subscrlber portlon
is that it\virtuallyneliminates the,three_ biggest 'problemsl
faced ‘by CATV operators . in  urban areas- damageﬁ”to
, 1ncrea51ngly expensive set top converters, theft of 'siénals
by tamperlng w1th cables, and degradatlon of 51gnal guality
Lbecause of electromagnetlc interference plcked up by coaxial
cables. Rather than 51mply replace drop cable,m1th fiber, a
new fiber distribution concept has emerged wh1ch{de11vers a
sinéle TV channel ‘at a time on switched basis upon’
Subscriber demand. An- example of such a system. is .the
"Mini-hub - systemf developed by Times Fiber Communications,
Inc., for_nse in"high—risel apartments [19] se of ‘the
mini-hub, actessihle only to the CATV company, means: that

5. :
the only part of the system under the customer's control is

‘a digital keypad, "-which costs about one-tenth,as much as’



present Set:tbp converters;.The small differehtial cost for
the qpticél link can be justified by the telimination of
;ignal'theftvaloge. | .

‘In the eighties fiber optics will penetraté' further
into CATV systems from both the trunk ena and the’ subscriber
distribution end. The increasing demand' for more 'channels
andk two;way> &nﬁefabﬁive services will setrve to.éccelérate

B

this trend.

A3

4Integrated Distribution

Integrated-aistribution of telephony, data, .and video
services to. a large riumber of homes in a "wired éity" is a
scenario of the future communications network. The economic
advantages of an' intggrated optical fiber system become
evident considering that_ an opfical gubscribeél iine- can
replacé, in the future,. all the indiviéu;l Subséribér line§ 

/

.currently used fo;, télephones, data; terminal equipmént}
Atelexl teletéxf, and cable tﬁleQision;fFiber opticé is
ideally suited to thﬁs %pplication. bgcause: it provideé a
lbecostAbroadband medium.
SerQices whichicquld be provided include:

%:Telephqny

'—CATV“
 ~Pay-TV

—Bidi;ectional videophbne .

-FM stereo R I

-Electronic mail
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—Electrcnic funds transfer
-Facsimile |
-Videotex

’-Telete#

-Alarms (fire, burglar, medical)

Fielﬁ' trials of ,fiber optic‘broad—band integrated systems
have been carried out‘ at various places throughout ~ the

world Yorkv1lle (1978) [12] and Eiie~(1981)‘[20] in Caﬁﬁaaﬂ

Berlin (1980) 1n West Germany [21] ngashl I1kama (1980) in
b _

Japan [22], Milton Keynes (1981) in _England; [23] and
: Biarritz (1982) in Trance»[24],525]. | '

In all the [field trials, - analog transm1551on }is

- ‘employed for video and broadcast FM while speech and data

-

signals are ‘transmitted digitally “using .time divr51on‘
mult1plex1ng (TDM). In the Japanese field tr1al a baSeband
v1deo signal, a voice signal and a data 51gnal are frequency

division multlplexed and converted 1nto 1nten51ty modulated

- si nals.
g an

In the French trial, each subscriber is able to receive. -
l- k3 k3 . . " N L. .. ' L ._ ' . i
bidirectional videophone  'service,  two 'simultaneous

<

4

‘telévision programs, selected by the yiewer out 6f ‘a
possible -fifteen; twelve hiéh quaiify .FMI sfe;36\:gadio
_programs,vand mlscellaneous narrowband data. Qidec-‘signals
are transmitted using a frequency modulatlonvfdrmat rather

than by baseband modulation as thlS offers better protectlbn

against system nonl1near1t1es.
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\
" In the centrally switched 1ntegrated serv1ce offered at;f
Elie, Manltoba, each subscrlber can. choose two out of a
'p0551b1e nine TV channels, seven FM radio chahnels, and a
‘numberf of new services suchibas Telidon—type videotex,
-teletex, data ‘channels,'”and security and'fire'alarm.-The
‘ modulatdon formatlof the yideo srgnalas is;again FM/IM.as in

Biarritz.

In the Milson Keynes . sys

telev151on 51gnaa//’are
.transmltted using pulse freque cy modulatlon (PFM) also
known as square wave‘ FM" A pulse freguency modulatedjﬁ
signal is ‘esSehtially 'al frequencytamodulated square wavew
carrier. The carrler frequency used is 25 MHz and the peak
frequency dev1atlon 1s 5 MHz allowlng a maxlmum 1nput signal
bandwldth of 10 MHz - more than 5uff1c1ent for the standard
6 MHz European v 51gnal | . |
| ‘The .advent of centrally swltched broadband dlstrlbutlon
will mean’ that TV can serve dlfferent sectors SE populatlon
-'in small groups 1nstdad of en ‘masse ThlS w1ll promote
better and more meanlngful programmlng There will be many o
new service-oriented 1ndustr1es arlslng from the w1red citi-
concept. Its 1ntroductron - will ' allown the " broadbahd
technology‘to be exploited to its fuliest. K .
‘ .

Computers
- BEMI, groundlloops, and lxghtnlng are ma]or problems for-
Fcomputer' systems. Flber optlcs ‘can ellmlnate these problems

whlle offering 1ncrEﬂsed data rates and dlstances Excellent
‘ _
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security and reduction in the space‘oécupie& by
ainframe installations also’ makes the use of’

fibefs'att}active.

& P v N

Other Applications

The insulating nature -of optical 'fibers !makes them

useful for telemetry and control of high voltage systems andaﬂp

fof qontrol lans;along tgaﬁ&@1551on llnes. Its resxstance,
to tapplng and immunity from EMI and EMP ‘has resqlted in
many mllltary applications ‘also. Itvnisi_also 'neplaC1ng

mechanical linkages and copper wires in aircrafts; weight

savings of as much as 90% can be achieved combared L to

o

conventional systems. _ D

o

€. Analog Videdb Transmission

Digital Versus Analog Transmission.
-In analog video transmissiOn, ‘noise and nonlinéar
distértion vaccumulates at' each - Tepeater until the szgnal

qual?ty:ié' rendered unsu1table for v1ew1ng.w51n digital

transmisSion, - on {theé¢:jfﬁ§9 hand,” no additionai‘noiée\is
1ntro€?ced at a repeat only the orlglnal quantlzat10n7

~noise due to the analog to digital conver51on exists. ThlS'

means that system performance is, vmrtually mndependent " of

v

length. Thus a digital format is preferred for long*haul

fiber optic video transmission. However,_ﬁne' advantages tof

ERa

.digital tranamission ‘are achieved .,at  the - exbense pf'

W
: -t

s
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‘bandwidth expansienf and. the requirement for complex and
- often \costly video CODECS. For these reasons, analog
modulation appears ueconomically attractive for local TV
distrihution. This is especlally the case with multi-channel
video transmission, where mult1plex1ng and demultiplexing
costs are 51gn1f1cantly lower for analog modulatlon.

‘ ‘The bit rate for e1ght bit pulse code modulation (PCM)
sampledrat the Nyqulst rate’is 68 Mbit/s for a video 51gnal
wlth/ 4.25 MHz bqndwldth 1t is reported, however, that to
nrevent nndesirablé\color effects ;hen reproducing iarge
uniform areas of saturated color, the sampllng frequency
should be locked to a muitiple' of the chroma subcarrier
frquency [26],[27). Consequently the sampling rate should
be ‘three times the frequency'of the color subcarrier. The
.b&ﬁ rate for eight bit PCM sampled at three times the cd&lor
- subcarrier is 85.6 Mbit/s for NTSC and 106 4 Mblt/s for PAL.
Digital transmission tends to concentrate on the bit rates
useu fc¢ relephony such as 34, 70, and 140 Mbit/s in Enrope
,anc 5 aadi 90 Mbit/s in North America. Hence a PCM :ideo
signal would he transmitted at a bit rate of 140 Mbit/s in
Europe and 90 Mbit/s in North America.

~ “While PCM has the adVantage of reguiring relatively
simple A/D and D/A converters, it has the disadvantage of
requ1r1ng a very high bit rate. It is generally de51rable to
aim at a‘ lower bit rate by reduc1ng the redundancy in the

transmitted signal. The easiest way to reduce the redundancy

in a digitally encoded TV signal'is to use differential

£
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pulse code modulation [28]-[30f.

- In DPCM, redundancy reduction is achieved \by encoding
only the défference between the éhrreht sample ampiitude and
a%pgedi&ted amplitude value estimated - from past samples; o
DPC&? is applicable 1if the signal, on the average, chahges
on1§ a little from sampie to sample. This is” true for the.
.luminance and chrominance signals but not for the composite
signal where the color subcarrier is preseht. .This: problem
lls overcome u51ng a form of DPCM called n- T predlctlon [28].

The bit rate for/flve-blt DPCM of this type is 53.5
Mbit/s for NTSC_and 66.5 Mbit/s for PAL. The latter fiéure‘
is attractive for Europeen syseems since it4‘ can . be
transmithed at the 70 Mbit/s standa:d..In Nerth_America,
however, furthef measures are needed to reech<the DS-3 (44.7
‘Mbit/s) rate.» The messures used are nearly always some
variefy of a more complex “coaing system called entrop§
coding [31). The use of such a scheme can £éauce mhe bit -
rate‘EB 20 percent below that of five-bit DPCM or to juse
below 45 Mbit/s_ﬁor'ah NTSC signal. DPCM.ahd-entropi eoding
both introduce quentizing errors that are‘signel dependent;
The quallty .assessment of‘.the reconstfucted lpicfhre is
necessarlly subjective since objective measurements of the“
impairments introduced by coding schemes do not yet exlst

Complex coding schemes relylng on reductlon of frame-to
frame redundancy, i.e{, ,1nterframe chlng, have been

developed- that reguire bit rates. as low as 10 Mbit/s or

lower [31). However, they have . been developea‘for;videé,

Ki
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telephony | applications such [//;i videOphone A and

teleconferencing,, Qhere ‘the ©picture shows the. head and

N
7

shoulders of a talking persoh who'does not move tqo huch or
-too fast. Such schemes_caﬁnot be used with a TV picture
since it frequengly changes cdmpletely from one moment to
the ﬁext. Acﬁieving.bif rates hlessr_than 45 . Mbit/s .with
broadcast TV signals will therefore requiré  rédundancy
feducfion within a'frame, i.e., ﬁntraframe coding. These
: sqﬁgmes_ are exfremely eipénsive and picture .QUalitf
assessmeﬁts‘have yet to be made. Af R :

Consider a ‘short-haul CATV érunk line thai is required.
to cérfy 20 or mgre Tﬁ signéls, I'f digital transmission at
the FT3C (90 Mbit/s) rate is used then 10 or moré fibers
will be required. It has been assumed that some form of
entropy coding Qas been used so that'twé TV signgl;‘can be

e mﬁltiplexed on each fiber. Each bf these :fibers' will also
‘reguire complex CODECs and mulﬁiplexeré»atlphe t:ansmit'ahd.
receive ends. It may be more economically attractive in this

&
situation to use analog transmission as this would eliminate

oy

the need for the costly CODECs, reduce thé number of fibers.
requjred, and reduce the,cost of multiplexing the signéls.‘

L Analog transmission data is al$o required in a variety
, ; .8, T

-of, demapding-. teleﬁetryf'"and" sensing systems  where

is not practicable due. to enviropmental, cost,

\ or  bandwidth fg uirements . [32]. ‘An _example 1is the
\& . transmission of| diagnostic data from a nuclear ‘test site.”
‘Some ., of the data signals require baﬁéwidthS'so high (from
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hundreds of megahertz to over a gigahertz) that the signals
.cannot be digitized eveny by the fastest GA/D converters
available unless complex parallel‘sampling technigues are

used.

Analog Modulation Formats

Three basic modnlation formats, all based on 'conposite
color TV s1gnals, have been examlned ‘in recent publlcatlons
~on single and multl—channel analog video transmission
[331-143]. “
: The two simplest schemes are baseband (BB) and
vestigial  sideband lVSB) modulation. Direct intensity
modulation with a composite baseband signal (BB/IM)ireouires
the least amount © ‘of 1bandwldth.f Howevero. baseband
transmission is suéceptible ro nonlinear distortion ‘and to
interference from a varietyv“of souroes; In addirion,'the
baseband scheme does'not allow for £hé multﬂpleking of more
than one video signal. |

Intensity modulation with a conventional ve;tiglal
sideband TV signal (VSB/IM) is a direct copy of the formats
used now for v distribution. bykadio .ang. by coaxial cable.
As a result it is very convenient'for CATV applications.
Although it requlres a slightly. larger bandwldth ir is also
more tolerant of nonlinearities than baaeband transm1551on
~and it allows for the freque division multiplexing of
.many channels. A dlsadvanta\ of ‘the VSB format is thar,u

because of the picture carrier, it has a lower SNR than does
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baseband modulation. In' fact, it can he shown [28] that

SNR (BB) = SNR (VSB) + 12 dB (1)
whichishows that a haseband signal utilizes a channel 12 dB
better than does a VSB 51gna1 -
The most attract1ve modulatlon format is frequency‘
dmodulation (FM/IM). Frequency modulatlon offers very hlgh
signal to noise ‘ratios 'and "the greatest tolerance of
nonlinear distortion, but. at, the expense of increased

’bandwldth The 1mprovement in SNR offered by FM depends on

the peak freqUency dev1at10n. It can be shown (44} that

3

1

-

" 'sNr (FM) = SNR (BB) + 20.6aB + 20log(aF/B)  (1.2)

where AF is'the’peak frequency deviation and B’is the video
bandwidth (4.2 MHz). Thus a peak frequency deviation of 4

e

MHz (8 MHz) will result in a 20 dB (26 dB) aqvantage in- SNR

over baseband, modulatlon 'J

Multichannel Video Transmission

“ In multlchannel video transmission u51ng VSB care must
be taken to design an optlmum frequency band allocation so
as to mlnlmlze the effect of 1ntermodulatlon dlstortlon
[45]. Mult1channel transmission by FM- FDM/IM, however, has -

been shown to be far less sensitive ‘to - intermodulation

distortion [42],[43] and has been realized in commercial

P



CATV systems [18].

-

In a Bell Northern 'Research experlment a 1.3 um LED
was used to transmit three video channels by FM- FDM/IM over .
a 9.5 km long opt1ca1 flber. It was reported that no
discernible _degrada:ion in the video quality was observed
even when the LED was modulated at 100%. and the second- and
third order‘ harmonic diétertion .was' =22 and -3 dB,
respecrively [42]). The three video channels werei ﬁodulated
by . carrier . frequencies of 30, 50, and 70 MHz, respective%y
‘and the peak frequency'deviation.was 8 MHz. It is wusually

L
.

more advantadeous to use laser diodes rather than LEDS in

-~ J

multichannel analog video transmission. This is because
laser diodes,vhane a much larger moduiation baridwidth and
.cduple at leaat an order of magnitﬁde ‘more light into an
optical fiber than LEDs. The latter point is particnlarly“
important for multichannel 'analeg transmission since the
number.of channels that can be transmltted is llmlted by the
~available: dptlcal power [30],[34]. ‘This is so 51nce, as. the
number of channels 1ncreases, the signal power per channelv
decgeases whlle the noise remains unchanged Hence the SNR
decreases, by 6 dB if the number of channels 1s doubled

A formula for the SNR at the .output of an avalanche
photodiode (APD) rece1ver has been derived for the case of N
standard NTSC TV signals transmitted by-VSB—FDM/IM [34]. The
;only noise sources considered are the qnantum_noise, the‘
dark current noise and'the thermal anise- in -the .optical

B Y

receiver. The expression for the signal to noise ratio is -of
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the form | .
SNR = a(R/N)i/(bBHC) ¢ (1.3)

.where N is the number of_lTV channels, P is the average
recelved optical,'power and. a, b, and c¢  are receiver
parameters (such as 1load 'resistance, APD dark current,
avalanche galn, etc ). The SNR is' inversely proportional to

the square  of the number of multlplexed channels and hence

&
-

sets a limit .to the number of channels "that can be
transmitted. | , .

For auﬁixed value of SﬁR, it can be seen from' equationf
(1.3) that the recelved optlcal power ‘must 1ncrease ‘as the
number of transmitted channels increases. By . assumlng
typical values fqr the recelver parameters and the use of a
laser diode with a 1 mWw light ontput, the-l maximum
repeaterlessl transmission distance can be calcnlated. Tnese
,calcnlaticns show - .that, for the minimum Departmenti of
‘Communfcatipn Standards ‘defined"in BroaécastVProcedpre:EB
for CATYmsystems,nmore thanﬁzo channels can be. delivered

over a distanceuof 8 km [34].

Linearity Consideratlbns

‘The~'fiber trunks in theféo or more fiber—optic CATV
systems operatlng in North Amerléa presently can transmit a
max imum dff only 5 or 6 video channels per fiber [17]). Thus

up to 10 fibers and their assqciated laser diodes and
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‘photodetectors are required io replace a -single coaxial
cable capable of transmlttlng up to 64 video channels. The
limit of 5-6 video channels per fiber is much less than that
imposed by SNR cons1derat10ns only. Rather, thls limit -is
due tq modal noise, modal dlstortxon, dlstoftlon due to
reflections, and the,(nonllnearlty of the laser diode (LD)
itself. Eliminating or minimizing these teffects will mean
that ﬁore video channels will ee transmitted over"ﬁture
fiber trunks.‘ ‘ ) |
Modal noise 1is the random'amplitude modulation of an
optical signal as it paeses “a boint of speckle-selective
loss. Modal -distortion arisee in analog systems because
eufrenﬁymodulation of a LD alsc modulates the emission
frequency. Thie effecﬁ .modulates the mode selective loss
resulting'in noniinear histortlon [46]. Both these problems
can be virtually,elimina:ed by the use of 51n9}e-mode'fiber
orﬂﬁhe-use of a less"coherent,'multi—mode laser diode [47].
When part of the LD light output is reflected bgek from
the fiber end face, coupring lenses, or connectors, the LD
output begins to fluctuate at f?equencies that are multiples
of the reciprocal round trip time. This degfeaes' thev
linearity of the LD [48];‘The use of an optical isolator
betweenlthe LD snd the fiber can reduce feedback io a
tolerable level [49]. |

t

The nonlinearity in the light-current characteristic of

L4

laser diodes is®a 1limiting factor in the number of video

channels that can be transmitted by analog multiplex



21

-

systems. During 'théf last decade, improved fabrication
tedhniqﬁes, | dévice structyres “and geémetries have had
success 1in 'ptodpcing laser diodes with linear light
_responses [50]-[54] Highly'lineaf’laser diodes were used tq
ach1eve intermodulation dlstortlon less than -65 4B in a
recent study on multlchannel TV transm1551on [35]. It was
feported, however, that of the many lasers 'tested on;y a
small number were found whigh exhibited sufficiently linear
light—current'characteristiCS to be useful for multi-channel
analog TV transmission. | |

As a result, many circuit techniques that compensaté

- for the intrinsic noniinearity of the light sources have

been investigated in the last several years [55]-[67]. These
techniques include the use of préemphasis, opto-electronic

feedback, phase—shift modulation; predistortioh, and various

‘,iforms of feedforward. Only =2, few of these linearization

techniques are feasible for use with laser diodess due to
such factors as cost, the difficulty of obtaining two well

matched LDs, or the sensitivity of the LD characteristic to

temperatu;é and aging.

The linearity of a laser diode and associated. driver

circuitry ~dis most _ea51ly determined by measurement of the
e

1ntermodulat10n dlstortlon. ThlS is easily done. by applying

a two-tone sighal to the LD drlver and measurlng the levels

_ of the 1ntermodulat10n products at the output of the optlcal

receiver on a spectrum analyzer. In general 1t_1s not

possible to characterize a nonlinear device using a two-tone
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tesr signal.»Rather, a test signal ‘possessing a spectrum.
cevering the entire bandwidth of interest should be used.
However, as will be discuésed in Section 2.6, a le;er diode
possesses a simple nonlinearity twithput. memery for
frequencies up to approximately 200 MHz. The nonlinearity of
such a dev1ce is frequency 1ndependent and a two- tone test
‘can indeed be used to characterize the nonl1near1ty over
thie range'nf‘frequenties The BP-23 standard sets -53 dB as
the allowable level of 1ntermodulat10n dlstortlon for a CATV
system.

In analog ' video transmission, the - effect - of
nonlinearities can alse be described in terms of the
"differential'garn" and "differential phase" of the ‘system.
The differential gain (DG);is defined asAthe variation in
amplitude of rhe 3.58 MHz color .§ubcarrier wpen the
amplitudé ef the lumrnance signal is varied from blanking.to
'refgrence white level. fhe"taifferentiaIQ phase (DP) is-
defined as the variation in phase of the color subcarrler as
" the level of the luminance 51gna1 is varied from blanking to
reference white. The effecr of differential‘ gain 1is a
dlstortlon in the color saturatlon of the picture whereas
‘differential phase results in a distortion in rhe hue of ‘the
colors, Harmonic'distertion can be derivedfdirec;ly from DG -
and DP values whereas only the worst values of DG and DP can
be found if the harmonlc distortion levels are' known [68]

‘Performance requ1rements for CATV trunks are 9% for DG and

¥ !
. i

. .20‘._ for D?o
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D! Th%sis Objectives

| The main objective of this tﬁesis is to demonstrate
.that‘ cqmpensaﬁion techniqﬁes, namely opté—éle;tronic
feédback and adaptive 'predistortiqn, can be employed to
lingarise'the'light-current characteristic of arlasér diode. .
over bandwidths sufficiehtly larde to make them useful for
vanafog .video - tr nshission. In addition, the ‘dynamic
"light;current characteristic of ‘the laser diode is to Se
found and used to characterize the disggrtion properties of

“the laser diode.

More explicitly, the goals are:

1. To tonstrucfya.highly linear laser diode‘driver.

2. “To ‘ determine' ﬁ%e-. dynamié ' light-current
characterlstlc of a LD, ‘ ‘

3. To determlne the dlstortlon characterlstlcs of the
LD by performlng a polynom1a1 spline 1nterpolatlon of
the LD dynamic characteristic.

v 4. To' linearise the Lﬁ transmitﬁer . using

opto-electronic feedback at video frequencies;

5. To demonstraté a'novel adaptivé'predistortion sqhéme\
to achleve linearisation over large bandw1dths
6. To usev'the 1nterpolat10n technlques developed to
predict theiefféct1veness of the adaptive predlstortlon‘

technigue.



E. Thesis Organization
~ The remaihing chapters of the thesis are organized; as
follows: |

Chapter 11 is a review  of semiconductor laserst The
Areas‘ of laSer‘modes, rate equations, LD ncnlihearity, and
LD modulation are brieleiexamined. | |

Chapter 1III is a review .otl the many compeneatiOﬁ
techniddesvthat have been studied over the' paet several
years with the aim of linearising light sources. |

Chapte;Lfb deals with the construction of a very linear
anaibg LD driver.

Chapter v deals Qith the resultiof an qﬁto—electrdnic
feedback experiment at video frequencies. Nyquist diagrams
are’ used to predict the stability" of the feedback-
amplifiers. | | |

In Chapter VI;.the 'static and. dyhamic_ light-current
characteristics of‘the'iaser diode are.found; ~

In ChapterA VIL, the,idynamic LD characteristic is
approx1mated by a polynomial-spline model, 'Thrs mddel’ﬁs
used to calculate the IM dlstortlon as a functlon of the hDjx;
bias current and the LD modulation current. These values are
then compared w1th the measured IM d15tort1on.

Chapter VIII describes a novel predlstortlon’technlquer
The effect of predistortion is to linearise Lthe transfer

characteristic of the %D/fransmitter.cver a la.ge-bandwidth.

\

By using the polynomlaliﬁ\ilne model the 1mpr9vements in IM

distortion are calculated& These are then compared w1th the

i
s
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actual improvements in distortion.
In Chapter Ixi ehe predietortion techniqUe of ~the
'prev1ous_ chapter is made adaptive. Through the use of a 1§w-

- frequen¢y feedback loop, chanée; in the slope of the LD

llght current characteristic are adaptively cdmpenéatéd for

| by the predlstortlod i c1rcu1try "In. addition, 'both
opto- electronlc feedback and adaptlve predlstortlon are used
'—together to #chleve very large reductlons in IM distortion.

" Chapter X presents an overall summary and dlscu551on of.

thevthe51s. - T '\?uia_

¢
%
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I1. SEMICONDUCTOR LASERS

From a humble beginning as a simple p-n fjunctionf"two

decades ago, . the semlconductor laser has evolved into a

varlety of sophlstlcated opto electronic, dev1ces adapted for

a. myrlad of exciting appllcatyoﬂs. The tremendous ‘amount of’
A ,
research carried out to- dateAhas led - a more thorowgh

understanding of gquantum electronics and has also resulted

' . 4 .
in advances in semiconductor technology. Semiconductor laser

technology now’ shows -signs of approaching maturity. While

QA

more research than ever is being done in this area; new

—

T—

papers deal more with 1mproved technological realizations

than with new fundamental 1n51ghts.

‘ ' lJ '-v 13
The area of semiconductor laser  devices'in optical

communlcatlon has been exten51vely dealt w1th in many books,

[69]-[74]. In this chapter a' necessarily‘brief review of
fundamental concepts in this area is p:esented.\

o

A. Hlstorlcal Notes

The concept of obta1n1ng stlmulated emission of photons

by recomblnatlon of carriers across a p-n junct1on ‘was flrst

‘'suggested by'Basov et al. 1[75] in_ 1961. A year, later, - -

coherent light  emission -from GaAs p-n junctions was

,demonstrated by several groups in the U.S. Only two years g

k =4

before th1s the flrst gas laser had been demonstrated and a
year previous to this the first laser of any type - a ruby
laser had. been constructed, Despite having its o:igin at

.

26
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aroundbthe'same time as other t%pes of lasers, semiconductor
lasers are onli‘igw/app;oaching métﬁrity after a relatively
long period of development.

For a given degree of 1nver51on, stlmulated emission in
semlconductors is more intense than other laser matgflals.

The early broad-contact p-n junctions, called

~ homostructures, required large currents and could 'not be

operated continuously at room temperature. These were
replaced in 1969 Dby heterostructures containing several

semlconductor layers of different comp051t10ns. This had the

;revolutlonary impact of transforming the semlconductor laser

from a laboratory device operating at cryogenic temperatures

into. a practical and efficient device capable of .operating

CW at room temperature. Another significant impetus to

sqmiconductqr laser technology °‘was the  advent of fiber

6§tics in. the 1970's and -the realization that .the

semlconductor laser could be used as a ‘high’ speed optical

source in fiber qptlc communlcatlon systems.

< -

Homostructure Laser °
The first laser structure that was fabricated was the
broad-contact ;%ser such as the one shown in Fig. 2.1(a). It
o :

consisted of a rectangular cﬁip of GaAs into which a planar

p-n'junction was diffused. Such 1asers are easy to fabricate

@nd are still used today for rapid evaluation of crystal

1
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quality. .

vThe passage of corrent “through‘:the ‘diodef causes
fminordti carrlers, particularly electrons,'to be iniected
‘across the p—n junction"intoida' regfon, approxinatelyw a
'ditfusion length th1ck where they comblne ‘with the majorlty.
carriersl=St1mulated em1551on starts to occur. in thlS region
; when- the current den51ty is ralsed to a- suff1c1ent level.
“The. cleaved end faces of the Chlp are partzally reflectlve
:.due to'Athe‘ high refractlve index of GaAs and they form a
dFabry Perot resonator. Thls resonator is exc1ted 1nto laser
»oSc111at1on,i approx1mately over._the thlckness. of the
~diffusion region, when the current'is‘raised’above~a certain
value known as "threshold"; - AS a'consequence of the high
rate of stimulated enissioanossible~ih-semitonductorsy the
.length of the‘Fabrnyerot:resonator may be made nnch smaller.ﬁ
than in other types -of lasers;<a length -between 200um ” and
1000um belng typlcal ‘. | R

The 1njected carrier den51ty needed to reach ‘threshold
for. laser actron “is’ about:10ﬂ'/cm A dlsadvantage of the
- broad-contact. laserh>is its  very ‘high threshold current
:density, lylng in the range 50-'100,"kA/cm2 .at room
températnre.,Thls translates 1nto a threshold- cdrrent of
'imore' than iO \A‘ for a- typ1ca1 broad?contact;laser. The
réduired. current den51ty is so high (a) because the’
.inversion reglon is not prec1sely defined but tails away in
the,direction\in which carriers dlffuse, angd (b) because the

stimulated  light isf}not‘“satisfactorily‘ confined to the



—_—
ol :
¢ 30
Xﬁgg |

' region.where inversion is created.

