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1.0 Introduction

The transmission capacity of communication systems Vasgesl tremendouslywer the

past 150 years, bringing borders, people and places closer tog&tipeably the first step

in this journg was the made by Samuel Morse, when he transmitted the first electrical
telegraph message in 1844ollBwing in his footsteps, a Scotsman by the name of-Ale
ander Graham Bell furthered thewdrifor innavation into the Electric era, by realizing the
transmission of sp@n words by electric currents through a tglph wire; his imention

was the telephone in 1876rehds in analog andrentually digital communications con-
tinued profusely through the electronic and into the microelectronic era with the inaugura-
tion and &pansion of wireless and satellite links. akgand agin scientist and engineers
managed toxploit bandwidths and push the limits of informatiorvédauntil constraints

of practicality due to noise, interference was cost and other issuesda@ limiting
progress. An analogous progression to tlwugion of communication, auld be one of
personal treel, whereby although man has reached the practical limits afew(tele-
graph), land (telephone) and atmospheric/aircraft (wireless) baset] ttee speed and
achiezement of space tval are not limited by aninherent boundaries of space, rather
only by our inabilities to supply the adequate technological means. Thalequbottle-
necks in the xploitation of fibres seamlessly unlimited bandwidth lay at and in between
the electrical-optical/optical-electrical transducer irstegs of todayg fastest optical links;

a key part of which is the laser or modulatorei

Therefore, to understand the role and imposing design constraints of this critical optoelec-
tronic component, a general understanding of the system into whichgiaiteie must be

established.
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2.0 Optical Transceivers

FIGURE 1. Transmit, Channel and Receive Sections of an Optical Telecommunications Link [1]

2.0.1 High-Speed Transmitter

The optical transceer beyins with a high speed multipler, used to concentrate a number

of lower speed signals into one high speed bit streamn.inBtance, an OC-192 (10Gb/s)
channel wuld be implemented by multipleng 4 eisting OC-48 (2.5Gb/s) channels
together into a 10Gb/s data stream. The mukeuedata is then often retimed to remo

ary phase jitter before being applied to a laser (or modulato@rdio boost the altage

and current to the \el required by the opto-electronicvitee. This electrical to optical
transduction can be implemented classically using direct modulation of a light emmitting
diode (LED) or laser diode (LD), typically for shorter distances amegispeeds, or by
external modulation of a more aalvwce Distrilnted Feeback Laser (DFB) or an optical
modulator (consisting of either an Electro-absorption (EA) modulator or Mach-Zehnder
Interferometric (MZ) modulator and a laser), generally called upon to meet higher speed
and distance requirements. Because figure 1 is a portrayal of a more sophisticated optical

transcerer for common 10Gb/s links oadter an optical modulator (comprised in this
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case of the laser and EA/MZ modulator block) and a modulategrdare utilized on the
transmit side. Equalent speedsould also be attainable using an adeed laseisuch as

a Distrituted Feeback Laser (DFB), modulated by a lasgedrin either case, the circuit
design considerations, other than the impedance matching at the output ofehedi

all identical and thus the terms are used interchangedlilpf the aforementioned com-
ponents are solid stateuiiges, which by virtue of their small size, high reliability and sta-
bility, modest paer supply requirements, long life time, ease of modulation anddst,

are the preferred light sources for fiber optical communication systemgvétpobecause

of the material incompatibilities the lasenodulator drrer and modulator must belri-

cated on separate substrates and must be interconnected by transmission lines. In essence,
the described transducer produces an optical signal output that is modulated in direct
accordance to the high speed data bit stream, and is ready for transmission through the

optical fibre.

2.0.2 Fibre Optic Channd

Along the fibre optic channel, the modulated pulsefesidrm attenuation, in its classical
sense, and dispersion, which is defined as the pulse spread dueaityithgg nefraction of

light of different wavelengths along the channel and is measured in picoseconds per kilo-
meter per nanometer [ps/(km nm)]. Compensation for the linear dispefsicts intro-

duced by the fibre will be addressed shortly

2.0.3 High-Speed Receiver

When the modulated light signal reaches the veceide, as illustrated in figure 1, it is
optically amplified using an Erbium Doped Fiber Amplifier (B)Before being applied

