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1.0 INTRODUCTION

This study report addresses the design considerations of a
multi-terminal fiber-optic data bus to support a variety of AN/GYQ-21(V)
computer system configurations. The objective of the study is to recommend
an optimal network configuration and establish a performance baseline for
the recommended bus network. The study also addresses achievable fiber-optic
receiver performance, optical components, optical modulation formats, and a
reliability assessment.

The requirements established as design criteria for the bus were
a maximum of 178 terminals, a worst case terminal-to-terminal separation of
one kilometer (km), a maximum bus data rate of 60 Mb/s, with an average user
input data rate of 1 Mb/s. A computer equipment temperature environment is
anticipated, due to the type of equipment being supported.

Due to the diversity of confiqurations available with the
AN/GYQ-21(V), a "standard" configuration is not available. The configuration
determined for purposes of analyses within this report is a cluster of
terminals, each cluster having a maximum of 31 terminals and one "gateway"
terminal allowing access to other clusters.

The approach used in the study is to establish the receiver
performance achievable. Given this receiver performance, a source coupled
power is then ascertained to allow determination of the available loss
budget. This loss budget is then allocated among the various loss
contributors, dependent on the network configuration.

With the link fundamentals established, the next discussion
centers on various protocol strategies that may be implemented with each
network type. A review of optical modulation formats and their impact on
optical receivers then is addressed, followed by a discussion of timing and
synchronization.
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With the control and protocol strategies of the various networks
defined, a review of the feasibility of the architectures selected for
further analysis is performed to ascertain the actual loss budgets, available
Tink margin, and dynamic range issues. These same architectures are also
reviewed from a reliability, availability, and maintainability aspect. The
same architectures are also reviewed from a latency and efficiency aspect to
establish a rank-ordering of the feasible architectures.

To complete the analysis of the viable architectures, a costing
estimate was made using the RCA "PRICE" program to establish any cost
advantage or disadvantage of any of the architectures. The PRICE program
results are included for two architectures. The conclusions of the study
and a summary of recommendations follows the PRICE program. A design
summary concludes the report.
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2.0 SYSTEM REQUIREMENTS AND EXECUTIVE SUMMARY

The AN/GYQ-21(V) study effort is targeted on supporting a variety
of network configurations of the current AN/GYQ-21(V) computer network. The
current system has limited geographic dispersion capabilities, with extended
system Tengths being achieved using 50 kb/s line rates. The use of a
fiber-optic data bus to interconnect the peripherals allows extended
distances (up to 1 km) and high data throughput rates.

2.1 System Requirements

The baseline network configuration assumed for purposes of the
study effort was a maximum terminal-to-terminal separation of one kilometer
and a maximum burst data rate of 60 Mb/s. An average bus efficiency of
50 percent is assumed, allowing a throughput rate of 30 Mb/s. Bus
efficiencies of greater than 90 percent are achieved with selected protocols
and the assumption of 50 percent is a conservative (low risk) design goal.

An uncorrected bit error rate on the bus of 1 X 10'9, or
better, was assumed for design purposes, allowing an undetected bit error
rate of <1 X 10'12
error detecting codes can easily achieve undetected bit error rates of
<1X 10'15, which is deemed suitable for computer requirements. Link

for simple error detection codes. More sophisticated

margins are allowed in all cases to assure performance at raw bit error
rates at <1 X 10'14 under normal operating conditions.

The network was assumed to consist of a maximum of 128 terminals
for discussion purposes. This 128 terminal maximum is not a "hard and fast"
maximum, but only used to determine a baseline. The terminals are grouped
in clusters of no more than 32, with clusters interconnected by "gateway"
repeaters to achieve modular expansion capability.




The number of connectors per link is assumed to be a minimum of
two, with four being required to interconnect terminals within two buildings
(shelters, trucks, equipment clusters, etc.). Additional network
constraints may require additional connectors. A temperature environment of
that comparable to computer equipment was presumed, or an operating
environment of 0° C to 50° C ambient temperature.

