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INTRODUCTION

An essential component for the design of long-haul, high capacity
fiber optic systems is the receiver preamplifier. The preamplifier
is the first stage ~f the receiver consisting of an optical
photodetector diod¢ .nd, ideally, a very low noise/high
sensitivity/high bandwidth amplifier.

The main function of the preamplifier is to provide conversion of
light (which has been intensity modulated) into electrical form
where it may be processed using conventional analog or digital
techniques. Because the detected light is often at a very low
optical level, generally in the nanowatt region, the preamplifier
must possess high sensitivity and noise rejection to preserve the
intended signal to noise ratio (SNR) or bit error rate (BER)
objective of the system. In high bandwidth/long-haul capacity
systems, high receiver sensitivity is particularly important since
it reduces the requirement for optical regeneration (e.g.,
repeaters), offers greater design fiexibility i the source
selection process associated with the transmitter, and tvpically
lowers both the cable cost and maintenarnce aspect of the cverall
system.

PHOTODETECTORS FOR OPTICAL FIBER COMMUNICATIONS

Photodetectors for fiber optic systems rely on the use of either a
PIN photodetector, a semiconductor consisting of an intrinsic (or
nearly intrinsic) region between a P and u regior., or an APD
(avalanche photodetector diode). Both devices, once matched to the
spectral characteristics of the source, find a wide variety of
applications for fiber optic work at frequencies up to or exceeding
1 Gb/s.

A PIN detector exhibits poorer noise perfcrmance than an APD but
costs less and requires a lower operating bias voltage, typically
to 100 V. An APD, on the other hand. while costing more provides
internal optical gain through photoelectrical multiplication.
Nevertheless, because the gain mechanism of an APD is statistical in
nature, excess noise above that of the PIN is introduced in the
system. however, sensitivity is generally greatly improved.

w

P

The gain of an APD may be varied, vie the tias supply, beiween ] to
1000, although 100 to 200, depending on the specific appiication, is 3
more typical. Even at unity gain, the APD seldom performs worse 1
than a PIN. The ADP, however, suffers from gair instability brought

about through changes in temperature coupled with the tvpicarly high

bias requirements, in the order of 200 tec e00 V. Although it may




include complications in the electronics and other system related
considerations (e.g., cost, excess noise), a PIN is often found more
suitable for a specific application, either as a cost/performance
compromise or on its own merits.

PREAMPLIFIER FUNDAMENTALS

As mentioned previously, the photodiode and amplifier combination
comprise the preamplifier. Because they are inextricably linked,
the -nocise/bandwidth performances of the detector and amplifier tend
to be obscured by the performance of the overall preamplifier.
Nevertheless, knowledge of the structure of the amplifier, taken by
itself, is fundamental to a firm understanding of the design of high
sensitivity, high bandwidth fiber optic systems.

The subject of amplifier design is somewhat complicated by the fact
that the performance of the amplifier depends on many factors: tvpe
of dezector, bandwidth, application (analog or digital), whether
bipolar or field-effect transistors (FET) are used, fabrication
technique (hybrid, discrete, stripline, microstrip, and others), use
cf equalizers and neutralization schemes, shot noise currents and
effective temperature of the primary first-stage transistor, layout
and other factors. However, a good understanding of the subject
will enable the designer to determine the best amplifier suited to
his particular needs.

Although much has been written on the subject of preamplifier
design, much confusion remains primarily because of the method of
characterization. Virtually all amplifiers designed for fiber optic
work can be classified into one of three categories: resistively
loaded, high impedance, or transimpedance (see figure 1).
Variations, of course, exist and include transistor technology
(bipolar/FET), type of equalizer used, load impedance, and so forth,
as stated earlier. However, for any configuration, a hybrid circuit
design offers the ultimate performance solution since grounding is
usually better; distributed inductance and capacitance are lower,
allowing wider bandwidth or higher gains; and shielding, owing to
proximity of components and packaging, provides the highest immunity
to external fields while confining those generated internally. For
reasons associated primarily with cost, special requirements, and
availability of standard off-the-shelf components, many designers,
however, find that the only acceptable alternative is to design
their own preamplifiers.