to the photodetectorThis is an optional step which has been included to demonstrate the
repeating capability of optical fibres using E&3For long-haul applications (>300km).
The photodectector is a solid state reegdetectarsuch as a P-I-N diode (whose acro-
nym corresponds to the yical layers of i structure), which essentially acts as a pho-
ton-electron coverter and is utilized for the same benefits that accoynpalid state light

sources. The output current generated by the photodetector is generally weak, and there-
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fore requires transimpedance amplification in order to obtairfiaient wltage leel that

can be used to correctly decide wether each transmitted bitis a ‘1’ or a ‘0’. In accordance
to figure 1, the first stage in this amplification is accomplished by a transimpedance ampli-
fier (or pre-amp) whose design goals usuallywstfor high bandwidth, l@ noise, lage
dynamic range (diérence between min and max inpuottage leels whose outputalues

will still meet specifications, for instance a minimum BER) andalsly high transim-
pedance. A filter is often used to suppress noise and reduc&yménol Interference

(ISI) either between the pre and post amplifier or after the Automatic Gain Controller
(AGC) amplifier (main amp). The linear dispeesefects introduced along the fibre optic
channel can also be rexwsnl by means of equalization in the reegioften incorporated

into the aforementioned filtering process. The second stage in the amplification process is
accomplished by the @C, which ensures that the output bit stream is one of constant
amplitude before being inputted into the clock kexy and decision circuit. The clock
recovery circuit extracts the clock signal and applies it to the decision circuit asnshmo

order to mak an optimal decision as to the correct binaale of each bit of the input
stream in thedce of the dgradation the signal has endured. Theversd signal is then
demultiplexed to laver speeds for further decoding and processing byertional elec-

tronics.

3.0 Methods of Emission for Optical Transmission

With a firm understanding of theverall optical transceer system, it is n@ possible to

focus on one of its crucial optoelectronic components, the laser.din general, there

are two methods and four types ofuiges aailable for the transmission of dateeo opti-

cal fiber: direct modulation with LEDs or LDs and indirextéenal modulation with

either EA or MZ modulators. The operation and characteristics of these light sources
must be discussed and analyzed before delving into the task of designing circuitry to mod-

ulate them.
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FIGURE 2. (a) Distribution of Charge Carriersin an LED - note the forward bias to permit
injection of electronsand holes

3.1 Light Emitting Diode (L ED)

LEDs generate modulated light by means of spontaneous emission, meaning that the emit-
ted light is uninfluenced byxgernal illumination and generated solely due to the current
applied to the junction. Figure 2(a) illustrates the gbatistritution in a simple LED.

When electrons and holes are injected into the junctigiomeelectrons with high ergy

(Ep) settle davn into positions of missingalance electrons (feer enegy level E)),
releasing light enely Eq = hv, where v is the frequepof the emitted light and h is the

Plancks constant. & an LED, the highest modulation frequgmossible is determined

by the recombination time; or simply the time injected electrorestakecombine. Fur-
thermore, it is clear that not all of the recombinations that wié fgkce will release the

same engy due to non-uniformity of the erggr of the injected electrons.ofthis reason,
spontaneous emission of an LED (and in general) possesses none of the characteristic
properties of laser light since the radiation is emitted through a wide angyilam re

space (making &€ient coupling into an optical fiber rather faitilt), the light is phase
incoherent and the emission is often polychromatic, meaning the emitted lightveaa ha
frequeng spectrum with a lgre spread (resulting in half wer widths as wide as a hun-

dred Angstroms). As a result, LEDs are only useful for short to moderate transmission

distances because wider spread in frequemeans wider dispersion in the optical fiber
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Nevertheless, the first optical transmissioperiments were performed with LEDs and
therefore, a brief discussion of these privaitdrive circuits will help put nger designs

into perspectie.

FIGURE 2: (b) A common-emitter saturating switch

Back in the 198®, 50-300mA switching currentas needed to modulate an LED at high
speeds in accordance withmdevel data input. The circuit of figure 2(b) is one of the
simplest possible dring circuits, using a common emitter configuration to switch current

through the LED along with a shunt resist®, to maintain a constant bias current

through the LED. The circuit fars current gin across the transist@ small wltage drop
across the switch (Vce(sat)~0.3V) and ease otigimgy independent bias to the LED
through R. For certain LEDS, the speed can be limited by tlaetfthat the LED dve

appears to come from a current source (therse-biased collector base junction). Thus,
if the LED has a high capacitance,wdricurrent is initially dierted into chaging this
capacitance, reducing the curremtitable for light generation. This can be serhat

offset by using the speed-up capacitor at the base, as illustrated in figure 2(b).