'ﬁeterostructure Lasers
.Bdth of .the' above shortcomings of the homojunétion
laser were overcome'by incbrporating into .the device, on,
each side of the GaAs inversion iayer, an additional layer
pohposed of a seﬁicdndpctor with a higher band-gap as shown
ia Fig. é.J(b). Such multilayer ;aser structures are called
heterosﬁructures. | ’
Tpese structpres provide means of'Qonfining~both the -

a

“injected carriers and light within the active layer. The
) WD . ) i
injected carriers are confined by the potential barriers .’

’

that exist at the higher band-gap interface and'the‘light is
confined by the waveguide formed by tﬂe higher refractive
J"index.df ﬁhe lower- band-gap ‘layer; The - invefse' relatfop
-between band-gap and Fefractive index is observed‘in most of
| the .I11/V mixed semiconductors. The specific advantages . of
| ehe heterostructure afe (a3 that an‘pptical waveguide is

; . CL -t
created, (b) that the active region is made very thin, and

(92

(c) that the earrier'cohcent:atien is ‘much more,uniform: The -

developﬁent of heterostructure.'lasers led to very large

,'reductiqne in' the _thfesheld current densities at room
temperature; a value as low as | kA/cm?® is now common.

Various, heterostructure geometr1es have been developed

for optlmlzlng dlfferent aspects of laser .performance. By

’varylng the number and dlmen51ons of the dlfferent layers 1t

is p0551ble to obtaln for example, either hlgh peak power,

\\
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" low threshold current, reduced divergence of the —optical

output, or better mode stability.

Double Heterostructure Stripe Lasers

| of all fhe heterostructure geometries, the one best
suited for optical communication is the double
heterostructure stripe laser. In. stripe laéers the injected
carriers and li%ht are confined ﬁot onlj' in the direction
- perpendicular to the; Ajunction' (in the 'transverse'
direction) but also in the plane of the Jjunction (in. the
"laﬁeral“\ direction). This is done by confining the current
to a narrow.stripe alighedtalong thg axislof: the laser. A
simple oxide .insuIating stripe laser 1is shown in Fig;

2.1(c). A narrow stripe opening is etched into an insulating

silicon dioxide layer so that the metal contact is

restricted to this area. Therefore lateral confinement of.

“the light and injected carriers is obtained.
A stripe geometry laser is advantageous for the
following reasons:

<

1) By making the stripe width less than the fiber core

diameter, good coupling of the fadiatioh into optical fibers
S " oo

can be obtained. . >
2) Threshold current is decreased due to the smaller
volume of the active fegion. \ |

©3) The number of - permitted lateral modes can be

W

controlled. | , -

—
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4) Single filament operation and stable: fundamental
lateral mode emission can be obtained by making the étripe
widths less than 15 um. | |

5) Elimination of most of the junction perimeter from
the surface results. in a decreased degradation ratef‘

6) The thermal :esistancé?-of the -diode is réducea
because the active fegion‘ié embedded in a lérger‘ inactivq
semiconductor medium.

7) A smaller'activé diode area makes it easier to
, obtain a reasonably defect-free area.
A diSadvantage of the séripe geometryvlaser is that its
. pbwer output 1is less than that of broad—contact:lasems
because of the'smaller volume of the active region. Still,

power output of approximately 10 mW can be obtained;

The past fewryears have segn thézdevélopment of a la{ge
number of “stripe geometry.strﬁcﬁufes. A few of these are the
mesa stripe, the buried heterostructure stripe, . the
hétero—isolation . stripe, the gtriped substfate} and the
zn-diffused pianar _stripe lasers. ALl of these: have
thréshbld‘currents of less than approximately 100 hA and can
bé'operated CW at room temperature. The'purposé of * many of
these ‘special fabrication; pfocessgs is to improve the

linearity of the light-current characteristics.

v
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C. Threshold Gain and Current Density

" Let "g" represent the optical gain per cm provided by
stimulated emission in the inverted ~region of the
semlconductor.' The photon flux per unit area, F, then grows

exponentlally as the optical wavefront travels ax1ally along

N

F(z) = fg exp(gz) | | C(2.1)

the laser:

l

where z is in the direction of propagation.
The gain depends on the degree bdf popuiation 'rnbersion
in the'active region, wnich in turn depends on the value of
~the 1njected current density, J{ In general' there is no
simple relat;on between gain and injected current density.
However, 'in the lightly doped material uséd "in double.
hetetostructure lasers it is observed that there  is a
\superllnear dependence of gain on current at. very low values
of current den51ty and a 'sublinear debendence at very hlgh\,
ualues of current den51ty. For current den51t1es between
‘these ’extremes .the gain is found to vary linearly_with;the
current density. Over a con51denable range of gain (from 20

to 500 cm -+ )this relatlonshlp is of the form

‘g = A(J - o) S (2.2)

-

_where the current intercept Jo and the gradient A depend on

temperature. Jo is the current densftY’éat which the  gain
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becomes positive and varies approkimétely with temperature
as T*/%*.," The gradient A is of the order of 0.045 cm/A at
room tehperature and varies with temperature approximateiy

A
as T-'.°

;;\_Ebi gain increases -with increasing current density
until a point is reached when';t'ié sufficient to cancel out.
the.optical loss due to such é}ocesseS' as scattering,
diffraction, and free-carrier absorption. At .this‘pointi
laser QScillatiqn begins. Let q_denotg the optical loss per
cm. Then the condition that the round-trip optical gain due
‘to stimulated‘emission be egual Eo‘the fractional 1loss of
energy is expressed by the equation

exp(2gL) = (i/r{rz)exp(zaﬁ) o : (2.3)

=

where _L"is the ax%al léngth of the laser’ca&ity and_@,_and
r, are the reflectivities of the end mirrors.
The threshold gain g, is‘therefote given by
g = a + (1/2L)1n(1/r,r;) - ©(2.4)

The ~reflectivity for normal incidence of a plane wave Qn‘ax
dielectric-air interface is given'by
r, = r; = (n-1)/(n+1)

—where n; the refractive -index-of GaAs, is eqgual to 3.5. For

\

N

-

(2.5)
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a lasér of length L = 300um, fo; example,'thé loss due to
thé reflectivities oﬁ\fhe mirrors is'approximately 20cm~ ',
In addition, the absorption loss in . GaAs has ‘a value~ of
about 10cm-'. Therefore the threshold gain in‘this example
is épproximately §Ocm“.' | | .

The threshold gain g, usually lies in the region where
‘the gain-current relationship is linear (i.e., bekween 20

and 500 cm-). Hence the threshold current density J. can be

obtained from equations (2.2) and (2.4):

3. = Jo + (1/m)la + (1/20)1n(1/ryr;2)] (2.6)
The threshold current J, 1is strongly dépendeht on
temperature because - of the temperature dependeﬁce-bf the
gain-current relationship. It is found empirically that the
threshold ' current density of .many laser diodes increases

e

exponentially with temperature

I, = J.o exp(T/To)y S (2.7)
: i\ .
where the value of To and the range of wvalidity of ‘the’
equation varies. The temperature coefficient of the
] - m\\ .
threshold current density can be found by differenffﬁting

equation (2.7) with respect to temperature: : . ‘ T

(1/aT) (43, /3,) = To™" (2.8)

—
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The value of T, has been observed to lie in the range from
40° to 200° K. The temperature coefficient of the threshold

current thus lies between 0.5%/°K and 2.5%/°K
D. Laser modes

ALdngitudinal Modes | , - ’l \
Below threshdld a semiconductor laser has a broad
spontaneous emission spectrum w1th a width of 30 40 nm. This
is because the recombinations occur between holes and
“electrons having a spread of energies. Above threshold;
howeverln'the spectral width becomes less than .3 nm. This is
due to the discrimination -exerted by the:‘gain spectrum
(width about 40 nm). The ga1n spectrum exh1b1ts a sharp peak
so that only for wavelengths in a narrow spectral region
(w1dth about 3 nm) will the optlcal galn be large enough for
la51ng to occur. In addltlon, only dlscrete wavelengths,’in
' the region WIll satisfy the condition for laser osc1llat10n.

This condltlon is that an  integral number of

Lhalf wavelengths must fit in the laser cavity:

(\/2n)g = L . | (2.9)
where g is an integer. For A = 0.854m, n = 3.5, and L =
300um, g has a value of approximately 2470 When q changee
by 1, another wavelength at which laser oscillation can

occur is found by using .eguation (2.9). The spacing between
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two édjacent permitted wavelengths is found by

differentiating equation (2.9)

dg = (2L/7) [(an/d)\) - (n/A)] dx - (2.10)

The spacing ‘between adjacent modes, @\, is found by taking

dg = 1 in equation (2.10):

dN = -=22/[2L(n - X dn/di)] ' (2.11)

-

For the same values as in the previous example;‘ the,]mode
spacing is found to be 0.34 nm. Therefore a laser oscillator

having a cavity length L much larger than the emission

wavelength operates in a large number of propagating modes,

‘each‘having a slightly. diffefeﬁt wavelength. These are
called the Jongitudinal médes of the laser. - -

Since the spectral width of the régioh where,laéing can
_oécur is about 3 nm and the mode spacing is betweén 0.2 and
0.3 nm, a  typi§al multi—longitudin;l mode semicohductor
laser will emit-a central line surrounded by up to a dézen
other qpéctrél lineé..Fo: long distance coﬁmunication_ at
}Very high bit rates a semiconductor laser wi£h a single mode
emission spectra is desired to minimize'pulse spreading dug
to material dispersion in the fiber. - '

Sevzral techniques for obtaining sinéie longitudinal

mode lasers have. been devised [76]. In the simplest of these

the cavity length is reduced to 50um, about one sixth the
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usual length. From éngtion (2.11) it can be séen thatb‘;he
effect of this ié to increase the mode spacing to aboutlz-
nm. Since the spectral width of the gain spectrum is roughly
of the same magnitude, the result .is that the ;aserv
oscillates in a single longitudinal mode. The spectral width
of a mode i§ detefmined by the Q value of the resonator. It
can befshown fhaf the linewidth is,inQérsely prOpdrtiohai,tb'
the power output in the moae and is less than §r1 nm for a°
typical singlemode laser of this tybe;

ﬁuch smaller linewidths can' be obtained from other
ﬁypes of single m?de lasérs. Coupled?caVity lasers have two,
laser cavities; laser oscillétiop' occurs at only tﬁat
wavelength which can resonate in both cavitiés; 1> injection ‘
7ocked lasers, a multimode laser is forced to oscilléte_in a
single longitudinél mode by using a single wavelength sourée
'as an externdl driver. In the fPéQUEncy éelectivé'feedback‘
aéproach{ eXcéédihgly‘>small linewidths are obtaihed by;
incorporéting ~a diffraction grating somewhere in the light-
path. Examples of iasers using this technique are the
distributed ' feedback ‘ laser and the‘ distfibufédA Bragg:

reflector laser.

Lateral and Transve?se?Modes

A three dimensional rectangulaf optical resonator c;n,"
in ;enéral, support'a large nﬁmbe; of resonant mddeé. These
modes can be indexed in terms of the humbg{ of complete\half

wave periods existing in the three spatial directions. The -

PO
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number of half wa;e periods in a ,dieiectric waveguide
resonator is non-integral and hence the- index .is
Jconventidnally taken as the nearest integer below theﬁactual
value. Thus each mode can be 1ndexed by a tbree—index code
of the form mnq where g applles in the axial direction, m
applies in the lateral direction V(perpendicular ‘to the
junctlon plane;\\\and n appiieé‘to the transverse direction. .
(pérpendlcular to "the other two d1rect10ns)

: The longltud1nal mode number q is large (about 2470) as
mentloned earller but m and n may have values from zero
/upwards.' A 'mode -for whlch m is equal to zero is called a
_Fundamental lateral mode;- 51m11ar1y, a mode for whlch n 'is;
equal to. zero is called a fundamental tr'ansver'se ‘mode.

The far—f1eld radlatlon pattern of a fundamental
lateral mode _consists of .a “single lobe in the direction
"perpendlcular to the junctlon. "Higher order lateral‘imodes
_result in a far-field pattern with multlple lobes whlch are
undesirable for fiber coupllng. Therefore it }s de51red that
only the fundamental' lateral ‘mode is -excited. This is
normally done by restrlctlnq the uthickness4‘of the 'laSer
junctlon to }a size where nly one half perlod of the wave
can be accomodated This thlckness, lies in the' range
.0, 5-2um, dependlng on the propertles of the heterostructure
wavegu1de. ¢

In the Htransﬁerse direction, 'the sides of the.laser
diode are. normally nonreflect1ve wh1ch favors ‘the exqitation

. of the fundamental transverse mode only However, tbere is

7
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usually eeme weak form of optical confinement at the sides;
hence, in p;aetice, lasers wider than 20-30um exhibit low
ofder. transverse modes(n>0) with thresholds not much higher
than that of fhe fundamental mode (n = 0). Thus, while
fundamental lateral mode <Upé§3{}6h may Dbe qbtained near-
threshold, higher order modes may be generated with
increasing current. ~These higher order treneve:se modes
exhibit multi-lobed far—field patternsl in the direction
parallel to tﬁe junction, |

.The higher order trahsyerse modes are undesirable not
. only Because they make‘céupling ihto.fibers difficult but
also because ° mode eombetition effects 'with éncreésigg
curfenf results - in nonlinearity 1in the light-current
characterlstlc. Single transverse mode laser 'operetien can
be obtained bv making the difference between the propagatlon
losses of the fundamental and higher order modes as large as
possible. A simple way to do this is to restrict the stripe
width to very small'values’ef 1-2um, although this is at the
expense of a ,iower power output from ihe device. Another
approach is' to  incorporate regione in the' device that
produce a greater abéorption loss fo; higher ordef
transverse modes than for the fundamental one. Schemes
- involving bﬁried channels [77],‘constricted aetive region
thickness [78], and angled contacts [79]vhave'been' proposed

for this purpose.
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E. Nonlinearity of the Light-Current Characteristic

Many papers have dealt with the nonlinearity of the
llght/current characteristics of stripe-‘ lasers and
technlques to improve the linearity [50] [541], [80] [82]. It
has generally  been  found ~ that  the " llght/current
characteristics of stripe lasers beyond threshold are
nonlinear. The nonlinearity isvgreatest‘for‘stripe widths
between 10 and 20um. A variety - of light/current
:nonlineafitieé are found in this tenge. In most cases, some
form of a "kink" appears at*an output level of between 2 and
10 mW. This. consists of a *point of; 1nflectlon in the_
Tight/current curve where' the output may. temporar;ly level -
off or ‘even fall. Kinks ate cahsed by mode eompetition
effects, the"formatioh ‘of lasing filaments dqe to
self-focusing, . and shifts -in the filament away from the¥-
center of thelsttipe. S \ ‘ . |
Mode Competition Effects

n an ideal laser, the injected carrier concentration /

'is clamped at its threshold value for laser diode currents :
larger thahvthe threshold current. 'Qonsequently;' all the
,current that exceeds the threshold level produces stimuiafeo
emission. The external quantum efficiency 7, which is the
ratio of the increase in emitted photons to the 1ncrease 1n
injected electrons, is thus constant above the threshold and
g

the light/current curve exhibits a constant slope in this

region.
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vved, however, that the excitation of . a

higher‘.order :nsversé mode with increasing laserldiodé‘
current can be ac¢ompaﬁieé by aﬁ inflettion point .on théw
light/current characteristic. In the neigﬁbourhood of "the
inflection point, the sloﬁe is observed to first decreése
and then. increase again. The cause Of the decrease in.slope
is the gradual saturatlon in the emlss1on of the fundamental
mode in a current range still below the‘threshold‘ofvthe
higher order mode. As the highervorder méde."tufnél on" . and
becomes dbminant,‘ the slope increases once again.
'Accompanying the mode cﬁange is an increase in noise in “the
optical oﬁféut; spcp noise enhancement is observed whenever

Y
threshold is reached by any mode. No e

Self- focu51ng Phenomena

A dlfferent type of nonllneaflty, where the slope first
1ncreases .and then decreases, is caused by self focu51ng of'
the laser beam. Self focu51ng is ‘a phenomena ,in which the
 lasing beam interacts wlth the medium through which it
propagatpﬁ~1n such a way as -to‘Aprovide' its. own optical
wavegulde.‘Thls procé%@ results in the formatlon of a lasing
filament 'contalned in: = the self‘ —1nduced dlelectrlc

waveguide. As the cur*ent 1s increased, the optical guiding

becomes stronger ¢ & tzhe fllament contracts in width. The
effect of this sc:i iocusinr menon on the light-current
curve 1s to 1ncrease the slc, the ~ current range over

which the focu51ng 15 flrst Lnltlated followed by a region
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‘of © decreased slope where the filament nagrows and the

spontaneous output increases.

Sh1£ts in the Lasxng Filament ‘

Yet another type of nonl1near1ty results i f the lasing
~filament is dlsplaced from the center of the strlpe. Such
dlsplaceFents can occur iif the gain profile becomes
asymmetrbc about the center of the laser diode. Such a Shlft‘
is accompanled by ‘a saturatlon‘ or even a dip, in the‘
light-current characteristic because of the deterioration in
the coupling between the iasing filament and the injected

.carriers.

W1de strxpe Lasers

Thebnonllnearlty of the llght/current characterlstlc is
'strongly dependent on the w1dth of the strlpe As the 4w1dth‘
of the laser is increased beyond 25-35 um the kinks
straighten‘cut and eventually disappear. This is because’
many transverse modes are*excited‘thus producing a smooth
transition from one mode to the next.  However, the
multi- lobed far-field pattern of'sucn a wide-stripe laser
makes it unsu1table f-r fg gr optic communication.

Stripe lasers with'stripe widths between 10 and 20 um

are especially likely to have kinks in their light-current
characteristic. This is probably because over this range of
widths the lasing mode switches from being gain-guided to

being self¥focused and small changes in parameters-can”have
. > . .
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a lafge efféct on the laser behaviort ,

Narrow—sfripe Lasers

1t has been observed, however, that réducing-the s;ripé
Qidthlto 8um or less prevents the appearance of kinks err ’
the normal operating range of current [83]. The powgr lével
at which the first kink occurs increases .rapidly as tﬁe

stripe is narrowed, from around 2 mW at 10um width to over

100 mW.at 2um wiééﬁ. W

Gain Saturation ‘

Laser diodes ‘with a \ kink-free . ligh;/current
characteristic and qperating‘only in the fundamental lateral
and transveyse moaes are now commonly available. Although
the characteristics are kink-free, fhié does hot mean‘that
they are completely free of nonlinearities. In, fact, some
degree of saturation in the powef butput is aiﬁéys séen atv
higher current levels. Since‘ the optical intensity is
greatest at ;he énds of the laéer, the stimulated-emisS{bn
is also gfeatest at ‘theée points, and the higher
‘recombination réte ' réddces the injected carrier
concenttatioh’ana the optical éaih,,Saturatipn sets. in and
eventually, at sufficiehtly high powers, the saturati&t;y///
becomes complete and the gain adjusts itself so that the
stimulatea emissioﬁ rate is everywhere'equal to the carrier
injection‘réﬁeQ Light is éenerated»uniformly throughout ﬁhe‘

the bulk of the laser rather than more strongly near the.end
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|
“faces as is the case just above the threshold.

This results in a lowering of. the dlfferentlal quantum
efficiency since the light, on. the average, suffers opticai
abgorptioﬁ over a greater lengﬁh before-it exits frbm 'fhe
end faces. As a result, the l1ght/current characterlstlc of
even a relat1vely linear laser diode will have some degree
of subllnearlty 1n the high radiance region.

The mechan1sms contributing to harmonlc ’distortion- in
~ LEDs have been investigated theoret;carly in aetail [83].
Such is not the ease with semicpnduc;or iasers. However, the
distortion ropertiee of laser aiodes have been‘predicted'to
a certaid/éigree through the numerical %olution of ther‘fate
equations ~ [84]-[86]. In these techﬁiques,,_time-varying
quahtities in the rate equafionsA are rebieéed By their
Fourier series representation resulﬁing in e infinite set of
eimultaneous differential eqUatiohs; These equations are

then solvedsing iterative methods.

Harmonic D1stort1on Resulting from Junction Heat1ng
Modulation at low frequenc1es can result in thermally
induced nonlinearitles. Assuming no other nonllnearlty
céusihé’ medhanisms'.in' the laser diode, the relationehip
“between the outputhpower P and the‘ drive EUrrentA I above

threshold is given by

P = (nphv/e) (1-1,) o (2.12)
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vwheré hv is the photpn”energy, e,§;:§%8 electron charge, 7
is the external differential quantum efficiency, and T, the
fhreshdid current. Althdugh the ower-current relatiénship
sééms perfectly linear, nonlinéarities result when~junctionf
‘heatihgvcauses the valgeio{ I, £§ become time dépendent.‘The
threshold‘?zrrent as a.fungtiop of tﬁe‘temperatufe change AT

[ - ~

is given by

I, = I,0 exp(AT/To) (2.13)

A

for some'constant To. The température rise AT above thé'héat

i

.5ink . temperature . is given by

AT = K(VI + RI®}) . | (2.14)
where K 1is the thermal resistance, V  is the junction
voltage, and R is‘the’Seriés resistance of the diode.

The pd@er—curreht reiationship-is thus given by
P = (nhv) [ I-1,0exp[RK(VI+RI*)/To]l 1 . = (2.15) -

"For . a sinusoidal drive current equation (2.15) can be
expanded in a Fourier series to give the harmonic components
in the power output. The amount of distortion present -

depends on 'the frequency of the driving current. A ﬁajor

‘ fql; is played by the thermal time constant 7



r o= KC AR (2.16)
x " s

where C is the heat capacity which can be estimated from the
volume of the act1Ve reglon and the spec1f1c heat capac1ty
Cof the materlal Typ1cal diodes have thermal t1me constants
~of about a m1crosecond The characterlstlc freque cy of the
effects of -junction heating is given by . ‘ |

fo = (217 | L (2a7)
s |
’This frequency 1is on the order of a megahertz. For.
modulation frequencies below f,, the period of the driving
1current.signal equals or exceeds the thermal time constant
and there 1is significant temperature fluctuation of the
actlve reglon. For moduiation‘ freduencies above .fo,‘.the
temperature fluctuatlons ,arei insignificant and so is the
nonlrnearity due to junction heating.

t

_F. Modulation ﬁehavior
o Semiconductor lasers reépbnd muchv more rapidly -to
'changes' in the bpump power than do other types of lasere.
‘Their light.outpnt can be moaulated direetlytand efficiently
by varying the diode current to produce pulses at bit rates

JoffvSeveral Gbits/sec, making them very ' Snitable for
application to communlcatlon systems. Thia is a consequence

of the short. time constant -assoc1ated with the carrier

injection and also of the high excitation rate whlch allows
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a small optical .cavity to be used. However)/ current
'quulation is a complicated process which involves both the

carrier and photon population.'

fGeneral Rate equat1ons . : .

The follow1ng system of nonllnear coupled dlfferentlal
equations describes the interaction between the den51ty of

" stimulated photons N, and the injected election density N

daN,/dt = g(Nz-N05N1 - (N /73) ' - (2.18)

aN,/dt = (3/ed) - (Ny/13) = g(N;=No)N, (2.19)
wherev. | T '

7, = photon lifetimé E

T2 ='sp§ntane§us carrier lifetime

a = width of recombinatién region ) |

J = curreht‘denSity |

e = electron char§e 

g = slope Lf gain-current relation

N, = intercept of gain-current relation

These eguations are appropriate for laser d° des under *Ehe_‘
'followlng simplifying assumptiéns: (1) the laser is
operating in a Slngle mode above. threshold, - (2) the lasing
cavity has a homogeneous populatlon 1nver51on, and (3) the

optical géin G is 11nearly related to the injected carrler'

vaensity by G = g(N3;-No).
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Small Signal Modulation

The small-signal modulation of "laser diodes can be

analysed by making the substitutions

N, (t) = Ny + n,(t)
N,(t) = N + n;(t) | (2.20)
J(t) = 3+ 3t
| o ™
in (2.18) and (2. 19) The quantities N, N, and J now
repre§ent the average values of the photon density, carrier
"den51ty,' and current Hden51ty,' respectlvely “Also, n,(t),

n,(t), and j(t)‘represent the small signal variations in

these three quantitieé. ‘Equations (2.18) and (2.19) then

become ' o : ¢ .
dn1/dt = gN1ﬁz' o . ’ (2-21)
dn,/dt = =-n (7, '+gN,) - Q(N}-Nd).+ j(t)/ed (2.22)

?

-

wvhere terms such as n,(t)n,(t) have been set to zero because
of the small-signal assumption.

l‘

:Relaxat1on Oscxllatzons
Equatlons (2.21) and (2. 22) are a system of [Iinear
coupledAequatlons and hence can bé repiaced by the‘following

pair of second order, uncoupled, equations

B (E) 4 ymyZ(t) +einy (8] = (/ed)gNi(t)  (2.23)
(.

-
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R/ () * yna/(t) + witna(t) = (1/ed)j(t) (2.24)
where
wy? = (ry73)7" (grNo+1) [(Q/J.)-1]
§ = 7,7 + T,wp?

J. = (edN;/7;)

‘Solutions for - ny(t) and n (t) are of the - form
exp(-y/2 %= jwolt. The term exp(-y/2)t 1is a damping term
while the term exp(#jwot) represents an oscillation behavior

~at the natural resonant frequency wo, where

wo? = wy? - (v2/4) |
= (r472)"" [(3/3)=1] : - (2.25).
The épproximations N, >> Ny and rzb>>'ré:hé§e been4 madé/ in
the derivation of equation (2.25). |
This natural resonance of the electron and photon
populations is  responsible for the phenoménon ‘known as
relaxat ion osciflatibns: When a step functionrof current is
‘applied which takes the current beyond threshold there is a
del y'ihvthe optical response, and the injected carrier
cdéientrétion rises to a level beyond it; equilibrium level.
_The photon concentration then increases gxponehtially wifﬁ
;_)Jtime to a value'lhigher than its equilibrium value. The
resﬁlting high optical fields deplete the carrier
concentration and in- turn the photon qoncentratién below

their steady state values,- allowing the carrier
. _ o
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concentration-to build up again. This procéss then repeats
itself giving rise to exponentially decaying oscillations in
the cérrier and photon concentration variations. . The
frequency of oscil;ations are given by wo and the carrier
concentration variation is. advanced in phase by
approximately, a quarter cycie. compared with the photon
density. Up to 15 ns can elapse before a steady state /ds
reached. : /

Frequency Response

_ o :
The natural ~gii . electron and photon

pypulations ralso. af ‘"sihus&laal- modulation,

distortion,, and noise characteristics of the laser. The
frequency characteristics of the laser diode can be found by
_using equations © (2.23) and (2.24). A harmonic time

dependence of the drive current is assumed
j(t) = joexpljwt) - (2.26)

where the“nofation is as in equation '(2.20).
Fr%quency;finfofmation can be conveniently described by
the diode tfansfer anction H(w),zdefinéd as the ratfa of
:the small-signal photon .density n, ﬁé the émall—sighal
| currénf drivé’j at an angulaé freduency Q.vSolving equations

(2.23) and (2.24) for n,, the transfer function is obtained

H(w) = TZN,/[72N1-T172’w’+jw7415(N,+T)] o (2.27)

.
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Fig. 2.2 shows the amplitude response |H(f)|? when 7, = 1ps‘
: and 7, = 2ns. The frequency response has been normaiisea by
tahing the average photon density, N, tlb be equal to 1.