Storage temperature is not addressed, although not expected to
impact the network design or component selection. Similarly, altitude and
humidity are not anticipated to impact network design or performance. Shock
and vibration are not treated, but should be reviewed carefully in any
implementation program,

2.2 Executive Overview

The study report is divided into several major sections to
partition the study into several parts. Section 3.0 addresses the
fiber-optic components available and the receiver performance achievable
with two specific designs. The development of the receiver noise analysis
is thorough with the receiver performance determined in a general form based
on component parameters. Available components are assumed with performance
parameters based on those actually achieved to date. A receiver sensitivity
is then determined and the results plotted in terms of noise bandwidth,

The receiver performance establishes the minimum optica. power
necessary as a function of noise bandwidth. The projected power for the
0 Mb/s data rate is -51.6 dBm ( 6.9 nanowatts, or nW, of optical power) for
a bipolar input preamplifier using an avalanche photodiode gain of 20.
Improvements on this sensitivity can be achieved by employing a Junction
Field Effect Transistor (JFET) input (approximately 1 dB of improvement), or
by raising the avalanche gain to 100 (approximately 3 dB of improvement).
This minimum gain bipolar input is treated as a nominal worst case and is
assumed as a baseline.
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The receiver sensitivity sets the minimum power required. Given
this "number", two courses are then available to the network designer: one
may determine the source power available and thus the link loss budget, then
allocating this loss budget among the various loss contributors; or one may
total the loss contributors to determine the required source power. This
second approach allows a comparison of various networks and by comparison
with available sources determines whether the link may be "closed" (or is
feasible) and is used in this report.

The logical next step is then to determine what the various
optical loss contributors are and what source coupled powers are currently
achievable. Source power is first determined, then the various loss
contributors are discussed, including fiber losses, coupler and connector
losses.

The ground wbrk having been established for the optical and
electro-optical components, the next discussion shifts to network
configurations (or architectures) available to support the AN/GYQ-21(V)
application. A review of ring networks, "T" networks, and star networks is
addressed in terms of throughput, protocol, control schemes, and access
methods.

Each of the network architectures are discussed in terms of the
control schemes and protocol methodologies. Based on the analyses and
discussion of network architectures tentative selection of the interlaced
ring and passive star is made. A protocol selection is also made for each
network type. These two approaches are the best candidates for further
evaluation. These two candidates are further analyzed in terms of link data
rates and network throughput. A final discussion of this section addresses
various modulation schemes available for fiber-optic data buses.
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The next section addresses the architecture feasibility of the
two candidate approaches. Both architectures are analyzed from a loss
budget point of view to determine network feasibility. The results of this
analysis are that the interlaced ring and the star networks are both
feasible with a slight complexity advantage accruing to the star network at
the expense of slightly higher receiver design risk. Following the
discussion of the link budgets is a discussion of component and network
reliability. The star network enjoys a slight advantage in terms of network
availability, but it is not significant. This section concludes with a
review of network latency and efficiency. The ring network enjoys an
advantage in terms of network latency.

With the conclusions of the technical merits of each of the
network architectures in hand, the discussion turns to cost impacts. The
various assemblies in each of the candidate architectures were assessed
using the RCA PRICE program to project costs of the items in a production
environment, The conclusions of this program were that the star network
offered a slight cost advantage, but the advantage was not substantial.

The next discussion of the report distills each of the report
sections and analyzes each of the networks against a set of criteria to lead
to a preferred approach. The conclusion of this section is that the
interlaced ring offers the least risk and would be selected for near term
(1ess than approximately one year to delivery) equipment fabrication, while
for longer term development the star network would be selected based on
anticipated improvements and wider availability of star couplers.

The final section presents a design summary for the ring network
in terms of performance criteria. A summary of each of the major elements
of the BIU is presented and a brief discussion of a follow-on program
structure presented.




