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SUMMARY ERC410

This report summarizes the results of a one-year study of very high data
rate fiber optic buses for computer networks. The primary objectives were to:
(1) assess the data rate limitations of components and systems for optical fiber
communications, (2) develop a preliminary design for a very high-data-rate P
optical bus with microprocessor interfaces, and (3) recommend a program of tech-
nology development directed towards implementation of such a bus.

Mathematical models developed during the course of this program were
used extensively for investigating the data rate limitations. The performance of
each component was optimized by varying key parameters, within limits consistent
with the properties of known materfals and fabrication techniques. For trans-
mitters and receivers integrated on a GaAs substrate, it is concluded that the
maximum data rate for a single channel is limited to about 5 Gbit/s. The key to
achieving very high data rates, in excess of 100 Gbit/s, is the use of carrier
frequency (wavelength) multiplexing. It is estimated that 20 or more channels
could be accommodated in a system of this sort, for an overall data rate per
fiber in excess of 100 Gb/s. Higher data rates could be realized by the use of
more than one fiber to interconnect bus terminals.

e eaun ees eoas v Sk EHR SN = ..

.

Design of the microprocessor bus considered the problem of interfacing
processors with relatively low input-output data rates (~ 10 Mbit/s) with the
high-data-rate bus. It is concluded that this problem can be solved by the use
of recirculating-loop optical fiber buffers in conjunction with high-speed
} optical switches. A configuration for a bus terminal based on this concept has
’ been proposed.

.

3 st =

The analysis indicates that best performance, as well as lowest cost and
highest reliability, can be achieved by integrating all of the components for a
bus terminal (except for the optical fiber) on a single semi-insulating gallium
arsenide substrate. A technology development plan directed towards the
realization of the optoelectronic integrated circuits needed for a very high-
data-rate optical bus incorporating the features indicated above has been
outlined.
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1.0 INTRODUCTION

As the technology of electronic data processing continues to advance
at a phenomenal rate, the limitations of present data communications systems
becomes more and more apparent. The evolution of LSI and VLSI chips with
higher switching speeds, lower power consumption, and greater circuit densities
will lead to new generations of computers which, though physically smaller than
their predecessors, have faster central processing units and larger memories.
As a result, input-output data rates for state-of-the-art computers are steadily
increasing. This trend could even accelerate over the next few years with the
advent of the new gallium arsenide integrated circuit technology, which can
provide much higher speed and lower power dissipation than the traditional
silicon circuits. Furthermore, with continuing advances in analog-to-digital
conversion technology, the quantity of digital data which is available from the
analog output of sensors continues to increase rapidly. A1l of these factors
lead to requirements for higher and higher communication data rates in informa-
tion processing systems.

Coaxial cables and twisted wire pairs are sti1l the primary media for
data communications, just as they were decades ago. Data rates for these elec-
trical transmission 1ines are limited to a few megabits per second for lengths
of one kilometer. These relatively low data rates are not adequate to meet the
requirements of many of our modern military information processing systems.

The new technology which is capable of overcoming these limitations is
fiber optics communications. Since the first low-loss (20 dB8/km) fibers were
produced ten years ago,1 an optical communication industry based on the use of
semiconductor 1ight sources and photodetectors and silica fibers has evolved.
Fibers with losses as low as 0.2 dB/km have been produced in the 1aboratory.2
with losses of 2 dB/km routinely achieved in production. Experimental links
have been operated at data rates as high as 1.6 Gbits/s over transmission 1ine
lengths in excess of 10 km.3 Although fiber optics has not yet made a large
impact in data processing due to the relatively high cost of components, it is

1
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anticipated that lower costs and requirements for larger tansmissfon capacity
will combine to make the technology cost-effective for an increasing number of
civilian and military computer systems in the years ahead.

Data rates of state-of-the-art optical transmitters and receivers are
limited to less than 2 Gb/s, yet much higher rates could be effectively uti-
1ized in future military systems. One example of such a system is the distri-
buted computer network illustrated in Fig. 1.1, in which the terminals communi-
cate with one another in a burst transmission mode. Best performance fn such a
system is obtained if data is transmitted on the interconnecting bus at very
high rates, much higher than the input-output data rates for the individual
processors. Performance improvements are realized because the use of a very
high data rate bus makes it possible to minimize the interterminal delays for
the data packets. Potential applications for such a bus include multisensor
correlation, image processing, artificial intelligence, weather prediction, and
display terminal networks.

This report summarizes the results of a detailed study of the capabili-
ties and 1imitations of optical technology as it applies to the high data rate
multiterminal bus. The study has been performed by Rockwell during FY 1979
under the program "Multi-Processor Bus Architecture,” sponsored by the Informa-
tion Processing Techniques O0ffice of the Defense Advanced Research Project
Agency.

The study has been guided by the following set of assumptions, or
"ground rules:"

(1) Only solid state components are used at the bus terminals.

(2) Single-mode fibers are the transmission media.

(3) The optical sources emit at near-infrared wavelengths.

(4) No material breakthroughs are anticipated; 1.e, the calculations
make use of the parameters and characteristics of presently known
optical and electronic materials.

(5) The system is designed for local distribution, with a maximum l
interterminal separation of 100 m and a maximum total bus length
of 1 km. l
j i
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This report is organized such that one section is allocated to each of
the contractual tasks, which are:

(1) A survey of the state-of-the-art of optical and electronic
components which could be used in a very-high-speed ring bus.

(2) An assessment of physical limitations on component performance for
the bus application.

(3) An analysis of the relative merits of possible approaches to
achieving the highest level of system performance.

(4) The design of a baseline system which is judged to have the
potential for very-high-speed operation.

(5) The delineation of technology development tasks required to
achieve the desired level of performance.

The author expresses appreciation to P.D. Dapkus, A.I. Higgins,
C.S. Hong, W.W. Ng, and L.R., Tomasetta of the Electronics Research Center and
P. Yeh of the Science Center for numerous technical discussions and for prepar-
ing some of the material used in this report. He would also 1ike to thank Dr.
Vinton Cerf, Information Processing Techniques Office, Defense Advanced Research
Projects Agency, for his encouragement and support during the course of this
effort.
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2.0 SURVEY OF PRESENT COMPONENTS AND SYSTEMS

A great deal of effort has been expended during the past decade in
research and development on components and systems for optical fiber communi-
cations. Since the great majority of commercial and military appiications
require bandwidths less than 100 MHz, only a small percentage of the overall
effort has been concerned with reaching higher bandwidths. However, during the
past two or three years there has been an increasing interest in wideband fiber
optic technology, particularly for digital transmission. This section sum-
marizes the state-of-the-art in components and systems for high-data-rate fiber
optical communications. Included in the survey are transmitters, receivers, and
fibers, as well as systems demonstrated to date.

2.1 Transmitters

A number of digital optical transmitters have been developed for oper-
ation at data rates in the 1.0 - 2.3 Gbits/s range. Most of these experiments
have utilized injection laser diodes as the optical source, directly modulated
by varying the current to the device. The first demonstration of 1 Gbit/s
modulation was reported in 1973.% The laser was a stripe-geometry GaxA11_xAs
double-heterostructire diode, and the driver was a silicon emitter-coupled logic
circuit. A similar experiment was performed shortly thereafter using a Trapatt
diode as the laser driver.’ Digital modulation of injection lasers at rates as
high as 2.3 Gbit/s using a Gunn diode as the driver was also reported in 1973.8

These early experiments demonstrated the feasibility of direct modula-
tion of semiconductor lasers at high speeds. However, practical transmitters
and repeaters for optical communications require more sophisticated electronics
for shaping input electical pulses and providing sufficient amplitude from a
Tow-level input signal to drive the laser. More recent work has concentrated on
development of the circuitry needed to demonstrate these capabilities by the
transmission of pseudorandom bit sequences. One such experiment utilized a GaAs
FET as the driver for a GaAlAs laser.’ In another experiment, a transferred
electron logic device (TELD), a planar Gunn-effect device used as a current
switch, was the pulse shaping and driving element in a 1.5 Gbit/s transmitter.8

5
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Finally, a transmitter incorporating an InGaAsP double heterostructure laser was
operated at a 1.6 Gbit/s data rate.9 The quaternary InGaAsP laser is of
particular interest for long-distance, high data rate systems because it can be
designed for an emission wavelength in the 1.2 - 1.5 um range, where the disper-
sion and losses of doped silica fibers are lowest. Both loss and dispersion are
substantially higher in the 0.8 - 0.9 um region, where the GaAlAs lasers operate
most efficiently.