It can be seen that the response‘of.the laser diode to
sinusoidal modulation of the current varies little with
frequency over most of the fre@uency range up to resonance,
but experlences an enhancement at the resonance frequency
itself by a factor of more than 10. The response rapidly
dininishes above the resonance ‘frequenci. Photon;quanfum
noise,lelectron%shot noise, and harmonic. distortion are
similarly enhanced in the resonance band. |
7hen_a laser ‘diode is sinusoidally. modulated,' it has
been observed [84] that the harmonic .distortion' is
1ndepemdent of frequency for modulation freQuenc1es between
several MHz and approx1mately 200 MHz, For modulation
frequenc1es hlgher than this, the hlgher order harmonlcs of

the modulation 51gnal approach the resonance band and-an

enhancement in the harmonic distortion is observed. 6$t‘ for‘; ,

frequencies between a few MHz and about 200 MHz the laser
gy N . ) . )
diode exhibits a- nonlinearity without memory (i.e., the.

o
LA

Qistortion characteristics are freguency independent). h{;m
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Figufe 212 "Typicél frequency response of}laser diode.
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I11. REVIEW OF NON-LINEARITY COMPENSATION TECHNIQUES

Due to the stringent lineafity specifications imposed
. . . ? :

on repeatered video transmission 11nes, much'mresearch has:

been done .over the last decade on the problem of 1mprov1ng

the linearlty " of opt1ca1 sources. myﬁf

investigation have been pursued. First, impfoved fabrication -
technlques, device structures and\geometrles have had .some
success *[501- [54] n7 pﬁoduc1ng 1lght sources with a more

linear response. Secondly, c1rcu1t technlques have been used -

"~ to 'compensate for the 1nherent non-linedrity of the llght

sources. ’ l
Compensation technlques that have been investigated

include preempha51s, opto electronzc feedback, phase shift

modulatlon,~ predlstogtlon, quasi-feedforward, and optical

l

vk

’feedforward [55)-1671

’,«,\‘Jw
N

o ' .

A. Preemphasis

A siﬁﬁle 11near151ng technique for' “laser diode .

transmitters was demonstrated by K. Asata51 in 1980 [55]

"ft_ L2

This technlque compensates for the nonlinearity caused by

active .layer heatlng at frequenc1es less than a few tens ofl

kilohertz.. The.15.75 KHz hor1;ontal sync frequency in, a TV

; signal falls in this frequency range and hence contributes

‘to the nonlinearity.

. Co . 3
The compensation technigue consists of preemphasi;i%g

the laser diode drive current using a preémphasis circuit

ceE
-

[US

avenues . of -

ez



| | A 55
\\ : L / : R :
inserted between the signal source aqg diode driver. A
deemphasis circuit ‘placed after the ‘optical receiver

restores the preempha51sed signal to its or1g1na1 form.
The preemphasis characteristic adopted is shown in Fig.

3.1, Frequencies lower than 100 KHz are attenuated 9 dB

relative to freguencies above 1 MHz.' This preemphasis -

reduces the magnitude of the )15 75 KHz horizontal sync

>

frequency to one third of 1ts orig1nal ‘magnitude. A 9 4B

' reduction in the'harmonlc distortion is reported.
An advantage‘of thisv scheme is its simplicity; the
preempha51s and deemphas1s circbitsi are built using\only

-xes1stors“and capac1tors. A dlsadvantage is that 1t is only

a ) ~ , -ﬁ

"effectgvelvin ‘the transmlss1on of baseband siznals; little
distortion improvements would ‘He obtained with wideband

“signals.
o "
.;;2‘.‘:, -

B. Op;o electron1c Feedback o O 54‘ -

' The opto electronlc feedback method 1nvolves the use of

' a monltorzng photodlode and a feedback network to provide

-

negatlve electrlcal ~feedback tc the drlve c1rcu1try The ;ﬁ;

\5.6'

o
ﬂoggghe 51gna1 changes from, electrlcal to optical andx»}

,¢E5 electr1ca1 as it travels around the feedback’
X 'f"ehce ﬁhe name,'opto—electronlc feedback Sampllngh f

K}

“the optﬁé%l outgut can be done using a tee coupler 1n the

!"

output flber or,vas 1s more usual, a photodlode packaged

..along w1th the éburce can.be used to monltor the output’ of

“‘the - rear facet ’4”

-
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Application of this technique to wideband transmission
is -~ difficult because ~of the high gain - bandwidth
requirements and the -small phase -uifts required ' for
stapility. Itrl s also been pointed Mt thet improvements in
third order distortion may be  poor, «.,ecially for video
signals, since these contain complex cross-modulation terms
as well as third harmonic components [87]. | - P

It has been reported that up to 20 dB ‘reduction of

second harmonic distortion was obtained using optoelectronic

feedback in a single channel TV transmission experiment’

[56].,In the same experiment, opto—electronic - feedback has

~ also been used .n conjunctiopm, with the preemphasis technique
, , & )

. . a .
- previously described to reduce the differential gain from

'1n001v1ng 51ngle channel color ™V transm1551on, ‘12 dB and 4

dB ;(1mprovements in second and thir4 order harmonlc

<P -
dlstort1on, resp> ctlvely, were reported [57]. Y

Opto-electronic feedback has also ~been employed to . |

Y)'

reduce laser noise and dlstortlon 1nduced by reflected Vlght
{58].  Light reflected from the flber end face back into the
laser diode is known to degrade linearity and SNR in analog
video transmission [48] ! By deliberately reflectingdlight
back: into the laser d1ode and then applylng opto—electronic
feedback 'it was Jdemonstrated that the degradation o& DG,

/
DP, and SRKNR cauéed by this self- coupllng could be

eliminated. The DG/DP of “the analog video transmitter

!

-employlng the optﬁ electronxc feedback was reduced to 2% and

%* ’ [ K

3

'greater than 10% to less than 2%. In another. experiment °

ol
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2° from 25% and 10°, respectively.

In summary, opto-electronic feedback has proved useful
}or sinéle—éhanneléTVltranSmission. It can also compensate
for the nonlinearity of the drng circuitry as well as laser
diode ﬂbnliﬁearity-céused.by reflected light. A disadvantage
is that fips _uéefulness }for wideband tfansmission is

guestionable. As well, when the optical output is monitored
. : I "y P

using a built-in photodiode, problems may arise due to

_amistracking of the front .and rear facet 1light output.

» - <,

Improvements in fabrication 'techhology will largely

eliminate this problem.

C. Phase Shift Modulation . o ‘

A phase shift modulation technique for the selected

cancellation of harmonic components of any order was

{'1.-3, g
4

demonstrated in 1977 [59]. Consider tﬁo LED transmitteré_

whose ~optical outputs are summed in an optical tee coupler

~as- shown in’ Fié.jt3.2. ‘'If ‘the two LEDs have matched

“light/current charac;eristics then: the -outputs of the two

LEDs can be written as

/ i

L, = a;A cos(wt) +4(a§A‘/2)cos(2wt) + azA*/2
L, = g,A,cos(wt+¢) +(azA’/2)cos2(wt+¢)*+azA’/2 §3.1)

~. ' ' ‘ . N J \:::;\
whete a, and a, are constants characterising the” LEDs, and A

and @ are the amplitude and frequehcy&,of the modulation

signal. The sum of the two optical outputs is given by. = .

\

~
o
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L,+L, = 2a,A cos(s/2) cos(wt+¢/2)

+ a,A* cos(g) cos(2wt+g) + azA’. | ('3.2)

It can be seen that for1¢=90° the amplitude of the second
'harmonlc. term, asA? cos(¢) ’ is equal to zero. A 25 dB '

1mprovement in the second order distortion at 3.1 MHz for a

. “figure of —60 dB was reported. A twin-contact stripe LED was

used to obtain matched LEDs.
| Performing a similar calculation on the nth order term
h shows that the n'th order distortion is cancelled when the
phase angle between the two modulation signdis is equal to
180 /n. Slmultaneous cancellatlon of both second- and vthird
'order distortion-can thus be achleved by using an addltlonal
pair of matched LEDs. Th1s occurs if the modulatlon signals
within each pa1r are out of' phase by 90; (to eliminate
second order distortion) and the 51gna1 phasegé&lft ,between
‘the palrs is 60° (to then eliminate thlrd ordég distortion).
_In spite of its effectiveness‘ in.vcancelllng several .-
,'ha:m551c» cOmponents. simulg;neously, " the. vphasek shiftlh
moduiatione technique has several dlsadvantages. fn the
cancellationi of second order dlstortxon, for example, there
is a 3 dB. power penalty due to the. presence of the tefm
cos(g) 1n the amplltude of the fundamental term. In ‘addition
precisely matched sources, hlgh quallty tee couplers, ‘'and
identical .coupling between the sources 1nto the flbers are
«b.all necessary to achieve an effectlve dlstortlon reduction

z:.’-x .

with this technique.
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D, Predxstortxon

g Predlstortlon is. abd1rect compensat1on technique that
requlres no additional opt1ca1 devices. In this scheme,
complementary distortion.is introduced into the input. signal
so that i cancelé as near;y;aé_possible the distortion
introduced by the optical source and associated driver
circuitry. The resultﬁﬂ ideally, is a tranSmission path

v .

" completely free of distortion. .

-

Shunt Predistortion - . )
A simpleipredistortion technique that alters the LED or
laser current invresponée to the signal amplitude is‘shown

in Fig. 3.3. The serxts dlode res1stor comb1nat10n placed in
g, v 4

‘flparallel across the LED has the- effect'of shunt1§g a larger

fractlon of the total current around the LED at low drive
». .

levels and vice versa at h1gh dr1ve ‘levels. Thus the
B . & ’ ' . s
‘negative curvature of the LED or laser characteristic in the
high radiance .region is compensated'by'greater drive.| The
'use of a germanlum dlode and res1stor in parallel with @&
Burrus| LED was found to extend ‘the range of drlve cur;eﬁt
for a given level of output 11near1ty by nearly 50% [601].
F

Re51stor ;. prov1des some' degree of control over the

Y

amount of additional drive prov1ded in -the h1gh radlance -
regzon, However, it |is ‘not p0551ble to _simultaneously
control the magnitude,of the'additional drive and the region
of tHe LED or~laser characterist}c,over‘which‘the additional

L

drive is applied.
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- Figure 3.3 .vSimple shunt’ predistortibn.
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Predistortion for Differential Gain Correction

A similar scheme that affects the slope of the
amplifier transfer characterigtie at various points was
demonstrated by K. Asetani and T. Kimura in 1977 ”[6}],[62].
A d1fferent1a1 galn correction circuit, shown in Fig. 3.4,
is placed before the source driver. At low drive levels all
diodes are conduct;ng, the total emltter resistance is

small, and hence the gain of the circuit. is high. As the

.drive level- increases, the dibdesﬁstép conduéting one by one

~and the gain'decreases correspondingly; The bias voltages V,

determine where in the amplifier's'transfer characteristic

N4

the associated resistors R, affect the gain. By reversing

i

- the diode directiéns, the‘gain can be made to progressively "

1ncrease as the drlve level increases.

By 'using several such diodes in approprlate d1rect1ons

o

and varying the bias and re51stance values, arbltrary

nonllne§51t1es in * the amp11f1er 's transfer characterlstlc

can be compensated. Due 'to the exponentlal nonl1near1ty of

the sw1tch1ng dxodes, thalcompensated characterlstlc is free

of d1scont1nu1t1es at the points where the dlodes sw1tch on

-r;-,g'»'m

2T A
FAE

‘or:off.

The authors of ;this’ scheme werev”able to. obtain a
reducfion‘ in DG from 12;5% to "less than T%E_using a
compensating circuit‘with‘three’ diodes. The corresponding
amount of ~second order and third pfder harmoqic_distottioﬁ
improvements was . calculated to be 22 'dﬁ .and 23 dB,

N4

respectively.
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o\
Predistortion for pifferential Phase~ﬁ§rrés on
The authors of t differential gain compensation

technique have also reported a scheme for differential phase

compensation using predistortion- [61] [63]. The phase
correction circuitry is shown in Fig. 3.5.

The circuit provides a phase lead at frequency f{ of

g = 2tan”'(2fCR)"' . - - (3.3)

where R is the effectlve re51stance of the shunt comblnatlon
of Ry, Rz, and Raj. As the input level 1ncreases ‘the diodes
turn on in sﬁcce551on, hence R and the phase lead decrease.

If an increase ‘in -phase is requ1red w1th 1ncreas1ng

4

luminance " signal then the diode dlrections rh0uld beh

rebersed. A three QFdlode compensating networks with
approprlate bias and resistance values was found to reduce
the d1fferent1a1 phase from 2.8° to less: than 1°. -

Cascadlng the d1fferent1al ga1n and dlfferentlal phase

compensatlng circuitry allowed for 1ndependent ‘compensatlon “‘

of DG and DP. Slmultaneous reductlons of DG and DP to below

1%. and 1°, respect1ve1y, was demonstrated
E. Quasi-Feedforward Compensation
~ The authors of the. phase shift hmodulaéion technique

‘ have - reported . another novel -scheme ‘which' they label

_hrqua51 feedforward compensatlon [64] [65] " This technlque is’

51Q11ar to predlstortlon in that the 1nput s1gna1 is

L
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distor.tedv-before bei\ng fed to the LED driverﬁ!—lowever,
1nstead of predlstortlng the input 'signal using passive
components, the 51gna1 is altered using and "error signal"
obtained’ from a reference LED. | 7

‘The compensation. scheme is 1llustrated in Fag 3.6.,Thel
assumption that rhe nonlinearity of a LED is free of memory
eallows one ro anaine'this'nonlinearity using a polYnomiai
| expan51on.&of its Iight/current characteristic. Suppose the
' llght/current characterlstlcs of the two LEDs, expanded to

*
three terms, 1s'glven by

&.. . . ;.

.
L

a,S + a,S$* + a,s?

o
[

[
N
|

= byS + b;S? + byS?  (3.4)

" the .nonlinear portion of- the LED

L

oA = a,5% + a,8? . - (3.5)

dr1ve 51gnal of LEDZ is equal to (aS ﬂA) where.a and B

are gain parameters that can‘ be varled Replac1ng S by
(aS BA) 1n the expre551on for L2, glves the overall transfera‘
characterlstlc. Truncated to three terms this characterlstlc

a

~is given by: - ~ N B -

~

L, = €S + ¢ 8% + c;s’ E o (3.6)

where
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) . . Q- \
) cy = abya,
Cz = ﬁ’b; '_Bazb{i'. o Lo - "
s L ‘ . v S ':
) “ - Cy = ﬁq"b,; -'Ba,b, - ZaBbzaz L.
It ean be seen ‘from equatioh 3.6 that the second order
> s '1 ‘A
dlstortlon in the output ps el1m1nated when the gain 'Bf L&
equal to ’ ‘ »
7 \ T e
6 | -
é Lo B = (a?by)/(azby) e (3.7)
RS | . . ’ uv , ) oo .',.bl o e .’“, . “‘Q’ R .
*u:'and “the third order distortion igeeliminated provide - th ‘e
_ » ‘ B
gain « is equal@o LA Lo -
=, (b1b§%'3)/(azb1b3-232bz’r} - e St )(3.’8) .
. Q, ‘J‘ 1 .'“ . , - .o CL .:’ ‘J
'; ;»n : ] ‘% o e N : > {’
A W1th thlS technlque a- A thet secend- and
. ..-;":‘_. \) .
thlrd q{der 1ntermodulat1on dlstortlon*of 35 dB and 20 dB,
Q. ‘ X N

-

'respectlvely, wePe obta1ned 1n a tiree tone test. To ach evemq

th1s degree df °ffect1veness, ery precise’ time delays

(obtalned by u51ng lengths of coaxi?l cable) and ampl:fle;s,,

’ fwlth‘ yery flat amplltude and .phase » response over the

AP

{‘ frequency range oi__unterest ~were ‘required.: In "addition,
. 1mp1ementat1on of . ?ﬁis techpique ‘'is . easier when - the
' - . . ) S " R . o

characterlstlcs of the two _optical = sources ‘are closely
. . A

~ matched; L "q R ;\ ' S - §§\'

e C T . S . Lo . o T A\\- .

G o C e , . '\ ’ . N s o e b ' \ . RN
fre e . \ ’
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B
we s

ncompensatlba ,f scheme,
o R |

._error s1gna} occurs 1nwthe optlcal domaln 1n the feﬁgfprﬂard S

'Q . ‘ J/‘
F. Optical Feedforward Compensation -

JWThe optlcid feedforward: c&mﬁensatlon scheme" shownA in

Flg 3. 7,‘ isL)a ‘varlaslsh a well known electr1ca1

. A . ) ‘ "r
‘)>§s in ﬁthe -quasi-feedforward

ﬁ;stortion compensation  using
feéﬁfbrward i "achieved through the isolation of" ‘ thé.
dlstort1on produceégggy the opt1ca1 source. and a subsequent'

. A " E L&
1nject10n of an error 51gnal back ‘1nto, the c1rcu1t. f@he

‘ kY o ' -

'5d1ffere"°e between the two-’SChemes 1s that 1nj@&taon of_the'-““u

) s

yr

scheme. Also;"a 51ngleryLED ‘EE“ used for both nlgné :
e Sing:e Do 3 Py

. . "‘ﬁ.l‘v <

'tgansm1551on ‘and érror. monitoring "in . uﬂ;; faedforward

~ . = . . @ 'u"z R Q‘E;I ﬂ( .
- ' T . . : ..' i :',', KT Ay +
technxgu% o = - . S 51 N AN

Although the ‘two LEDs used in thls sghemeaneed ;not bedt .

'closely matcheda ‘requ1rements~-for. efﬁ1c;ent® and stable-

pose. practlcal”ﬁlff1cu1t1e§‘ .V‘ ’1 ‘~m#i - B
® U T

- WS, ~_V. . : ; s . - o : " Vr

G Adapt1ve Pred1stortzon . o
‘W

‘_’The predlstortlon techmques dlscussed so far have. tﬂe‘f'

.ot

.problem that they cannot compensete for changes in ‘the ’-"%ED
“or laser characterlstlc. 1t is espec;ally 1mpract1caf'to use

, these techn1ques w1th laser d1ode transmltters ;1née glaser

characterlstlcs do change 51gn1f1cantly as a result of i?xng

s & .
or temperature changes. An adapt1ve predzstortlon Eechn1que-

hdemonstrated lby "Bertelsmeier and Zschunke in’ 1983 f%?

' ‘eliminates this problen.. .. | | e :_ 4{“
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. : :%;i"‘} ’ L S
A A block dlagram of thlS technlque is shown in Flg 3.8.
d A 0 S

In th&s techn1que, seco~d- and third order harmonlcs of the

‘,y'rcuits using

e . s %

. ..
% i - ! S

‘. R U'i = byueg *+ baug? + biyup? : ) . . (3-9)

1% the llght/current characterlst1c of = the source,
‘ Lo :

N o =3
apﬁ?ox1mated by a thlrd degree polynom1a1 1sgg;ven by
BEARSIEEEEY N
“' \G R : :.‘,x;: AR g T
o v g - ) - . "', S
S s fJ2.‘."‘.311”-11 + oaauy? o+ Aju,? S (3.10)
g 8 E . ."‘ N . _ . . - N ' . A\_} . . -
s - Y, RS S . , S §
l-.‘ ' “ ) ’ R '
L FR . “ : . . " :
‘then the, optical - outputt u:, truncated to three terms, is,
~given by = &< - Py _ .
) A : ' wye
Uz = CiUp + CaUo? *+ CaUo® - « \ (3.11)
- : ‘v . - ’ : o .
where \1.’
i .
% , b
, Cq1.= 84Dy,
,[\ - -
f‘ 'Y cz = a1bz, -+ azb1 - . B
L4 ) ’ . o
: : R o
’ Ci3y = a,b, 1 agb1 v , ot “
s S e I v
<. , . . . o ’, (U | - R

Ry

w

The second qsder dlstortxon can thus’ be eliminated if the

| gain. coeff1c1ent b, is equal to - e : L SN

* .
»

£

b, = (-azbi?)/ay < . (3.12) .
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and th;rd order distortion vanishes if the gain

coeff1c1ent b, is eQual to B |
i . ‘ . e S
: by = (-a;by?)/ay | C o (3.13)
o DU TR S

B

- To correct for changes - in the  LED or .- laser
characteristic these gain coefficients must be magde
adjustable. This is done by the addition. -of a\,sxnu501da1’

g

pilotd”sigﬁal’ of frequency fo to the 1nput srgnal in an

Ky

) unused frequency band A monltorlng photo@;ode detects the

. ‘q o

pllot tone and %ﬁts re51dua1 drﬁtortlon in tge output and’
h”feeds it back to the adaptlve c1rcu;try Here, theH feedback

,551gna£ m1xed w1th 2fo | 310 and then xntegrated to
w - s ,

3

.provxde the re51dua1 diSt&ntle ]p;r and ,“

. T ’ ' . “‘ﬁ:t'
Error 51gnals obtalned by dejerentlatlodﬁgg'ci and Ca ave B
SIS -

| used to: adaptlvely adjust the ga1n coeff1c1ents bz and b, sor

n-

-as to minimize the re51dual dlstortlon.

ThlS adaptive adjustment strategy was successfully

o tested in an experlment us1ng only electrlcal components. A
v o

pilot tone of frequency 5.35 an was used, Second and thlrd
order"iﬁEErmodulatioh distortion.iﬁbrovements,of.18 dB and

13 dB respect1vely, ‘were reported for freqhenc;es, between
¢ BN . o
10 ‘MHz and 130 MHz.\-f'~-' _ _ L g
. ' : . _ : , ’
' It 1s feaslble, therefore, to’ use this cbmpensation

scheme w1th . lqger dlode sources ~for transm1551on of
. _,\35‘ :

'

'broadband 51gnals ’Thls is at'kthe;'expense of 1ncreased

complexlty and more strlngent requ1rements than the other



-

-predistortion' teChniques. ‘The ' ‘'square and cube.law devices

must contaln 1n51gn1f1cant amounts bf ‘unwahted harmonics.
L]

fAlso,f only very small amplxtude and phase dev1at1ons in the

‘~reSponse of the gaxn coetﬁ;c1ent ampllflers and the square

R
»

~and cube law dev1ces can be tolerated. R .
oy . .’y;’ o ;,r " . a.r‘u
. | ] . R w w:_‘f".‘ii o

W Swmmary oo P A

&?any»r effectlve 'compensagioh technlques hav" been
develbped over the last few years. However,’.many pf ”these

4

. . 4
have - employed LEDs rather than laser dlodes Tin splte o@ the

Kt

‘high f' :cal output and smallemaspectral wldtH obtagnable

(L“ Xz
éé r dev1ces.3 Lnopart thls 15 Bue to the fact

Ds have heeﬁ rn use for a Ionger perlod of t;me o

$e »

and hehce the1r techhology LS more advanced But ﬁt 15 also

1 3 ,-t.

anresult of . add1tlonal »probiems that ‘dre encounteredo ino

trylng to llnearlse a laser dlode trahsmxtter. o

Laser diode characterlstlcs'fare affected to “a. much

I L

—&.LWQ('M v : . Q
gréater extent by’ aglng on temperature varlat%ons than are

) ..v

the characterlst1cs‘of LEDs. Only compensat1on technlques

5

that measure the nonl1near1ty and cofrect it 1n real time
such as opto-electronic feedback feedforward phase shift
modulat1on or adaptive predlstort1on would be of praqt1caL

‘use wlth laser d1odes. But the feedforward and phase Shlftr

modulatlon schemes requ1r two . lasers closely matched in
" their mode- 1nstab111ty be av1or.- an almost 1mp0551ble task
Ih add1t1on, the cost of laser diodes is much hlgher than

that of LEDs and represent ‘a substantial port1on of the

’
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itotal qost df. the transm1tter..Hence schemés requiring two

laser diodes can. almost iouble the cost of a transmitterv

placlng them at a serious d1g§dvantage.

Technlques such as preemph351s,-. optoéelectronicV

feedback and adaptlve predlstort1on are well sgbted for use

S
\blth laser dlodes. Opto electronlc feedback and preemphas1s,

”however, are useful in the: transm1551on of baseband video
sig?ale only. Adaptlve pred1stortzon ;s therefore the most

‘promiSiég linear1sat1on;. technlque - for - broadbaﬁ&\

communications.’



s A. Description of the Laser Dipde/Transmitter-

s
A

(J IV. LASER DIODE TRANSMITTER DESIGN

This chapter 1is concernedbwith the.design and testing
of .an analog laser diode transm1t;er. As this transmitter is

to be, used for the purpose of testlng the opto- electronlc

feedback technique ‘at v1deo frequenc1e9, ﬁi&LD transmitter

must  have a large bandwidth ‘and must allow for the
. ‘ , k . N

introductibn of negative feeaback. As well, the ‘total’

' harmonic distortion of the electronic circuitry must be much

less than the distortion introduced by the 'laser_ diode - at
all modulation levels of interest. 4
iy g ) : . : X7

P
¥

SN H . .- S X ' . -. <
o fhe_ laser d1ode used in thlshtexper1menb‘ a

'ggngfe transverse and mult1 longitudinal mode CW GiglAs DH

'Strxpe laSer (Laser Dlode ﬁhbs Model LCW—1OF) operating at{

815 nm. It has a threshold current of 70 mA (at 25 °C) and K

Y

maxlmum safe current of about 95 mA. The LD dr1ver must - bzas
@

the LD at a dc current of 85 mA and must be able to modulate :

the LD over its engire l1near range from 75 mA to 95 mA.

’

Great care must be taken  to . ensure that the

1nstantaneous . LD drive current \never exceeds the maximum
/—/ .

-

safe current even if- the transmltt r is. overdriven or breaks
-t . g

into czgﬁllat1on. Laser. diodes.are extremely fast devices

" with'ri€e times typlcally less than 0 5ns.‘Even very brief.

(< -1us) current tran51ents whlch exceed the maximum, ratlng B
‘ .

_can cause damage» rangzng ffom slight degradatlon 'th’

R & 2
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catastrophic. destruction, dependlng on the ma n1tude and.
N M lL .
- duration ,ag the tranSheﬁ¥ the many ,mransmltter

)

tested z the one shown in Fig. Qﬁtpproved to

; 'l','r.

‘conflguhyf\

~jbe superfgr with respect to llnearlty con51derat10ns as well
as the safety of the laser diode. 'It consists of ‘a
'd1fferent1a1 ampllfler UtlllZlng Widlar current sources ror
b1a51ng. The current sources. ‘allow for. the precase control
;of ‘the bias current and modulatlon depth of the LD. As wvell,
' negative %lectrlcal feedback is readlky*fac111tated by theu
presence‘ of-‘the nvertlng Alnpu of  the differential -
amplifier.. In. addition, this LD transnitter circuit has a
}.;ow THD.figure, exCelIent stability, and a 3 dB‘handwidth-OQ

- 40 MHZ 'uhich 'is“more :than sufficient; tol'demonstrate‘

G

Y

lzneﬁrlsatlon techn1ques for v1deo giansm1551o -
Trans1stors Q1  through QSW l&
.*tran31stors (2N5943) The referen

=T -
&;.requency
é%urrent, .Iyold is

determ1ned by the collector and emltter re51stors of Q3 and,'

is given by

)

RIS (VCC1 - Vee - Vbes) / (RCs + Res) . (4. 1)
c .' o (40v - 0. 65v) / (1.5 + 0. 47);{»@23%\@
‘ | » ) o . N _.' v

/rBase-emitter voltages are :taken to be}; 65V and all ba;e.
currents are 1gnored 51nce a11 tran51stors haveA a ' beta

- .greater ‘than 100, TP%ns1s&prs Q4 and?QS are Widlar current '

“..

sources. Th

L4

collector current, I+, of Q4 1s -found by

. summing volt ées around the em1tter base loop of Q3 and Q4
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1, = (Res/Res) Ivo B .' | .. (4.2)
= (0.47K/0.145K) (20mA) = 65mA '
: S R
¥ . N R
Thus Q4 draws a constant.current of I, = 65 mA . through the
laser diode.rsimilarly, the collector currentcof’QS, 1., is:

given by

I, = (Re;/Res). Ivo ‘. : ‘ (4.3)

= (0.47K/0.235K) (20mA) = 40mA = .

e

Thus QS‘ draws aﬁconstanthcurrent of I, é'4b;mA throughfthe
d1fferent1al pair Q1 Q2. I 4. ‘ ' s { e
,Under qu1escent condltlons (i.e.;_ .I~'Blg = 0) "and .

assuming<that'Ql‘ and 02 are"a. matched‘ palr,. then .the
o collector ‘currents of both Q1 and Q2 are 1dent1cally equal e
S to 20 ‘mA . Hencef‘the Lg qu1escent current is equal to tIl'.*'

(12/2) = 85 mA. When an 1nput 51gnal no matter ho;mlarge;alr

. is applled to the dlfferentlal amp11f1er,_» the peak-to peak S

ﬂcurrent modulatlon of the LD is- always less than or qual to

!
"

I,.7As backup protectlon, a crowbar c1rcu1t 1n the p051t1ve €
power supply limits the total 'LD,.c urrent to 100 mA,

The collector resistors of Q1 QZ Q4 and QS serve - as

‘ #

dropplng ! resistors. That ;is,l‘; they reduce the——¥f_
N

collector emltter voltages and hence the power dlssipated 1n

1)

.~~these tran51stors to a perm1551ble level The1r values are

. \
~,»such that none of the translstors are drlven to saturation

1 a

everr under maxlmum modulat1on of the dlfferentlal ampllfler.”:u‘

Do, v
° . o .
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The - - emitter resistors of Q4 and Q5 control the‘LD bias

current and modulation current, respectively. The emitter

resistors Re of Q1 and.QZ'improvefthe distortion performanqe

Dte
w -

of the LD ttahsmitter. o e

<

4

B D;stortxon Analys1s“
}?In thls"sectlon the lineafity' of the LD driver

cifcuitry is analyzed from 1ts transfer characterlst1c. It

must be noted that it’is the llnear1ty of.?the c1rcu1try )

1tse1f. that is bemg exa,;runed ’d not that. of- the LD llght‘

ot e the——c’lf//
o oumput-MYhus the dhtput 51gnal 1n questlon is { —TO lector

current@oﬁ e1ther Q1 or Q2 S o . o*

é?%mmlmg the voltages arbuﬁd ﬂthe *loop 'conta1n1ng ‘the
B i

base emltter Junctlons of Q1 and Q2 g1ves the result'B

v
. 8 -
L

L] . . ) . ‘ PR
, . . . -~ oo

v . : . - . v

’ : 3 -
where V.‘ = (V%? .z) and V‘!'t kT/q (=26mv at 300 K) is

1

a51ly solved fpr IC¢, L ' Nv‘f

L]

v oo . I » ' - <

) " ) '_ . .( [ . , b, . '__. N ] \ . . .
~where use has been{made of the relatxon Icz'z Iz 'Ic{;-

Y

1cg/;c,)~f,ne (1cs = 1€)) =0 (4.4)

.‘A/ ‘ ‘. B ., . . e . ‘ ’ l B

Icy =. "Iz“v/ [/‘!;)+exP( ‘j-vl ul/'v't')‘],‘ S o : (4’-5)‘-

]
S

If Re*# 0 then (4 4) is a transcendental equatlon and a

closed form_ expre551on for the collector current cannot be{

\ib

obtalned However, (4 4) caﬁ7be used to - obta1n the slope,,'

e

SIS

the- volt equ1valent of tem%erature. 1f Re =0 then (4 4) can- -

K. ¥



dIC,/dV. dr at eaCh

N

poxnt of the transfer

o

. 2

charaEteristic.._
\

fw

leferentlatlng (4 4).with respect to V.d and 51mp11fy1ng,”_

v

10y’ = x(1=x)1, / [V, + 2x(1-%)I.Re] .