Of the three configurations, the resistively loaded preamplifier is
the simplest te implement and understand since it requires only
simple adjustment of the RC bandwidth preduct of the ampiifier. The
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capacitance C 1s generally fixed by the total (sum) effective input
capacitance of the amplifier and photodiode. The phctodiode is
represented electrically as a current source having some capacitance
whicli contributes (e.g., adds) to the existing capacitance of the
amplitier. The total cuapzacitance, diode and amplifier, then
represents the etfecrtive input capacitance of the preamplifier C.

The 1nput 1mpedince of the ampiifier R is under control of the
designer and is generaily selected in conjunction wit' the
preamplifier capacitance to neet the system bandwidth quirements:

1
l(s\H) TooamRe

Untortunately, for high bandw tdth, the preamplifier input impedance
must be kept small; but keeping Kk <mill increases the noise of the
amplifier tJohuson or thermal noises and limits the utility of the

proampl fler for low-noise SVslem appiicitions.

The transimpedancs ampiifier, so-co.lled current mode amplifier,

low noise
without compromising pertormance.  The penaity, however, is that
higher gain is nsually needed in the open-loop path of the amplifier
since the amplifier is operated in a closed loop. Consequently,
more gain stages, typically two, are required; but the noise of the
amplifier is then iowered by G, the open loop gain (see figure 1)}.
The gain results because the feedback impedance R now accounts for
the thermal ncise, while the normally high input impedance of the
amplifier is reduced by the open lcop gairn (figure 1). The
trdansimpedance preamplifier, for the same bandwidth, cffers a clear
noise advantage over the resistively loaded configuration.

Primarily for this reason the transimpedance preamplifier has become
quite popular for low-noise, high-bandwidth fiber optic design.

civeuamve nis thils prodiem enabiing low input impediance and

The remaining configuration (figure lc) is the high-impedance
preamplifier, a variant of the resistively loazded case. Vtor this
configuration, the input impedance K of the preamplifier is
increased beyvond the svstem bandwidth, and neutralization te.g.,
pos:tive feedback) and/or amplitude equalization is used to recover
the original bandwidth. Unlike the previous configuration ¢{igure
iby, the kigh impedance preamplifier operates as a unity gain buiier
with the optical gain provided by the jo0id res:istor Kp. The proplem
here, however, i1s that it becomes exceedingiy dirficult rto design
active equalizers with adeguate gain and good signai-to-noise
properties at high signal freaquencies. Similuirly, neutralization,
which reduses capacitance through positive iecdback and hence




extends bandwidth, begins to deteriorate and ultimately limits the
extent of capacitance that can be effectively neutralized., thus
setting a limit on the maximum attainable bandwidth.

The above is a consequence of the inevitable effects of distributed
capacitance and inductance and not necessarily of the effectiveness
of the technique. Albeit there are apparent drawbacks, the hLigh
impedance amplifier, or integrating amplifier as it is scmetimes
called, offers the lowest noise for those applications in which the
required bandwidth can be realized.

BIASING THE FIRST TRANSISTOR STAGE

The design of a high-performance preamplifier requires that the
first transistor stage be biased for both wide bandwidth and low
noise. The first transistor stage is perhaps the most i1mportiant
stage of the receiver since noise in subsequent receiver stiges s
cffser (divided) by the composite gain of preceding -toeges, and
hence prcvides a i1imiting effect on the overall SNR of the roleiver,
In any preamplifier configuration, the {irst irinsisicr =
implemented with either a bipolar junction transistor (k]
field-effect transistor (FET). and succeeding stages may be of the
same technology or mixed, depending on specific design requirements.
Deciding which transistor type to use is a key decision. Tfor
example, & 20-Mb/s receiver may use a transimpedance rront end with
an FET as the first stage and BJT's for the remaining stagets). The
latter mixed design is one in which an FET is exploited for its
typically low-noise characteristics and the BJT ror its usually
high-gain bandwidth capability and cutoff{ frecuency extending into
the gigahertz region. Whether a BJT or an FET is used, the des:igner
must decide on the proper biasing method and the correct bias for
the first transistor stage.