An alternative to direct modulation of semiconductor lasers is the use
of a cw laser with an external modulator. A bandwidth of 1 GHz was demonstrated
several years agc in a LiTa03 optical waveguide modu1ator.10 More recently, a
bandwidth of 10.5 GHz was reported in a LiNbO4 waveguide modulator, using a
traveling wave configuration in which the modulating signal is carried on a
coplanar transmission 1ine, impedance matched to the driving circuit.11
However, the modulators used for these feasibility demonstrations did not
incorporate driving circuitry suitable for interfacing with a communication
system. In particular, the 10.5 GHz modulator was driven from an oscillator and
the pulse response was not investigated. Also, the depth of modulation was not
reported for that device.

It should also be mentioned that a 1 Gbit/s transmitter using a mode-
locked Nd:YAG laser and a LiTa03 bulk modulator has been developed for space
communications.12 However, that transmitter is not viewed as practical for
fiber optic applications, inasmuch as the electrical power required for the
modulator alone was about 50 W.

2.2 Receivers

A number of solid-state optical receivers have been demonstrated to
operate at rates in excess of 1 Gbit/s. Most of these were developed to be
compatible with optical transmitters for use in link transmission experiments.
The receivers have all incorporated semiconductor avalanche photodiodes (APDs)
as the optical sensor. The APD is desirable because its inherent internal gain
improves the signal-to-noise ratio for a given optical power input and also
reduces the gain required from the electronic amplifer,

6
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APDs fabricated in the elemental semiconductor materials S and Ge
have shown response equivalent to digital data rates greater than 2 Gbit/s. The
decreasing optical absorption of Si at longer wavelengths limits it spectral
region for efficient operation to wavelengths less than about 1.1 um. On the
other hand, although the gquantum efficiency of Ge is high at longer wavelengths,
noise due to the high dark current limits its sensitivity. APDs fabricated from
compound semiconductors such as GaAlAs for wavelengths less than 0.9 m and
GaAlAsSb and InGaAsP at wavelengths in the 1.0 - 1.6 um range have much lower
dark current than Ge and extremely fast response, equivalent to at least 5

Gbit/s.15

A high-speed digital receiver contains not only the photodetector but
also an ampiifier and a threshold circuit to restore a clean digital waveform.
The fastest digital receiver reported to date used a Si APD and bipolar Si
amplifiers and threshold circuitry and operated at 1.6 Gbit/s.3 Another Si APD
receiver used a GaAs FET preamplifier to obtain operation at 1.12 Gbit/s.16 A
receiver using a GaAs photodiode and GaAs FET circuit has also been demonstrated
at 1 Gbit/s.l’

2.3 Fibers, Connectors, and Splicers

The attenuation in optical fibers has dropped dramatically over the
past decade. Prior to 1970, the lowest fiber losses were in the neighborhood of
1000 dB/km. In 1970 the first "low-loss" fiber, with an attenuation of 20 dB/ -
km, was reported.1 Recently, a loss figure of only 0.2 dB/km was achieved in a
doped silica single-mode fiber at a wavelength of 1.5 un,z as illustrated in the
spectral loss plot of Fig. 2.1. This is close to the "Rayleigh 1imit" of loss
resulting from the scattering of light from frozen-in refractive index inhomoge-
neities. At the wavelength of 0.85 um where GaAlAs lasers have best performance
and 1.3 um, at which InGaAsP lasers emit efficiently, the losses are 2 and 0.6
dB/km, respectively.

The data-rate capacity of single-mode fiber has been determined in
experiments on pulse broadening in the fibers. At a wavelength of 0.85 um, the
dispersion is about 8 ps per km of fiber length per A of source spectral

7
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width,18 corresponding to a maximum data rate of about 10 Gbit-km/s for a source
with 12 spectral width. Near the dispersion minimum at 1.3 um, the disper-
sionl8519 jg 1ess than 0.5 ps/km-&, corresponding to a maximum data rate in
excess of 50 Gbit-km/s for a 1A source spectral width. The limitation in the
latter case stems not from the inherent spectral width of the source but from
the spectral broadening introduced by the modulating pulses.

Splicing of single mode fibers is important for producing long continu-
ous lengths of fiber, since the initial draw is usually only one or two kilom-
eters long. Splicing is also needed for field installation and repair of the
fiber cables. Fusion splicing with an electric arc has been demonstrated to

_produce losses consistently less than 0.5 dB in the 1aboratory,2° although care-

ful alignment of the fibers is needed due to the small (~ 5 um) diameters of the
fiber cores. It is also important that good uniformity of fiber diameter as
well as core concentricity be maintained for consistently good results with this
type of splice.

Demountable connectors for single-mode fibers has long been a critical
problem, due to the mechanical tolerances (~ 1 um) required to achieve Tow opti-
cal loss. Recently, a connector using mating plugs and a sleeve with ballbear-
ing arrays to force alignment, has demonstrated insertion losses consistently
less than 0.7 dB.2l As with the low-loss splice, it is important to maintain
diameter uniformity and core concentricity for the mating fiber ends.

2.4 Systems Experiments

Extensive development of single mode components at Nippon Telegraph and
Telephone has recently culminated in some impressive demonstrations of point-to-
point data transmission over single-mode fibers. One of these mode use of a CW
LiNdP40y, laser emitting at a wvelength of 1.05 im and a LiNbO3 waveguide modu-
lation to transmit data over a 4 km length of fiber at an 800 Mbit/s rate.22
The results of two other experiments which utilized directly modulated semicon-
ductor lasers at data rates of 800 Mbit/523 and 1.6 Gbit/s3 are summarized in
Table 2.1.

9
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Table 2.1
Results of Single Mode Transmission Experiments

Ref. 23 Ref. 3
Data Rate 800 Mbit/s 1600 Mbit/s
Length 7.3 km 13.1 km
Laser Material GaAlAs InGaAsP
Emission Wavelength, Ao .85 um 1.29 um
Spectral Width ~1A ~1A
Dispersion at i, 9 ps/A-km ~ .4 ps/A-km
Total Dispersion 65 ps 5 ps
Power Coupled Into Fiber -0.5 dBm -7.6 dBm
Photodetector Type Si APD Ge APD
Received Power, 10'9 error rate -26 dBm -23.0 dBm
Allowable Loss, 109 error rate 25.5 dB 15.4 dB
Total Fiber Loss 24.3 dB 10.4 d8B

2.5 Summary

The results of the 1.6 Gbit/s data transmission experiments described
in the preceding section provide a good indication of the state-of-the-art in
high-data-rate fiber optic telemetry. The maximum data rates were limited by
the transmitter and receiver response rather than by fiber propagation in those
experiments. Discrete lasers were used in the transmitters and discrete photo-
diodes in the receivers, and silicon circuitry was used in both the laser
drivers and receiver amplifiers and decision circuits. Maximum data rates using
that approach are estimated to 1ie in the 2 - 2.5 Gbit/s range, limited
primarily by the response speed of the silicon circuits. Higher speeds can be
anticipated using gallium arsenide electronics, particularly {f the optoelec-
tronic components (i.e., lasers and photodetectors) are integrated on the same
substrate with the electronic devices.

10
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3.0 COMPONENT LIMITATIONS

Sound estimates of the perfaormance limitations for the critical
components are essential to a reliable assessment of the potential data rate of
the fiber optic ring bus. Limitations for each of the key elements of the
system -- fibers, transmitters, receivers, switches, and frequency-selective
couplers -- are analyzed in the following sections. These analyses make use of
mathematical models developed during the course of this study as an aid in
predicting the performance of the key components.