@

]

Dt 4

" (4.6)

.fj}

vhere Ic,’ denotes dIc,/dV., and the parameter xis. equal to

&
the~ratio Ic,/I;.

oo

From (4 6) it can be seen that dIc,/dv., is a mam1mum

at x80, 5 and appréaches zero Qs X approaches e1ther 0 or 1.
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where the vaPues Re & 47 Q and Iz = 40 mA have been used.-

This is the tran51mpedance ga1n of the LD transmltten at the

-

' qcenter of 1ts 11near reg1on. Tgi range over which thé ,;otal

harmonlc dlStOtthn

—

e

f_,the= transmltter c1rcg1tr§ 1s leSs -

:_than -40dB can be deterntned approxlmately by fyhdzngm two |

' p01nns on the transfer qharacterlstac such that the slqpe

‘_vatles by no more than 11% between these‘ two',p01nt§ A From
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’aré found to be X .=

a"‘

a quad;atlc eszatlon 1n/x) the two p01nts
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distortion introduced by the LD transmitter "is less than

-

-40dB as long as the peak to-peak current modulation of the

laser diode is less than 0.52I;'= 21 mA. . ) L.

The drive currert lerthe LD transmitter does not
contain distortion terms of all orders eince the ,transﬁeru
characteristic is symmetric :abouttthe point 1,/2. This ig
because if the amplifier is driven by a .sinusoidal signal
the drive» current, i(t), will possess half-wave symmeth.v
That "is, 1t'w111 satisfy the relation, 1 t+T/2) = —; (t) where
T is “the perlod of\thew51gnal. It can, ea51ly be’ shown that'
the Fourier series ofkeuch a siénal contains p@&y odd order
terms;' ' i ' a

In.conclusion, if emitter re51stors Re greater than
about 10 9 are used in the dlfferentlal ampllfler, then the
LD transm1tter introduces negllglble amounts of second order
dlstortlon and thlrd order distortion of less than -40dB fpr‘
peak to-peak LD current modulatlbn leSs than = 1,72, |
C. Experimental Performance

The linearity of the LD driver chrcuitry 1is evaluated

e

.’/-’, 7 .
in this section. The distortion present in the LD drive

“

~ 7

" .
current is determined My monitoring the voltage across a

resistor (which is in series with the laser diode) using a

L

N,sﬁectrum analyser. The .ntermodulation distortion in the .
% X _
drive current is measured rather than the harmonic

distortiona since the signal generator itself - generates

|

‘re;atively’ high 1levels of second order harmonic distortion

; ~
i . - ’
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(up to -40dB at high input levels and at high ffequencies)w
A two-tone input §£gﬁa1'at.ciosely sepérated frequenies -
f, and f, is used; the aﬁplitudes of‘thevtwo tones are
equal. IM(f,-£f,) is defined to be the péwer in the \secbnd
ordgr intermodulation distorticn term at-ffedﬁehcy f.-£,
divided'by'the power in either of the‘;fundaﬁental terms.
Similarly, IM(2f,-£f,) .denotes the power in the‘third;prder~
inte:modulatién distorfion terh'at fféquency 2f,-f, divided
by tpe. power in a fundamental term. These intermodulation
prodpcts are not present in Eﬁe input signal but, rathgr}
are generatéd by the',noﬁlineafity of the LD traﬁsmittef‘
c.:icultry. | | |
Fig. 4.3 shows the observed values of second and'th;gd'
“order IM distértion as a funétion éﬁ the beag-to—peak drive
current for an input- signal consisting of tones at
frequencies f, = 5.0 MHz and f, ='S;3 Mﬁz. Intérmodulatiop"
distortion levels beipw -SOdé'could not be measured as the
'distortioh'wouldflié béneath the noiée fléd{ of the spectrum
anélyzer in such a case. The results show that second order
Iﬁxdistortion is absent untif_the -amplifier is driven so
hard thaf clipping occurs. The thjrd order IM digtortion is
less than -40dB for LD drive - currents iess “than 25' mA
peak-to-peak. This degree of ﬁiheariif'is sufficienp:ﬁince;
‘as\yill be seen in a later chapter, the LD nonl;nearify ié
much\Qonse than this.
~ Finally; the *frequercy variation' of iM(Zfszf) is
investigated. ‘ﬁith’ fz—f} képt ’cppstant.§£«0.1 MHz,'f; is

o

¢
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varied from "1 MHz' to 40 MHz, the.3dB bandwidth of the LD
transm{tfer. fhe observed values of IM(2f,-f,), for a drive
current of 20 mA peak~t6-beak are shown in Fig. 4.4. fhe
distertion becomes worse for frequenc1es near the upper 3dB
point . of the amplifier; howeve;,: the d;stortlon remains
be}&w -404B at all frequencies less than 40 MHz.

o

The Lp transmitter . can therefore modulate the laser

« .

diode at frequenc1es up to 40 MHz and drive currents up to -
25 mA peak to peak with the requ1red level of llnearlty.

< 1

.t



av, OPTO-ELECTRONIC F&EDBACK COMPENSATION _

In 'tbig chapter, the effectiveness“of“opto—electronic
feedback for linearising the l1ght current cgaracter15t1c of
a laser dlode is 1nvestlgated The prlﬁary focus of th1s
prOJect is’ on analog v1deo transm1551on, hence ‘the objpctlve
is to devise an opto-electrcnlcr feedback techn1que that.;
reSuits in significa:t linearisation .of the laser diode
characteristic over a bandwidth of at lé;st 4.2 MHz. Such a
technique wouid be uSeful in'achieving acceptable‘levels cf
distortion when baseHand transmission of a v1deo signal is
uéed. As well, 1f llnearlsatlon over a bandw1dth of 15 MHz
or - more can be achleved, then this cechnlque could be used

to obtain very -low values of intermodulation distortion and

noise when the video signal is transmitted using frequency
. . . " . -

modulation:
| Twoj opto- electrynlc feedback schemes will be tested.
, They will be evaluated wlth respect to the stablllty of the '
“feedback ampl1f1e; and 1cs effect1venessvln linearising the
LD chafacteristicf'Stability can be'deterﬁined‘ by plotcing
the loop Qaic in the complex plane (i.e., a Nyquist diagram)

arid determining the phase margin of the feedback amplifier.

A. Effect of Negat1ve Feedback on’ D1stort1on
Cons1der the 1deallzed feedback conflguratlon of Fig.
5.1. The feedback network (whick is éusuaily llnear and .

*pa551ve) has a trangﬁer functlon B (usually a real constant)

- . ¥
& *

-?
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Figure‘5.1
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and feeds back a‘signal BS, to the input differéntiall node.
The * error signal Sl'= Si—BSo is theﬂ amplified by tﬁe’basic
amplifier with transfer function Ao. The transfer gain Ao
must include the loading effect of the feedback network as
well as any load present at the output. . |

From Fig. 5. 1 the -gain with' feedback, or closed-loop
gain A, i; found:

¢

A = So/S; = Ro/( 1 + Bho) (5.1)

Differentiating (5.1) with respect to A, and simpli}ying
gives the following relatioﬁéhipr
dA/A = (dAo/Ro) / (1+BRA,) (5.2)

»
Equation (5.1) suggests that the closed-loop gain is smaller
than the open-loop gaih by the desensitivity factor D, where
D = (1+BAo). In addition, equation (5.2) suggests that the
percentage variation in the slope of thp  \transfer
characteri%tic is smaller by the factor D for the feedback
amplifie; than for the basic amplifier. This suggests that
feedback has the effect of reducing distortion since
distoftion is'caused by variations/ in the slope of the
basic-amplifier transfér characteristic.

Let IM(f,-f;) denote the amount éf seéﬁnd order IM

distortion in the output of the basic-amplifier at a cérta1n

output—signal amplitude. Now introduce feedback and increase
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the input signal level so that the output-signal amplitud~
is “maintainedfat it's previous level. ﬁet IM(f,-f,)" denote
the amount of second order IM distor;ioﬁ present now at thé
output. Note that IM(f,-f,)' has two components: IM(f,-£,),
which is pfegent even in the absence of a feedback -signal,
and -BAIM(f,-£,)"', which is the result . of ifeeding
-BIM(fa-f,)" back to the input. Hence, by the superposition

principle,

M

e

IM(f,-£,)' = IM(f,-f,) - BA IM(f.-f,)’ -

or IM(f,-f,)' = IM(f,-f,)/D | | (5.3)

A similar -derivation shows that the third order IM

distortion is also reduced.by the factor D:

IM(2f,-f,)"' = IM(2f,-f,)/D (5.4)
Note that since the principle Si.superposition has been used

in their derivation, (5.3) and (5.4) are valid'onlyfin that

_:egioﬁ where the basic-amplifier is approximately linear, As’

an extreme example, consider the regioh of the transfer
characteristic where the basic-amplifier starts clipping.
The'valﬁe of the op;njloop'gain, Ao, is equal to zero in
this regidn and hénce,tﬁe deSensitﬁvity factor is equal to
1. thsequently, ﬁhe;ugeléf feedback in this region> results
in no decrease in d{stortion. In general; the reduc;ion:in

distortion resulting from the use of feedback decreases as

S



the anplifier is driven to saturation.
. Equations (5.3) and (5.4) show that both second- .and
third order: IM distortion are.reduced by an equel amount,
when feedback is applied. While thib is the casejnith'a
simple two-tone input 51gnal it has been reported (87] that

improvements in third order M distortion may be poor for a

video signal since third order IM products contain coqplel
cross—-modulation terns.v T ' o i ; x

According to (5.1), feedback reduces the gain o{ if{ -
amplifier by the factor (1;BA°). Thus 'if |1+BAo|»ﬁs~greater%
than one the feedback is negativeiand‘.if” [ 1+BAo| 1s less
than ‘one the feedback is positive. The Joop gain BA°,iSI in
general, a complex guantity -that varies with - freguency. A
nlot of BA, in the complex plane from all frequenc1es from
-~» to += forms a closed curve called the Nyquist diagram.

The criterionffor positive'or négative feedback can be
represented in the complex plane. The equation |1+BA}| = ]
represents an unit circle centered ‘at the p01nt -1+30 1in the
complex BAo-plane. The feedback} is negative for those,
frequencies wnere BAo, - lies outside this circle, sincef"'
| 1+BAo] > 1 at these.points. Conversely, the. feedback is -
positive at those frequencies where BAo lies inSide‘this
circle. In this lattervcase the ' system can ‘remain stable
provided‘ it satisfies ' Nyquist's criteria. Nyquist's
‘criterion states that a feedback amplifier is stable if and

only if its Nquist diagram ,6 does not enclose the p01nt

-1+j0. It <can be shown that Nyquist's criterion is
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gquivalent' to the condifion' that all - poles of | the
closed-loop transfer éain‘A';ie in the left ha%%-plane.

A feed?ack amplifier may be stable but yet so close to
iﬁstability that a slight additional phase shift intrdduced

~into the feedback loop fesulf% in oéciilation; An indicatién'

N ‘of the stépility of a feedback émplifiér' is its phésé
h rgin. The phaée margin is defined'as.180f - larg( “BA, )]
\:fL\E@e frequency at which [BAo| = 1. Another indicator of

' s£abiﬁity is‘the gain margin.. This is equal to 2010g(BA&) at
thi//{requency at which arg(Bho)- = 180°. An aﬁplifier Qéth a

~ phase margin greatef‘than 45° aﬁd a gain margin greater than

10 4B is considered to be Qery stable. Techniques such as

pole-zero compensation and dominant-pole compensation = are
//F;Bfei/w;? Aétabilize a feedback amplifier‘but usually with
reduce bandwidth as a penalty. ' 2 ’ .

B. Description of an Opto-Electronic Feedback Experiment

The first opto—eiectronic feedback scheme to‘be‘Jtestedl
simple resistive feedback network. A bloék diagram
'og this scheme is shown in Fig. 5.2.lThe’1aSef diddévand LD
" ariver - circuitry have been described in the previous
dhap;;f; | |
Fof lineé;isation over a wide %requency range, the
bandwidth of theénégative feedb;ck loop should be as large
gs possible. Or;more precisely, the total tiﬁé,delay in the
feedback loop should be minimized. As the laser diode ‘'used

in this project is paqkagéd with a fiber‘pigtai; one meter.
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long 4nd does not have a built—in monitoring photodiode, the

maln'factor limiting the bandwldth of the feedback: - loup is‘

. the physical path length of nh1s loop. If the length of. the
fiber plgtalf is m1n1m1zed and amplitiers with vexy +.small
phase 'shifts are employed however, then 11near1satwon at—- "
video- frequencies should .still be poss1ble. L

In prectice, the power level of the sampled optlcal
feedbeck signal should be a small tractlon ofQ the' total
light putput“'of 'the LD. In this experinent, however, the
' light'output Erom‘the fiber'pigtail is used‘dlreotly for the
purpose' of feedback. Therefore, sampllng of the LD light
output was simulated by 1ntroduc1ng a 8 dB .loss in  the
fiberfoptrc connector at the end of the flber plgtall

The tonSiderable amount of reflected llght - would
degrade the  linearity and fSNR of a h;ghICOherence°singlé
tmode laser diode. No degradation in the linearity of" the

multimode laser diode used in ‘the experlment was observed

h0vever. Thls is.obecause thes ¢ BT length of the
multimode leser diode 1is smal;7§§;;§;i§hat'the reflected
light 'is essentielly uncorrelated iwith the emittedﬂ light
~;[48]. Furthermore, it. has _ been "demonﬁtrated that
opto-electronic feedback‘cen eliminate: the .degradatlonﬂgin
llnear1tx and SNR caused by reflected llght [Sslv

* The 1nvert1ng amplifier "in the ' feedback loop was
requlred to. achieve a reasonehle loop g;in as well as to

'@nve".the 51gnal so that the{ffeedback is negative.. The

amplifier was ‘also needed to drive the spectrum analyzer
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which has an 1nput 1mpedance of 50 Q

The open loop gain of the "basic- amp11f1er is defined
by Ao ; Vo/V, with the éeedback loop broken. The feedpack
transfer func‘ on B is determined by the resistive network
formed by the feedback resistor (110 &) and the input
, impgdance of the invertind/gg}minal of the LD driver (510
Q). Thus B is egual to 0.82. .

The maximum loop gain attainable in this, configuration
is liﬁited by the high input woltage required by the LD
driver. For example, for an emifter resistance of Re = 47 Q,
the LD driver has a transconductance gain of;\0.01S.
Conseguently, an input voltage of approximately 0.5 V peak
is required for a {0 mA PP cufrent hodulation of the LD.
'Since the maximum outpuﬁ of the inverﬁing amplifier is about
1V peak, this 1limits the open.loop voltage gain Ay, and
heﬁce the loop gain BA,, to less than approximately four.

.In order to obtain a loop gain as large as possible,:
the transconductance gain of the LD drive:r wa. increased by
. decreasing the value of the emitter resistance to Re = 22 Q
from Re = 47 Q. For this value of Re, the ! w frequency ioop
gain, BAo(f=0), was measured to be 3.2. While this value of
loop gain is low, it ﬁas the advantageous éfféct that the

feedback amplifier 1is stable without the need for any

compensation technique.
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. BAo-plane,” the Nyqguist diagram shown 1in Fig. '5.3 was

[ o y 98

Nyquist Plot 4

' By determining the comp%fx values of the loop gain
BAo(f) as a functioh of ftequehéy, the Nyquist. diagram 6f
the .feedback amplyf{er can be plotted. This allows such
factors as the stability of the feedback amplifier . and the
frequency at which it enters the:region of . positive feedback

to be determined.

By plotting the values of the loop gain in the complex

obtained. The magnitudg and phase of thelloop gain were
measured using a ‘vector voltmeter. The Nyguist curve is .not
complete, since only ldop gain§~éorrespondin§ to positive
frequencies from 0 to 1§/MHz-are shown. NeverthelésS{ the
diagram reveals ‘much information. it is seen that the.
feedback amplifier.is stable,since |BAo| is less fhan.1 when
arg(BA,) egquals -180°.. The Nyquiét curve iﬁtersects.the
circle |[1+BA,| = 1 at ‘a - frequency of 11.4 MHz. For

freguencies higher than this, the Nyquist curve lies in the

‘region of positive feedback (i.e., |1+BAo| < 1). The phase

of BA, equals =-109° at the point where the Nyquist curve
intersects the circle |BAo| = 1. Consequently, ‘tﬁé ‘phase
margan 6f the.feedback.am;lif;er is equal to 71°. Also, the
gail margin is equal to |20 1log (0;3)[§'="TQ.5 dB. Thé:

feedBack amplifier is thus very stable and should prove

-effective in linearisiné the LD light output for frequencies

up to 11.4 MHz.
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\ »
Improvements in Intermodulation Distortion
Consider a two-tone input signal where the two
frequencies are ‘close together. That is, suppose that

f, = f,+Af, where Af is small in comparison to f,. Suppose

i

that the feedback loop in Fig. 5.2 is closed and the ‘input
level adjusted so that the output level remains the same as
when the feedback 'loopé was open. Let AIM(f,~f,) and
AIM(Zfzrg,) denote the reaucfidn (in @B) in the second- and
third order intermodulation distortion, respectively,
observed et the output of the inverting amplifier when the

S

feedback leop‘is closed.

%

According to (5.3). and (5.4), both the second- and

third ‘order IM products are reduced by & factor of

|1+BAo(f1)] when feedback 1is -applied.  That is; the
distortion terms are reduced by o -
S . .
ATM(f.-f,) = AIM(2f,-f,) _
v \ : .
= 20log|D(£,)| L (5.5)

where D is the,deseneitivity factor. As mentioned in section
5.1, the improvements in the IM°® distortion terms are
independent of the output level as long as the LD

transmltter is in its linear reglon of operatlon

ID(f)]| is equal to the dlstance between the p01nt —1+30

and the p01nt on the NquISt plot correspondlng to frequency

' f. Hence it ca 'be found dlrectly from Flg + 5.3, The

!expected reduction in IM distortion is "then ‘given by.
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équaaion (5.5). A plot of the calculated reduction in the IM
ddistortion as-a function of freguency is shown in Fig. 5.4.
Also shown in Fig. ’5.4 are the observed reductions
AIM(fz—f,)‘and AIM(2f,-£f,). The measureaents were made for a
‘LD, modulation current of .1; mA p-p and a two-tone input
signal with a frequcncy‘separation of' Af =' 0.1 MHz. The

reductions in the second- and}third order IM distortion are
not ekactiy identical as predicted byl(5.5); ‘however, theyl
diff~r by no moredthan 1 dB over the frequency.range from ‘0
| Hz, ' . . | ¢

the reduct1ons in IM dlstortlon decrease with frequency
\Cuntil, at a frequency of 10.8 MHz, there is no improvement
seen when feedback is applied. For frequencies above 10.8
MHz, AIM(f.-f,) and AIM(2f,-f,) are bothlnegative_indicating
| that feedback actually degrades the linearity of the LD
‘transmitter. The feednack amplifier is thus in the region of
.-positive feedbact‘forqfreqUencies abone"IO.BAMHz. This is in
good agreement with the calculated value for thlS frequency
of. 11.4 MHz. The observed reductlons in IM dlstcrtlon are

also in very good agreement with the values calculated qﬁrom
. o .

-the Nyquist diagram,

. , - S
C. An Improved Feedback Scheme ‘: \
The opto-electronic feedback scheme shown in Fig. 5.2
was effective in-reducing IM d1stort;on for frequencies from

0 to 10.8 .MHz and gave an improvement of more than 10 dB for

frequenc1es from 0 to 8 MHz In this section the feedback



102

= + +—rt t —t—t t +
A O—=8 2d ode I
~ ®—6 3rd adr I
- A—a  Calogad +
) - -+
os)
R o
+:°-1 -
=
-3 L
>
<)
é ’
=T T
O - . -~
o - .
! T A L) il Ll T L Ll L4
0.0 3.0 8.0 8.0 12.0 16.0
.Frequency, MHz
“ !
. - = o N )
_Figure 5.4 . Calculated and observed reductions in ' IM

distortions as a function of freguency f;
(with Af=0.1 MHz). . ]

Il
»

i



103
\

. o/
‘'scheme is modified 'so that a larger reduction in IM
diStoréion is obtained over a wiae range of freguencies.

The amount ‘of distortion reductaon that - could be
obtained with the bfevious ébhéme wés lim@tea by. the high
input' levels required by the LD driveF;\As weil;'the range
éf frequenciesuover'which a reduction in distortion could be
obtained was .limited by tﬁe large phase shijt introduced by

'f the HP 461A inverting aéplifier into ;herfeeﬂback looé. Both
of these problems can be évoided by elimina&ing the HP 461A
.amplifier from the feedback loop <and placing a wideband
amplifief before the LD driver. ! ‘

7~ A block diagram of the new opto-electronic feedback
-/gghemé is shown in Fig. 5.5. The wideband émpljfier is a‘
' cascade éombipation of two inexpensibeA Avantek monolithic
amplifie:s. The cascadevqamplifiér has a bandwidth gre;ter
than 100 MHz and a phase shift that increaseé . very slowly
with frequency._ By placing ;thi.s. fam;y,ififar before t‘:hel LD
drivér, a higher loop gain Ean be achieved than in the
previous Afeedback scheme. However,.voltage feedback can no
‘longer be used since* the cascade ahplifier' is not a
differential aﬁplifier and has "ho invertin§ terminal.

Instead, the input current signal and “he feedback current

signal are summed at the input node.

A simple resistive feedback netior. no longer be
used as. thisi would allow feedforward ¢ ‘.e input sigrzl.
Therefdre, \a bufferl amﬁlifigr is Cusa: prcvide the
feedback signal. A common-coflector ampli.y: teqg “serves

/
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as the buffer amplifier.

Nyquist Plot -

A Nyquist plot of phis feedback amplifier is,shbwn in
Fig. 5.6. The low freguency l;op gain is eqyal to 6.6 as
compared »t0 only 3.2 for the firsbfféedback scheme. Anoﬁhef
significant éifference is that the feedback amélifier does
not enter the region of positive feedback until a frequency
of 16.8 MHz is reached as compared to 10.8 MHz for the first
feedback scheme. The phase maréin is equal to 675 and the
’géin margin is greater‘than_yo dB. The feedback scheme is

therefore very stable.

Improvements ‘in intermodulgtion Distortion

The reduction in intermodulation distortion, as
obsefvéd on the spectrum analyzer;’ for a two-tone input
Fignal‘at frequencies f, = 7.0 MHz and f, = 7.4 MHz and a LD
modulatibn'current of 17 mA p-p is shown in Fig. 5.7. The IM

distortion without opto-electronic feedback is IM(f,-f,) =

A\
-26 dB and IM(2f,-f,) = -30 dB; when feedback is applied,
the IM distortion is redﬁced- to IM(fz—fL) = -}O dB and
IM(2f,-f4) = -43 dB. The impfovements in IM distortion is

thus AIM(f,-f,) =r14 dB and AIM(2f,-f,) = 13 dB.

’The e#petted improvements .in IM ;ﬁistortion can be
calculated theoretically as a function of freguency by
measuring |D(f)| from Fig. 5.6. and using eéuation: (5.5).

These values are plotted in Fig. 5.8. Also shown in Fig. 5.8
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'Figure 5.7

.Intermodulation distortion

present in laser
diode  output (a) without opto-electronic
feedback and  (b) with opto-electronic feedback.
(for a modulation current of 17 mA p-p). o
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‘are. the observed values of AIM(fz-f-) and AIM(Zfz-f 5 for'f,
varying between 0 and 17 MHz. The frequency separat1on Af is
‘kept constant ‘at 0.2 MHz.and the LD modPlatzon current is 17
mA p-p. | \\,—~\ d

The observed reduction in the second- and third order
IM dlstortzon are almost 1dent1cal in agreement with (5 5)
'In addition, the plots of AIM(Zf,-f D match very closely the
calculated plot,"except that they are shlfted sllghtly to
the left. Such a shift to the left would occur if the
' measured phase shifts of the loop gain BA(f) were in error.

by about 7 The frequency at wh1ch feedback has no .effect
on IM(f,-f ) and IM(Zfz-f ) is equal to 16 0 MHz which is in
'good agteement wzth ‘the. calculated value of 16.8 MHz.

The measurements 'of“ AIM(fz-f ) and AIM(2f.-f.,) were
made for a fixed value of frequency separatlon, Af=0.2 'MHz,x
and for a fixed LD modulatlon current of 17 mA p-p. It was,
found though, ‘that the values of AIM(f.-f,) and AIM(Zfz—f )
remained the same even as Af and the 'LD. modulatlon current .
wete varied over a certaln range. In Fig. 5.9, AIM(fz—f )'1
and AIM(Zfz-f ). are: plotted as a functlon of Af Frequency’
] f;'was flxed at 3. 0 MHz while fz was varied between 3.01 and .

6.0 MHz. Hence Af varies betwe 0.01 and 3.0 MHz. It 1s'A
-seen that both AIM(fz-f ) and AIJTizz-f ) remain constant at.

/dB and 15 dh respect1vely€ over thlS rai;e of Af. The -
lower llmut of ‘0 01 MHz is"zmposed by the frequency'

resolut1on of the spectrum analyzer.
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In Fig. 5.10, AIMtfz-f1) is plotted as a function of

T~

the peak-to-peak LD modulation current for a two-tone input
signal {at frequenc1es f,=3.0 MHz and fz—3 2 MHz. The values
of AIM(Zf;;f1) are not Q}otted since they could not Dbe
measured for small values of .modulation current. The value
of AIM(f:-f, ) remains constant at 16 4B for a modulatien
current of up to 20 mA-p-p. For modulatlon currents 1arger
, than‘thig,ﬁthe gein of the LD driver starts decreasing.
Thus, as explained) in sect1on 5.1,  feedback becomes less
_effective in reducin;\IM dlstortlon and there is a gradual
decrease in AIM(f -f,). A mddulation current greater than 30
mA p-p results in the laser dlode current dropplng below the
threshold value durlng part of each cycle. The conseguent
cllpp}ng and severe degradation of the output 51gnal results

} ¥
in a rapid decline in AIM(Zfz— ). The reduction in th1rd

1

?order IM dlstortlon, AIM(2f,-f,), also declines in much the .

same manner as AIM(f.-f, ) for modulation currents above 20

mA pP-pP.