Unfortunately, low noise and wide bandwidth are confliciing
requirements, and a decision concerning which is the more important
for a particular design must often be made. Figure I, for exampile,
iilustrates how biasing can afiect the noise, bandwidth perfcrmance
of a preamplifier, depending on whether a transistor or an FuT is
used tor the first stage. In passing., we note thdat noise occurs
because electrons {leow us discrete charges and not continuous!yv as a
steadyv elesctric fluid. Tor that matter, ncise ¢xXisis 10 any Jctive
rircuit in which there is a flow of curvent fe.g., shot noise and
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NOISE IN FIBER OPTIC SYSTEMS

A well designed fiber optic system generally begins with a detailed
analysis of noise. Noise in a fiber optic system manifests itself
as a reduction of SNR or increase in timing jitter. Sources of
noises include the transmitter, particularly if a laser is used,
selective losses in the fiber, and noise in the preampiifier. The '
last excludes related effects such as switching transients, clipping
or saturation, and 60- or 120-Hz harmonic noise in the power supply.
It also assumes adequate decoupling and bypassing of all active
components.

The first two sources of noise are difficult to gquantify since
research is presently continuing and the subject is not rigoerously
understood.

For purposes of this report, noise associated with lasers operatin
at high data rates (e.g., 200 Mb/s and abover 1includes: ’

] Laser noise {e.g., speciral intensity vari.iions)

) rartition noise (e.g., wave.ength intensity viriilionss

® Modal noise (e.g., amplitude noise resulting f{rom mode
selective losses, particular in the laser/fiber
interface and connection a.ignments, assuming
graded-index fibers)

[ Delay noise (e.g., timing jitter in the arrival of
optical signals)

Another type of noise associated with a laser is seli-osciilation or
self-pulsation, a tendency of the iaser to pulsate :n high data rate
(e.g., high frequency) fiber optic applications. LED's, it shou.d

be noted, are immune to these problems but suffer other deficiencies

EEIC e

; such as slower speed and reduced output power. A deta:led >
; discussion of laser noise is treated in reference 1.
As noted earlier, a high sensitivity receiver design starts wiitl a
careful analysis of the transmitter. To keep the noise Jevel down a
laser should be biased above or below threshold. never in the
vicinity of the threshold itself. Operating above or below
, threshold avoids the avaianche noise that occurs at iiwresiolc where
g the laser changes modes between spontaneous and stimuiated emission
' (e.g., a source of noise}. Of course, for digital svsioems. it is
desirable to operate above threshcld to minimize turn-on time and to
preserve the rise and falil time syvmmetry of the opiical cutput
signal. However, operating apove threshold reduces the margin
. -
- /
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between ONEs and ZEROs (e.g., extinction ratio). The designer must
therefore seek a compromise between speed of response (e.g., requiring
high threshold) and discrimination between ONEs and ZEROs (e.g.,
requiring low thresholds). The depth of modulation, for either
analog or digital systems, must also be maximized, within the

thermal ratings of the device, to optimize the SNR at the receiver.
Full depth modulation for analog systems combats the effects of
signal shot noise at the receiver, a critical factor in the design

of long-haul systems, especially when using APD's.

The noise pertormance of a preamplifier is made up ot amplifier
noise, shot noise in the detector, and excess noise due to impact
jonization of an APD (references 2, 3, 4). The SNK and BER along
with actual link measurements, including eye-pattern evaluation for
digital svstems, are extremely valuable tools teo guantitatively
characterize the noise performance of a receiver. Digitial systems
ireference 3t oare typicdlly more complex since the detection process
te.g.. ONE or ZNRCY, pulse shape. and transmitting receiver filters
are viastiv d:ifrerent. Despite thesc diffevences, bowever, and.og
ind dogital svstems are reldtable by the 3NK or ONR (carv.er-to-
noise retiod ot the svstem.