3.1 Fiber Optic Transmission Lines

Optical fibers are used not only for transmitting data between the
terminals of the hypothetical bus system described in Section 5, but also as
data buffers in interfacing the main bus with microprocessors. It is assumed
that single-mode fibers are used because of their superior bandwidth and because
they are compatible with guided wave switches and frequency-selective couplers.
The most important parameters of the fibers are the dispersion, which 1imits the
fiber bandwidth, and the attenuation, including connecting and splicing
losses. Polarization effects are also of some concern.

As indicated in Section 2, an attenuation of 2.5 dB/km at a wavelength
of .8 un and only .2 dB/km at 1.6 um have been achieved in single-mode fibers.
The maximum interterminal separation is assumed to be 100 meters for the ring
bus, so the fiber attentuation is less than 0.3 dB and can be neglected. Recent
progress has also reduced connector and splicing losses to less than 1 dB.

Preservation of polarization in the fiber is important because response
of electrooptic switches and modutators to an applied voltage is generally dif-
ferent for the two polarization states. The output polarization of a conven-
tional circular core fiber is in general a mixture of the two linear polariz-
ation states and is sensitive to environmental and mechanical perturbations.
However, it has been shown that birefringent single-mode fibers whicin maintain
polarization can be produced by introducing a nonsymmetric stress in the

11 {
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manufacturing process.24 It is assumed that polarization preserving fibers are

used for the distributed processor system, and only one polarization state of
the fibers, modulators, and switches is excited. This should not be difficult in
practice, since the output of injection lasers is generally linearly polarized,
with the polarization vector in the plane of the junction.

The final factor of importance -- and the one of most concern to us --
is dispersion in the fiber. For single mode fibers in which only one polariza-
tion mode is excited, the only sources of dispersion are material dispersion and
waveguide dispersion. For wavelengths less than 1 um, material dispersion is
dominant and the total dispersion is determined primarily by the properties of
the doped silica from which the fiber is fabricated. The dispersion of fused
silica is plotted as a function of wavelength in Fig. 3.1.25 Note that at a
wavelength of 0.8 um , the dispersion coefficient per unit length and per unit
spectral width, is about 10 ps/km-A. Thus, for a 100 meter terminal separation,
the dispersion is only 1 ps per angstrom of spectral width of the injected
optical signal.

In investigating the ultimate bandwidth of single-mode fibers, it is
fmportant to note that the spectral width of the optical signal depends on both
the spectral width of the unmodulated optical source and on the bandwidth of the
modulating signal. If the signal injected into the transmission 1ine is a
Gaussfian pulse of the form

%)

f(t) = Ae ° ,

then the spectrum, defined by

Flw) = 2% [ cos wt f(t)dt

12
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is given by
2.2
_u)r
Flw) = 2;; e

The spectral width to 10% amplitude points Aw, is given by
Aw 2
0 =°4£n-1
=z ':Z

or

Aw, =

On the other hand, the temporal width of the incident pulse to 10% amplitude
points, Aty, is given by

or
Ato =3.03 r ,
SO
AwoAt°= 18.4 .

The pulse width after propagation over a distance L is given by
1/2
At = (Atoz + dZLzsz) ,
where d {s the fiber dispersion coefficient,

2 2
X" = A+ B ,
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with X, the spectral width due to the modulation of the source, and AAg the

spectral width of the unmodulated source.

It is necessary to express Aw, in
terms of Ax, to evaluate the pulse dispersion.

with ¢ the free-space velocity of light and v the optical frequency, then,

with w, = 2'nu°,

00
But

AoAmo + moAAO =0 ,
or

“o Yoo

Eliminating w, from this expression yields

Z"CMo

Finally, from (3.1) and (3.2),

18.4 1 2 2.2
AL = - 0 .. 2,922
0 Zwc Afo' * CAEO

For Xy = .85 um, withc =3 x 1010 cm/sec,

15
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Kd
Al =
0 AEO ’

with Kq = 7.05 x 10711 a-s. Thus the expression for pulse dispersion becomes

. 1/2
S re 2. 22,2, 2,2
st = [at," + d°L7(ar " + K5/t )] . (3.3)

Differentiating this expressfon with respect to at, yields the result that the
minimum pulse width is
1/2

= 2.2 2
which is obtained for at; = (K4 dL)l/z. As a numerical example, if d = 10 ps/A-
km, L = 100 m, Arg = 14, then Atpip = 12 ps. The inverse of Atg;, yields an
equivalent data rate of 83 Gbit/s, which can be taken as a measure of the data
capacity of the fiber for a single optical carrier frequency channel. C(Clearly,

this example demonstrates that the fiber is not the component which 1imits the
data rate of the overall system.

3.2 Transmitters

In virtually all present-aay fiber optic communication systems,
modulation of the optical carrier is accomplished by varying the driving current
for a semiconductor 1ight source, a technique known as direct modulation. The
alternative to direct modulation which has found rather extensive application in
optical communication through the atmosphere makes use of a cw light source and
an external modulator. Both direct modulation and external modulation are
considered viable alternatives for the high-data-rate bus, and both have been
investigated during the course of this program.

16 y
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3.2.1 Directly Modulated Semiconductor Laser

The commonly used light sources for fiber optic communications are the
1ight emitting diode (LED) and the injection laser diode (ILD). The properties
of these two types of 1ight source can be contrasted with regard to their suita-
bility for use in the wideband bus application. The modulation fall time of the
LED is limited by the spontaneous lifetime of the current carriers {(electrons
and holes), which is about 5 ns in high-purity, single crystal GaAs. This
T1imits the useful modulation bandwidth of LEDs to a few hundred MHz. Further-
more, the incoherent output of an LED cannot be coupled efficiently into a
single-mode fiber or waveguide. The LED is therefore not a practical light
source for multigigahertz fiber optic systems. The ILD, on the other hand, is
characterized by a stimulated carrier lifetime, which can be much shorter than
the spontaneous lifetime. Further, the coherent ocutput of an ILD which emits
predominantly in a single spatial mode can be coupled efficiently into single-
mode wavegquides and fibers. Thus, the ILD is considered to be the only suitable
candidate for use in the wideband bus application.

The response of an ILD to a time-varying current waveform is described
in terms of two coupled first-order differential equations which relate the
carrier and photon densities to the independent variable time. These rate
equations can be written in the form26-28

F-tthh-z-x4 (3.4)
%')I(” rIx(z* - 1) + o] (3.5)

where

z is the electron-hole density in the active (lasing)/region,
normalized to unity at the threshold for lasing,

X is the normalized photon density in the laser cavity,

17
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n is the driving current, normalized to unity at the threshold for
lasing,

a is the fraction of the photons emitted spontaneously which couple
into the Tasing mode,

= 1/2
T -t/(T h) )

sp'p
t is the time (in seconds),

2 is a constant which determines the dependence of laser gain on
carrier density,

r = (t /1 , where

)1/2
sp’ ph

is the spontaneous-emission lifetime for electron-hole pairs, and
Tph is the photon lifetime in the cavity.

If the laser is initially unbiased, with X = Z= n = 0, and is excited by a step
increase in current Ng» such that N > 1, then the onset of lasing is delayed by
the time ty, required for the carrier density I to increase from O to 1. The
value of ty, obtained by solving (3.4) with X =0 is given by

ty = g 10 [ng/lng - D . (3.6)

p
This delay is typically of the order of several nanoseconds and is obviously too
great to allow for gigabit transmission. It is, therefore, necessary to supply
a dc current to prebias the laser near, or even above, the lasing threshold.
This makes subnanosecond response possible.

In order to obtain a reliable prediction of the laser response, it is
important to determine values for the quantities tsp’ tph' 2 and a which appear

18 {
C2120A/3bs
d




-

v AR o

Y

’l‘ Rockwell International

ERC41015.4FR

in the rate equations as accurately as possible. Unfortunately, this is not a
simple matter, as there is some disagreement in the literature with regard to
how these parameters should be determined. For example, values for the constant
2 from 1 to 3 are commonly used in laser response calculations.