The nto-elettronic feedback scheme inJestiEated in
this section has provided significantly better re;ults than
the tprevious feedback scheme Dbecause ef the wuse of
.inexpensiée wideband amplifiers with low phase'shifts in the
feedback loop.. The redu;tlons in IM distortion obtained are

at least 4 4B greater than that obtained in the prev1ous

. scheme. In addition, the present scheme is effective in

reducing distortion for freguencies up to 16 MHz as compated .

tovonly 10.8 MHz for the ‘previous scheme.
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D. Summary
. Two opto- electronlc feedback schemes were tested for
their. effectlveness in linearising the llght current,
characteristic of a laser diode.lReductions.in second-  and
third order M dlstortlon of 12 dB and 11 dB, respectively,
were obtained for frequenc1es up to 5 MHz with the 'first
technlque. 'As well, smaller 1mprovements could be obtalned
for frequendiés up to. 108 MHz.
Significantly better results were obtained with the
second technique by .using 'inexpensive nideband amplifiers
with _loY‘ ‘phase ‘shifts. Second and third order{ IMV

improvements of 16 dB and 45 dB, respectlvely, were obtained

for frequenc1es up to 5 MHz and 1mprovements of more than 10

' dB were ob ained for frequencies up to 11 MHz. Smaller

1mprovements were obtained for ffequencjes up to 16 MHz.
This'technique is therefore useful-in the transmiSSion of
baseband video 51gnals o |

. The Nyquist plots of the feedback amplifiers proved to
be useful . tools in evaluating the opto-electronic feedback
schemes. The stab111ty of the feedback ampllflers, the range
of frequenc1es over whlch reductions in IM. dzstortlon could
be obtalned,and_the magn1tude of the IM 1mprovements at each
freguency can.all.be calculated from the Nyquist plot.

_The maximum frequency at which feedback is effective in

1‘,reducing IM distortion is limited by the time delay.afound

,the feedback loop. The wideband amplifiers" used in 'the

second feedback scheme had a phase Shlft of only -15% at 16
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MHz .which represents a delay of only 2.6 ns. The time delay
introduced by the ™D driver, fiber pigtail, and optical
receiver is much greater than this and is the main réason‘

why the efféctiveness of the feedback scheme is limited to

,

frequencies less than 16 MHz.

A reduction of 5§ ns in tpe time delay arbuAd the.
feedback loop could possibly béiobfained through the usi\of
‘a laser diode with a built-in monitoring photodiode. Such a
decrease would mean tﬁat the feedback amplifier‘would not
eriter the region of positive feedback unfil the fregquency
reached 30 LMHZ. The opto-electfonic feedback scheme would
then be effecti;e in reduci;g distortion for frgquencies up

to 30 MHz. This technigue would then be useful in the

transmission of ‘about four or five video signals.



VI. DETERMINATION OF LASER DIODE CHARACTERISTICS

In‘fhis chaptec, the static and dynamic light-current
- characteristics of vthe_ laser diode are :determihed. lhe
dynamic characteristic is found at a modulation frequency
high enough that thermal effects are small. The dynamic

characteristic will be used in the succeeding chapter to

determine the distortion characteristics of the laser diode.

A. Stat1c LigRt- Current Character1st1c \

' The statlc L-1 characterlstlc of the laser diode (Laser
Diode Labs, Model LCW 10F) is determlned w1ch rhe laser.
diode mounted on a heat sink and maintained at a: constant
‘_temperature. By measurlng the laser diode light output at
various forward currents, the characterlstlc of Fig. 6.1 is
‘obtained. Also shown in F;g.-6.1, as > dotted. llne, is -an
_extrapolation 6f the linear .section of this.charactéristic.
The intersection of” this line with the horizontal axis gives
the threshold current Wthh for'thiS'laser diode, ls‘?d mA.

For forward currents less than 65 mA the light output
consisrs entirely of ' spontaneous 'emi551on and ‘the. L-I
characterlst1c of the- laser diode is llnear. Between 65 mA
and 75 mA, the onset of stlmulated emission causes ‘the
_llght current character15t1c to become strongly superllnear.
The characterrstlc is approximately linear after this until
the highlradiance region is encouatered'at an optical output
of approximately 1.5 mW, The L-I characteristic=exhibits

<115
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strong sublinearity. in the high power region due to the
effects of junction heating. No "kihksf were evident in the

static L-I characteristic of this laser diode.:

B. Dynamic Light—Current'Charécteristic

For modulation frequenciés between d.cL and a few
hundred Hertz, the transfer characteristic of the laser
diode is giQen by the static L-I‘cﬁaracteristic. Clearly, a

large optical . output at\‘these frequencies would contain

&

~

considerable amounts of distbrtion due to the nonlinearity
of the static characteristic. But, for modulatioA
frequencies’ in the megaherti | range, the transfer
characteristic of the laserAdiode is given by its dynamic
L-1 characteristic, which is normally more linear. than 'the
static characteristic. This is because the period of such a
high frequency signal is smaller than 'thF thermal time
. , X

constant of the diode; hence the junction Femperature does

not vary with-the input level as it does for{ low frequency

signals.,
AN
\ :

The dynamic characteristic can be determined by using
the circuit shown in Fig. 6.2. A triangular input signai,
V,,_isvconnectedéto the non-inverting terminal of the laser

driver. The outpﬁt, Vo, of the optical receiver and the

input, V,, are then of opposite polarity. A wideband

operational amplifier subsequently sums the two signals to

produce the error .signal Ve. This procedure, where the

operational amplifier 1is used as a summer rather than.as a

v
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Figure 6.2 , Circuit used to determine the dynamic
light-current  characteristic of 'the laser

diode.
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dlfferentlal ampllfler, eliminates problems that can arise
. due to the decrease in the common mode rejectlon ratio seen
at high frequencies (i.e. > 100 kHz).

The error signal Ve is given by

Ve = ’(Ra/Rz)[vi+(R2/R\)VO]V

= -10[V,+(R2/R1)Vo] ' . (6.1)

"Since Vo is larger .than Vv, (by a factor of between 3 and 4)

it has to be scaled down to the same size as V,. This is
done by varying resistor R, until the error signal Ve, as
observed on the oscillosgope,‘isiminimized.

1f Vo, properly scaled, is exactly the same as V; then

the error 51gnal ve would equal zero. If Vo, is equal to zero

then the error signal Ve would equal -10 V;. Thus the
percentage deviation of the dynamic transfer chafacteristic
-0f the laser diode from that of a linear characterlstlc can
be calculated if the waveforms Ve(t and V;(t) are known.

The percentage deviatiqn is given by

¥ = (ve/10v,) x 100 : (6.2)

(SN

A

The error waveform possesses mirror symmetry since thé
.input _signal also does. However, this mirf&B‘symmetrx is
seen to break down at frequencies greater than'a few hundred
kilohertz.‘THisliS due to delay between V, and V,; and to the

introduction of frequency dependent distortion and
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attehuation by the operational amplifier ‘at these higher
frequencies. Under these circumstances, the error waveform
ve(t) cah no longer be used to determine the dynamic
transfer characteristic of the laser diode.

The highest frequency at which the error waveform still
possesses good mirror symmetry is 350 kHz. A sectlon of the
error voltage waveform, Ve(t), is . shown in Fig. 6.3(a).
Since the fnput waveform, V,(t), is a triangular waveform,
the laser diode current varies .linearly with time during
each half-cycle. Hence the horizontal exis has Dbeen
calibrated in terms of the laser diode current. The portion
of the error aneform shown corresponds to a laser diode
current between 76 mA and 96 mA. The laser diode modulation
has been kept ‘small to minimize the distortion introduced by

the laser driver circuitry and by the receiver ampllfler.

Consequently, the L-I characteristic_of the laser diode and

the transfer characteristic of',the transmitter-receiver

comblnatlon are approx1mately 1dent?cal

To determine the variation of the laser characteristic

with frequency, the error waveform for a very low modulation

frequency is also obtained. The transfer functlon of the

-1

optlcal receiver-amplifier stage has a zero at s=0 and hence

introduces large phase shlfts at very low frequenc1es. - The -

lowest laser diode modulation frequency for which a good
error voltage waveform is obtained is 15 kHz. A section of
this waveform cerresponding to a laser diode current ranging

%

between 76 mA and 96 mA is shown in Fig. 6.3(b). The

-,
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horizontal and the vertical scales -are the same as in
6.3(a). The error voltage is noticeably greater at ‘a
modulatioh frequency of 15 kHz than at 350 kHz.
From a, knowledge of the error voltage waveform, ve(t),
'the . percentage deviation . of the dynamic transfer
characteristic of the laser diode from that of an 1deal
linear characteristic can be found’ ﬁrom.equation (6.2).
Figure 6.4 plots.theée percentage.deviations for laeer diode
currents between 74 mA and 96 mA and for modulation
,frequehcies of 15 kHz and 350 kHz.
| Knowing that. the slope of the linear section of the
' iaSer diode L-I characteristic is D.13lmw/mA and that the
threshold current ~is .70 mA, the dynamic transfer
‘characterlstlcs of the\ laser diode fcan be plotted at‘
dlfferent modulatlon frequenc1es by making use of Flg 6.4.
The dynamlc transfer character1st1c for modulation fregquency
-of 15 kHz and 350 kHz, the statlc characterlstlc and the
linear extrapolatlon are all plotted 1n Flg 6.5. The hlgh
‘radiance region where the sublinearity of the
charactertstics is e§ident is shown in more detail\‘in Fig.
6.6. _ \. )
At the threshold current (76 mA 6 25°C) the -
' characteristics exhibit severe superlinearity due to the
onset°' of = stimulated emission. Above 74 mA, the
characteristics habe an abproximately lgnear regich of 10mA.A

A magn1f1cat10n of the error voltage waveform in this llnear

region reveals that the L-I characterlstlc is actually
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slightly superlinear. The deviation from linearity,_however,

is very shall; the‘IM_distortion if the .D-is modulated .in
this region'is less than —4§dB.‘This is less than or eqgual
: // ' ! . e .

to the distortion introduced 'by other components in the:

experlmental setup. Therefore, the dev1atlon from linearity'

in this reglon is _negllglble and this region: of the L-1

characteristic wlll be- modelled by a straight’ line. ~The
slope of thlS llne‘ is the same as that'of the .static

characterlstlc shown in Flg 6.1, namely 0.13 mW/mA.
-

iAt higher opt1ca1 outputs a. point 1is reached when the

characteristic switches from. belng superllnear to being’

sublinear.  The position of this.inflectlon p01nt depends on
the laser diode modulation. fregquency. .For the  static

transfer characteristic‘_the 1nflectlon' point occurs at a

Pid o , , Cot
current of 81 mA. This shlfts to 9&//ﬁﬁ~_for, a modulat:on

frequency of 15 kHz and 84 mA. fof a modulat1on frequency ofv*

350 kHz. The subllnearlty of the statlc cﬁaracterlstlc above
- its rnflectlon p01nt is much more severe than is the case

for a modulatlon frequency of 350 kHz ‘or even 15 kHz. Stlll

from Flg 6.4, it can be seen. that the percentage dev1at10n-

of the transfer characterlstlc (at - 350 kHz) from. a llnear

characterlstlc exceeds 10% in the very hlgh radlance reglon

Consequently, large-signal modulatlon“ of the ‘laser dlode

will result in the‘distortion exceeding ~30. dB.

The transfer 'charaCteristic . corresponding to a

modulatlon frequency of 15 kHz shows more subllnearlty than’

“the’Eharacterlstlc corresponding to a modulation frequency 0.
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of 350 .kHz. Hence, thermal effects are significant in thel

frequency range between 15 kHz and 350 kHz. The subl1near1ty‘
of‘the stat;c,characterlstic is much :more pronounced than
dthat‘ of - the \characterfstic. correspcnding. to a HS! kHa
‘modulatlon frequency This shows’ that thermal effeCts.;are'

most severe at frequencxes less than 15 kHz .

C. Summary .

The ' dynamic L-I characteristic of-the'laser diode was
determined for a modulation frequency'of BSOAkst- Thisf was
done by flndlng the dev1at10n of the dynam1c characteristic

/ ,
from a perfectly l;;;%”‘characterlstlc and “then ampllfylng
this small signal using-apn operational amp11f1er. ;

» . i C e

‘To determine Qhe’Effggt "of junction heatlng “on the

r\_\

Faser characteristic/ the dynamic L-1 characterlstlc at a
- SN
‘ modulatlon frequency of 15" kHz and the statlc characterlstlc
(i.e., modulatlon frequency of zero) were also found. It was
.Veflfled that the nonllnearlty ‘of the characteristics became
increasinglyi severeyat loner frecuencies.th}le some change
in the ndnlinearity'lof che ‘characteristics was: ncticed
ibetween 15 kHz and 350 kHz it was seen that thermal effec%;
are most severe at frequenc1es less than 15 kHz. '

It is concluded that thermal effects are small at
: frequencies’higher thany350 kHz. The change‘injthe transfer
CharacteriStic for modulation freduencies hetween 200 KHz
~and 350 :KHz vas observed> to be slight. The " dynamic

characteristic ‘obtained at this frequency will therefore be
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used in the next chapfer to determine the distortion

characteristics of the laser diode at much higher

frequencies.



VII. RNALYSIS OF LASER DIODE DISTORTION

The  light-current characteristic of laser diodes
désighed for use in optical fiber communications  is
virtually independent of 'modulatioﬁ freQuency within the |
‘approximate‘ range 1-100 MHz. Af higher frequencies,
harmonics of the modulation signaltapprqach ﬁhe resoﬁance
frequenc§}of the~laser.dioae'with a consequent .degradation
.ofi LD linéarity. At frequencies lower than 1 MHz, active
layer ‘heating' Causes_-sévefg ‘sublinearity,‘of_ the 1iaser
characteristic at  high optical outputs. The excess
:'distortion rééulting from‘bopﬁ éﬁesé phenomena are freéyency
dépendent *and hence represent a nonliqeafity with memory.
For modulation frequencies within.thé ranggl - 1-100 MHz,
‘however, 'a laser diode behaves like a simple nonlinearity
'withoﬁt memory [84]1,[88]); i.e., <&he -ﬁD's di;tortion and
input-output character;stics are independent of frequency.
The LD distortion cha;actetistics can £heh be determined by
‘modelling the dynamic L-1 characteristic by a bolynomﬁal
power series. The coeffiqieﬂts of-'£he power seriés ;re
constants indépendent of frequenéy oritime, since the'ﬁD's
nonlinearity is‘memor -free. '

Two such mqth§ s are examined in this chapter:;qne
where the LD characteristic 1is modelled by a simple.
polynoﬁial curve:and another where a pqunomi;l épline model
is employed. The IM distortions and their variation with LD

biaS‘G current and modulation- depth are theoretically

129
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caloulated using these models and compared with the observed

. 1
'
| :
\

data. I : ‘ ‘ | N
A. Single Poiynohial Model |

| In this section, a ,fourth.degree po}ynomial will be
fltted to the dynamic light- current characteristic‘_of the
laser dlode u51ng an univariate curvilinear regreSSion
model. Expressions for the intermodulation products will_ be
derived from this  model. The  behaviour of the
intermodulation distortion.as the LD bias current is varied
is calculated and compared to experimental results. In the
next section, these results will be compared to tH%se fromﬁ
€he case where the light- current characterlstlc is modelled,

by a polynomlal spllne

Formulas'for Intermodulation Distortdon‘

The derivation of the _laser ‘diode intermodulation
}distortion -is now described;dLet X denote the deviatioj-of
the laser diode current from‘its‘quiesoent value 'and y he
deviation of the.laser.diode light output from itsiquiesant
value. A section of the l1ght current characteristic around
‘the qu1escent point x=0, y=0, ‘can then be modelled by a
polynomial'curve. The best f1tt1ng polynom1a1 (in thef mean‘
squareh'sense) is- found " using the univariate curviiinear

regression subroutine RLFOR from the IMSL 1ibrany) A fourth

_degree polynomlal 1s used for curve f1tt1ng even though only

, terms of order three or “less are used to calculate ' the
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second-' and third order intermodulation prodncts; The

polynomial approximation is of the form .
'y = a;X + azx? + azx® + agx* ‘ (7.1)

.If‘th; laser diode is modulated by the two-tone éignal
, \. | | ‘
x(t) =.A'cos(w,t) + B cos(w,t) “(7.2)

S . | |

then, from eqguation 7.1, the light output is ‘given by

y(t) = dc.term | .
+.(a,A+3q?A’/4+3a,AB’/2) cos(wit)
'+ (a,B+3a,B°/4+3a;A*B/2) cos(wzt) »
+ (a;r?/2) cos(2wit) -+ ta;B?/2) cos(2wst)
+ a,AB [cos(m}fwz); + cds(w;—w});];- i (7;3)
¢ (ash?/4) cos(3w,t) + (a38°/8) cos(3wst)
+ (32,07B/2) [cof(2w,*w;)t + cos(2w;-w;)t]

+ (3a;B’A/4) [lCOS(2w2-+w1).t + COS'(zwz‘&M)t]

_ The dc term is due to the fact that‘the light outpﬁtfis

'nqt symmetfical about y=0- because of the sublinearity of fhe
.light—current curve. The first two. terms after thét are the
fundamentalitonés af-frequéncies £, andvfz; the néxt two_ére

.secohd harmonics at frequencies 2f, and 2f;; and thé. fifth

and sixth t?rms are the second order intermodulation

products;at frﬁ@uencies f,-f, and f,+f,. “The sévghfh,”and

l
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4
eighth terms of equation 7.3 are the third harmonics and the
last four terms fepresent the third order intermodulation
vbroducts. Note‘thét if the modulation coefficients A and B
are functions of - time ratHer than constants then the
fuﬁdamental te;ms in equation~7.3‘indicate that = there has
been a tfahsfer of modulation from one carrier to the 6ther.
(resulting in cross-modﬁlétfén'distortion). The‘coefficiehts‘
bf tbe. cross-modulation terms are é,AB’ and a;A*B. Hence,
cross-modulation distortion disappears if a; = 0. Note also
that the second order distértion terms vanish if a, = 0 and
vthét the third order aisgértioh‘termsevagish if a; = 0;'

~For simplicity, the case of an egual amplitude two-tone

signal is considered,

\\\ x(t) = A[cos(wif) +.cos(w2£)] | (7.4)

\' AR B S
"From (7.3), the peak power 1in ‘any of the tﬁird Srder
inte#modulation aistottion terms is equal to 3|ag|A’/4, the
_peak power inveithef of the secohd order. intermodulation
'diétdftion tefm; isneqUal to |az|A?, énd the peak power in
either of.the,tﬁo fundamental tones is equal té la,|A. Thé

second- and third order IM distortions are thus given by

Q

IM(£,-f,) = |az/a\| A I (7.5)

IM(Zfz'f1) = 3|a;/a1.l Az/4 ‘

respectively., Expressed in terms of decibels, ~ these

A9
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equations become .

|

IM(f,-f,) = D2 o+ 20log(laz/a,|) + 20log(M) (7.6)

IM(2f,-£,) = -24 + 201og(|3a,/4a,|) + 40log(M)
s -

where ﬁ, the peak-to-peak modulation cu;rent,‘is equal to.
4A, | | ’

| By performing a polynomial interpola;ion of different
sections of the L-I characteristic, the 1IM. distortion fof‘
any given LD bias current and modulation leQél can be

b

~calculated using (7.6).

Distortion versus Bias Current (

The behavior of the second- and third order IM
distortion as a function of the laser diode bias currenf‘isA“
now calcuiated by performing . a* single polynomial
interpolation at _differgnt points of the light=-current
characteristic. The calculations are pérformed assuming -a
constant laser diode currgnt modulétion of 4mA p-p for‘the
bias currents 70 mA, B4 mA, %8 mA, 92 mA and 96 mA. The
computer prograh that performs the polynomial,interpolatioh
and calculétes the second- and thifd order intermodulation
diéfdftion'is'given in"Appendix I. ®

‘An ‘unweighted, univariate' curvilineaf_ regression
éhaiysis using orthogonal polynomials is ca:ried out uéing
the IMSL routine RLFOR. The input to the prbgram is a set of

nine points (x;,y:) lying on the laser diode lighﬁ-current
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characteristic. The points .span a segment of the dynamic
light-current characteristic thét is centered at the laser
diode bias <current and extends 2 mA on either side. The
interpolation polynomial is #héf fourth degree. polynomial
“that minimizes the mean square error between itself and the

nine data points.'Polynomials of any other degree <can also
be useéd in the interpolation pfocess. By increasing the
degree|of the interpolating polynomial, larbitrarily ‘small
mean  square = errors can be obtainedl However, the
intermodulation distortion 1levels caicﬁlatéd from this
polynomial would be 1in error: the reason for this is that
such an interpolation would not be sufficiently "smooth". As
an extreme case, if the degrée of the interpolating

| ‘
polynomial is!greater than or egual to the number of data

t

<

points then 'the mean sqguare error 1is =zero (since the

1
|

polynomial goes through all the data points) but the
polynomial oscillates about the data points. Since hine data
points are being used it is found that an interpoiating
polyaomial of degree four«strikes the proper balance between
degree of smoothness ana miﬁimal mean sguare error.

The calcuiated values of second- and third order IM
‘distortion for laser diode bias currents of 70 mA, 84 mA, 88
mA, 92 mA and 96 mA and for a constant modulation currént of
4 mX p-p are plotted in Fig. 7.1 andQFig. 7.2, fespectively.'
Fig. 7.1 élso shows the obse:ved vaiues of IM(f,-f,). The
values of IM(2f,-f,) were too small tb-be measured at this

modulation level. The measurements were made using a
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Figure 7.1
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two—toné input signﬁl at fundamentalff;equencies f, = 10.0
MHz‘ ahd f, = 10.2 MHz. The'meaéured values were found to be
virtually independentx of frequency as long as the two
" fundamental frequgncies were _between 1 MHz and the uppér
bandwidth of the LD transmiftef. ThiS'is‘ due ‘to lthe fact
‘thAt‘ the nonlinearity of the laser diode is memory free in
this fre uency range-

Thiso requenc§ independence of IM(fz-f1)'and IH(foPf,5f
is illustrated-in Fig. 7;3, The_obéerved values of IM(f,-f,)
‘and IM(Zfz—f3) are plotted as a function of frequency f,,
with Af constant at 0.1MHz. The laser éiode bias current is
B4 ma and ftheAnmodulation curfént'is‘12 hA pfp} It can be
seen that the‘vafﬁ;s 6f‘ the second- and"tpird<'brder IM
distortion éhangé;by less than 1 dB over the £requenhy4raﬁge
1 MHz to 40 MHz . ‘ _

From Fig. 7.1 it can be seen that'IM(fz-f1) dédreéses
.rapidly as ﬁhe 'biaél current 1is increased beyona ,ﬁhe_
.fhreshbld current of thev laser ‘diode (79 ﬁA). When the
~modulation is entirely in the lineér. region of the light'
current~ cﬁéracteris;ic, " the sccond brdeg M dis;ort§§n is
less tpan ~45 dB énd lies below - the noise floor of the
“spectruﬁ ;ahalyzer. As the 1laser ‘diode bfas current:is
.increased, the region of modulatiéh of the laser diode
‘.encroatheS"more and mqtelinto the su?linegrksection of thé
lighf-current characteristic, regGIZEEg’in a §harp fise in
ihférquulation distortion. [In ‘;he ‘high radiance region

~above - 92 mA, - however, the intermodulation ~ distortion
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actually starts decreasing. This can be explained by the
. fact that the slope of the light current characteristic is
changing at a slower rate iu the high radiance' region than
in rhe region\between 85 mA and 90 mA.lThus, modulation by a
| small signal (such as 4 mA p-p) will result',im less
distortion“in the high radiaﬁce region‘than in the region
between 85 mA and 90 mA. |
“ The plot .of the calculatedﬁvalues of second order IM
distortioh, illustrated in éig. 3.1, shows roughly the same
behaviour as the plot of the measured values. The calculated
values are w1th1n 3 dB. of.the measured values except in a
n21ghbourhood of 85 mA where the values are anomalously hlgh
(6 dB hi gher‘than‘the measured values). The calculated value
of IM(2f,-f,) at 84 mA is also anomalously high; it predicts
that the distortion at 84 ma is greater than that at 88 mA
whereas En actuallty “the’ values of @ both IM(f,-f, ) and
IM(2f,-£, ) are known to increase between 84mA and- 88 ‘mA. :
The reason that the calculated values ‘of IM(fz 1) and
IM(2f,-f,) &re more inaccurate in a nelghbourhood of the
inflection point at B84 mA than 1in other regions of the
ligpt—ourrent character{stic could be tuat rhis ooint is the
~ boundary betﬁeen two distinct regions. To the left of this
point, the second-deribative is almost zero and the curve i
quite linear. To the right of this point rhe seoomd
derlvatlve takes an almost dlsomtlnuous jump in the negatlve

dlrectlon and the curve becomes subllnear.~ It is not

possible for a polynomial to be perfectly linear in one
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region and sublihf. . in another. Thus 1nterpolat10n of both

these regibns b?g;u‘lngle fourth degree polynomial results -
in a mean sguare error that 1is much larger‘ than if‘ the
interpolation Qas pe;forheav in only oﬁe of tﬁése regionsg
The mean square. error can be made small of course ‘by usiﬁg
an ihtefpolating polynomial of. much higher degree; but such
a polynomial tends to oscillate about fhe data poinfs, as
mentioned earlier. | .
B. Polynomial Spliﬂe4Model ' ‘

For"iaser diode bias currents bétween 83 mA ana 874mA;
‘much better nco;;;létion between calculated band  measured
values of ~IM distortion can be obtained . by“ using two
polynomials to model tﬁe light—curfent éharacteristic; one
bol&nomial (é. stgaight line) for theiregion to the left of
84 mA and another'pblynOWQal for;the-sublinear’region to: the

right of 84 maA. P L -

Formuias fér'lntermodulation Distortion
As in %?e previous section, ‘let x denote the dev1atlon
of the LD current from its qu1escent value (@ 84 mA) and y .
uthe\‘dev1at10n of the LD llght output from 1ts guiescent
value. Tﬁé regipn;tﬁ ~he left of the qulescent p01ntl (x<0X
is modelled by a szra. =- _ine. In the previous sétion, the
slope of this line segmeint was fr be 0.131. mW/mA. In
the region to 'the right of . ,uiesceht point (x>0) a

polynomial interpolation is performed. The sameiIMSL;routine

<
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3(RLFO§) is uSed'ae in the . preyious section but with two
differences- Firstly, the interpolatioh is.only performed in
the reg1on x>0 instead of on both sides of" the quiesceﬁt
po1nt.'vSecondly, two addltlonal constraints are 1mposed on )
the ihterpoiafing polynomial- that its constant term be
zero, and that the coeff1c1ent of its flrst degree term ‘be
0 131 mW/mA The first condition ensures that the polynomlal
goes through fhe. or1g1n‘ k=0, y~0.. The second-condltlon
.allows the’ polynomlal spllne to be wrltten as the sum ef a
stra1ght line 'of. slope 0.131 mW/mA and some higher order

perturbation terms. Thus the polynomial spiine.model "is of

- the form - '\\
x, O,ljlf : for x<0 . ' ‘
Y = . ‘- . ’ ’ . : ' ’ (7.7)
0.131x + a,x? + a,x’ for;xeo
‘if the laser diode is modulated by the two-tone signal
x(t) = A [cos(wit) + cos(wzt)] ' (7.8)

“then, from equatidns 7.3, 7.7, and 7.8, the lase: diode

light output is given by

0.131 A [cos(w,t) + cos(w,t)] if x(t)<0

(7.9)
R

i

y(t) =

LY
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0.131 A [cos(wt) + cos(wzt)J
+a,A? cosl{wz-w,)t + (3asA°/4) cos(2w;=w;)t

+ other terms | Cif x(t)>0

Y ’ :
where %oth®r terms" denotes components at fréquencies 2f,,

2f,, f£4+f;, ,2£1+f2, etc..., which do not affect the

calculation of IM(f,-f,) and IM(2f,-f,).
" Equation 7.9 can bQ réarranged and w%itten as

y(t) = 0.131 Alcos(w,t) + cos(wzt)] o \

+ ya.(t) + fg(t) + oﬁher terms - ' (7:10f
where '
§(. aA? cos(wz-wit) - vhenever x(t)>0
§2<t)‘=' L : (7.11),
o | TR whenever x(t)<0
and
_ (3a3A?/4).cos(wz-w1)t ' whenever x(t)>0
yalt) = ‘ | (7.12)
0 | ' ‘ whéneyer x(t)<0

The sigha; xﬂt) varies sinusoiaally with period T, =

¥ :

. 2/(f,+f,) and has a beat frequency of period T, = 1/(f.-f,).
The signal y.(t) represents the sinusoid a,A® cos(w;-w,)t
sampled every T, seconds using a gating’pulse of width T,/Z;

Similarly, the signal y:(t) represents the sinusoid

-
\_/
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(3a,A°/4) cos(2¢,-w,)t. sampled every T, seconds using a
gating pulse width T,/2.
By calculating the Fourier céefficienfs of y.(t) and

y;(t), equations 7.11 amrd 7.12 can be. rewritten as

Yz(t) = dc term + (azA’/Z) %os(wz—w,)t (7.13)
+ cz cosz(wz-w,)t + ¢y cos3(wr-w,)t +.
and '
yal(t) = de term + (3a,A%/8) cos(2w;~w;)t (7.14)
| + d, cos2(2w,~w,)t + d; cos3(2w,-w,)t +.
whefé c, ahd d, are the‘foufier-coefficientsg‘of y.(t) and
_ya(t) respéctively. : | ' ‘/'v 'fy
From equations 7. 10, 7.13, and '7.14, the peak poyér‘ in
either of the two fundamental'tongs‘ié équal to 0.131 A,'thé
peak power in the seccna _order 'IM_ distortion product at
- frequency f.-f, f@ la.a?/2]|, and the,peak pover in‘the third
" order fM‘ distor?ion product at frequenéy 2fz-f1k is

|3a,A>/8|. The second- and third order IM_distortioné are

\

\

thus given by : : o - - \
IM(£,-£,) = |a2/2(0.131)] A (7.15)\
and
U IM(2f,-f,) = [3a3/8(0.131)] A (7.16)

respectively. Expressed in terms of decibels these become
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]

IM(f,-f,) = =12 + é‘e«EZ%Taz/z(o.131)| { ‘
” + 20log(M) o (7.17%
IM(2f,-£,) = -24 +2010g|3a,/8(0.131)] -
. 401og(M) | | - _ (7'.18)

. where the peak-te-peak modulation current, M, is ‘equal to
4A. ) |

By performing the reguired polynomial interbolation in
the region x>0 and.sebstitutknéhthe polfnomial coefficients
and the value of the.LD modulation current iato equations
7.17 and 7.18, phefsecond-vand third order IM distortion are
 found. The computer program used to calculate the Iﬁ '
distortion (for a current modulation of 4”mA p-p and a bias
current of 84 mA) using the pdlynoﬁial.'spline‘ model 1is
yllsted in Appendlx‘II o |

If the interpolation is done on the data p01nts (x.,y.)
.there is no assurance that the . 1nterpolat10n polynomlal w1ll
-lsatisfy>the conditions that 1ts constant term -be zero ‘and‘

its first degree term be 0.131x. Therefore, a new set of

pdidts'(z;)‘is defined by thevtransformatiqn :
Z; = (Yi _'0.1.31)(5)/#}({2 T : ‘ (7.19)
A straight line interpolation is ‘then .performed on’ “the

points (x},z@)"in the x-z plane. Suppose the best fitting.