3.0 FIBER-OPTIC COMPONENT ASSESSMENT

The analysis of the proposed fiber-optic data bus networks to
support the AN/GYQ-21(V) interconnect requirements is divided into a number
of discussion areas. To establish a baseline performance for all network
configurations, the component limitations and the receiver performance
attainable are first reviewed. The rationale for discussing receiver
performance is to establish the minimum signal requirements (sensitivity).
With this minimum sensitivity and the "source coupled power" the optical
link loss budget may be formulated.

The receiver performance and the source coupled power are thus
the determinants of the amount of optical loss between the transmitter
(optical source) and the receiver (optical detector and associated
preamplifier circuitry). The optical losses between the transmitter and
the receiver are contributed by fiber, connectors, and any couplers in the
link. Coupling losses between the source and the fiber and between the
fiber and the detector are also included in the optical loss budget.

The receiver performance analysis is broken down into two
sections, one section discussing field effect transistor (FET) input
preamplifiers and the second section discussing bipolar junction transistor
(BJT) input transistors. An overview discussion of avalanche photodiode
(APD) detectors and PIN diode detectors is also reviewed as part of the
receiver performance discussion. Source types, both light emitting diode
(LED) and injection laser diode (ILD) sources, are discussed from a system
viewpoint. Connector and coupler losses are discussed from a current
achievability viewpoint. Similarly, fiber losses are discussed from both
a requirements and availability viewpoint.

3-1

R O o




3.1 Receiver Performance

As introduced previously, the receiver performance determines
the minimum optical power required to achieve a given system performance,
usually stated as a bit error rate (BER) for digital systems. The receiver
consists of some form of optical-to-electrical transducer, or detector,
followed by amplification, timing regeneration, and data formatting. Only
semiconductor detectors suitable for high rate transmission over single
multimode optical fibers will be addressed. Therefore optical detectors
such as photomultiplier tubes, p-n diodes, phototransistors and others not
matched in responsivity or modulation rate can be eliminated. Devices which
will be discussed as detectors include PIN and avalanche photodiodes.

A receiver in an optical cable system can be modelled as shown
in Figure 3.1. An optical detector (photodiode) converts the received
optical signal (pulses) to a signal photocurrent, i.e., which is applied to
a preamplifier. The output of the preamplifier is input to a comparator
circuit which compares the signal to a threshold level. If the signal
exceeds the threshold the output is a pulse and if the signal is below
threshold no pulse is output. In this manner a decision is made as to the
presence of a data ONE or data ZERQ in each time slot. These bit decisions
are referred to as the "data estimate".

The receiver (preamplifier) design is impacted by the type of
detector (PIN or avalanche) and the characteristics of the detector, such
as the leakage currents, responsivity, junction capacitance and gain (if an
avalanche photodiode is used). To provide a basis for the receiver analysis
a review of photodetector parameters is appropriate. The next section
discusses optical detectors in terms of what is currently available and what
may be available in the near future. With an understanding of available
detectors in hand, the receiver performance can then be addressed.
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Figure 3.1. Block Diagram Showing Various Noise Sources at the
Front End of an Optical Receiver

3.1.1 Optical Detectors

There are two semiconductor detector types, available to provide
the optical-to-electrical energy conversion: the PIN detector, consisting
of a doped "p" layer, an intrinsic layer, and a doped "n" layer of a base
material (generally silicon); and the avalanche photodiode (APD), structured
similarly to the PIN, but employing a high reverse bias to create multiple
secondary electrons per incident photon.1 The selection of a type
detector impacts receiver design since it determines the signal input level
into the receiver.

1
M. K. Barnoski, "Fundamentals of Optical Fiber Communications,"
Academic Press, 1976.
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The generally accepted figure of merit for optical detectors is
responsivity, given in amperes per incident watt of optical power (A/W). To
convert this current source input to a signal voltage for succeeding stages,
the preamplifier acts as a current-to-voltage converter, or transimpedance
amplifier. The receiver preamplifier must be a low noise design to achieve
maximum sensitivity. This low noise criteria is set by the signal currents
generated by the optical detector.