A set of simple formulas was used to determine values for < and

sp> ‘phe
¢ for calculating the laser response, These formulas are based on empirical
data on double-heterostructure Ga,Al;_,As lasers.?9 First, the gain g is

assumed to vary as
g=a -5 |, (3.7)

where a and B are constants and n is the carrier density. From empirical
information it is determined that, for 8 = 100 cm‘l, the threshold condition g =
0 is obtained for n = 1018 cm‘3. From this information and (3.7), it is
determined that

a = 1034 cmd

Thus, the threshold current density Ny can be written

/2
%n’(%f y

The spontaneous lifetime is given by

i nthred

s T ’

where T is the photon confinement factor, e = 1.6 x 10-19 C is the electronic
charge, d is the thickness of the junction, and Jy), is the threshold current
density for the laser. Using the values J4, = 1.5 x 103 A/cmz, d=0.3 um, =
.8, and ngp = 1 x 1018, it is found that

Tsp = 2.6 ns.

19
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In general, it will be assumed that «
described by the relation

sp s inversely proportional to nyy, as

LI STLM

with
K1 = 2.6 x 109 s/cm3

This also implies that

2
nth Ted

I

or, for d = 0.3 mand I = 0.8,

. 2
Ith = Kohgn™
with
Ky = 1.5 x 10733 aA-cn?

The photon lifetime in the cavity is given simply by

|2

T =

ph ¢

W

where N is the group refractive index (~ 5 for GaAs)?5 and ¢ = 3.0 x 1010 cm/s
is the velocity of 1ight in free space.

The constant 8, which represents the loss coefficient for light
propagating in the laser cavity, is an important parameter in our model, as its
value affects Tphs Tsps and the threshold current density Jepe It is possible
to change the value of 8 by changing the mirror reflectance, for example. The
effect of changes in B8 on the laser parameters is described by the relations,

20
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Tsp = ky/8l/2 (3.8)
Tph = K4/B (3.9)
Jth = K5 8 s (3.10)

derived from results of preceding paragraphs, with

Ky = 2.6 x 10'8 s/cmll2
Kg = 1.7 x 10-10 s/cm
Kg = 15 A/cm .

Thus, increasing 8 decreases both the spontaneous lifetime and photon lifetime,
but causes the threshold current density to tncrease.

The preceding three equations will be used in investigating the
response of the laser to modulating current pulses. The final parameter is the
fraction of spontaneous emission coupled into lasing modes, a. An empirical
formu1a28

which agrees reasonably well with theoretical calculations fis
a = KG/V N
where YV is the volume of the laser cavity, and

Kg = .02 (um)3 =2 x 10°1% emd .

Thus, for example, for a laser cavity with the dimensions 1 um x 1 um x 500 um,
a value of a of 4 x 10~3 s calculated from the preceding formula.

21
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The preceding results will now be used to calculate the response of a
laser diode to particular current waveforms. First the response of an initially
unbiased laser to a step increase in current to a value above lasing threshold
will be considered. The initial conditions are

n=n_>1 T3>0

The normalized photon density Z (which is proportional to the optical output
power), carrier density X, and current n, are plotted as a function of time for
this laser in Fig. 3.2, for a step increase in current to twice the threshold
value, i.e., to n= 2. Note that the carrier density builds up to the threshold
value Z = 1 over a time t,, and the photon density then begins to increase
rapidly. This is followed by rapid oscillations in both X and Z. These oscil-
lations, known an relaxation oscillations, are important to the modulation of
lasers at high speeds. The inverse of the temporal period is an indication of
the maximum rate at which the lasers can be modulated. Also, as mentioned
earlier, the delay time for the carrier density to build up from zero to lasing
threshold must be eliminated for high data rate modulation. This is
accomplished by applying a dc bias current at or slightly above threshold.

The temporal response of a dc-biased laser to a series current pulses
is given in Figs. 3.3 - 3.5. 1In each case, the normalized current increases
from 1.05 to a maximum of 2.0, with rise and fall times of 35 ps and an interval
of 25 ps between pulses. The difference between the three plots is the pulse
duration - 380 ps in Fig. 3.3, 350 ps in Fig. 3.4, and 410 ps in Fig. 3.5. Note
that there is a particular pulse width at which the carrier density at the end
of the pulse return to the value at the onset of the pulse. This is the desired
pulse width for high-data-rate modulation, as illustrated in the plots of Fig.
3.3. If the initial carrier density is different for consecutive pulses, the
pulse amplitude will also change on a pulse-to-pulse basis, as in Figs. 3.4 and
3.5. On the other hand, if the carrier density returns to its
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equilibrium value at the end of each pulse, the amplitudes of successive pulses

will be equal.

The high sensitivity of laser performance to pulse width illustrated in
Figs. 3.3 - 3.5 is undesirable for a practical system, as it implies very tight
tolerances on the performance of the driving electronics. Fortunately, it is
possible to greatly reduce the sensitivity of the laser output to the character-
istics of the current pulses by injecting cw 1ight from another laser into the
cavity of the modulated laser, as in the illustration of Fig. 3.6. Furthermore,
this optical injection also gives a substantial improvement in the maximum
digital data rate at which the laser can be modulated.

Mathematically, the current injection is described by modifying one of
the two coupled laser rate equations, (3.5), to read

' -33,‘,= rIX(Z% = 1) + oZ + QI (3.11)

where Q is a constant which reflects the rate of photon injection from the cw
laser.2? Note that if the carrier density Z = 0 for the modulated laser, the
normalized photon density at equilibrium is given by X = Q.

Examples of the modulated output of the injection laser with current
injection are illustrated in Figs. 3.7 and 3.8. The level of current injection
Q = 0.005 corresponds to a photon injection of roughly 1% of the average number
of photons emitted by the modulated laser. Note that the optical output tends
to lag behind the current pulses in this case. This contrasts with the prece-
ding results without current injection, in which it was necessary to have the
current pulse extend well beyond the end of the photon pulse to obtain repro-
ducible output on a pulse-to-pulse basis. The reason for this difference is
that the equilibrium value for the normalized carrier density at lasing
threshold 1s significantly less than unity with current injection, and the
increase in photon density during the pulse can drive the carrier density from a
value greater than one at the peak of the pulse down to its equilibrium value at
the end of the pulse. The higher data rate with current injection results

27
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ACTIVE REGION ACTIVE REGION
CW LASER MODULATED LASER
i —_ i
: |
} L METAL
n GayAly_yAs i | CONTACT P GayAly_xAs
WEAK CW 4 GayAly_,As (ACTIVE LAYER) P MODULATED
OUTPUT LIGHT OUT

n Ga, Alq_, As

SEMI-INSULATING GaAs SUBSTRATE

Fig. 3.6 Hypothetical configuration for two coupled distributed 3ragg reflector
(DBR) lasers, in which cw emission from one laser is coupled into a
second, modulated laser. The purpose of the cw injection is to make
the modulated laser less sensitive to small variations in the param-
eters of the driving pulse, and to increase the effective data rate of
the transmitter.
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because it is not necessary to extend the driving current pulse beyond the end
of the optical pulse to restore carrier equilibrium.

The pulse rate in the plots of Figs. 3.7 and 3.8 correspond to data
rates of 2.5 Gbit/s and 3.3 Gbit/s, respectively. The data rate is further
enhanced by increasing the attenuation in the cavity, 8. It follows from (3.8)
and (3.9) that increasing 8 causes a decrease in both Tsp and Toh and both of
these changes tend to increase the laser modulation bandwidth. The third effect
js an increase in threshold current density. The final set of examples in
Figs. 3.9 - 3.10 reflect an increase in g from 100 cm'l, as in the previous
examples, to 200 cm'l. This results in a decrease in Tsp from 2.6 ns to 1.8 ns,
and in Toh from 1.7 ps to 0.85 ps, while Jqy, increases from 1500 A/cm2 to 3000
A/cmz. The net effect is to increase the equivalent data rate from 3.3 Gbit/s,
as in Fig. 3.8, to 5.3 Gbit/s, as in Fig. 3.9, Finally, in Fig. 3.10, the
effect of increasing the modulation rate to above 6 Gbit/s is illustrated. Here
the response of the carrier and photon densities to the modulating pulse is too
slow to restore equilibrium at the end of the current pulse, so that there is a
significant variation in amplitude on a pulse-to-pulse basis.