.straightlline to theé. points (x,,z,) is
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z = a + bx , o (7.20)

Then, from equation 7.19, the best fitting polynomial

 through the points (x,,y,) is the polynomial
y = 0.131x + ax? + bx? (7.21) |

This polyromial clearly passes through the origin and has

0.131 as the first order coefficient.

Distortion VérSus'Bias Current |
Gréphﬁ- of the calculate8 values of Iﬁ(fg—f,) and’_?
IM(2f,-f,) as a functién of the laser diode bias cqrfenﬁlargs’
éiVen in Fig. 7.4 and Fig. 7.5, respectively. The polynomial
‘spline model has been“psed to :calculate the vaiuesa of
diétort{on. in the region around the inflection pbint at 84
mA. The values of IM(f,-f,) and IM(2f,-f,) for the bias
¢uf?en£s 88 ma, 92 maA, ané 96 mA are the same as in figﬁres
7.1:356 7.2 since for these bias currents the region of
modulation is éntirely in thé ‘sublinear region of the
" light-~current characteristité : | |
| A The plotA of - 'IM(2f,-f,) fh’Fig. 7.5 dées_not show the
anomaious behavior in thé'regi&n-between 83 mA and 87' mA
that was seen in Fig. 7.2. Thé third 6rder IM distortion 
increaseé gradually as ‘the LD QUiescénﬁ ppint enters the
sublinear region .of the 1igﬁt—curfént characteristic and

‘then decreases slightly in the high radiance fegibh._
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In Fig. 7.4, the calculated valiles are compared with
the measured'value; of IM(f.-f,) (for frequencies f, = 10.0
MHz and f, = 10.2 MHz, and a modulation current of 4 mA
p-p). The correlation‘between.Ealculated and measured values

is much better than when a 'single polynomial interpolation

was performed. The two curves are separated by less than 3

3B at all bias currents where IM(f,-f,) could be measured.

The plot of the calculated values is very similar in shape

to that of the measured values except that it is generally

‘displaced vertically by about 2 dB to:3 dB. There may be two

‘reasons for this. Firstly, the dynamic'L-I characteristic of

the laser diode at a modulation frequency of 350 KHz was
used in the calculation of IM distortion; the actﬁal dynamié
L-1 chéracteristic for freguencies above A1_fﬂHz could be
slightly more linear. Secondly, the interpolation polynomial
used in the calculation of the IM distortion ~does not go

through the data points with the same deéree of smoothness

as the .actual light-current characteristic. Both these

circumstances would result in a calculated value of IM

distortion that is higher than is actually the case.

Distortion Versus Modulation Current -
Finally, by . performing the polynomial spline

interpolation over a larger and larger region of the

'light-curfent characteristic, the behavior of the
_intermodulatioﬁ distortion - as a function. of the LD

modulation current can be calculated. Second and third order

:
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intermodulation distortion for a bias current of B84 mA "aqd
for LD modulation currents of 12 mA p-p, 20 mA p-p, and %8
'mA p-p were calculated using the same RLFOR program as in
Appendix II. ‘

The calculated aud measured"values of lM(f,-f,) and

' ‘ -
IM(2fz—f ) are plotted in Fig. 7.6 and Fig. 7.7,

respectlvely For tﬁe reasons given before, the calculated

values. of IM dlstoﬂtlon are- hig measured values

by about 2 dB to 3 .dB. But, e&ce- 'Htﬁe.acalculated

. X . Ry )
and measured values are 1n exc Zment. The slope of

the plot of IM(f.-f, ) is 20* dB/ﬁe _for' ldﬂ‘ modulation
W . %J,_ . : .

levels ' and rlses to 30 dB/decade for ‘modulation levels

| greater than 20 mA p-p. Slmllarly, the slope of the plot  of

IM(’fz-f ) is 40 dB/decade 'ﬁor low level modulation and

increases to.51 dB/decade for modulat1on levels greater than .-

20 mA pP-p. Thzs increase in slope at high modulation levels:
is due to the large dlfference between the slope of the
"light-current characteristic in the high radiance region and

in the linear region.

.C. Summary
By finding the best flttlng polynomlal spllne l(in -the
mean quare sense) to - the laser dlode s dynamic
charactepistic, the intermodulation disrortions- resulting
from two-tone modulation of the laser diode were
calculatod. In this method, the’dynamic characteristic was

partitioned into 4wo distinct regions: a linear region and a
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sublinear region. Interpolation. by a .fourth degree
polynomial was then performed in both these regions.
Formulas for the IM distortion were then derived as a
function of the polynomial coefficients and the amplitude of
the modulation current. By performing the 1nterpolation at
‘dlfferent points on the laser diode character15t1c,~ the
’ behavior of the IM distortion as a function of the laser
diode bias current was calculated. The behavior of the IM
distortion as a function of the LD modulation current was
also calculated. | |

These calculated values of IM distortion were found to
be in'good gualitative agreement witn ~the experimentally
observed values. The polynomial spline modsl,gave results
that were in much better * agreement w1th experimentally
measured .values than th& results from an alternate model
Lwhere a 51ngle polynomial 1nterpolation of the laser diode
characteristic was performed In addltion,lit.was found that
the IM distortion were virbually' independentp of frequency
for frequenc1es ‘between ‘Hﬁ;MHz' and 40: MHz (the upper
bandwidth ‘of the LD transmifter) This is in'agreement~'with
‘the hypothe51s- that a laser-diode possesses a nonlinearity
-without memory at frequenc1es between roughly 1 to 200 MHz.

It is concluded therefore, that the nonlinearity of a
laser diode can beiaccurately characterized (for frequencies
where the LD has a simple nonlinearity“without memory),py'
-determining the dynamlc light-current’ characteristic of the

Jbs.

laser diode and approximating it with polynomial fumﬁtrons.



'bgrﬂDescription~of'the Predistortion Technique

'ranée in which the laser dicde nonlinearity is memory free.

VIII. A PREDISTORTION éOMPENSA;I‘ ION TEC;IN IQUE
In this chapter, a laser diode linearisation technique
is examined that has‘%be'pctentialiof improving laser diode
linearity ;oder a much larger frequency .range than is
possible using opto electronic feedback. This technique

1nvolves the 1ntroduct10n of complemeptary d1stort10n in the
n _
drive circuitry to compensate for the distortion that :s

generated by the laser dlode.

In pr1nc1ple,_ llnearlsatlon ‘of the light-current

]
¢

characteristic can’ be achieved over the entire “requeicy

A\

o

n -practice, :the frequency range over whlch linecrisation

can be achieved is Limited by the bahdwidth of the drive.

.ciffuitr&, 'while the degree of linearisation that can be

2

.5
pes}
o

-yt

The nonllnearlty of ,the-»laser dicde wused  in this
- ‘akv : o ’ ?

due to the - sﬂbllnearlty of its light—current

~its;'1nflect10n point at 84mA. The

/

predlstorti’n1 techn1QUe ' presented here anolves- theﬂ

E)

,y‘

bl

LAl

"‘der1vat1ve Jof‘,tHef” characteristic ' is positive).  The

e T RS R &

K4

B . 53

tobta1ned is limited by how well the ’nonlihearities of the

Sy .

.laser d1ode and the predlstortln c1rcu1try can be matched

M‘ ™~
e’"

1ntroductaon@f%t a ﬁonllnear c1rcu1t 1nto the LD transmltterd
_descrlbed in chapter IV The transfer characterlstlc of thls“

nonllnear,' c1rcu1t ‘s " superlinear (1.e.,,'the second -
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: ﬁransmrtter shown

varles superl1near1y w1th X A

interaction  of this superlinearity with the sublinearity of
the LD light/current characteristic results in an overall

transfer’r‘characteristic that is ‘more llnear ‘than the

llght~current characterlstlc of the LD.-

n Thek.c1rcuit schematic of- the predlstort1on scheme is
_ & o Lo
sh&wn+un Fi " 8.1.. The tran51stqr .Q3 15, the onllnqar
\‘ }J Ve “',’ oo X ' ” -, . -
addzexon t6 the basic LD transmﬁuter Except. for thas

addlfTﬂn, the rest of the c:r&@‘t 1s ;1déﬂtical to“-the LD

[
,Id b

Neglectlng the effect of Q3

-

the LD qu1escent current 1s»egual to I +(Iz/2) Def1n1ng X =

(12/2) = Icz'- 20 mA\athe dlode current can ‘be’ wrlttenh'

R

uvas~1; = I .+ (12/2) +\& ~»84 mA + x. Thus x ;epresents the

e 7 . )
deviation 'of the LD current from its qu1escent value. Since

'x varies linearly'with V., 50 does I4. Thus  the. transfer

o

characterlst1c of the LD transm1tter (deflned as the plot of'

the LD l1ght output versus x) has he. same .shape as the

dynamlc- llght current character15t1C“ of _the LD, The ,QQ

« i~

. tran51stor Q3 1s blased in such a manner that it draws. an

addltlonal predlstortlon . current, ~ Ip(x), ‘above . the

inflection p01nt of the LD .The laser aiodekcurrengfﬁs ‘thus
. R ' ”ﬂ‘ i

equal to Id = 84 mA + X 4 Ip(x) \This predistortion. current

-

The current X can vary betweenvlzo mA and +20 ma, When.

x.= -20 mA, the.VOltage Vc1 is equal to zero Q3 1s off and

Ip = O. ASi X inqreases, Vc, 1increases and at a p01nt

determlned byl resibtorsA'Ry and Rz, ‘Q3 turns on..'LNo

dlscont}nu1ty ﬁs aintroduczg 'inj tge slope of the transfer

&
Af 22

o id ~ . B . o
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Figure 8.1 Schematic of laser, diode transmitter. with

! ‘predistortion. '
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characteristic, since Q3 turns on gradually. Since the LD is
biased at 84 mA, whichﬂis where the sublinear region of the
LD light—curfent characteristic begins, the resistors R, and
R; are chosen so that Q3 turns on when x = 0. Thus Ip 1is’
zero for x < 0 and iélpositive for x > 0.
The magnitude'of 1p after 'Q3' starts to conduct is
determined‘ by the variable resistor Re. As the emitte:H
ff;}resistance Re is decreased, the magnitude of Ip increases,

a

771ﬁ§ﬁhe‘§yperlinearity of Ip also increasgs (for x 2 0), and the

e sublinearity of the . overall transfer charactéristic

decreases. If Re beéomes.too small, however, the transfer

characteristic becomes superlinear. Furthermore, cafe must
be ‘téken so that 1Ip never becomes lafge'epdugh that the
4 , . \

laser diode currentvexceeds'its maximum safe value.

In principle, more traﬁgistors can be added £6 turn on
or 6ff at different points on the ;charaCteristic., The
additional4 transistors coﬁld._supply\-githéf more or less
current to the laéér'diqde than- would otherwise.be the case.

v By Mﬁsing a numbér of éﬁch.transiStorsfoefyjlow'values of
distortion cOﬁld 'be obtéined,v‘Lasér diqges manufactured
pfesentiy for the purﬁosé of optical éommuhica;ioﬁ haves
outputé that aré ffee of kinks'and,usually.exhibi£ a single
inflection point in their lighf-cu:rent charaéteristic; For’
such laser diodes, it is demonstrated that good ligeariﬁy

.o ~ : .
can be achieved with single transistor compensation.

.

R
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B. Predicted lmprovements in Intermodulation Distortion

In this section, the transfery characteristic_ of' ‘the

A

‘compensated LD transmitter is derived for several values of

emitter resistance, Re. The transfer characteristic is a
plot of the LD light output versus the modulation current x.
From these transfer characteristics the intermodulation

distortion products can be calculated using the polynomial

spline model. .,The distortion of “the LD
transmitter has been calculated in Section 7.2; hence, the

reductions in IM(f,-f,) and IM(2f,-f,)  due to the

- application of predistortion can be determined as a function

*'.0§ Re.

5

&

‘Fié; 8.2. for.sévéré;iyélues of- Ré.

To | déterhine the transfer characteristic of‘ the
linearised LD transmitter, it is first ﬁecessary to find.the
predistortion current, I2(x). The laser diode current I.(x)
is thengélso known. The LD light output as a function of «x

is then easily found from the LD dynamic light-current

~characteristic diode that was found in chapter VI (Fig.

)

6.6).

"‘The\ predistortion current 1Ip(x) is equal to the

collector current of Q3. By using a nonlinear transistor
: : s L o _ . : )
model, this currént has,beeh plotted as a function of x in
- PR ) ) , ) _

Given Ip(x), itiis,g'simplétﬁﬁtfe{fto plotild(x) = 84mA

- ) ‘ e ? : s “, e - v N
+ x +.Ip(x). This has been done‘ingFig. 8.3. It can be seen

-, .

that the curves exhibit )superlineagggyt' due  to the
predistortion ..currentr Ip(x) and that the severity of the
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supe;linearity increases as ‘the emitter resistance Re
‘decﬁgﬁéés. | o
Knowing the laser diode cSr ent I, as a function of x, -

;he transfe; ‘characteristic w_of the éompgnsated LD

, transmitter is found graphically from Fig., 6.6.. Thése
transféfvéharacteriqgics are piotted in Fig. 8.4 for several
\\\Xfluesﬁof Re. Clearly, the sUpetlineérity of the LD current
has partly ﬂbentefa;;ed, the sublinearity of the ﬁD
characteristic reéﬁlting in a  more linear transfer
"qﬁaractefistic. When /'Re is ainfinite, the 'predistortion
'curren; is‘equai to zero and the transfer cha:acteristic is
identical to the LD dynamic characﬁeristic..The‘tfansfer
characteristic bécomes more linear as Re is décfeased; but
for values of Re less than 85 9, bvercompensétion céuses the

| transfgr cHaracféristié to become éuperljnear.

| | By éppréximgting each of “these chafaéteristics by a
polynomigl spline model and using'tﬁe techniques of chapter
VI, éfbioﬁ of the reductions in second—}and third order IM
»diétoftion vérsés Re is obtained (for a LD modulation
current of '8 mA p-p). This plot is shown in Fig. 8.5. The
computer program used and the %gﬁhits;obtained are contained
‘in Appendix III. It is. seen that fhé_greatest-degree of
lineéri§ation_occurs for Re = 85 Q. This is also readily
apparent from the plots of the transfer chaié%teristics
shown in Fig. 8.4. For this value of emitter -;esiétanée;
reductions in second- . and third order IM distoftions of 13.6

Q

'dB and 1i.5'dBt respectively, are predicted.
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Figure 8.5 Predicted improvements in second- and third
' order IM distortion as a function of Re (for

a LD quulatiowrent .of 8-mA p-p).
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The 2nd (3rd) .order IM distortion increases at an
almost constant slope of 20 dB/decade (40 dB/decade) with:
increasing modulation current (up to a certain level) for
both the compensated and _uncbmpensated LD transmitter.
Hence, the reductions in the IM distortion, AIM(firf,) and .
AIM(2f,-f,), should ideally be independent of the modulation

current, at least at low modulation-levelsr

C. Observeu Improvements in Intermodulat1on D15tort1on

The predicted performance of.the predlstortlon scheme

is compared with experlmental results in this sectlon. For a

Ny
b

LD modulat1on current fof '8 mA p-p, the experlmentally.
observed reductions in IM diStortions, AIM(f,-f ) and

AIM(2f,+£,), are plotted ¥n Fig. 8.6 and Fig. 8.7,

' respectivelyi The meaSurements were made -for a two-tone

‘input signal w1th £, = 29 MHz and f, =“3b MHz .. Theb results

are almost 1ndependent of frequency 1n the frequency range
from 1 MHz to 30 MHz.. 4

ilFor comparlson, 'the*gtheoretical,ualues.of‘AId(fg-f;l
and AIM(2f,-f,) aré alsot included"inf‘the '_appropriate

figures. ‘The observed reductions in both the second- and

thlrd order IM dlstortlons are a maximum at Re = 80 Q,

rather than at Re = 85 Q as calculated Thus the plots of
measured reductions in IM dlstortlons are dlsplaced slightly
to the left relatlve to the calculated plots Also the peak
values of IM d1stort10n reductlons are observed to be 15 4B

N

for _second order IM distortion and 11 dB for third order IM
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dlstortlon. ThlS compares well Wlth the calculated values of
13.6 dB andf11.5'dB respect1vely The calculated plots of
AIM(f,~f,) &nd ‘AIM(2f2~f1) are thus in excellent agreement
with the etperimentally, observed '.performance.ttof - the
predistOrtion"scheme; in fact, the calculated plots are
within 3 4B of the ‘observed plots. for values of Re greater -
than- 60 Q. No measurements were made for values of Re less
than 60 Q since fhe resultlng large values of predlstort1on.
current .could damage the laser diode. . L
’ . As the LD modulat1on current is 1ncreased beyond 8 mA_
p-b, the max imum values of AIM(fz-f ) and AIM(Zfz—f ) that‘
are observed still occurs for a value of Re = 80'Q; but this
maxlmum value is now a function of the modulatlon current.
This is illustrated in Fig. 8.8 where AIM(f,-£,) ‘and_
.ﬁhl¥(2fz—f15 are plotted as apfunction of the peak—to-peak
5nodulationvcurrent (with ge'=‘80 Q,'f, = 29 MHz, and'fz = 30
| MHz ) . The reductlons in. , IM dl@tortion for modulation
currents less than 6 mA (p—p) could not be observed asxzthef
intermodulation dlstortlon disappeared beneath the naise:
floor of the spectrum analyzer when -predistortion war

W

applied at- such small _modulatlon levels} For'modulatioh

-

currents between 6 JRA (p p) "and 16 ~mA (p p) the second;‘:‘

. (third) order IM reductlon was constant at 15 dB (11 dB% In”

Fig. 8 9 the observed reductlons in IM dlstortlons are’ shown

\
/

for a LD modulatlon current of 16 mA (p-p). It is seen that,

-~

without predlstortlon compensatlon,.,the values . of - IMA§\

distortions are - IM(fz-f1)v- -26 dB and IH(Zfz-f ) = r31 dBf_

3 .
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- Figure 8.9 Intermodulation distdrtion . present in .;aéZf'g¢£
~- - _ diode output (a) without predistortion and (bY .
C with predistortion for a two-tone signal (f, =
‘ . 25 MHz,« f, '= 30 MHz) and a LD modulation
o . -current of 16 mA (p-p). fggg'z_ I .
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'for ,f1 = 25 MHz and “f, - = -30MHZ. With prediétbrtiqn
: compenSatlon, the IM d1stort10ns qte reduced to IM(fz £,) =
'--42 dB and LM(Zf,—f ) = —42 dB Hence, the reduct1ons 1n IM

dlstortlons are AIM(fz-f ) = 15 dB and AIM(Zfz-fa) j11 dB

A For LD modulatlon currents greater than 16 mA (p p) the

reduct1ons in IM d1stort10ns Were obﬁervﬁd to decrease ‘The

reason fgr“ thlS behav1or can %e deduced frqm-@ig 8. 4 The h

IR

w@ransfer characterlstlc correspondlng -td Repa&. 85 49 is

S PN Ll
extremely 11near ﬁfor currenfs up tosx = 8{;@

oY
&.regton between the threshold current/and 92. ma)vi’bﬁt for

‘q{values of Lk greater ;&pan 8. mA® the characteélst1c becom@s
. - r.. % , / -
. %ubllnear Hence, %gxlmum llnearlsat1on is obtalned tot
3 ) \\")
modulatlbn "currents Jless than 16 mA‘lp p) Tha'degree of

o

’l1nearzsat10n-fobta1ned by thlg predlstortlon fedhnlqde ©

"*&'J‘a # “ \3

diminishes for) current modulagaon above ;hls value.“It 13‘

&“pessible €0 eﬁtend the reglon of ﬁax1mum. 11near13at1on by ,

'.inq&%porating,~an§therv tran51stor ‘into ‘the

. B {gb-‘ . b
rn on and draw

cirt:'uitr,y ythat “ould .

. predlstortlon curr%nt

92 mA Thls is not attempted however, as the addltlonal\

-

“cpmplexlty 1ntroduced by hav1ng a‘secon@ circuit to optimize

makes it impractical.' o ) _—

An 1mportan ‘ advantage -of : llnearlsat1on by -

a

’ pred1stq;tlon, rather~than by. opto- electrdhlc feedback,."ie

v; that :ﬂ!g reductlons in 'IM dlstortlons are 1ndependent of

.frequency. Th1s is shown 1n Flg 8. 10 where AIM(fg-f ) ‘ehdx

AIM(2f.-f,) ar d%otted as a functlon of the frequency £,

S | e

ﬂﬂﬁ the{v

.?dd1t1onal“

or laser dlode currents larger ‘than

astortlonff R
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while- keeping Af fixed' at 0.1 MHz. The IM reductions are
_almost 1ndependent of frequency over the entire bandwidth of
. the laser diode transmitter. This predistortion technique'
could thus prove useful for transmission of. broadband

w’51gnals such as multichannel v1deo.

£
g 4

D. Summary

In a 'previous’ thapter (chapter V) © reduction in
»1ntermoduh&§10n distortion for . frequenc1es up”to 16 MHz was
'demonstrated u51ng opto- electronic feedback. ThlS bandwidth

is suff1c1ent for transm1551on of a baseband 51gnal or one

FM vidéo 'dya%EXi: For a broadband 51gnabﬂtonta1n1@ﬂ. for

example, twenty"or more TV channelsag iihearisation . over 'a
) . ) i, ' T m . .5\; o .

bandwidth of ‘more th3n 100 MHz is needed Linearisation byf

. , o )‘) " o

' predistortion does not suffer’from the . 1nherent baﬁdwidth‘

,limitations that opto- electronic feedback does; in theory,

llnearisation over bandwidths well over 100 MHz should be:

L

[

‘possible using predistortion. . QD' o E
" In this rghapter, . a predistortion : circuit - was

. . <3
incorporated '1nto the LD transh1tter of chapter Iv. 1t was

shown that the 1ntroduction of predistogtron resulted in a
N 1 : -
'reductﬂon of second- and third order IM distortion of 15'dB'

. ’ . e v . - 4"
and 11 'dB, respectively Inn addition the degree - ,ofﬁ

»;1ineaxdsation obtained was 1ndependent of frequency over ‘the . -
i ",_;' £ "; \‘b ” M y

entire bandw1dth of the laser diode transmitter ¥a range of .

over 40 Mﬁz).
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The ‘predfsportion circuit consists of ai”single

transistor and associated resistors to oontrol the turn-on

. point and the collector current of'the‘transistorgifig.

'8;1). The: nonllnearlty of the laser. d%fde is due ‘todythe.
suplinearity S | its light-current characteristic above its
inflection point at 84 mA. 'The' predlstortlon c1rcu1try is
therefore adjusted so that the transistor turns on &and draws
an additional quant1ty of pred1stort10n current above _the
1nf1ect1on po1nt of the laser diode. ‘This pred}stortlon‘

current is a nonllnear funct1q§ of the' dr1v1ngﬁ?voltag ;-.in'
el

b‘

W b

. fact, it varles supeE11nearly w1th the gnput yoltage.iThef

P

~1ntéract10n of thlS superllnearlty w1th the subllnear1ty of

"che LD llght cmrrent characaerlstlc'"fvuits in a transm&tter .

whose overall transfer characterlst1<'ﬂs’ more‘ linears_than"

that of the uncompensated transmltuét. o ,ﬂ.w'ié o
: Knowlng "the transfer characterlstlrc ~ of the.
_predlstortlon crrcultry and the laser dlode, it was possible’

to derive the transfer character;stlc of the compensated = LD

transmztter for various ‘values of emitter ‘resisgtances (of
~ e : B . .
the predistortion transistbr)\ It was‘seen ( Fig. 8.4) that

d' >

the best degree of llnear}satlon would be ach1eved by u51ng
. e .

an emitter reslstance of 85 Q By f1tt1ng polynomlal Spllnes
7,to: theA calculated transfer' characterlstlcs it vvas ‘also .-
v p0551ble to derlve t;e expected IM reductlons for‘ various
em1tter re51stances-s1%*was agaln found (Fzg Sitthat_the-.
greatest degr:e of llnearlsatlon would occur for a emitter.(
re51stance of 85 @ and that. the reduct1ons in the second—

- ,
‘ T



173
and Ehird‘-order IM distortion for this value of emitter
<re51stance would be 13}6VdB ahd"' 5’&B,'fespeéﬁi0ely.