The following are the important performance requirements for
photodiodes:

o High response or sensitivity at the operating wavelengths.
At present, the wavelengths of interest lie in the range
0.8-0.9 um, where GaAlAs lasers and LED's have their emission
lines. Future system operating wavelengths may shift to the
1.1-1.7 um spectral region, where optical fibers have Tower
intrinsic optical loss and minimum material dispersion, as
well as greater immunity to nuclear radiation effects.

e Sufficient bandwidth or speed of response to accommodate the
information rate. Present systems can support signal rates
to a few hundred megahertz, but future single-mode fiber
systems may operate at multigigabit rates.

e Minimum additional noise introduced by the detector. Dark
currents, leakage currents, and shunt conductances must be
low and, if the detector is to provide internal gain, the
gain mechanism should be as noise-free as possible.

e Low susceptibility of performance characteristics to change
in ambient conditions. Sensitivity, noise, and internal gain
of practical photodiodes all vary with ambient temperature.
Compensation of temperature effects is essential in many
applications.




Compatibility requirements involve considerations of the physical
size of the detector, the coupling to the fiber and to the ensuing
electronics, and the necessary power sqpply. The detector must be small
so that it is easily packaged with other electronics and easily coupled
to the fiber. It should not require excessive bias voltages or currents.
Figure 3.1.1 provides a basic comparison of typical photodiode
characteristics.2

TP AN
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Figure 3.1.1. PIN Photodiode Responsivity Versus Wavelength

With these considerations in hand, a review of the PIN photodiodes
and avalanche photodiodes is now addressed. The selection of a particular
detector type is dependent on the receiver preamplifier design and the
optical signal parameters; however the optimum photodetector from each group
can be tentatively identified with some assumptions to be validated in the
receiver discussion.

2P.w. Casper, "Optoelectronics and Interface Electronics", SPIE, Vol. 63, .

Guided Optical Communications (1975).
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3.1.1.1 PIN Photodiodes

A typical reverse biased PIN junction features a depletion region
containing a relatively high field and a diffusion region. The width of the
depletion region (for fully depleted devices) is determined by doping and
relates to the overall speed o1 the device. Basically when photons are
absorbed, electrons from the valence band are excited into the conduction
band and an electran-hole pair created. These photocarriers then travel at
drift velocity (1f under the influence of the depletion field) or diffusion
velocity (if in {2 dif- usion region). However, diffusion is much slower
than drift and tr: drvice can be slow, suffering from a "long tail" response,
for diodes huvirg a wide diffusion region.

The Jcpletion region is lengthened by decreased doping in the
n-layer, thus minimizing diffusion velocity of carriers and increasing
device response times. The practical device construction consists of a
p-doped layer, very lightly doped n-layer and (for ohmic contact) a highly
doped n-layer. This lightly doped n-region is the familiar intrinsic, or
“I", layer of the PIN structure. Note that the addition of the highly
n-doped layer does not defeat the purpose of the intrinsic layer because the
high doping has very short carrier lifetimes, that is, the holes combine
with electrons before reaching the depletion region and therefore do not
effect a slow tail.

From the above discussion, it is clear that the speed of response
of a photodiode combined with its output circuit is dependent on the
following three parameters: (1) the RC time constant of the output circuit
(including the photodiode capacitance), (2) the diffusion time of the
photocarriers generated outside the depletion region, and (3) the transit
time of the photocarriers in the depletion region.

In the PIN diode, there is often a trade-off between absorption
efficiency (fraction of light absorbed) and speed of response. For high
absorption efficiency, we desire a long absorption region. For fast speed,
we require short drift times and thus, a short absorption region with high
carrier velocities.
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3.1.1.2 Avalanche Photodiodes (APD)

Consider an ideal photodiode in which every incident photon
produces a photoelectron and at the wavelength of 1 um the optical
conversion efficiency, or responsivity, is about 0.6 to 0.8 ampere per
incident optical watt. The most sensitive receivers operate at optical
input levels of about a nanowatt. Thus, the photoelectron current is less
than a nanoampere. Such small currents are very difficult to process
electronically without adding excessive amplifier noise. Thus, it is
desirable to use some mechanism to increase the photodiode output current
before amplification by the preamplifier. Such a mechanism is avalanche
gain. The next several paragraphs shall discuss the gain process within
APDs and the systems applications where these devices are most beneficial.