A general notse model or g preamplifier is shown in rigure 3.
Sources of noise in the preamplifier inciude s:gnal shet neise or
average optical signal current flowing in the detector under the
presence of light, detector shot noise resulting from the detecior
dark current, and amplifier noise consisting of thermal noeise and
quantum shot noise.  The detector load resistor, present 1n the
resistively loaded and Ligh-impedance preamplitier configurations,
is generally fumped together with the nput impedance of the
ampliiier, as an equivalent parallel impedance, to form the
amplifier thermal noise contribution. For the transimpedance
contiguration, the thermal noise comes trom the amplitier teedback

resistance, or transimpedance. The amplitfier noise can alternately
be modeled by a resistor at a temperature that gives rise to the
same noise specetral density as the amplifier. In figure 2 the

individual noise sources of the amplitier are equivialently
represented by a voltage and current noise source acting at the
input to the amplifier. Amplitier noise. generaily the most
significant form in a4 nonsignal shot noise limited receiver, is a
dominant factor when using APD's.

Shot noise depends on the type of detector. Shet neise for a PIN,
for example, consists of reverse dark current, the leakage current

"
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that flows in the absence of light. In an APD, however, both the
bulk and surface contributions of the dark current must be taken
into account.

Surface current (which can be one to three orders of magnitude
higher than bulk current) in an APD is treated simply as shot noise.

Bulk current, however, is multiplied by the gain of the APD
producing an excess noise that depends on the quality of the
«tector (e.g., impact ionization coefficient K). For a good
cuzality silicon APD the noise factor is typically very low (e.g.,
K = 0.2) whereas for germanimum APD's it is somewhat high (e.g.,
K= 1). If the dark current is also high, the excess noise will
have minimal effect on the receiver because of dominance by the dark
current noise. In addition, the excess noise in an APD will
increase with gain at a faster rate than the multiplied optical
signal. FLventually a point will be reached where an increase in
gain for a given optical power will produce a reduction in
sensitivity. The gain at which this occurs is called the optimum
gain of the APD. For a low noise device, it is generally {ixed by
the noise of the amplifier.

To complicate matters, an APD is also extremely temperdture
sensitive, and therefore care must be exercised that proper gain
contro! be provided; otherwise the optimum gain setting will change
with temperature and significantly degrade sensitivity. Because
dark current will also change, e.g., double for approximately every
10C rise in temperature, gain control should be based on optical
signal power variations, not necessarily average d.c. optical output
power. This precaution will prevent an erroneous d.c. error signal
resulting from the dark current from developing in the gain control
circuitry. However, for wide-band svstems in which dark current is
usually dominated by amplifier noise, d.c. coupling is acceptable as
long as the average optical power remains approximately constant.
One technique of doing this and providing optimum gain control
automatically at the same time is to bias the APD from a constant
current source. The current source must be set for optimum gain at
ambient temperature for the technique to work properly. Moreover,
the APD must be shunted by a capacitor, across which the voliage
maintains the APD at optimum gain under varving levels of optical
signal power and changes in temperature (e.g., provides 100 percent
gain control).

Mathematically, the signal to noise ratio (3NR) ot an optical
preanplifier is expressed as (assuming fuli-depth modulation):

k.
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Signal Power
Signal Shot Noise + Detector Shot Noise + Amplifier Noisc

SNR =

2
(mRMPO)

= 2 -
2 .
_eBn ISM F + (IDBM F + IDS) + 1

A

A description of the above parameters for PIN's and APD's is
presented in table 1 and comprehensive description of all parameters
is provided in table 2.

Examination of this equation reveals that the SNR performance of a
preamplifier is determined solely by the type of amplifier and
detector used for the preamplifier. A simplification can usually be
made for a PIN detector, which provides a gain of unity:

_ 7 (TBPO)Z

LeBn (IS + ID + IA)

Note that the detector dark current Ip now consisis of the bulk and
surface currents Ipp and Ipg respectively.

To select a detector, the designer need only be concerned with the
application and have in mind some preliminary formulation of the
design requirements. For instance, consider an analecg application
in which the SNR requirement is typically high, 40 to 30 dB te.g.,
CATV). Here an APD would provide little advantage over a PIN
because of the high SNR coupled with the tyvpe of modulation being
considered, e.g., analog. Some typical results showing a compar:son
of the performance between a PIN and APD in a typical application
are provided in figure 4 (reference 6).