A more complg and complete ECL-compatible emitmyupled LED dwer is illustrated

in appendix A. Older dver designs, including laser der designs, were implemented
using EmitterCoupled-Logic (ECL). ECL uses emitter faller outputs to dve signals.

ECL drivers were the circuits of choice due to the small output impedance of the emitter
follower which supports a lge fanout and mads it possible to dre lage capacitie

loads with small delayHowever, the problem with ECL is that it occupies a muclyéar

area than corentional bipolar design and consumes a lot moveepo
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3.2 Lasers

Solid state lasers use stimulated emission to generate light by creatigg pdpulation

of high enegy electrons (F) and a small population ofer enegy electrons (B within

a cavity surrounded by ter highly reflectve surfices (ie. polishing the ends of a laser
diode). Due to the unbalance, an initial electron wilreually rerert to the laver enegy

state, releasing a photon with emeE,=hv,4; howvever this time aries depending on the

elemental composition of the semiconductor laser (#us Will be important in under-
standing direct andxéernal modulation in the mesection). This photon might stimulate

a second electron to descend in step tdhids causing the emission of another photon

which vibrates in phase with the first one. The plotons are consequently phase coher-
ent and will continue to trel within the caity by means of reflection, simulating more

and more electrons to descend in stepqocEeating a chain reaction, angeatually an

avalanche of photons. In short, stimulated emission of light occurs when electrons are
forced by incident radiation to add more photons to an incident beam. As a result, laser
light is highly monochromatic because it is generated by electron transitions between tw
narrav enegy levels (or simply the specific emgr step is induced, rather than being
decided by the random eggrof the injected electrons; asasvthe case with the LED).

The wavelength of the emitted laser light depends on the elements used in creating the
semiconductor dece, attrituted to the &rious band gp enegies. Br a more in depth

treatment of lasers in general refer to [6], [7], [8] and [9].

FIGURE 3. A typical light vs. current curvefor alaser diodeillustrating qualitatively the effects
of increasing temper ature and aging [1].
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From this brief analysis, it is clear that the intensity of the emitted laser light is dependent
on the concentration of clyge carriers ready to inducgadanche photon production (in

this case electrons). Because the ghararriers are supplied to the semiconductor laser
by application of current, this minimum concentration corresponds directly to the thresh-
old current of the lasgbelav which no light emissions are generated. Vbthe laser
current threshold, the light output from a semiconductor laser is roughly proportional to
the current through it. As a result, the simpleaywo modulate either the intensity (for
TDM) or frequeng (for WDM/DWDM) of the laser output is to modulate thisvitig
current. Neertheless, in designing de circuitry consideration must be &k for the
sensitvity of lasing deices. Although the light output is roughly proportional to the cur-
rent through the laser abm® threshold, as illustrated in figure 3, this relationslasipes
greatly with temperature and aging of the las@iearly temperature fluctuations will
greatly afect the stringent engy step requirements of stimulated electrons for perfect

monochromatic emission. These draséidations will be compensated for during design.

In addition, it is important to note that when the laser is operasdclose to threshold,

the output signal becomes chirped. Chirp is a phenomena wherein the carrier freduenc
the transmitted pulseavies with time, and it causes a broadening of the transmitted spec-
trum. This can be intuitely understood by realizing that it is natry likely that a limited
number of stimulated electrons present when the laser is operated around threshold, will

all descend in step to,Eo produce photons tralling at the gact same frequeggqwave-

length mismatches will be imgably high, thus generating a highly chirped signal).
Clearly, the chances of perfect photon coherence are much greater when the number of
stimulated electrons and stimulating photonsxjgo@entially higheras is the case when

the laser is operated well algothe threshold {el.