3.2.2 External Electrooptic Modulator

An alternative to the directly modulated semiconductor laser described
in the preceding seciton is a cw laser with an external modulator. Of the
various types of optical waveguide modulators which have been investigated, the
channel waveguide electrooptic modulator offers the greatest potential for high-
speed, low-power operation. To achieve bandwidths well in excess of 1 GHz, a
traveling wave configuration in which the modulating electrical signal propa-
gates in a microwave transmission line is needed. The transmission line is
fabricated on the same electrooptic substrate which contains the optical
waveguides, as fllustrated in Fig. 3.11.

Some of the key factors in the design of the wideband modulator are
phase matching of microwave and optical waves, attenuation and distortion of the
modulating signal, and dielectric and optical parameters of the substrate
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material. Each of these aspects of modulator design and performance is
discussed in some detail below.

3.2.2.1 Phase Matching of Microwave and Optical Signals

For operation of a wideband traveling wave optical modulator, it is
desirable for the phase velocity of the optical wave Vo to be nearly equal to
that of the modulating microwave signal Vpe If the phase velocities are not
equal, then the phase mismatch for a given modulation frequency f, increases as
a function of distance along the length of the modulator. This phase mismatch
1imits the modulator bandwidth.

To explore the effect of phase mismatch on modulator performance, it
will be assumed that the modulating wave produces a change in the effective
refractive index aN of the electrooptic medium given by

W= F T - vmt)e“‘IZ 0<Z<L (3.12)

where aN, is the modulation amplitude for Z = 0, the shape of the modulating
waveform is described by the function f, and the attenuation of the modulating
signal amplitude as a function of distance is determined by the constant a.
Then, the position Z of an optical phasefront which crosses the plane Z = L at
t= td is given by

7= Vo (t - to) + L
Substituting this result into (3.12) yields
v v
= AR nm
N o= N f (1 "o) vt + v L]

so that the total phase change as a function of time for the modulated wave
a¢l ty) is
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_2m
A¢(t°) === g ANdZ

or

2nAN
N

L v v L
R ( L I T s Il S (3.13)
o] 0 0

A¢(t°)

The preceding derivation holds for an arbitrary temporal dependence
f(t) for the modulating waveform. If the modulating signal is sinusoidal, such
that

f(Z,t) = cos (ka - uht)

with
W
kn = 7=
m
and
Vo = ZWﬂ“ .

where f, is the frequency of the modulating signal, then f can be written

“n
f(Z,t) = cos 'V; (z - vmt) .

It then follows from (3.13) that

27AN. L
aplt) = 5 9 [ cos (qZ + ;—h-L - wmt)e""zdz (3.14)
) m

where q, defined by
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1_1

q= (_._ - _.) (3.15)
AR

is a measure of the phase mismatch between the optical and modulating waves.
Integrating (3.14) yields the result

A = exp(- o) [sin qnt'(- a sin gL - q cos qL)]
a + q
+ cos %mt'(' acos q. + q sin qL) + q sin qnt' - a Cos qnt'
with
.= -
t to L/vm .

The amplitude a¢ of the modulated output at the frequency f, is given by the
square root of the sum of the squares of the sine and cosine terms; that is

-1/2

211‘AN 2 .
) . (3.16)

0

T [exp(- 2a L) +1 -2 cos qL exp(- aL)] (az +q

Ap =

In the limit that the attenuation constant « » 0, thfs reduces to

7 = 2eM el sin(qLr2)
A (qL/2)

For the case that a = 0, the modulation depth falls to half its zero-frequency
value for sin (qL/2)/(qL/2) = 1/2, or qL = 3.8.

" The phase shift given by (3.16) is plotted as a function of qL in
Fig. 3.12 for a=0, a=1/4q, a=21/2 q, a=q, and a= 2 q.

It {s evident from the preceding discussion that the falloff in
modulation effectiveness with frequency is determined by the value of the
quantity qL, given by
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1 1
qL= —_—- =) L .
Yn (vm vo)

1f the modulating region is short (i.e., L + 0), then the modulation depth will
not decrease appreciably with frequency. If the phase match is good (v = v,)
then gL » 0 even for large values of L. In that case, the modulation depth will
decrease with frequency as a result of an increase in the microwave attenuation
a with frequency. If the phase mismatch is poor, on the other hand, the falloff
in modulation depth with frequency will be determined by the increase in qL as w
increases.

3.2.2.2 Attenuation and Distortion of Microwave Signal

As indicated in the preceding discussion, if the phase match is good
between the modulating signal and the optical wave, the increase in attenuation
of the microwave signal with frequency is the factor which limits the bandwidth
of a modulator of given length. This loss arises from ohmic dissipation fn the
modulator electrodes as well as from the dielectric loss in the electrooptic
material. Usually, however, the electrode losses are dominant. At high fre-
quencies, the current is confined to a region near the surface of the opposing
electrodes in a thin layer of depth o, known as the skin depth. The skin depth
decreases as the inverse square root of the modulating frequency, leading to an
increase in resistance with frequency, the "skin effect."

As a result of the skin effect, a voltage pulse injected into an
elctrical transmission 1ine will not only be attenuated, but will also be
broadened as it propagates.32 The starting point for analyzing the propagation
of such a pulse is the transmission 1ine equation

Vb=t (3.17)
where V(Z) {is the voltage amplitude, and

y = /TR + JLITTL) (3.18)
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where R, L, and C are, respectively, the resistance, inductance, and capacitance
per unit length for the transmission 1line. As a result of the skin effect, the
resistance per unit length increases at high frequencies according to

R = Rsk/§ s

where Rsk is a constant determined by the electrode conductivity and dimensions,
and

Substituting these expression into (3.18) yields

y=v[w2LC--lw§/2R
Z

i

J 3/¢
kC+/—2_m RS

c

S k

or

y= iw AT v/l + (1 - j)(RSk//ZI) .

It is now possible to use Fourier analysis to determine the evolution
of an incident pulse as it propagates along the transmission 1ine. A Gaussian
shape for the incident pulse f(0,t) of the form

2,2
£0,8) = —— e t/7

/mt

will be assumed, where the pulse amplitude is normalized such that

[ f0,t) dt =1 .

The Fourier transform of this pulse shape is given by

F(O,w) = [ fl(o,t) cos wt dt ,
[ ST
40
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which is evaluated for the Gaussian pulse to be

2 2
F(0,u) s v T/A

L
VZ2x
Then, a distance 2 down the transmission line,

Fle,0) = e Y2 F(O,0) .

Finally, the temporal shape of the propagating pulse f(2,t) is determined from

1

f(g,t) = [F(t,w) elCdu .

N

It is possible to rewrite this in the form

- 22
Fla,6) = oo [ 70 T/8 - 1Bl * Jut - JAe (3.19)
with
(1 -3)R
A = wIT Re 1+_/_2.___.§‘. (3.20)
wl
(1-3)R
B = wIT Im 1-+-7E:——-§5- (3.21)
wl

With these substitutions f(2,t) simplifies to

[ cos (ut - Ag)e
0

22
~w 1 /4 e-B!.

E

flz,t) = dw . (3.22)

This integral cannot be evaluated in closed form because of the dependence of A

and B on w, but numerical integration on a digital computer is straightforward.