The above argument, however, is not necessarily appropriate for
digital svstems where an APD will generally provide approximately 10
to 15 dB of additional margin over a PIN in figure 5 (reference o).
The SNR requirement is inadequate here, since the criteria of
interest for digital svstems is the detection'probability of a
signal exceeding a certain threshold, specifically the number of
primary electrons produced by the optical pulse, the distribution of
gain statistics if an APD is being used, and the effective noise
electron charge of the ampliirier. A principal feature or an APD is
its pertormance at high frequencies where dark current effects begin
to diminish (reference 7} and where bandwidth generally becomes
limited by the amplifier:detector capacitance as shown in figure 6.
It follows from the ahove, that gain can be traded between
sensitivity and bandwidth. However, the designer wil! probably come

11
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Table 2. Definition of Preamplifier Noise Terms

m - OPTICAL MODULATION INDEX ;
R = DETECTOR RESPONSIVITY AT i '
- —E:‘—/\ WHERE: g = ELECTRON CHARGE:c = VELOCITY OF LIGHT
h = QUANTUM EFFICIENCY:» = WAVELENGTH OF LIGHT
K = PLANK'S CONSTANT
\
P, = AVERAGE OPTICAL POWER !
M = MEAN AVALANCHE GAIN
1
- ——y; WHERE: a - CONSTANT;V, - BIASVOLTAGE f
1-( :
v, V = VOLTAGE AT GAIN M i
3
£
F = EXCESS NOISE FACTOR g
Mo 12 .
= M1-(1-K) (__) WHERE: K = IONIZATION RATIO - £ }
M ¢
Y
& 3 AND a ARE THE DETECTOR IONIZATION RATES :
lg = SIGNAL SHOT CURRENT

= PoPo WHERE: p, = RESPONSITIVITY AT DC
pg- lps = DETECTOR BULK AND SURFACE CURRENTS RESPECTIVELY

tan = AMPLIFIER SHOT NOISE

- ﬂ"_ERF.F_ WHERE: Tggg = EFFECTIVE AMPLIFIER NOISE TEMPERATURE B
ARNEFF N
€ Repe = EFFECTIVE AMPLIFIER INPUT IMPEDANCE

e

Bn = NOISE BANDWIDTH; = 7/2 BW;34g

e,

x
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to the conclusion that the main utility of an APD lies in its
ability to compensate for the inevitable, practical effects of
preamplifier noise including detector dark current and capacitance
(reference 8). In fact, a low noise photodiode with integrated PIN
FET, reported in reference 9, provides performance compdarable to the
best quality silicon APD (figure 7). This APD employs a high
impedance preamplifier, with digital equalizer housed in a hybrid
module. Such circuits operating at the conventional 0.82 gm, as
well as the longer 1.3 ym, wavelength, designed with wide-band FET
and biopolar preamplifiers, are available commercially (references
10, 11, 12).

The PIN FET is, perhaps, the latest technological development in
extremely low noise receiver preamplifier designs. A PIN FET
module, incorporating a long wavelength PIN detector with integrated
mesa structured FET, developed by Plessey Ltd. for the British Post
Office (BPO), provides an input capacitance of 0.3 pF, quantum
efficiency of 25 percent, and receiver sensitivity of -40.7 dBm at a
BER of 1079 in a 140-Mb/s system. The high impedance design, which
uses a 10 M ohm load resistor at the input of the FET, provides an
unequalized bandwidth of approximately 3> kHz. A one-stage
integrated digital transversal! fiiter, ccnsisting of delav line and
comparator, is then used to extend the bandw.dth to the required 140
Mb/s. This novel approach avoids the general difficulties of
building active, linear equalizers. In addition, applications are
limited to digital systems which operate at rates set by the delay
line. A functional diagram of the PIN FET, including performance
characteristics compared to APD's of various material systems is
showr in figure 7. Note that for a good quality FET (e.g., one with
low capacitance and high transconductance), a PIN FET can provide
comparable performance to an APD. However, making generalizations
can be very misleading (and often is) unless specific conditions are
carefully and accurately specified.