3.2.1 Direct and External Modulation of Lasers

The process of imposing data on the fiber optic channel is called modulation. The sim-
plest and most widely used modulation scheme is calledfd®ohg (OOK), where the
light stream is turned on orfptiepending on whether the data bitis a 1 or 0. OOK modu-

lated signals are realized in one obtways: either by direct modulation of a semicon-
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ductor laser or an LED, or by using atiegnal modulator In both cases, the de current

into the semiconductor laser is set well\abthe threshold for a 1 bit and b&lgor at)
threshold for a O bit. The ratio of the outpuiveos for the 1 and O bits is called the
extinction ratio. Ideallya high &tinction ratio is desired in order to be able to easily
interpret the dierence between transmitteds Hnd 08. Direct modulation is simple and
inexpensve since no other components are required for modulation other than the light
source (laser/LED) itself. Hhwever, the disadantage of direct modulation is that the
resulting pulses are considerably chirped (as described in theysesection), and are
therefore limited by sharply evse dispersion limits when compared to unchirped pulses -
as mentioned wider frequenspectrum means wider dispersioro finimize chirp, the
transmitted paer of a 0 bit can be increased, therefoeeping the laser whys well
above threshold; the disadatage of which is that thetection ratio is reduced, dead-

ing system performance. This is an important design trddbatfincorporates itself into

the design of laser ders.

Furthermore, the rapidity with which theuvilee can be modulated is alsdezted by the
level of current in the laser during the fo$tate; also knan as laser bias current (usually
below laser threshold). If the laser is turned from completel§/ tof“on”, it will e xhibit

a random delay kwan as “turn-on delay’. This is illustrated in figure 4oran applied

current pulse of amplitudg the turn-on delay is gén by the devied expression:

olp O

td = Tthx InDp—lthD

However, if a bias current is present upon aatiof the pulse, the delay time is reduced to:

_ 0 p 0
T = Tt N e RO
where tth (tau-th) is the delay at threshold (usually 2ns) and Ith is the threshold current.
Therefore, turn-on delay can be reduced by usingvahoeshold laseusing lage modu-
lated pulse amplitudes, or maximizing the biasing current of the |hste that maximiz-
ing the bias current will inadvtently decrease thextenction ratio of the modulated

signal.
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FIGURE 4. Idealized laser input and output wavefor msillustrating effects of laser turn-on delay

Although in general, the operation of semiconductor lasers are all the same, as mentioned
in the pre@ious section, the time elapsed before electk@aache bgins \aries depend-
ing on the composition. df instance, Erbium atomsvJean etensvely long lifetime at

the E level. This translates intaxeemely long switching times if the laser were to be

directly modulated, hence drastically limiting the speed of transmission. This is the case
for mary lasers that are continuouswe sources, and therefore these lasers require an
external modulator to achve high modulation rates. Theternal modulator can be either

an Electro-absorption (EA) modulator or Mach-Zehnder (MZ) interferometric modulator
EA modulators are attragg at high modulation rates because ttaelength chirp is

much reduced relat to lasers and the de wltage requirements are typicallyler than

that required for MZ types. This latter consideration is importargngthe common
trade-of between the maximunoitage swing and the speed encountered in\thiahle
transistor technologies. Mmver, MZ modulators can be @en to produce no chirp.

Both modulator types are controlled by the applielfage and present a predominantly
capacitve load to the dver circuit (connected via a transmission line). & loutput
impedance dver is thus desired to insure that thedpass characteristic of the resulting
pole does not unduly limit the bandwidth. As will be seen, identical requirements are used

in the design of a direct laser b
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4.0 Design of Drive Circuitry

Although their design is simple in concept, there are stringent requirements tlestheak
implementation of laser dmers \ery challenging, such as ¢g output current require-
ments and ‘clean’ operation at full bit-rate. These requirements, as summarized in table 1,
are imposed upon designers based on the limitationsaarations of the modulated las-

ing device. Bipolar transistors are best suited for the design of lasersidue to their

very high current densities, highig and high bandwidth.

TABLE 1. Design Considerations and Possible Solutionsin the Design of Laser Drivers

Design Constraint Trade-offs Possible Solutions

Output Paver * increases withydinction ratio (sig- ® monitor output paver

nal amplitude) ¢ feedback and adjust bias

Dispersion * between dispersion and laser chirp ® use of modulators can
thus afecting whether direct or reduce or eliminate laser
external modulation is used chirp

* Equalization can eliminate
linear dispersie efects

Chirp ¢ large with direct modulation * can usexernal modula-

¢ induces ISI, tradebfvith dispersion tors

Extinction ratio * decreases with increased bias * Dbalance according to
requirements
¢ affects aerage output PWER d

Output Impedance ¢ high output impedance can limit ~ * low output impedance

matching (with trans- bandwidth if laser has high input driver
mission line con- capacitance (modulators do) el hed
nected to laser or actively matched output

modulator) * reflections caused by mismatch can
affect etinction ratio and jitter