When the electric field in the depletion region of a reverse-
biased diode is sufficiently high (above 105 V/cm for Si), an electron or
a hole can collide with a bound (valence) electron with sufficient enerqy
to cause ionization, thereby creating an extra electron-hole pair. The
additional carriers in turn can gain enough energy from the field to cause
further impact ionization, until an avalanche of carriers has been produced.
On the average, the total number of carrier pairs created is finite and is
proportional to the number of injected (primary) carriers when the diode is
biased below a certain (breakdown) voltage. Very high carrier multiplication
or current gain is possible through this avalanche process even at microwave
frequencies. The ionization rate, which is the average number of electron-
hole pairs created by a carrier (electron or hole) per unit distance
traveled, is a strong function of the electric field.

The result is an effective amplification of the photodiode output
current for a given input optical power. This amplification is very useful,
but the physical realization has some shortcomings when compared to what
might be thought of an idea) electron multiplying mechanism. Such a
mechanism would replace each hole-electron pair created by a photon with
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exactly G secondary hole-electron pairs, i.e., the pair multiplication would
be deterministic. In an actual avalanche photodiode, the multiplication is
random, since the point of photon absorption and creation of the primary
hole-electron pair is at some random coordinate in the high field region.
Thus, each primary pair gets replaced by a random number of secondary pairs
whose average number might be G (same as the ideal multiplier) but whose
variance is large. This randomness, or "unpredictability" of the amplified
current is a degradation which limits the sensitivity of an optical receiver
below what it could be for an ideal multiplication device. This random
process is treated as an "excess noise factor" and is modelled as an
exponent. Proper device manufacturing can minimize this excess noise
factor, with current technology supporting excess noise exponents of ~0.3.

The structure of avalanche diode may include a "guard ring." The
purpose of this element is to prevent low breakdown voltages and excessive
leakage at the junction edges, by lowering the fields in those regions.

Most avalanche detectors available today are made of silicon. The best of
these devices provide good multiplication statistics (for optical fiber
receiver applications) and gains of a few hundred (enough for most fiber
communication applications). In addition, with proper antireflection
coatings, these detectors provide quantum efficiencies approaching the
theoretical limit 100 percent.

In addition to good multiplication statistics, or low excess
noise, speed of response is important in avalanche photodiodes. Like PIN
diodes, initial (primary) hole electron pairs should be generated mostly in
a region with sufficiently high drift field to bring the carriers to the
high field (multiplication) region as quickly as possible. Carriers which
are generated in very low field regions result in previously mentioned
diffusion tails in the diode response. In practical diodes available today,
the devices exhibit a trade-off between gain and bandwidth, or response
speed. A gain-bandwidth product can be approximately ascribed to these
devices which is on the order of 100 GHz.
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Finally, before leaving the discussion on APD's it is important
to mention a typical application problem with these devices. The
constant-gain bias for avalanche devices is a very sensitive function of
temperature (typically, 0.18 v/° C for the guard ring device and
1.8 V/o C for the "reach-through" device). Thus, for a dynamic thermal
environment, temperature compensation must be included in bias supply
designs.