Flg 8 6 and Flg 8 T 'show the results of the
predlstortlon experlment. The max1mum 2nd«-(3rd) order IM

v

reduction was 15 dB (11 dB) at an emltter re51stance of 80

Q. This is 1in very good agreement w1$hw the\ calculated‘

— w . v

S _ -, w
values.. Moreoveﬁw these IM reductlons vere v1rtua¥}y

ey

'1ndependeqt of frequency over the entire bandw1dth of. thé_

X, . !
l‘| RN Vi lu

. laser dlode transmltter (Flg 8 10) The fea51h111ty Of‘_T

t predlstorn1on for transm1551on-oﬁ broadband 51gnals has thusf

,T < o M . IR .
- W " ‘«f : . T mﬁ,f [ ok

gt IO A : ' A
v N o - . P B .
AT . Y R M N . .
been dem 1“@3” ‘ RV L .- .
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' IX. AN ADAPTIVE PREDISTORTION STRATEGY

3 - 8

. . ®. S
S Pred;stortlon technlques, while capable of linearising

/\LED or LD transmltters over a wide frequency range, have a

m‘;\t drawback that has precluded thelr use‘dhn LD
transmltters unt11 recently The drawback is that laser

P

diodes have 1ight—eur;ent'chatacter1st1cs that change with
aéing or with temperatu;efehanges,‘Rredgstoqtiph_ techniques
that areﬁyptimizedvfor a pa;tiéUlar ﬁp;éharactetistie, such
as the one described in the prévioUsllehépter,_,only _work

under controlled laboratory conditions and afeunot practical

for general commercial use. The lifetime and rellablllty of
Ay

ﬂlaser dlodes have been vastly 1mpmﬂ~e&iover the last ‘decade
.due to coritinuing advances 1n 1asen;4_ _e'technology. It .is
_ probable that, ih the near future,fﬁlaser'9diodes _Qith

'charaggeslstlcs that\hge as-slowly as present day"LEDs wlll‘

l"

be fabricated [89] [90] - However, temperature dependent‘

changes._, in the llght current charactér1st1cs are -an inherent
property of laser . diodes. ConSequently, any predlstortlon

iea@%%ﬁe, myst

_teehhique for .LD transmltters,_ to ‘b
ineorporate adaptlve schemes that measur SAthe nﬁnliﬂﬁarity
of the ttansmltter and q@yrects it . in real ‘time. Such_ a
scheme is demonst;hted in this chapter.. .“; ' _

Also in this é%apte} the ‘constructiohz of e'lhighly
linear LD trapsm1tteflspttable,fbr high quality trénsmission
Of_a' single video Ehannel (either - basebaﬁa or M)

described. The transm1tter 1ncorporates both opto elec ronic

174 ,
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feedback andkgdaptive 'predistortion to achieve very low

.values of distortion.

A recent publlcatlon [67] has descrlbed thgﬁsuccessful
use of adaptlve predistortion for broadband appﬁ&cat1ons. In

this predlstort;on teehnlque, the “pted1storted dr1v1ng,'

'signal to the laser diode consists of| the (undistorted)

input signal plus‘-its (weighted)vsec nd- and third order
harmonics. By  careful ‘ manipulatiou' of  the ~welghlng

c0eff1c1emts, the lprédistortion of the dr1v1ng 51gnal is

RN
: made complementary to the dlstortlon 1ntrbduced by the laser

<Y ¥
d1ode “The authors repotrt 2nd and 3rd order IM reductions of‘

18 dB and .J;i 3B, respectlvely This technlque %s mad@

‘adapt1$§‘~through' the use of a sinusoidal p1lot tone 'in &

uhused*frequency:hand. A mon1tor1ng photodlode detects the

piIot tone and-:its residual harmonics in the laser diode

'outputLﬂThese residual 2nd and '3rd order harmonics are

measured by~ mixing the feedbaqk signal.. with _the pllot
% R

generators harmonics. Low pass filtering of these 51gnals

yields error signals; the gradiénts,of the error signals,

found by drff’rentlatlon,. are ‘used i the ~adjustment

P
strategy of the welghlng coeff1c1ents. The a%thors report

that this techjgoue of adaptlve adjustment by - correlatlon

-

was successfully testedr in a purely electron1c 51mulatlon( -

(1 e., with the laser dlode removed»from the- c1rcu1t) \

-
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The adaptlve technigue to L be demonstrated i&n this,

¢

:chapter alsoJWpse% a pilot tone in an unused frequahay band

to- yleld Agﬁ

adjustments; however, the adjustment strategy is much

rror 51gna1 to be used for dapt1ve

simpler.fThe ;technique mentioned above requires several
frequency ® converters, integratcrs, _dgfferentiators,‘ and
.sguare and cube law devices;‘in COntrast, the technicue to
'bex presented %here performs real time llnear1ty correct1ons
.ut11121ng only a low bandw1dth differential ampllfler and a’

variable re51stance FET. .~

P

Ccmpensating fgr Threshcld Current Changes

o . Studies  have  shown that ‘ the major. effects - of
Lt "

temperatﬁre changes and ag1ng~.on laser &ode char&rlst:xc‘s

are"a 'change ‘in the threshold current¢§§§%:he dlffg?entlal\
L N ) Y ‘“ o
quantum eff1c1ency [89] [92]. The adaptlve adjustment

strategy must therefore be able’ to compensate for at least
's@me degree of change in these two factors.

A LDs ‘threshold current is exponentially dependent on

[

'.’temperature with a cbnstantﬂ positive coefflé;ent gff
] , : 1 4 N .
4 . - o
,approxfmatel} 1 5% per °C. Thus the threshold current -can

-t

b

1n5tease by almost 50% if the.dév1ce temperaf%re 1ncreases
by 35 C°» Aging also results in an 1ncrease 1n the threshold -
. )

current. The main degradagion mechanisms %re facet’ eros1on,
. 3 Y

ythermal 1mpedance aglng, and Eulk deéradat1on at the facet-'

2[78] [74] er051on is caused by . photo ox1datlon of the~

facet .in' the h1 h optlcal flux. Thermal 1mpedance aglng 1s
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caused by ; 1ntg§ ﬁg on of gold and 1nd1um resultlﬂg in the
-ﬂ" b \
formatlon of % and 1ntermeta111c compounds whlch-

‘1nckéase resistance to heat flow. Bulk degradation is due to
the formatlon of nonrad1at1ve ‘centers 1in the crystal near
the; facet due to p01nt defect motlon. Due to these effects,
it has been found that the threshold current increases’ and
athat th;s inc-rease is proportional to the square root of
‘time [90]. | 3 o |
L < Mean tlmes ”to- failure of - almost 10° hours are. Jow
"common for DH GaAlAs laser dlodes [8s], [90} [92]. The sysgsn
independent ‘definition of end of-life used bx ,@ost
;‘manufacturers is that-point at whlch the la51ng thregééld
hasd;lncreased by 50% of .itsv initial, value An: adaptiye _
for changes up to. 50% in the threshoId current of thé l§§§hglk

2
ded .

predlstortlon t@chnlque must therefore g@ﬁable tox compe

.U.

{

¢<Suppose that thex&hreshold current of the laser dlode

used in this experiment changes by ‘an amount AI‘ byt that 4§§%

otherwlse- the 'shape‘ ofu'the l1ght current character@stlc

,gemain unchanged. Then for the;predéstortlon scheme shown in

rd

Flg 8.1 to continue to be effectlve the blas current

through the . laser dlode must” also be 1ncreased by the amount

>

wL ;
k AI}? TH&S- could be done by uslng a mon1tor1ng photodlode
coupled to#a “low bandw:dth feedbagk -c1rcu1t that. would

adJuSt thé 'current drawn by current source 11 from 64m3 to :
&Y : b
. 64mA + AI,. The problem’ of adaptlvely establlshlng the bias

o

)

current at a value requ1red to malntaln the l1ght output of

-
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a laser diode constant is -one thatﬁis common to all laser
diode transmitters and many techniques forfhoing this have
been published® in thee literature [93],[94].vTherefore('we-
shall go on to the more difficult task of dompensating 'for
changes. in the laser- diode's differential quantum

efficiency. - )

- | |
q pensa¥ing for Changes 1n Quantum Efficiency
)
x
'\

The second major effect of aglng is a decrease in_ the.

Lﬁ ifferentlal quantumb'eff1c1ency caused by the 1ntroductlon

Y

%@of non ‘radiative. recombination centers into the active

sﬁregion of the 1laser diode. The percentage‘change€§m‘the

&

“dlfferentlal quantum efficiency is,. however, 'much ”sﬁaller

than the change in the threshold current. A recent Sbudy on’.

-+ rDH- GaglAs laser dioded showeé that, other than a. translat1om
of the curve 'and a change in slope, *the shape of the

'characterlst1cs rema1ned substantlally unchanged even after
¥ 50,000 hours [901..,  ~ S Y
Over the lifetime of a DH GaAlAs 'laser: dlode, its

!

threshold current can change up to 50% but the slope of 1ts

o’

character1st1c w1ll probably change by only 10% to 20%; An-

>

- adaptlve ‘strategy “to compensate for such’ changes in slope *

. must therefore be devised. A v ._"jn<“
. v . . : ’ : :
.
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B Descr1pt1on of Adaptlve Predistortion C1rcu1try
A change in the d1fferent1a1 quantum eff1c1ency means
that ‘the, degree of - subllnearlty -o§§‘the laser diode
»_characteristrc also changes (usually fo the worse) .
' Therefore the ambunt of predlstortlon current drawn Dby
tran51stor Q3 in Flg 8.1 must be made. adjustable;-This can
P:be done by replac1ng e 1tter reszstor Re by a ‘bariable
res1stance JFET. The drain fesistance of the FET can’ then be’
varled u51ng .an error' 51gnal ohtalned"from a monitoring

photodloée coupﬂed to a ieedback c1rcu1t. e
‘-: 9\” S " '\‘7 .
h ¢ : *

B The - proposed scheme is .shown 1n Flg 9.1. - The .
EN . LY B e P ) "' : g - ".. . '} - o
predzstort16ﬂ§ teohnlque of - the prév1®us‘ ehapter,is“madef_

o . S : L
adaptive through the use -of .a -sinusoidal pflot_TtOne o _
A

f_that. is added to the 1nput s1gnal The

frequency 0.3 -MH

1nput 51gnal -3

_inr frequency mbands above v oMHz. A

¥

‘ mon1tor1ng photodlode and a1 MHz low pass fllter extracts

‘o

‘the pllot tone»and 1ts nﬁﬁlduai dlstortlgg from .the laser B

k34 l; . ) _' ] '

dlode' output. Thls 'szgnal is subtracted from the orlglnal :

(undlsto#ked) pllot tone to ylgld a waveform whose polarlty_f

~hether zthe~ transfer characterlstlc- of‘the LD °

;«s subl1near or superllnear and whose ‘magnitude

is;;aa'measure of the severlty of the nonllnearlty A 1 KHz*

~low pass fllter 1ntegrates thls ,waveform and pfov1des at
‘1

--slowly vary;ngw-error VOltage that is used to control the

- -

amount’of pred15tort1on current drawn by transzstor Q3w~of \
‘ é' : 9. " [ E
»Flg. 8,1; This control 1s~efiected>by replac1ng the emltter‘

+ ‘i 9.
re51stor<of Q3 by .a. varlable »re51stance JFET, , he error

,J

h}‘
. \
\

\

» - - . B . Al
-\ ) : ) . ) LT
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voltage provides the gate-source hias voltaée for the UJFET
\
and hence determlnes the draln solfce resistance of the FET.

~ f v

{ The monltorlng photodlode and '‘associated feedback
ci&cuit%y are' shown in Fig. 9.2. The emitter resjstanCe of
Q3 congists "of the resistor A& and the d;@ln—souﬁce
résistance of the parallel cohbinﬁtion of the two JERTs. The
gate- source voltages of 'both FEYs ‘are provided by the error
signal obtained by,'lntegratlng the difference belvween the
) gptected pllot signal and the oriéinal pilot tone.
| The draln—source re51stdnca of the JFET 15.60 @ when _
| the gate-sourcé voltage, bg,,< equals zero and aPproaches -

tens of k& as vg, approaches the pinch- éff value ol Vp=-8v.
By u51ng J parallel comblnatxon of two JFETS the @Qt drain
.re51stance can 'be -varied from 30 Q (6 vg,=0v) £0O severa1 
huridred @ (6 Vg,=-6v). The fact thAt the emitter~ r&Sistance
- of t;ansiétor Q3 can be adaptively AédjuSted‘\Over this
extended. range of resistance 'Oalués means that the
predistortion ‘teéhniqué will remain effective even 1f there
is é large pércentage change in the slépe pf/the'1@§§r'dibd;‘

3 . ‘\I . "1 : ~
characteristic. :

(o ExperimJntal Results

~ The !effectiveness .'of theb adaptive preéiStortion
technique Ean be testea by removing the-laser diode f:o& the-
cirgui% and using purely electrical méans vto Qheck the

t

performance ‘of the feedback circuingy [67]1. In.  ¢this

experiment, however, the effectiveness of the Aadaptive
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predistortion strategy was tested directly by altering the
transfer <characteristic of the-LD transmitter. This cap be
done by wvarying the resistor Re in Fig. 9.2. From Fig. 8.4
it can .be seen that varying Re has the effect of changlng

-
the slope of the transfer character1st1c. :
- \
Initially, Re was sgt to zero & 7lth the feedback loop
-~ ' ) .
open. ‘In order to obtain maximum llnearlzatlon it is

necessary to make the FET drain resistance eqnal to 80
(see Fig. 8.6 and Fig. 8.7). This can be done by adjusting
‘the. offset dc voltage of the differential a ifier in Fig.
. ;tag o /mﬁiﬂ . 9

9.2 to -2.9v. For thjs value of Vg, the drain resistance. of
the FET cbmbination is’ 80 @ and 2nd (3rd) order IM reduction

| of.15 up (11dB) was obtained.

1t Re 1s increased above zero Q (w1th the feedback loop ©

still open)~then since the FET. draln re51stance remains
fixed at‘80_ﬂ, the observed IM 1mprovements will fall off 1n"
the manner shown in figures 8.6 and 8.7. If Re is varied
with -the feedbacK .loop closed, however, the FETs drain,
re51stance shonld adaptively adjust to )campensate for the
change 1in Re (and hence the change in the slope “of thes

v

transfer characteristic); the IM 1mprovements should remain
constant over at least some range of resistanceu;alues.

' For the FETs to act asq&ariable resistors, they must be
operated in .the" ohmic rebionvof the FET ‘characterjstic. A
“necessary condition for this is that .the drain-source
. voltage vy, be less thanv(Vg.-Vp). The offset voltage and

.

gain of the differentiaI.amplifief are snch that (Vg;pr) is
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greater thae 2v while vy, an‘a;c quentity;,is less thae 1v.

‘ éeqce t@e\'FETs ‘are always operated in .their ohmic region;'
The gain of the differential amplifier %s large enough so

that Vg. can be Qaried‘between’the two extremes of Ov and

-6vs Aéhieving this large gain in the feedback loop is{notra

problem due to the small loop bandwidth.

The IM rmprovements obtained as Re'is'increaSed from 0

~
t

to* 100 Q w;ghathe feedback loop clqsed are shown in Flg g3
"and Flg‘1..4 For this test no 1nput signal was applled to
the c1r;u1t. Instead the pllot s1gnal 1t§e1f was observed at
"the LD output. Also, in erder to observe intermpduiation'

a

dietortion instead of harmonic distortion, the pilot signal
eonsistea of fwo tones‘(f, = 0.3 MHz, f, = 0.35 MHz, and - LD
medulation 'chfrent:= 12ImA p-p). The adjusthent‘strateg§ is .
unaffected by the 'Use of a two tone pllot s1gnal instead off
‘a 51ngle tone as it is 1ndependent of the shape of the pilot
'51gnal.

t . -

Also shown in Fig. 9.3 and Fig. 9.4 are.the opserveé '
second- and th1ra order IM 1mprevements wvhen Re 1is 'varied |
" .with the feeedback 1loop open It' is seen that without
adaptive adjustment, the IM- improveﬁentsu, afe greatl§
diminiehed when .the transfer characferietic de;iatee from.
that charac;eriséic for which the predistortion techni@ue is
eptimized.‘ With " the Afeedback lbéop closed, however, the IM
improvements femain;eonsiant as Re is varied from 0 to 52 Q

and tben' decrease for higher wvalues of Re. It is more

informative to plot the IM improvements'as a function of a

1.
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ph&sically slgqifﬁcant" quantity such as fhe percentage
variation in éye s{ope of the LD chagacferistic. From Fig.
8.4 (which shows :EE‘“tfansfer characteriftic for various
vaiues of Re), the ,percentagelchange(in the slope of the
transferacharacteristic (above Ehe inflection 'point) can be
founa for varioqs values of Re. Then, from Fig. 9.3 and_Fig.
9.4, £ﬂe:IMtimprovements can be found as a function 'df the
pefcentage change ip' the slope  of the transfer
characteristic. This has been done in Fig. 9.5. 1In this
figure, 'slope' —-refers to tﬁe slope, of the’ iaser‘
"characteristic in the sublinear,region'(betWeenVQO mA and 94‘
mA)‘ and 'percentage variation' 1is with respect to the"
uncompensﬁted charaéteristic shown in Fig, 6.6.

As - the sublinearity of the LD éharaéteristic in the
high radiahce region becghes increasingly worse with time,

_ e

the predistqrtion cir;uitry.has to cbmpensaﬁe by increasing
the amount of prediétortion Eurrenf drawn. PMig. 9.5 ‘shows
that variations ih élope up to -40% in the high radiance
region can be compensated'for‘by the adaptive éircuitry. The
cirduiﬁry' also can 'compeniate in case’ the sub%inéarity of.
.the LD becomes less severe (an ulikely event). Iﬁ this case,
the predistortion circuitry"must 'Edapt by deéféééing the
p;edistortion éurrent.'Variations in élope-up to +33% in the
”high radiance reéion ”(resultinq in an almost linear laser
characteristic) can be .compehsaéed for by the adaptive

circuitry. 1
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The adaptive predistortion technigue demonstrated in
this sectionis aﬁle to compensate for .changes in.the laser
characteristic anticipated over the entire wuseful .lifetime
"of the laser diode- (defined as the time until the threshold
‘current has increased pnyO% or until .kinks foFm, in ' the
laser characteristic). Tt is therefore feasible to use a LD
‘trénsmittFr utilizing this scheme gbr the high quality~
transmission'oi‘analog broadband‘signalé. | ‘

D. Simﬁltaneous Use’ of Adaptive Predistortion and
Opto-Electronic Feedbackv | |

/E}nearisation”of the LD transmitter using adaptive

7

- predistortion has yielded improvements of 15 dB and 11,88 in
the seéond- and third order intermodulation _aistortion,
respectively. However, the iinearity,of the laser diode used
in this experiment is sufficiently sevére that, even witH
the use of predistortion, significapt levels of.distortion
occurlat high optical power. For example, when the .laser
diode is modulated‘sa that its maximum raﬁed powe; output is
obtained (2.8 mW p-p) then the second- and third -order IM
prodﬁcts are ' -40 dB and —4{ dB, respectiveiy (with |
predistortion employed). This is because predistortion;using
a singlé nonlinear eleﬁent cannot linearise the laseridiode
characteristic over the entire operating regioﬁ. |

The residual nonlinearity that‘ remains .éven,_éfter
- predistortion.haS'béen applied can be greatly reduced if

opto-electronic feedback 1is. also employed. This & more
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advantageous than the aitefhatiye of backing off the output
until the desired distortion "levels are ‘vobtained.
Intermodulation producﬁs well 5elow —%0 dB should be be‘ N
obtainable by using both adaptive predistortion ‘and
opto-electronic feedba The disadvantage’ is in reduced
bandwidth; the opto elcctronic féedback scheme described. in
chapter V, for example, would be effectlve in reduc1ng‘thé gfﬂﬁ;
residual distortion only for frequenc1es up to 16 MHz. '*-,Qh A
) In those circumstances "where extremely high quallty s
trapsmission of a signal vidéo qhanﬁel~ is . requ1red &’ LD
transmitter linearised by the wuse of both adaptive

p— . \ A ot v
predistortion and opto-electronic feedback could provide .the

necessary degree of linearity. The schematic diagram of such i
a transmitter is shown in Fig. 9.6. )
" The monitoring photodiode forms a part of two distinct

s

feedback loops. The flrst loop has E/yery low loop bandwidth
(1 kHz) ;nd is* wused - fof//adapt1ve control of the ./
prédistoftion.lciréuitry ‘as descrlbed earlier in  this

chapter. Tpe second - loop has a h1gh loop bandw1dth and 1s. .
used for the opto-ele;tron;c feedback scheme -described in
chapter V. The: IM impéovements’fesuiting Erom the Use of
opto-electronic feedbéck\ are constan%s. (at each fixed
.frequenéy) that are not .affeEted by ‘the use .of
predlstortlon. Thus one would expect the IM 1mprovements (in
.dB' s) resultlng from the appllcat1on of predlstortlon and

opto- electronlc feedback simultaneously to be approximately

the sum of the IM 1mprovements due to either one: applied

i
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‘ separately: For eiample, at freguencies beloy;1 MHa a - 2nd’
~(3ra) order IM improveﬁentlof 16 dB (15 oB) is obtaineé~fnom
optOjelectronic feedback and.an improvement of 15 dB.(11 dB)
is obtained from oredistortjohn Thus‘Secdnd-eand third order
IM improeements of 31 dB and 26 dB, respectively, should ‘be"

' attainabie at these frequencies if both linearisation

&

atechnlques are used together. : ) B Q

The l1near15ed transm1tter of - Flg 9 6 was. modulated by
‘a two -tone test s1gnal (f, = 300 KHz, £, = 320 KHzL, ‘Fig.
9.7 shows' the third order 1ntermodulatlon dlstortlon (a)
~when no linearisation technique 1is employed (;,e.,‘ both.
feedback loops are open) and (b) when adaptive‘predistortioét
and opto electronlc feedback are both used. In both .cases
the LD output was 3. 0 mW p-p. The LD was modulated siiohtly,
. over its rated output in order-that/the $ull extent off the
IM .improvement could be measured. dThe. third order  IM
_detortfon ﬁs seen to decrease from -26 dB to -51 dB; 'an“
improvemeﬁ{, of iSl dB. .This is close to the expected
improvement of 26 dB. The ‘observed improvement' in“ second“
,order IM distortion was approx1mately 30 dB |

At freguencies above 1 MHz, the IM 1mprovements start
decrea51ng due ,‘,to the  reduced veffectlveness : oﬁ'

i

. optOwelectronlc feedback. In Fig. 9 82 the IM 1mprovements._
N\

4are plotted as a functlon of frequency f, (wlth Af flxed at
0.1 MHz). Second and third order IM. 1mprovements of greater .

thanf‘25‘ dB and 20 ds, -respectlvely, were;obtalned for

fregquencies up to 11 MHz.
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It .is' demonstrated therefofe that even a laser.diode
with an appreciably nsnginear characteristfc, such . as the
one used in tHis experiment; can be used for good quality
transmission of a videg signal if the transmitter is
lingarised using adap;&vgﬁpredistortion and opto—electronié
feedback. For exémpl;/;thé’liﬁearised 'ﬁraﬂsmitter of this
section can couple 2 mwW p-p of optical power to the fibre
piétail with IM distortion levels less than -50 dB.
E-.Summary b
An adaptive predistortion scheme tﬁat measures the
nonlinearity of the laser diode transmitter and corrects it
in real time has been described. in this chapter. Without-
such . an adaptive strategy thgmpredistortionfsghgmé of the
previous chapter, . which was optimized for‘ a particular
Eransfer éharacteristic, would become ineffective as this
characteristic changed due to temperature variatiéns.‘of
laser agiﬁg. | |
The major effects of temperature changes and. agiﬂg on
laser diode characteréstics ‘are a change in the'ihreShold
_current and the differential quantum efficiency. - To,

-

compensate for  an increase in the threshold current, it is

nly ngFessary to - inéréése the LD bias current 'by a
corresponding amount; no changes .afé lneeded iﬁ the
predistortion circuitry itself. Many techqiqqes .for  doing
this wusing s&mple feedback circuitry are kpown. A change in"‘

the slope of the characteristic, however, means that the
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predistortion circuitry itself must be modified topallow for -
_adaptive control. An adaptive strategy was demonstrated
whereby a pilot signal in an unused frequency bénd'was used
to obtain an error signal which was proportional to ‘the
de;iation of the transfe} characteristic from linearity.
This error -signal was then used to control the amount of
predistortion current grawn by the predistortion cifcuitry.
'Thié strategy was tested by deliberately alteripg the slope
‘of the transfer characteristic in the high radiance region.
‘It was o?;s;xgd~ that the IM improvements did not decréﬁ%e
appreciably‘evea‘when the slope of the chéracteristiF was
varied 'by a wide margin (from -40% to +33% of its hormal
values). These results were obtained under the ,condition
that the characteristic changed éﬁoothly. It is concluded
that the addition-of adaptive circuitry makes predistortion
a feasible - method of linearisiné LD transmitters for
bgoadband anakog communication.

"Also | in' this chaﬁter, itv was shown _thét the
simultaneqhs use of op£o—electrohic feedback and adaptive
’;prediéfortion resulted in veny high valgeé of IM
“improvements. A disadvantage i; that these improvements are
ovet a smaller bandwidth than that obtainable with
predisto;tion alone. By using both opto—electronib feedback
and adaptive predistortion, second—"and third order IM
improvéﬁents of gréatér.thadeS dB and 20 dB, respectively,
were. obﬁaineé for frequencies up to 11 MHz. High guality

single-channel video transmission is therefore possible- with
o . . :
N

\



'

this linearised transmitter.

"



' X. SUMMARY AND DISCUSSION

-

In this thesis, . méthematical techniques “.involving
interpolation of the dynamié light-current characteristic of
a laser diode "hy polynomial, splineé have been‘J used to
determine the distortion'characte:istids‘af a laser diode.

\ As well, the effedtiveness of opto:electronic feédback ‘énd
\\ vadaptive prediétortion -in tinearising the LD light-current
_ \\‘cbaracﬁeristic d; video"frequehcies was investigéted. A
linear hroadband, LD transmitter was constructed;“thé Qse
fﬂth .nearisatioﬁ,technidues resulted in reductions of
both second- and thiré order distortion-of.gfeater than'ZO"
dB Bver é fbequency baﬁdwidth }argé enough to prd&e useful
for single- and multi- channel video transmission.
The mathematical technique consists of modelling‘ the
L-1 charécteristic of the laser diode by a polynomial power
series. This technique is only valid if the laser diode has
a °ﬁqnlin¢érity without m;mory,.in which éasg the'distoftion
charactérist{cs of.  the laser diode ‘éfe,\‘frequendy
independent. It is kﬁown.téaﬁ, for modulation f£;§Uen;ies»
less than 100 kHz, active layen héating causes a ‘floé;i;g'
value of threshold current and a sublineariﬁy.in the static
L;I ¢haractefistic o? the lasef diode.. At( frequencies of

\

several hundred MHz, on the - other hand,\@armonics of the
L . Y '

modulation fréquency approach the resonance f&equency of the

laser diode. .Both of these effects introduce frequency

- ,dependent distortion apa hence represent:a nonlinearity with

/'\198
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memory. In the intermediate frequency range of roughly 1-200
MHz, however, the LD 'nonlinearity is memory free. The
‘mathematical techniques presented in this thesis are valid
over this frequency range.