Bias current leel * affects speed andenction ratio * low threshold laser

relationship and can controlyer
used as control parameter

Temperature * L-I characteristics of laserawy with * feedback control of bias
temperature (figure 4) current
Aging ¢ lasing threshold increasing with age® feedback control of bias

because of an increase in inertial loss current

Although considerations for both direct andeznal modulator dviers were considered
throughout this report as well as in the summary of table 1, the remaining analysis will
concern itself with the design of direct modulatovelrs only Hence, the focus will be on

traditional laser dviers. As mentioned, the circuiafrations for a modulator deer are
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minimal, involving the consideration of an output stage for accurate transmission line

matching (as part of the connection to the modulator).

4.1 Generic Feedback Compensation

Typically, the design of laser dwgr circuits incorporates the use afrius feedback loops

to compensate foraviations in the mark densjtiemperature and aging. The mark den-
sity refers to the ariation of the number of 1's and O's in the data stream and is directly
correlated to the output per of the laserA simple approach at controlling theesage

output paver of a laser is sl in figure 5.

FIGURE 5. Laser driver output stage with feedback control of the average output power

Here the laser is directly connected to the collector of one transistor ¢érwmlial pair

As a result, the laser is modulated in accordance to the incoming bit stream when a con-
stant referenceoltage is applied to the other end of thd gdir, and the dataalues are
applied to the gte of the drie transistar As mentioned, to reduce the turn-on delay of the
laser a bias current is applied to the laser through the transistor in parallel withvie dri
transistor This bias ®lue is usually around threshold, as aforementioned, and the modu-
lation current or added current aleathreshold for generating the stimulated emission of

an optical 1 bit is determined by the constant current source biasingfénerdial pair in

figure 5 (labelled as modulation current). The bias current is adjusted by a feedback loop
in order to control the output pwer of the laser The aerage pwer is monitored by

means of a photodiode, a@rting approximately 8% of the output signal at the backtf
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of the laserback to current for comparison at the op amp. Another approach is to utilize
an optical tap and a photodiode connected to a portion of the transmittingTiibias

is then adjusted according to thefelience between the feedback current across the resis-
tor and the bias peer adjust signal (which is dedd directly from the desired output
power of the laser). &t instance, if the input signal from the photodiode is smaller than
that from the bias peer adjust, the bias current is increased to raise the outwet pwel

by increasing the Vbe of the bias transistor (and vezea). This simple deign will main-

tain the output pwer levels of the 1's and 0's constant as long as the slope of the Lel curv
and the relatie density of 1's and 0's remainfaiéntly constant. Automatic peer con-

trol is also possible, eever the circuit architecture is much more complicated as pre-

sented for the first time in [5].

Notice that although it as not mentioned directlthe change in temperature and increase

in threshold potential due to aging are compensated for in the circuit diagram of figure 5.
As illustrated in figure 4, although the L-I cervaries drastically with temperature and
age, the relationship is still lineaAs long as this is the casegaedless of whether the
threshold potential of the laser idegdted by changes in temperature or aging, the bias cor-
rection compensates for this because it considers only outpwtr @md waries the bias

until this paver requirement is met (thus thariation will be greater if substantial

changes are induced by temperature or aging).

4.2 Mark Density Compensation

FIGURE 6. Laser driver compensated for constant average power output and data mark density
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The arerage laser peer is linearly related to the mark density because the transmission of
a 1 bit requires so much morewer than that of a O bit. A laser d&r design that com-
pensates for the fluctuations in the mark density is presented in figure 6. The data is
applied to the dwer circuit, as before, as well as to a circuit whose output is proportional
to the mark densityThis output is then used a reference to the bias control of theyse
circuit. Nav the amount of bias applied to the laser is less if there are more 1's in the input
data stream and greater if there are more 0'ainAthe resistor in the addedfdiential

pair is calculated from the desired outpuivpo

4.3 Laser Driver for High Modulation Rates

FIGURE 7. Laser Driver with Feedback for Maintaining Constant Peak and Aver age Power

A final generic approach is presented in figure 7 for high modulation rates. At speeds
exceeding 10Gb/s, it is often desirable teda significant bias applied to the laser in the

0 state to increase the speed of the laser and reduce the amount of ringing due to laser self-
resonance. Clearly the problem arises as to the decreadeaiien ratio, whereby the
level-difference between an optical O and optical 1 bit is reducedertideless, it results

that the penalty inxginction ratio is more than compensated by the reduction in chirp as
well as dispersion &fcts during transmission. Mever, to ensure consisteyign the

power levels of 1's and 0's (becausewnthat the separation of thevlds is greatly
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reduced, non-linear feficts in the L-1 characteristic which were not\poeisly a problem

might nav become significant), theverage pwer is nav used to control the laser bias,

and the peak peer is used to adjust the peak modulation current asrshothe figure.