These past two sections have dealt primarily with the basic
properties associated with optical detection as applied to PIN and avalanche
photodiodes. At this time, a summary of the implementation characteristics
and state-of-the-art performance for each device is given:

o PIN detectors are well suited for many analog applications
involving medium to high optical signal-to-noise (SNR)
ratios. Although APD's are typically considered to provide
an improvement in sensitivity {as much as 15 to 20 dB) over
the PIN device, this is only true where the APD is operating
well above the signal quantum noise limit (such as digital
applications where SNR's are low but signal current shot
noise is not the limiting noise factor). Thus for some
applications the PIN may actually exceed the performance
available from the APD.

e APD's support faster responses with bandwidths of
approximately 800 MHz; however, PIN devices offer a very
respectable 200-300 MHz and will not be excluded from
consideration by bandwidth alone.

e Bias requirements are an important factor in device
selection. Many manufacturers offer PIN photodetectors
with Tow leakage currents (and therefore low noise) fully
depleted at less than 20 Vdc bias. This is compared with
APD bias voltages of 150 to 250 Vdc which also require
temperature stabilization circuitry as previously mentioned.
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e Finally, PIN devices can be normally designed with slightly
larger active areas and can therefore easily accommodate
output coupling to large core, large-NA optical fibers. Some
single-fiber APD devices exhibit higher output loss because
the surface area has been reduced to minimize leakage
("dark") currents generated through high bias voltages.

3.1.1.3 Detector Selection Criteria

The preceding discussion has outlined the operation of fiber-optic
photodiodes as well as providing some insight into factors of selection for
particular applications. At this time, additional details are given on
desired device parameters for the AN/GYQ-21(V) system and how the environment
affects performance in terms of sensitivity, degradation, etc.

Primary performance parameters for the system have been
jdentified as:

e Modulation rate or bandwidth (response time)
e Sensitivity (responsivity and low noise)

o Reliability

Secondary characteristics include:

e Efficient coupling from fibers

e Bias regquirements

e Environmental degradation
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As previously suggested, the expected modulation rate has been
established at ~60 Mb/s and, depending on modulation format, requires a
minimum bandwidth of 35 to 70 MHz (system bandwidth ~ 30 MHz). PIN and
avalanche photodiodes are typically well within this performance
specification. Both devices can operate fully depleted to minimize
capacitance effects associated with the receiver detector and impacting
the receiver performance.

Photodiodes are available for operation over a finite range of
optical wavelengths with maximum responsivity to optical energy determined by
the material composition of the device. Figure 3.1.1.3 provides a typical
plot of the mere popular high speed photodiode responsivities as a function
wavelength and materia1.3 Note that silicon, the most popular material
today, offers device quantum efficiencies of 0.8, which corresponds to a
responsivity of 0.4 to 0.5 A/W in the 0.8-0.9 um region. Silicon APD's are
capable of meeting this performance. For longer wavelength operation (l.lum
and greater), other materials are generally used (Ge, InGaAs) to provide a
response characteristic which is optimized for this region.

In addition to high responsivity, a device's dark current will
influence the signal sensitivity in terms of generated noise. The level
of dark current is a function of material, active area, bias voltage and
physical structure (guard rings mentioned earlier). Silicon technology is
well established and offers good noise performance. Germanium (waveiengths
of 1.1 um) detectors have a higher dark currents (bulk and leakage) due
to the narrower band gap material and less advanced surface passivation
techniques. Various III-V semiconductor alloys are also being investigated
for long wavelength operation and are attractive since the band gap (and
thus responsivity) can be optimized by material composition.

3Op. Cit., Number 1
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The dark current is also a function of detector area which
accounts for lower receiver noise levels in single fiber communications
photodiodes. Development of fully depleted FIN diodes at low voltages
(<20 vdc) offer attractive advantages in terms of dark current reduction
without sacrificing speed. APD's, as discussed earlier, can achieve
increased sensitivity through current multiplication, provided the signal
ts not signal guantum noise Timited.

Since photodiodes are not subjected to high current densities,
the lifetimes are very good with projections of >106 hours for PIN's and
2105 hours for APD's. The reduced lifetime associated with APD detectors
is due to the high bias operating conditions. During the next few years,
both device lifetimes are expected to exceed 106 hours .

The desire to minimize dark current through reduction in active
area sometimes conflicts with the goal of full (but not excess) illumination
area. For single fibers however. the output coupling loss from fiber to
detector is primarily due to Fresnel reflections {~0.5 dB) and detector
areas easily accommodate the small illumination patterns. This statement is
typically true for both PIN and APD devices.