Some plots showing the temporal evolution of pulses on a transmission 1ine using
specific materials parameters are given in the next section.
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3.2.2.3 Materials Considerations

The materials of primary interest for external modulators are the semi-
conductors GaAs/GaxAll_xAs and the ferroelectric insulators LiNbO3 and LiTa03.
Some of the key parameters of these materials are summarized in Table 3.1. The
two figures of merit n3r and n®ri/c are inversely proportional to the modulating
voltage and the modulating power, respectively, for a phase matched modulator of
a given physical configuration. Thus, a phase matched modulator of given length
in GaAs would require roughly six times more voltage and ten times as much power
as a modulator of the same length, electrode spacing, and waveguide dimensions
in the ferroelectrics.

Table 3.1
Properties of Electrooptic Materials
r33a r41a ndp nbrl/e
Material|(x 10712 m/W)}(x 10722 mv)l n® | ¢ [ix 10712 mpv)|(x 10724 m2/v2)
GaAs 1.2 3.6 [13.2 56 237
LiNBO4 30.8 2.199|34.5¢ 315 2871
LiTa04 30.3 2.19P]42¢ 316 2378

a. Data for GaAs at A = 0.9 um; for other materials at A = 0.63 um.
b. n3 1/2
C. €= (8163) .

While the larger electrooptic coefficients tend to favor the use of the
ferroelectrics as modulator materials, the phase-matching criterion tends to
support the use of GaAs. The optical phase velocity is given by
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On the other hand, for a coplanar structure with electrodes on the surface of
the dielectric and air above,

Ym=%FT ¢ -

The key parameters related to phase matching for GaAs, L1Nb03, and LiTa03 are
symmarized in Table 3.2. Note in particular the values of Ivm'1 - vo'll, which
is a measure of the phase mismatch, are much smaller in GaAs, and this quantity
almost vanishes in GaAs for "embedded" electrodes. This means that, for a given
modulator length, the maximum bandwidth consistent with the phase matching
requirement is much higher in GaAs.

Table 3.2

Phase Matching for Traveling Wave Modulators

Material vy (em/s) | vy (em/s)  vpol - vyl (s/em)| vy (em/s) vyl - Vool (s/cm)

Embedded Electrodes Coplanar Electrodes

GaAs  8.25 x 10° |8.33 x 109  -1.1 x 10712 |13 x 1010 .3.27 x 1071
LiNbo;  1.37 x 1010} 5,11 x 20°  1.23 x 10710 | 7.12 x 10 6.75 x 10711
LiTa0; 1.37 x 1010463 x 10°  1.42 x 10710 | 6.55 x 10° 7.98 x 10711

It is useful to calculate the amplitude of the electrooptic interaction
for a specific electrode configuration and dimensions. A simple model for an
interferometric modulator illustrated in Fig. 3.13 will be assumed, in which the
alectrodes and optical waveguides are embedded in the substrate material,
Neglecting fringing fields and the nonuniform electrode current distribution in
the y-direction, the constant Rqy for the transmission line can be written

1
Rsk W 7PH
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CURRENT FLOW REGIONS

V{t)

Fig. 3.13 Model for calculating response of traveling wave modulator, with
electrodes embedded in the substrate.
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where ug = 4% x 10-9 H/cm is the permeability of free space, W is the electrode
height, and p is the electrode resistivity. On the other hand, the inductance
per unit length is

where d is the electrode separation. For gold electrodes, with p = 2.2 x 10-6
Q-cm at room temperature, the quantity RSk/L which appears in equations (3.20)
and (3.21) for the transmission line parameters A and B, is given by

R, /L = 2.68 x 10° (em/)M/2/a

where d is expressed in microns. The other parameter which appears in those
equations is /LC, which is given by

AT = /E;E = 1/vm .

Values of v, for GaAs, LiNbO3 and LiTaO3 appropriate to the embedded electrode
structure of Fig. 3.13 are given in the third column of Table 3.2.

The temporal behavior of a Gaussian pulse injected into a transmission
1ine of the type illustrated in Fig. 3.13 has been calculated for different
lengths along the line by numerical integration of Eq. (3.22). Results are
11lustrated in Figs. 3.14 - 3.17 using values for the parameter 1 of 25 and
50 ps, with materials parameters appropriate to LiNbOj and GaAs.

Modulation efficiency is determined by integrating the voltage
amplitude experienced by a particular phase front along the entire length of the
transmission 1ine; that fs,

L
Ada [ fl2(t),t) d2 ,
[+]

where
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1(t) = t/vopt .

Plots of the temporal dependence of the induced phase change determined in this
manner are given in Figs. 3.18 - 3.23, again using parameters appropriate to
GaAs and LiNbO3. These plots illustrate the effects of attenuation and distor-
tion of the modulating pulse as well as the optical-microwave phase mismatch.
The critical parameters phase shift amplitude and pulse width as determined from
the plots of Figs. 3.18 - 3.22 and summarized in tabular form in Table 3.3. The
amplitudes given in that table are those relative to those which woulad be
obtained with perfect phase matching and no attenuation or distortion of the
modulating pulse.

Another important parameter of the transmission line is its
characteristic impedance, Zys given by

= 1/2
[ (L/¢) ,

where L is the inductance per unit length and C is the capacitance per unit
length. Again neglecting fringing effects, we can write

for the structure of Fig. 3.12, so that

H
- o 4
Zo*V"szw .

If d = W, for example, then Z, = 520 in GaAs, 32 @ in LiNbO3, and 29 @ in
LiTa0;.

It is possible to use the data in Table 3.3, together with the
transmission 1ine impedance values given above, to estimate the modulator power
dissipation for the assumed materials parameters. The electrical power
dissipation v, 1s given by

Pe = TE- I v2(e) dt,

50
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Table 3.3

Effect of Modulator Parameters on Amplitude and Width of
Relative-Phase-Shift Pulse

Pulse Width (ps)*
Relative Phase

Material T{ps) W( um) Z(cm) Shift Amplitude 10% 50%
LiNb03 50 5 5 .80 184 103
1 .53 258 142

25 5 o5 .56 178 73

1 .28 >250 135

GaAs 50 5 1 .90 161 88
2 .79 181 91

25 5 1 .86 86 45

2 73 106 48

50 2.5 1 .81 179 94

2 .65 224 100

25 2.5 1 o715 97 47

2 .57 136 54

*The incident pulse width for T = 50 ps to 50% amplitude points is 88 ps,
and to 10% amplitude is 155 ps. For T = 25 ps, the incident pulse width
is 44 psto 50% amplitude points, and 78 ps to 10% amplitude.

where B is the bit rate and

v(t) = Vp e'(t/T)2

with Vp the peak voltage. Evaluating the integral above yields the result
2

BTV
Pe = '/-%T‘D" . (3.23)

0

It 1s assumed that Vp is the voltage required for complete extinction (m—radian
phase shift) in the interferometric modulator. For LiNbO3, the minimum value of
Vp, given by

V = % di
p _3'_ ’
ny r33L
57
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where rq3 is the appropriate electrooptic coefficient, is obtained with both the
applied field and the optical polarization vector parallel to the optic axis of
the crystal. For GaAs, the minimum voltage is

v =8 _d
p 7 n3r41L ’
which occurs when the applied field and optical polarization vector are both
parallel to a (111) crystal axis. Such a configuration in GaAs could not be
achieved with the (100) substrate orientation commonly used for optical and

electronic devices in GaAs, but could be obtained with a (110} substrate.

Values for the power dissipation calculated using (3.23) are tabulated
in Table 3.4, assuming a bit rate B equal to the reciprocal of the 10% pulse
width in Table 3.3. According to Table 3.4, a bit rate of 10.3 Gbit/s is
expected in GaAs for T = 25 ps, d = 2.5 wm, and Z = 1 ¢m, with only 30 mW of
electrical power dissipation. The apparently superior performance of GaAs vs
LiNbO3 is these examples results from the improved phase matching, higher
impedance, and lower microwave attenuation of the former material, which more
than compensates for the higher electrooptic coefficient in LiNbO3. It should
be noted, however, that these calculations apply to the embedded electrode
structure. The comparison would be more favorable to LiNb03 if coplanar
electrodes were used.