The introduction of the capacitor alle for peak detection. The dvback, havever, is

that nav each high speed pulse must be sensed, therefore requiring a high-speed photo-
diode controlling the feedback loop. Also, this design can be equipped with mark density

compensation as per figure 6, in place of the¥age pwer adjust signal.

4.4 LED Driversvs. Laser Drivers

In section 3.1, LEDs were introduced and a simpleirdyi circuit was presented along
with the complete ECL dring circuit in Appendix A. In addition to the high dispersion

of LED emission, LED feedback control isry difficult to implement at high data-rates.
The reason for this is that at higher bit rates (>1Mb/s with old LEDs), where most interest
lies, the phase shifts andadlable @in in the LED output become a problem, hence mak-
ing precise detection for feedback control near impossible. This is another reagson wh
laser divers, which as discussed can be designed to compensate fowvamants of the
lasing deice, are the preferred method of transmitting high speed optically modulated sig-

nals.

5.0 Conclusions With Per spective

With a firm understanding of optical transmitters as well as the architecture and full func-
tionality of laser dnrer circuitry an insight wuld like to gven tavards the future of laser
drivers. D add further perspegt to the topic, we presentdvecenarios, the past and the

present.

5.1 ECL Feedback-Stabilized Laser Driver (1978)

Figure 8 presents an old ECL lasewndridesign with laser output feedback from the mir-
ror (back plate of the laser).
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FIGURE 8. ECL Laser Driver for Comparison with Proposed and Used Architectures

5.2 TheFirst 10Gb/sLaser Driver Design (1991)

Reference [10] presents the first laseveliridesign capable of irgetion into a 10Gb/s
optical transceler. The deice was fbricated using InP/InGaAs heterojunction bipolar
transistor technology based on materialgraising lydride source molecular beam epit-
axy (HSMBE). Figures 8 and 9 present the block diagram and cireceitdehematic of
the design.

FIGURE 9. Block Diagram of First 10Gb/s Laser Driver
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FIGURE 10. Circuit Schematic of First 10Gb/s Laser Driver

5.3 Comparative Analysis

In order to understand the direction of future lasevedrdesigns and capabilities, it is
important to reiew the breakthrough designs in the field of optical telecommunications.
Sections 5.2 and 5.3 presented taser diver design that were coneed over 10 years
apart. Haovever, the inherent architectures discussed in this repedvimg a diferential

pair with resistte loading still remains pronounced in each design. Clearly the ECL
design is higher iesl and ivolves feedback, i the nev laser dwer design focuses much
more on the intedces of the circuit with the laser and the prior optoelectronic component
in the transmitter The nev design focuses much more on input and outpéfebng in

order to minimize impedanceales and not unduly reduce the bandwidth of the modu-
lated signal. Furthermore, an enormous leap in transistor technology is also noted, bipolar
ECL compared to InP/InGaAs high speedrides. Naturally faster circuits can be

designed and implemented witlster transistors.

As a result, a justifiable conclusion to reakith regards to the future of laser ders is
that although the essentialféifential pair and resist load will remain at the heart of the

design, the peripherals wilkpand along with the speed. These peripherals include not
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only kuffering, ut automatic pever control, actiely matched outputuifering and inter-
connect issues with the laser and other optoelectronic components (as presented in the ref-
erences included in Appendix B). Althoughnty, expensve and ery fast transistor
technologies can demonstrate incredible speeds in the labofatbiyplementation and
industrial deplgment requires reliable and costeetive solutions. These solutions come

from intggration as well as cheaper and more reliable transistor technologies. Therefore,
laser dvers will improve with transistor technologhowever cheap reliable solutions to
standard neterk rates abwee OC-768 (40Gb/s) will remain as a bottleneck for future

implementation.
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