Environmental aspects of photodiode operation such as temperature
and hermeticity do influence device selection, but temperature effects
(increase in dark current at high temperature) are inherent properties
of the material and common to both types of silicon devices. APD's do
experience a change in gain due to shifts in avalanche breakdown voltage
over temperature; however, proper bias stabilization circuitry can minimize
these effects. Dark current is also impacted by temperature, due to the
inverse exponential dependence on temperature characteristic of the diode
equation. For wide temperature excursions active cooling may be considered
to minimize dark current increases; however, for the "computer” environment
anticipated, this requirement is avoided. PIN and APD devices use similar
packaging styles and many manufacturers offer hermetically sealed devices.
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Furthermore, since photodiodes are solid-state devices, problems associated
with shock, vibration, and so forth, can be minimized through conventional
MIL-STD packaging techniques.

Now that the basic operating factors for selection have been
presented, it is appropriate to consider a device (or devices) most viable
for the bus application. Tables 3.1.1.3-1 and 3.1.1.3-2 detail the specific
characteristics for PIN and avalanche photodiodes, respectively. Receiver
modules were also surveyed but are unsuitable except for specific
application in nonstressed (temperature) environments, at relatively low
data rates (<25 Mb/s).

For both types of photodiodes, characteristics such as speed,
responsivity, packaging, etc. are not sufficiently different between either
type of high performance single fiber photodiode. Thus the primary
consideration is sensitivity. Recalling that this application involves
detection of high speed digital signals, it is felt that the selection of
an APD can offer as much as 15 to 20 dB more received sensitivity and is
therefore the recommended component. Several APD's are available to meet
most of the requirements and are listed as follows:

e EMI GENCOM S30500 APD, low noise, moderate speed, good
temperature range, hermetic seal, low responsivity

e RCA 30902E APD, low noise, high speed, moderate temperature
range, hermetic seal, high responsivity

e NEC NDL 1202 APD, low noise, moderate speed, good temperature
range, hermetic seal

In the event that future LED source powers attainable allow a PIN
detector as a viable candidate then two devices are promising; (1) Hewlett
Packard PIN photodiode, 5082-4204 and, (2) RCA PIN photodiode 30807E. This
determination should be made during any fabrication of feasibility models.
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3.1.2 Receiver Performance Analysis

With the detector parameters reviewed, the combining of the
detector and the preamplifier to determine the baseline receiver performance
achievable is addressed. This receiver performance can be predicted from
appropriate modelling of the preamplifier. Experimental verification of the
receiver performance then validates the prediction.

With the basic parameters of the optical detector being the
responsivity, given in amperes per incident watt of optical power (A/W),
and the leakage current, the receiver performance necessary to meet the
system requirements can be determined. The output of the detector acts
as a current source, which must be converted to a signal voltage for
succeeding stages. The preamplifier then must perform a current-to-voltage
transformation, which can be accomplished with a transimpedance amplifier.
The receiver preamplifier must be a low noise design to achieve maximum
sensitivity. The three factors contributing to receiver noise, independent
of receiver type, are discussed next.

A receiver in an optical cable system can be modelled as shown
in Figure 3.1.1.3. A photodiode converts the received optical pulses to a
signal photocurrent, is, which is applied to the input of a transimpedance
amplifier. The amplifier output is operated on by a pulse comparator
circuit which compares the signal to a threshold. If the signal exceeds the
threshold, the comparator produces an output pulse; if the signal level is
below threshold, no pulse is produced at the output of the comparator. In
this manner, the pulse detector makes a decision concerning the presence or
absence of a pulse during each time slot. Bit decisions are termed the
"data estimate."
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The signal from the photodetector is corrupted by several noise
contributions, modeled here as current sources at the input to the amplifier.
These noises are: shot noise in the signal photocurrent, inqs; shot noise
contributed by the photodetector dark current, ind; shot noise of the

nonsignal photocurrent, i ; and thermal and shot noise in the amplifier,

ngn

ina' Photocurrent shot noise is generally referred to as quantum noise.