Other factors which have a bearing on the choice of modulator materials
are attenuation of the optical wave and compatibility with electornic driving
circuitry. The optical attenuation is considerably higher in GaAs. The best
optical attenuation figures reported in GaAs waveguides to date are about
6 dB/cm,33 compared with less than 1 dB/cm in LiNb03.34 [t is not clear, how-
ever, whether 6 dB/cm figure represents an intrinsic material 1imit or is due to
impurity absorption. The answer to this question could have an important bear-
ing on the ultimate performance of optoelectronic circuits and devices. The
final factor is the potential for monolithic integration of the GaAs modulators
and switches on the same substrate with the electronic components. In compari-
son with a hybrid approach based on the use of LiNbD3 or LiTad3 for modulators
and switches and GaAs for the other elements, monolithic integration apparently
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Table 3.4
Electrical Power and Equivalent Data Rate for
Traveling Wave Modulator

Data Rate Power

Material T{ps) d( um) Z(cm) (Gbit/s) (mW)
LiNDO4 50 5 .5 5.4 26
1 3.9 11
25 5 .5 5.6 27
1 <4 -
GaAs 50 5 1 6.2 101
2 5.3 28
25 5 1 11.6 103
2 9.4 29
50 2.5 1 5.6 28
2 4.5 11
25 2.5 1 10.3 3C

2 7.4 9.3

offers the potential for lower cost and higher reliability, as well as higher
performance resulting from the elimination of wire-bonded connections.

3.2.3 Electronic Drivers

The transferred electron logic device, or TELD, because of its high
speed and essentially digital nature, is ideally suited for use in the
electronic driver of the optical transmitter. A TELD is a three-terminal device,
with an anode, a cathode, and a trigger electrode usually positioned near the
cathode,35 as 11lustrated in Fig. 3.24. The active region is an n-type
epitaxial or fon-implanted layer fabricated on a semi-insulating GaAs
substrate. Operation of the TELD is based on the negative differential mobility
of gallium arsenide resulting from the transfer of conduction band electrons
from states of low effective mass to states of higher effective mass under the
influence of a high electric field. The low effective mass states which
predominate at low fields are associated with the conduction band
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energy minimum (r-point) at the center of the Brillouin zone, while the high
effective mass states are associated with higher energy satelite minima (X-
point) in the zone. Since the phenomenon depends upon the transfer of electrons
from one conduction-band minimum to another, devices based on this effect are
known as transferred electron devices (TEDs).

When a TED is bfased above a certain threshold voltage Vt' dipole
charge domains begin to form at the cathode and propagate to the anode, where
current pulses appear. Only one propagating domain is present at any given
time, and when one domain is extracted the next one forms at the cathode. The
formation of a propagating domain results in a reduction in current through the
device, while the current increases after a domain is extracted. As a result,
the device acts as an oscillator, with fundamental frequency, f,, given by
fo = 1/1, where 1 is the transit time for a domain. In gallium arsenide, the
propagation velocity for a domain is close to 1.0 x 107 cm/s, so f° = 107/d,
where d is the anode-cathode separation.

A TELD is a TED with a Schottky barrier trigger electrode positioned
between the anode and cathode. Under normal bias conditions, the electric field
near the cathode is too small for domain formation. A negative voltage pulse
applied to the trigger electrode causes an increase in depletion layer thickness
in the region underneath the electrode, leading to an increase in the electric
field near the cathode to a leve! above threshold for domain formation. The
domain propagates from cathode to anode, and the current through the TELD is
reduced for a period of time equal to the domain transit time. The response of
the TELD to a negative trigger voltage pulse is therefore a negative current
pulse of duration equal to the domain transit time.

The anode-to-cathode separation for the device is determined by the
desired duration for the current pulses. For a transmitter designed for oper-
ation at a bit rate B, the current pulse duration 1 should satisfy

LS < 1/8 .
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For example, if B = 5 Gbit/s, then Tp < 250 ps. To provide 25 ps margins for
turn on and turn off of the TED, the maximum value of T~ 150 ps. Since

d ~ 10’ T (em)

with & in seconds, then in this case d = 15 un. The threshold voltage can be
calculated from

Vt = Etd N

where E, is the threshold electric field. With E, = 3300 V/cm in GaAs,36 then
V¢ = 5 volts in the case considered.

The doping level and dimensions of the active region affect the
formation and stability of dipole domains and determine amplitude of the current
pulses as well as the average (dc) power dissipation. It has been determined
from studies of planar TED oscillators that, to ensure full domain formation and
propagation, the product of carrier concentration n and length d of the active
region should satisfy the relation.3’

nd > 1013 cm~2 (3.24)

while the product of n and the thickness t of the active layer should sat1sfy38

nt > 1012 cm~2 (3.25)

The influence of the dimension of the active layer on the series resistance Rq
of the device is given by the relation

S
RS eunwt

when e is the electronic charge {( = 1.6 x 10-19 €), u is the carrier mobility, t
is the layer thickness, and w is the channel width., The dc current for bias
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near the threshold is then given by

euntwy

It =—g = euntht .
Substituting numerical values into this equation, E¢ = 3300 v/cm for gallium
arsenide and u ~ 6700 cmZ/V-s (typical for high-quality epitaxial layers in
gallium arsenide) gives

Iy = 3.5 x 10712 ntw

Using the design values of

=2 x 1016/cmd

n =
t=2x 10"4 cm
w=102em |,

it follows from the preceding equation that
It=70mA .

Assuming a 50% drop in current when a domain is produced, the change in current
is

AITELD = 0.5 It = 35 mA .
Note that in this example

nd = 3 x 1013 cm'2
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nt = 2 x 1012 em2
so that the relations (3.24) and (3.25) are satisfied.

3.3 Receivers

The important characteristics of the optical receiver for the high-
data-rate bus are speed of response and sensitivity. The speed of response
determines whether the receiver limits the maximum data rate for the system,
while the sensitivity determines the minimum required optical power at the
receiver. The receiver contains a high-speed photodetector, amplifier stages,
and a threshold circuit to regenerate the original train of pulses. Each of the
receiver elements is discussed below.

3.3.1 Photodiode Design and Performance

Best performance in high-speed solid state optical receivers is ob-
tained with the use of semiconductor photodiodes as the optical sensing ele-
ments. The diode is operated in the reverse-biased condition and is designed
such that the optical absorption takes place primarily in the depletion region.
The electron hole pairs generated as the light is absorbed are swept out of the
depletion region by the dc bias field. In a simple pn or pin structure the
maximum number of electronic charges collected is equal to the number of photons
absorbed in the depletion region, while the internal speed of response is deter-
mined by the time required for electrons and holes to travel across the deple-
tion region. In an avalanche photodiode (APD), on the other hand, a larger
electric field in a portion of the depletion region makes it possible for the
carriers to acquire enough kinetic energy to create additional carriers by col-
1isions which promote electronic transitions from valence band to conduction
band. The APD is then characterized by internal gain, in which the electronic
charge collected exceeds the number of absorbed photons. This gain leads to
improved signal-to-noise in a receiver, as it increases the signal level with
respect to the thermal noise of the preamplifier or output circuit. However,
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increasing the gain of an APD by increasing the bias voltage also has undesir-

able effects. The dark current and associated noise also inc¢reases sharply as

the bfas is increased. The speed of response is also reduced, as the multiple

collisions lead to an increase in the effective transit time. There is thus an
optimum APD gain which maximizes the receiver signal-to-noise ratio, consistent
with the signal bandwidth or data rate.