"The characterization of LD nonlineafity @ééin; with the
déﬁermination of the LD d&namic IL-1 characteristic. at a.
frequency large ‘enough to escape thermal effects. A method
‘'was devised (Fig. 6.2) whereby thé dynamic characteristic
was* determined at a ’mdaﬁlation frequency of 350 ‘kHZ by
fiAding its deviation = from a peffeétly\ linear
characteristic. The dynamic characteristic is approximately
linear in the region immediately above the threshold
cﬁrrentj 'bgt ‘exhibits significant- sublinearity gé higher
opfical outpﬁts. Determina;ion‘of the dynamic characﬁerisgié
at éther fféquencigé showed - that the nonliheafity becéme
much worse at frequencies less than 1S‘kHz (Fig. 6.5). :

_For a given value of LD bias current, the region of the
dynaﬁic characteristic inba neighborhood of\ this point is
modelled by‘ a polynomial spline of degree four using an
univariate curvilinear ;eggession modell For a two-tone
‘moduiation of thé_laser diode, the‘fo;mdlas.for'thg second—y
4apd third.order IM disto:tion§ were éaicglated from. thié
msdelu KEqﬁation. 7.6).( By performing these c?lculations at
different regions 6n-théwdynamic Eharactéristic, graphs of;
the calculated second- and third order IM‘distbrtions were
found as a function. of LD ‘bias5 and modu;atibn AEbrreqt

.-

(Figures 7.4 to 7.7). These results were, found -to be: in good
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L . : N
agreement with Fbserved values. The results from the

polynomial - spllne model were in’ better agreement with

|
observed values than an alternate model where 1nterpolat10n

v

!
i

by a single polynomial was, performed '\‘

For the purpose of testing l1nearusatlon technlques, a’

‘llnear LD transmltter was constructed th%t ‘had a bandwidth

<

of 40 MHz (Flg. 4. 1) The use of current sources allowed for

the precise and indebendent control of the LD bias and
modulation currents, The ‘LD transﬁitter wa% first linearised
’ using an cpto*electronic,feedback technique (Fig. 5.5). The
stability of the feedback sCheme amd the ekpected reduction

}p distortion were calculated from the Nyqu1st dIagram of

///the feedback amp11f1er (Fig. 5. 6) This tedhnlque resulted

in 1mprovements of better than 15 dB in both the 2nd and 3rd
. order IM dlstortlon in the -frequency' range 0-5 MHz; IM
. improvements greater:.than 10 - dB -were ' obtained  for
frequencies up to 11 MHz and-a smaller reduction in
distortion was seen for frequencies’ up bto '16 MHz. These
results were in excellent greement with the calculated

values. This opto- electron1c feedback scheme would be useful

1n the transmission of baseband video signals.

The maximum freQuency at which optt~electronic feedback

is effective in reducing distortion is .  =d by the time
delay around the feedback loop. The wideban: ~lifiers used
in the feedback scheme had a phase Shlft of - -15° at l6
MHz whlch\represents a delay of only 2. The  time delay

introduced by the LD driver, .fiber pigtail, -7 owu:ical
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receiver was much greater than thiaﬂand was tne main reason
why the effectivenesa of the feedback scheme was lfmlted to
frequencies less than 16 MHz.

.If a“reducti%n ot even 5 ns inwthe loop delay could be.
obtained (for example, by using a flaaer dlode with‘a
built-in monitoring photodlodéﬂ then it was calculated that
the effectlyeness; off~the feedback scheme would extend to
frequencies up to approximately 30 MHz. The technique could
tnen be used in the transmission‘of about'four or five video
signals. |

The other linearisation tecnnique investigated in this
thesis was predistortion. ‘This techniQUe inyolves‘ the
deliberate introductionv‘of complementary distortion in .the

drive circuitry to compensate for the distortion. ‘that is

.generated by the laser dlode. Thls was done by 1ntroduc1ng a-

controlled current source 1nto the LD driver c1rcu1try whlch‘

would draw an additional amount of 'predistortion current‘

“tnrough the laser diode in‘the,region above the ‘inflection

point of the. LD dynamic characteristic’ (Fig. 8.1). The -

A _ [
cut-in point of the controlled current. sourcel and the
o .

‘magnitude of the ~predistortion current that it/ drew were

adjusted to obtain the best. degree  of linearisation

‘posaible.’

In pr1nc1ple, llAearlsat1on of the L-I characterlstlc

» ) \
can be achieved over the entire frequency range (= 1-200"

‘MHz) where the LD nonlinearlty 1s memory free. In’ practlce,"

the frequency range over which linearisation can be achieved

rd
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_is limited by the bandwidth of the driver circuitry;, as

well, the degree of linearisation that can be obtained 1is

limited by how well the nonlinearities of the laser didde

and the predistortion circuitry can be matched.

Matching of nonlinearities is, in gegeral,_a difficult
task. In principle, a very high dééree of linearisation can

be obtained by the use of more controlled current sources;

these additronal current sources could either withhold

current or supply extra current to the laser diode at

different points on the characteristic. However, matching of

‘nonlinearities is made easier by the fact that many types of

v

laser diodes have L-I characteristics that are smooth (i.e.,
{reé  of kinks) and which possess a single inflection point
above which the curve beeome sublinear. It was demonstrated
that the use of a single contrélled current source Stlll
resulted in a good degree of llhearlsat1on.J

The predistortion technique was effective in reducing
second— and third order IM distortion by 15 dB and 11 dB,

respectlvely These IM improvements did not vary apprec1ably

over the entlre bandwidth of th LD transmitter (40 MHz) and

only decreased at very high modulatlon levels (Fig. 8.8 and

Fig. 8410).
The effect of predistortion is to linearise the overall

transfer characteristic of the LD transmitter. By analyzing

3 . Ly A
the predistortion circuitry, the compensatedlcharacterlstlcs

for several values of predistortion drive- levels were

calculated in Section 8.2 (Fig. 8.4). By.modeliing both the

N

C
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compenséted and uncompensated characteristics by polynomial
splinesjait was possible to theoretically calculate the
\\improvements in IM distortion resulting from predistortion.
The calculated and observed values agreé closelY' (Fig. 8.5
and Fig. 8.6). /o - | ®
A pgedistortion technique that is’ épfimized for a
| particular LD characteristic is not‘suitéble for general
commercial use since the L-I characteristic bf a léservdibde
changés with aging or temperature variagg;hs. To be uéeful,
a predistortion technigue must 'inCOEporate an adaptive
scheme that will measure th noﬁlinea:ity of ‘the LD
transmitter and perform reél—tim corrections. |
) The major effects'of temperature changes and égihg on
LDucha;aétenistics ére a change in’the threshold current. and
aifferential‘ quantum efficiency (slépef. If ‘only the
threshold current changes, the  predist9;tion,H scheme
described aong is not affeéted as 1onglas the LD bias
.current is changed by a similar amount. Many teéhniqﬁés for
the adaptive.control of LD bias current are knoyﬁ; henée,‘an.
aéaptive scheme that could adjust to chénges in the slope of
the LD charééteristic was tested (Fig. 9.1 and Fig. 9.2). |
- In thisﬁtechniQUe, a 'pilot tone' of_frequencylo.B.'MHz'
is added to the inpﬁth signal. The input signal is
coﬁstraiﬁed to lie in the frequency band above i MHz. A
monitoring photodiode and a 1 MHz low pass fiiter extracts

the pilot tone and 1its residual distortion from the LD .

output. This signal is then subtracted from the original

k
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(undistorted) pilot tone to yield a waveform whose polarity
indiﬁates whether the transfer characteristic of the
transmitter 1is sublinear or superlinear and whose magnitude

is a measure of the severity of thevnonlingarity. A 1 ‘kHz
low pass filter integrates this _wavefbrm and providés a
slowly varying error voltdge that is used to control - the

" amount éf predi§tortion current drawn. This control is
effected by using é variable resistance JFET.

The —adaptive st;ategf outlined above was tested by
changing the'slope of the transfér characterisgic (of tﬁe LD
transmitte;) éda ‘bbservimg the .effeét | on - the IM
impro&éments} The slope of the transfer  characteristic can
be changed» by altering the L-I characteristic of the laser
diode itselff(b§ subjecting it to elevated temperatures; for
»examble). This was not attempted és.the'laser‘diode‘could'be
damaged bf_this proce§ure. Instead,iit was‘ found fh@t the
slope 6f che transfer characteristic could be varied by

 purely electri;al means‘(b¥\adjusting a variable resistor).
It -vas observed that, in the absence of adaptive feedback,
.th% IM improvements'decreaﬁed'rapidly as the slope of the-
characteristic was changed. With the adaptive strategy
employed,'however; the IM imp;ovements wereA 6bserved to
\%}emain constant: as the slope was véried,over.a certain
interval;'oﬁtside'thisﬁinterval the IM improvements- dropped
of f .(Fig. 9.3 and Fig. 9.4). It was found that the adaptive
strategy was effectivF }oé percentage- variations ‘én slope

between -40% and +30% (in the sublénear> region of the
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characteristic). . : | L

'However,‘ these results are valid only under the
followihg conditions:' (1) that the laSerrcharacteristic;
varies- in a sufficiently 'smooth' manner‘.(without the
formatiop. of kinks) and (2) that the differehce'between the
threshold current and that current at. which the iesere
'charecteristic deviates "from rits',lineer extrapolation

i

remains constant with time. Almost all. laser ‘diodes

1

manufactured - presently for the pﬁrpose ~ of ' analog
5 \

communication would satisfy thelfirst condition.f
The second conditioh is ‘due to the tact that no
allowance was made to‘ vary the 'turnvon point cof the,
. ' R {
controlled current source. The current source always turns
on at a point 14 mA above the threshold current'(i.ezlet:'84_
“mA when -the «threshold' current is 70 mA). The-positionjet
»which‘the LD characteristic deviates from linearity‘-may,
however, change 'wltp time as the laser ages.. In this case,
the aéaptlve c1rcu1try wlll not be able to ma1nta1n maX1mum

{

IM 1mprovements as the laser ages. .

-

The 11m1tat10n of the proposed adaptlve scheme could be_
overcome if the turn on p01nt of the currept source was also
p;eced under adaptlve»control.uThrs;would requ1re a means of

determining where the laser ° characteristic deviates from"

linearity. By a slight mod1f1catlon of the adapt1ve .

‘technique, such 1nformatlon could 1ndeed be obtalned In the
'present adapt1ve strategy, the error signal obtalned by

subtracting the detected pilot signal from the ort*ginal-

i
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p1lot 51gnal 1s integrated and the resultlng voltage used to
control the amount of predlstortlon current drawn. However,
the error 'signal‘contains addltronal rnformatlon about the
shape of the transfer characteristic,  When ‘the
cbaracteristic is linear, the_error.voltagevis‘approximately

zero; but when the'Characteristic dewiates from linearity,

the error voltage dev1ates from zero.. By using a- comparator

circuit, it is -p0551ble to. detect that point a the :

characteristic  where it.. .deviates from linearity. By °®
replac1ng one of the b1as re51stors in the current source by
a varlable re51stance FET it sho&ld be po551ble .to
adaptlvely adjust the turn-on point+ of the current .source so
f_that.“it always starts)/conductlng at that point on the
characteristio where it -deviates  ‘from ‘linearity,
Incorporation of *these modifitations would'make the adapthe
strategy ~effective in compenSating for- ‘more general
' varlatlons in the laser drode characterlstlc. | o
A second’drawback of the proposed adaptive strategy ~is',
the power penalty resultlng from the _use‘;of the pilot
51gnal The purpose of the pllot' signalv is to extract
1nformat10n about that reglon of the transfer characterlstlc'
'where the 1nput s1gnal 1s belng modulated ThlS could be
done,v for example,.“by using a pllo 51gnal of" tbe same
ampl1tude as the input 51gnal The resultlng power penalty'
of 3 dB 1s rather severe. It can mean a reductlon of several
N

kllometers in repeater spac1ng A method needs te be dev1sed '

| therefore _that w1ll.vreduce the power penalty whlle still

|
/
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L L \ g ,
obtaining ‘information about the nature of the ;;ansfer

p

characteristic throughout the region-of operation.

.. On ‘poséibility is to "use a pilot signal whose .
'ampiitu::\}s\gnall relative to the input signal but -which

lies in a frequency band abq&e the input signal. The result

is a small .ampliﬁpdg,\ but high.. frequency, pilot signal -~

modulated onto éhe-'large ampiitUde;“but.lowen freqnency,

,input_signai; As afresult, the pilot signal traverses ;hgg:_

_entire opérating. region while‘ at the same time thepower

"penalty,is,small. It may be poss1ble to completely ellmlnate
tﬁe- power penalty by u51ng ‘part of the input signal 1tselt
as the pilot signal. A signal obtained by band-pass

‘x_filtering of  the input signal could serve as the pilot

signal. This can be\done ice the adaptive strategy does

not reqﬁire a. pllOt signal of =any pérticular Shape,'An

f1dent1cal band pass fllter in the feedback loop ~would dthen;

]

If the impkovements Suggestéd above are 1ncorporated,

f‘provlde the ”detected pllot s1gnal" In this manner the

nece551ty of generaE}ng a pllot tone could be eliminated and

"as a result- there would be no power penalty.

into the adaptive feedback circuitry, . the predlstortlon_

technigue described in this thesis would be a feas1ble ana‘

inexpensive method of linearising LD transmltters. Suéh

technigues are needed, in the CATV fhdustry. The fzber trunks

in the 20 or more fiber-optic CATV systems operatlng in

North Amerlca presently can transmit a maxlmum of only 5 -

¢ video channels per fiber (in a FDM format). ThiS’llm;t is

%

1) ’

5.
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|

due Lo the nonlinearities “in the - system, of which the

A RS

nonlinéarity of the laser diode is a major component.

Rreay

Consequently,° up to 10 fibers and-their associated laser
{

diode \transmitters and photédetectors are required to

“~ . -

replace ‘a single coaxial cable ‘capable of carrying up to 64
video channels. The use of more linear LD transmitters will

mean that future trunks will carry more video channels per

) . : . . ‘ .
" fiber, making fiber-optic CATV systems even more attractive

~ . L .
from an economic vilwpoint. . ~ C
“Finally, one last experiment was performed 1in which

both the opto-electronic ifeedback technigue (of Chapter V)

~and the adaptive predistortion technique .(of Chapter IX)

were used simultaneously to achieve a very high degree of

linearisation (but over a smaller bandwidth than for
, : ) . . ¥

predistortion by itself). Reductions in the second- and

third order 'IM distortions of greéter tggn 25 dB and 20 dB,

_respectively, were obtained for frequencies up to 11 MHz.

This ﬁechnigue could prove useful 1in applications where
baseband video nsmission 1is employed. Exaﬁples of such
applications - = teic.conferencing, remote monitoring and

surveillance. -
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APPENDIX I-IM DISTORTION VERSUS LD BIAS CURRENT

v

C ################################################################
. C THIS PROGRAM COMPUTES THE IM DISTORTIONS FOR LD BIAS -
C CURRENTS OF 70, 84, B8, 92, AND 96 mA FOR A CONSTANT
C LD MODULATION CURRENT OF 4 mA P-P. THE SINGLE
C POLYNOMIAL MODEL IS USED.
C HBHHARBEAIRAAEAA RS BB UHREE R BRI SRR R B AR RS RSB R SRR R4
C INITIALIZE THE PARAMETERS OF THE SUBROUTINE RLFOR. -
INTEGER N,IX.MDP(3)/4,4,0/,1B/7/JER,
#CURI(5)/70,84.88.,92,96/
N=9 |
IX=9 '
REAL XYW(S,7),RSQ/100./,ALPB(2)/2%0.05/,ANOVA(13),8(7, n2>
DOUBLE PRECISION WK(36)
CHABHBRRERANARRE A AR R RE BRI R ER BB BE BB RA AR AR B R B H 2B
C READ IN (X.Y) VALUES.
READI(5, 100) (XYWL, 1)1=1.N)
100 FORMAT(10F85)
DO 10 1=1N ,
10 XYW(,3)=1.- L
DO 20 J=1,5 S
READIS, 1007 (XYW/,21,1= 1)
c ################################################################
- C CALCULATE THE BEST FITTING POLYNOMIAL CURVE.
‘CALL RLFORIXYW,IX,N,RSQ,MDP, ALPB ANOVA.B,1B.PRED, IP, WK IER)
 WRITE(6,200) ,
200 FORMAT(S5(#) . o
WRITE(6,300) -CUR(J)
300 FORMAT(THE BEST FITTING POLYNOMIAL CURVE IN“A
#NEIGHBORHOOD OF',/,THE POINT I=12,"mA IS:
WRITE(6,400) B(5,2),B(1,2),B(2,2/)B(3,2).8(4,2)

400 FORMAT(Y = (F74) + (F74)) X + (FS6,
; #) Xew2' /T6,'+ (FS.6.) X##3 + (F10.7, oo N
#) Xwnd')'

C ################################################################ ’
- € CALCULATE THE INTERMODULATION DISTORTIONS -
R2=20%ALOG 10(ABS(B(2,2)/B(1.2})
R3=20+ALOG 10(ABS(3#8(3,2)/(4.#B(1,2))}
WRITE(6,500) R2 .
500 FORMAT(IMIF2-F1) = 'F5.1,
© # DB for a modulation of 4mA p-p.)
WRITE(6.600) R3
600 FORMAT(IM(2#F2-F1) = 'F5.1,
# DB for a modulation of 4mA p-p.)
" WRITE(6,200)
C ############################################# HERARBRHABARAABHHH#E
20  CONTINUE . . -~
STOP , S
END '
c ############################################## #################\

. 219



C ############################################n###################
. C INPUT DATA. FOR ABOVE PROGRAM
c
-2.-15-1,-5,0.,5,1.,15.2, ‘
-.032:~.0280,-.020.~ 01200 .0140,.028,.0845.. 160
~.262,-.1965,-.131,-.0665,0..0615,.123,.1815..24,
-.218,-.1615,-.105,-.0525,0..0480,.088,.1 455,183,
-.182,<.1365,-.091,-.0455,0,.0420,.084..123,.162,
-.145.-.110,-.070,-.0355,0..0350.068.. 105..138,
#######################################################
C OUTPUT OF THE COMPUTER PROGRAM. -
C
THE BEST FITTING POLYNOMIAL CURVE IN A NEIGHBORHOOD OF

\

THE POINT =70 mA IS: } .

. Y = (-00028) + (00229 X + (001 1050) X**Z )

+ ( 0.006461) X»*3 + { 0.0014662) Xu=4 ' T -
IMF2-F1} = =-8.3 DB- for a modulation of 4mA PP
IM(2#F2-F1) = =135 DB - for.a modulation .of 4mA p-p..
HEAHBUHBHBRUAHBHERBR R BB BHREHBHABRRHBHRHR B HHBHABHH RS
THE BEST FITTING POLYNOM!AL CURVE IN A NEIGHBORHOOD OF . .
THE POINT 1=84 mA 1S: ) .

Y = (-0.0010) + (01274) X + {~=0.003434) Xu#2
+ (~=0.000485) X%*3 + ( 0.0002331) Xwux4

IMF2-F1} = -314 DB . for a moduiation of 4mA p-p.
IM(2%F2-F1) = -50.8 DB for a modulation of 4mA p-p.
#######################################################
- THE BEST FITTING POLYNOMIAL CURVE IN A NEIGHBORHOOD OF
THE POINT =88 mA IS:

Y. = (-0.0004) + (01014 X + (-0.003618) X2 \
+( 0.000354) X#*3 + ( 0.0001468) Xwx4 -
IMIF2—-F1) . -289 DB for a modulation of 4mA p-p.
IM(2#F2— F1) = -51.6 DB for a modulation of 4mA p-p.
#######################################################
THE BEST FITTING POLYNOMIAL CURVE IN A NEIGHBORHOOD OF . -
THE POINT =82 mA IS: ‘

Y = (-0.0006) + (008771 X + (-0.003272) X2 |
} (-0.000424) X#3 + 00002284) Xund

IMIF2-F1) = —286 DB for a modulation of 4mA p-p.
IM(2%F2-F 1) -48.8 DB for a modulation of 4mA p-p.
########,#######################3?#######################
THE BEST FITTING POLYNOMIAL CURVE IN-A NEIGHBORHOOD OF °
THE POINT |=96 mA IS: - _ ~

Y = | 0.000‘I) + | 0,0701) X+ (—0.001510) Xun2
+ { 0.000286) X3 + ( 0.0001795) Xwug'

IMF2-F1) = -333 DB for a modulation of 4mA p-p.
, IM(2%F2-F1) = -503 DB for a modulation of 4mA p-p.
YT R PO PPT P PRV T TR SR,

A}
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- APPENDIX I1I-POLYNOMIAL SPLINE MODEL

################################################f##############

c
C THIS PROGRAM COMPUTES THE INTERMODULATION DISTORTIONS NEAR ..
C THE INFLECTION POINT AT 84 mA FOR A LD MODULATION CURRENT.
C OF 4 mA P-P. THE POLYNOMIAL SPLINE MODEL IS USED.
C HE4BELAHRARNARAEHARH LR U B A BB AR A BEBRH Y HERBEH L BHRE D RUB BB BB
C INITIALIZE THE PARAMETERS OF THE SUBROUTINE RLFOR.
INTEGER N.IXMDP(3)/2,2.0/.18/5/JER
N=4
IX=4
REAL XYW!(4,5|RSQ/100./, ALPB(2)/2%0.05/, ANOVA(13),B(5, 12)
DOUBLE PRECISION WK(16)
, REAL U(4),Z(4) '
C HASARAH BB BB AR R R R HAH AR R AR ER AR BHERR AR BH Y
C READ IN (X.U) VALUES WHERE U = 0.131X - Y.
READI(5,100) (XYWIL, 1}4=1,N)
_ READ(5,100) U
100 FORMAT(10F8.5).
DO 10 I=tN
ZI=UIIXYWIL, 1pw2)
XYW, 2)=2()
10 XYWI(,3)=1.

C################################################################
C FIND BEST FITTING POLYNOMIAL IN THE SUBLINEAR ‘REGION. o
CALL RLFOR(XYW,IX.N,RSQ.MDP,ALPB, ANOVA B.IB.PRED,IP, WK, IER]
_-WRITE(6.200) B(3,2).B(1.2).B(2,2)
/200 FORMAT(Y =" (0.131) X =~ (F9.6) X#x2 -~ (F9.6,
#) X##3,/. 75, ((F10.7,) Xwngd')
A ###############################################################
C CALCULATE INTERMODULATION DISTORTIONS.
R2=20%ALOG 10(ABS(B(3,2)/(2%0.13 1))} ° ‘ )
R3=20#ALOG 10(ABS(3#B(1.2)/(8.#0.131))) '
WRITE(6,300) R2

300 FORMAT(IMF2—-F1} = °'F51,' DB + 20 LOG A)

) '"WRITE(6,400) R3 i .

400 FORMAT(IM(2#F2-F1) = 'FB.1,, DB + 40 LOG A)

C ###############################################################
STOP: & _
END '

C ..#########################################################
C INPUT DATA FOR ABOVE PROGRAM.

' 05,1,15.2., ,
0010..0055,.008,.022, : :
#########################################################

0.
C
(C: OUTPUT OF THE COMPUT ER PROGRAM.
Y

O

= (0.131) X —- (0.004000) X**2 = ( 0.000600) X#*3
- (-0.0000000) X*4 . -
IMF2-F1) = -363 DB + 20 LOG A
IM(2%F2-F1) = -553 DB + 40 LOG A

c #########################################################

4
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APPENDIX I11- IM/ DISTORTION OF PREDISTORTED TRANSMITTER
e

&

C ###########-############################J######ﬂ#################
C, THIS PROGRAM COMPUTES THE IM DISTORTIONS FOR VARIQUS VALUES

OO0

C OF PREDISTORTION DRIVE CURRENTS THE PREDISTORTION CURRENTS
£ ARE THOSE 'CORRESPONDING TO EMITTER RESISTANCES OF Re = 60,
C 70, 85, 125, AND 185 OHMS THE LD BIAS CURRENT IS 84 mA AND
C THE LD MODULATION IS B mA P-P.
C HHBHHBHBBEHHHBBEELBHHBERHBBHUBBBHHHBHHUBREH BB EHRBHAH BB EHHBBEUH B
C INITIALIZE THE PARAMETERS OF THE SUBROUTINE RLFOR.
INTEGER N, IX MDP(3)/2 2,0/.1B/5/,IER, RE(S)/GO 70.85,125,185/
N=8
IX=8 ~ »
REAL XYWI(B,5)} RSQ/?OO/ ALPB(2)/2+#0.05/, ANOVA(13) B(5 12}
DOUBLE PRECISION WK(32)
REAL U(B),Z(8) :
HHHHHHBHBRBREBE B BB U S Y BB BE R BB R BBRE BB BB BB HUBHH BB BRB BB R H
READ IN (X,U) VALUES WHERE U = 0.131X - Y.
REAL X1(8):/5.,1.,15,2.25,3.35.4./.
DO 20 J=15
READ(5.100) U / : -
100 FORMAT(10F8.5) ‘ : .
DO 30 I=1,N ‘
XYW, 1)=X 1() g
ZIN=UM/ XYWL, 1)e%2) ’
XYW, 2)=Z() I3
30 XYW(i.3)=1.

g ###############################################w################
C CALCULATE THE INTERPOLATION POLYNOMIAL.
CALL RLFORIXYW.IX,N, RSQ MDP,ALPB,ANOVA,B.IB,PRED, IP WK, IER)
WRITE(6,150)
150 FORMAT(S5(#")
WRITE(6,175) RE(J)
175 FORMAT(THE INTERPOLATION POLYNOMIAL FOR THE COMPENSATED °
#CHARACTERISTIC',/,CORRESPONDING TO Re = 13, OHMS 1S7)
WRITE(6,200) B(3/2),B(1,2)8(2.2) g -
. 200 FORMAT(Y = (0131 X - (F96.) xmz - (,F98, i
#) Xwn3 /T8, = (F10.7,)) Xwed) 4%
c- ##########w###################################################_
C CALCULATE INTERMODULATION DISTORTIONS.
: R2=20*ALOG 10(ABS(B(3.2)/(2.#0.13 1)) ,
R3=20%ALOG 10(ABS(3#B(1,21/(8*0.13 1)) **
WRITE(6.300) R2
300 FORMAT(IMIF2-F1) = 'F5.1' DB + 20 LOG A)
WRITE(6,400) R3 : §
400 FORMAT(IM(2#F2-F1) =" 'F51 ' DB + 40 LOG A}
c ################################################################
20 CONTINUE B
. STOP : C
END ‘
. C ################################################################

L]
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C #####################################################

C INPUT DATA FOR COMPUTER PROGRAM> .
C -
:000,.002..0030,002,-.008,-.015,-.021,-.028, '
.000.002..004,003.-.005.-.010.-.0 15,020,

1000..002, 0020.,.0030,-.001.-.006,-.008,-.010, "
10001..0028.0030,.0050,.006,007..010,.015,
.0003..0045.0070..0085..0120,.018.025,033,
#######################################################

C OUTPUT OF COMPUTER PROGRAM. ,

. C #####################################################

THE INTERPOLATION POLYNOMIAL FOR THE COMPENSATED CHARACTERISTIC
CORRESPONDING TO Re = 60 OHMS 1S ;

Y o= (0131 X - (0001276) Xw2 - (—0.000234)',xmg'
- (70.0901682) Xwed . . sone .

ME24F1) = -463 DB + 20 LOG A o
IM2%F2-F1) = ~-635 DB + 40 LOG A
#######################################################

»
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THE INTERPOLATION POLYNOMIAL FOR THE COMPENSATED CHARACTERISTIC

CORRESPONDING TO Re = 70 OHMS IS

Y

Y = (0.131) X - (0001029) Xwe2 - ( 0.000208) X#*3

- (-0.0002315) X#x4 . o o
IMF2-F1) = -481 DB + 20 LOG A '
IM{2#F2-F1) = <646 DB, + 40 LOG A

####################################################### . ’
“THE INTERPOLATION POLYNOMIAL FOR THE COMPENSATED ‘CHARACTERISTIC
CORRESPONDING TO Re = BRIVOHMS IS ,

Y = (0131) X - (0.000842) X2 . ('o.dooi Xouw3
~ (-0.0001582) Xwed, o

IMF2-F1) = -489 DB * 20 LOG A |

IM(2%E2-F1) = -66:8 DB =+ 40 LOG A '

HAHHHBAHHAHRLBHAHHH AR HEHHHBHRR B ERHBBHRES ############### .
THE INTERPOLATIQN POLYNOMIAL ,FOR THE COMPENSATED CHARACTERISTIC
CORRESPONDING TO Re = 125 OHMS iS: "

Y = (0131 X - (0001201) Xs2 - (0000279 X3
- (-0.0001048) Xwwd <75 RS

IMF2-F1) = -46.8 DB + 20 LOG A .

IM(2#F2~F1} = -620 DB + 40.L0G A ’
#######################################################

"THE INTERPOLATION POLYNOMIAL FOR THE COMPENSATED CHARACTERISTIC
CORRESPONDING TO Re = 185 OHMS IS:

Y = (0.131) X - {0.002343)'X*2 - {0.000428) X##3
- (-0.0001471) X#x4 o ,

IMF2-F1) = -410 DB + 20 LOG A : _
IM(2¥F2-F1) = -582 DB + 40 LOG' A"
Cc #####################################################