The signal and noise currents of the model may be expressed in
terms of the photodetector and receiver parameters defined below.

Pos = optical signal power incident on photodetector during a
pulse (W)
Pon = nonsignal (background or idle transmitter) optical

power incident on photodetector (W)

r = unity gain responsivity of photodetector (A/W)
G = mean avalanche gain of photodetector

o = avalanche gain excess noise exponent

IS = surface leakage component of photodetector dark

current (A)

Ib = bulk leakage component of photodetector dark current (A)
B, = noise-equivalent bandwidth of receiver (Hz)
3-19
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The signal photocurrent is given by:
i = rGP
3 0s
and the mean-square values of the noise currents are:4

2 2+ X

Thas = 2qrG POS B s (signal quantum noise)
.2 _ 2+ . i
han = 2qrG Poan’ (nonsignal quantum noise)
iid = zq(IS + GZ+.«Ib)Bn’ (dark current noise)

where q is the charge on an electron (1.6 X 10'19 C).

Calculation of the
amplifier noise contribution is addressed in the following sections. Except
for their noise contributions which have already been included in the model,
the dc values of the non-signal photocurrent and dark current do not enter
into error probability calculations, which determine the receiver noise

floor.

The receiver model presented here is generalized to include
avalanche photodiode detectors and PIN photdiode detectors. If a PIN
detector is used, the model is simplified to the extent that G is unity and
a single quantity suffices to specify dark (leakage) current. As unity
raised to any power remains unity, the excess noise exponent associated with
avalanche gain can remain in the model for PIN detectors, without loss of
generality.

lﬁbbbard, "Utilization of optical frequency carriers for low- and

moderate-bandwidth channels", BSTJ, vol. 52, No. 5, May-June 1973,
pp. 731-765,
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Figure 3.1.2-1 illustrates that the detection process can be
modelled as being summed at the input of a low-pass filter. The low-pass
filter bandlimits the noise, noted as Vn‘ The bandlimited signal is
applied to a comparator for level comparison against a threshold. Clock
recovery circuitry is incorporated which extracts a clock estimate used to
sample the data to determine when the data sample is to be compared to a
threshold. The data decision is made at the output of the comparator and
the clock estimate is used to clock this data to the output port timed to
the clock estimate. This decision is then the data estimate.

Low Pass Fltr |
Signal
Input + . *f ' Flip ——= Data
[“— Flop
Vv
th
Noise Clock
Vv Extraction o Clock
n Circuitry

Figure 3.1.2-1. Signal Detection Model

To assess the bit error rate of a digital data stream, the
probability of an error in a single bit decision is used. The probability
of a bit-error is just the probability of an error in the pulse detection
and decision processes. Two types of errors are possible in the detection
of two Tevel (binary) systems. The first type of error, termed a false
alarm, results if the noise amplitude in the absence of a pulse is
sufficient to exceed the threshold level at the decision instant. The
second error type, referred to as a miss, occurs if the sum of the signal
and noise amplitudes in the presence of a signal pulse is less than the
threshold level at the decision instant.
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These two types of errors can be combined to determine the
probability of an error in the bit decision process. If the detection
circuitry senses current voltage levels, the probability of a false alarm,
Pes and the probability of a miss, P can be written as:

[o o]
P, = ./. f_ (i) di (1)
f ITh a
Tt . (1a)
Pm = fp (i) di
-00
where
Ith is the decision threshold current of the detection
circuitry, in amperes (A)
fa (i) is the probability density function of the input
referred noise current in the absence of a signal
and
fp (i) is the probability density function of the input

referred noise current in the presence of a signal
data pulse

It should be noted that in general the probability density
functions in the presence and absence of a signal are not eaual, since
signal quantum noise is present with signal while a "no signal" condition
possesses no signal guantum no