HIGH IMPEDANCE PREAMPLIFIER DESIGN

A high impedance preamplifier circuit, designed for extemely low
noise optical detection and moderate bandwidth applications is
presented in figure 8. Key features of the circuit include AGC,
single +12 V operation, low power comsumption (e.g., aproximatelyv 15
to 20 mA), large dvnamic range and neutralized bandwidth of 10 MHz
at a gain ‘responsitivity) of émV/uWw. The standard output is 50
ohms. The circuit, measuring approxmately 1 inch x 2 inches, has
been breadboarded and tested and found to provide virtually error-
free digital transmission at an optical power level of 10 nWk when
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operating at a data rate of approximately 600 kHz. However, better |
performance is expected when using a post amplifier prior to

detection. An alternate version, featuring a one-stage equalizer, !4
provides a 10-MHz bandwidth at the same sensitivity.

The preamplifier uses a dual gate MOS (metal oxide semiconductor)

FET to minimize input capacitance, improve noise, and achieve
extended bandwidth performance. Alternately, sensitivity can be
improved by reducing the bandwidth.

PP

'y

The output drive capability of the FET, which was enhanced through
the addition of a bipolar transistor, improves the FET gain/speed
performance while additionally providing the high drive needed for
neutralization.

The FET, which is operated as a source follower, acts as a unity
gain buffer to reproduce the optical signal at its output gate. It
also provides the feedback required for neutralization.

The feedback is in phase with the optical signal and is implemented
via a signal plane which interconnects with all active components on
the circuit board, principally a photodiode, a simple PIN, and the
FET amplifier. The case terminal of the photodiode is neutralized
so that mounting receptacles, located above the signal plane, may be i
used without loss in performance. In addition to capacitance
neutralization, the signal plane, driven by the output of the FET,
also provides impedance bootstrapping, a technique which increases
the input impedance of the FET. As used here, the technique allows
precise definition of the system noise bandwidth. It also extends
the dvnamic range of the preamplifier, allowing a wider range of
optical signals to be accommodated than would otherwise be possible.

TRANSIMPEDANCE DESIGN

An experimental prototype transimpedance preamplifier, developed
primarily for ultra-high-gain/low-noise wide-band applications is
presented in figure 9. This particular circuit is currently under
development, but preliminary testing indicates exceptional
sensitivity, approximately 60 mV/uW, low noise, and a system
bandwidth of 100 MHz or higher. The circuit, measuring 5> inches x
1-1/2 inches, accommodates either a PIN or APD photodiode. However,
for an APD, the sensitivity is significantly improved, typically

6 V/uW. Maximum optical power, in this case, should be restricted
to below 500 uW, peak to peak, to prevent saturation of the output
stage.

20




1at13j17dweaayg oouepadwrsuea] pueg-apIM uten-y8iy-eayn adLiolzoag -6 dan31g

-
4701 S

O As

21

(o) | 5008
ino
TUNDIS

NIVEO3IId IAILVOIN

616 86-VI

s




The prototype circuit employs two low-noise/nigh-speed Plessey
differential pair amplifiers to develop an open loop gain of
approximately 2 x 106, or 130 dB. The first differential pair, Q
and Q2, connected to the photodiode, uses a low noise design
requiring 30 of the available 130 dB of open loop gain to reduce the
input impedance of the amplifier, provide a relatively constant gain
independent of component time/aging effects, and provide very wide-
band/high-gain operation into the MHz region. At a bias of 1 mA,
for example, provided by a constant current source CR240, and
assuming an input impedance of 30 ohms, the noise figure (NF) of the
first stage is set to about 2 dB. Negative feedback, provided by a
second stage amplifier, optimized for high-speed, establishes the
final closed loop gain of 100 dB. The output stage, Qgf, buffers the
preamplifier when driving 50-ohm coaxial lines.

The choice of detector and bias supply is optional. A VIN, biased
from the existing +5 V supplies, is considered suitabie tor moderate
bandwidth systems where power availability is not particntlarly
critical, while an APD is considered more appropriate ‘or leng-haul,
high bandwidth systems where sensitivity requirements J4re nmore
demanding. As designed, however, the photodetector ma. be biased
from an existing or external power supply using either polaritv or
both. This flexibility combined with high gain, low noise., and the
wide bandwidth capability of the preamplifier makes an ideal
component for designing high performance fiber optic systems.

N ths o = sk,
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