In determining or predicting the response of a photodiode or avalanche
photodiode, the kinetics of the carrier multiplication process must be taken
into account. This is possible if the dependence of the ionization coefficient
for both electrons and holes on the electric field is known. In order to
predict the temporal response of an APD, a computer program has been written
which calculates the evolution of carriers in response to an initiating light
pulse, using the empirical data of Law and Lee39 to determine the field
dependence of electron and hole fonization coefficifents. Using this model,
calculations have been made of the temporal response of some APD structures to
an optical pulse of infinitesimal duration, as a function of the gain of the
device. For the conventional GaAs/GaAlAs structure of Fig. 3.25, with light
incident through the surface of the semiconductor, the predicted temporal
response is plotted in Fig. 3.26 for several values of the avalanche gain M.
For guided wave applications, a different structure will be needed in which the
1ight is incident in an optical wave guide. Such a structure is illustrated in
Fig. 3.27, and the predicted response is plotted in Fig. 3.28. The pulse width
at 10% amplitude points as determined from the plots of Fig. 3.28 is tabulated
in Table 3.5. A corresponding bit rate B, defined as the inverse of the pulse
width, is also given in that Table.
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Fig. 3.27 Hypothetical structure for optical waveguide APD.
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Table 3.5
APD Response Characteristics
Pulse Width, ps Data Rate

Gain (10% Amplitude) (Gbit/s)
1.02 42 23.8
2.04 50 20
5.29 70 14.3
10.27 95 10.5
20.42 150 6.7

3.3.2 Receiver Signal-to-Noise Ratio

the receiver circuit is%0

s (nePM/hv)?

1) 2 =X

(re“P/hv + eID) M B + (4kTao/R)B
where
is the quantum efficiency

e is the electronic charge

M is the gain

hv 1is the photon energy in electron volts

P is the average optical power

Ip is the dark current (in amps)

X, s the avalanche noise factor

k is Boltsmann's constant

T is the absolute temperature, and

R is the photodetectdor output impedance

a {s the amplifier noise figure.
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The signal-to-noise ratio is an increasing function of the impedance R. How-
ever, increasing R decreases the response speed of the photodiode as determined
by the RC time constant, where C is the capacitance of the photodetector and
amplifier input. For a practical digital receiver,

RC < (2m8))

which implies a charge decay by a factor of 535 during one bit interval.
Assuming that R = (2+8C)~! makes it possible to rewrite (1) as

s . (nePM/nv)2
v 2 (52 2
{neP/hv + eID) M B + 8nkTalB

(3.27)

Thus, for high bit rates and constant optical power, the signal-to-noise ratio
falls as B-2.

The calculated dependence of error rate for digital transmission on
signal-to-noise ratio, assuming white Gaussifan noise, is given by Fig. 3.29 For
an error rate of 10'10, for example, the required signal-to-noise ratio is
22 dB. For a given allowable error rate and an assumed set of receiver param-
eters, it is possible to determine the required optical power level at the re-
ceiver. This is accomplished by expressing (3.26) as a quadratic equation in
the optical power P, and solving for P. In these calculations, it is assumed
that the receiver noise figure §s given by a =1 + 8 x 10-11 B; 1.e., that it
increases from 0.3 dB at 1 Gbit/s to 2.6 dB at 10 Gbit/s. Minimum optical power
is plotted as a function of bit rate for several values of APD gain in
Fig. 3.30. Note that best performance is obtained for a gain of about 10 over
the entire range of bit rates considered, from 100 Mbit/s to 10 Gbit/s. In
Fig. 3.31, the minimum optical power {s plotted as a function of gain at a data
rate of 5 Gbit/s. The minimum optical power at this data rate fs found to be
-28 dBm.

71
C2120A/Jbs

B i R el et - - e e e e~ =

-




ERC41015.4FR

0 ERC79-6968
10 T [ T I T I T j 1
10-2 -
S -
x
-4
< 10 —
S
> 1
106
S 10 -
=]
<
3 i
-8
£ 10 ~
10-10 _
26

SNR (dB)

Fige 3.29 Calculated dependence of probability of error on signal-to-noise ratio
for pulse-code-modulated transmission, assuming white Gaussian nofse.
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3.3.3 Amplifier Design Considerations

In the high-speed repeater, it 1s necessary to amplify the electrical
signal from the photodiode to a power level sufficient to activate the TELD
driver for the laser. This is accomplished by means of a multistage FET
amplifier integrated on the same substrate with the photodiodes. The FET is
also a three-terminal device, but unlike the TED it has a dependence of output
current on input voltage which is approximately linear over a fairly wide oper-
ating range.41 The three terminals are designated source, gate, and drain, as
indicated in Fig. 3.32. In gallium arsenide, the electrodes are fabricated on a
thin n-type layer, with ohmic contacts for source and drain and a Schottky
barrier for the gate. When a bias voltage is applied between source and drain,
a current flows through the n-type layer. The source-to-gate bias controls the
source-to-drain current by regulating the thickness of the depletion layer under
the Schottky gate electrode. No current flows in the depletion layer so that
increasing the negative gate bias decreases the drain current. The current is
completely shut off for a negative gate voltage large enough to completely de-
plete thelayer under the gate. This voltage is known as the "pinch off" volt-
age, Vpo‘ For zero applied gate voltage, the region under the gate is partially
depleted due to the Schottky barrier potential. The "built in" potential re-
sponsible for the depletion, Vy;, equals -0.8 V in GaAs.

An important factor in the amplifier design is the gain which it is
required to deliver. Assuming an optical signal level of -27 dBm and a gain of
23 (which gives an error rate of 10'10. according to Fig. 3.31), the current
from the photodetector at a wavelength of .8 um and quantum efficiency of .9 is
27 wA. For a capacitance of .05 pf, an input impedance of 600 Q gives an RC
time constant of 30 ps for the preamplifier. Thus, the voltage input to the
amplifier is 16 mV, and the power input is -34 dBm. Assuming that a power of
25 mW, or 14 dBm, is needed to drive the laser, and that the TELD provides 10 dB
of gain, then the amplifier must provide an additional gain of 38 d8.

The amplifier response speed is a critical factor in determining the
maximum receiver data rate. The cutoff frequency for current gain for an FET is
approximated by the simple relation
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Fig. 3.32 Schematic diagram for GaAs FET.
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w E

where vc.. is the saturation velocity for electrons in the material (vSat = 8 x
108 cm/s in GaAs) and L is the gate length. Thus, fr = 12 GHz, 24 GHz, and

48 GHz for L = 1 m, 0.5 um, and 0.25 um, respectively. For a 5 Gbit/s receiver
designed such that the 3 dB cutoff frequency f., is 10 GHz, the useful gain
f1/feo is 1.2 (1.6 dB), 2.4 (7.6 dB), and 4.8 (13.6 dB) for 1 um, 5 um, and .25
um gate widths. Thus, it appears that a practical amplifier designed to give 38
dB gain at 5 Gbit/s would require FET gate widths of the order of 0.25 um, in

which case the required gain could be achieved in a 3-stage amplifier.

3.4 Electrooptic Switch

Optical switches are needed in the high-speed bus for controlling the
flow of data between the input-output buffer loops and the main bus terminal and
betweent he buffer loops and the processor terminals. Switches based on the
electrooptic effect have the potential for the high-speed operation required for
the buffer loop-to-processor interfaces. Two configurations for 2 x 2 electro-
optic switches are illustrated schematically in Figs. 3.33 and 3.34. 1In both
those types of switch, the electrooptic interaction affects the efficiency for
power coupling between two parallel optical waveguides. The coupiing region and
electrooptic interaction region can be common, as in Fig. 3.33, or separate, as
in F1g. 3.34. The power transfer characteristics for these two switch configu-
rations are different, as illustrated in Figs. 3.35 and 3.36.

0f the two configurations, the one in which the electrooptic interac-
tion region and the coupling region are separate (Fig. 3.33) is judged to be
perferable for the high-speed bus. If surface electrodes are used, the center
electrode must be only a few um wide for the common coupling interaction region
alternative of Fig. 3.33, leading to a substantial increase in attenuation of
the modulating signal due to the relatively high resistance of the narrow
electrode. Furthermore, separating the coupling and interaction regions makes
it possible to use a buried electrode structure, as fllustrated previously in
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Fig. 3.13. A larger refractive index change is obtained for a given modulating
power level with buried electrodes than with surface electrodes, which make use
of fringing fields to produce the electrooptic modulation.

Analysis of the 2 x 2 switch is almost identical to that of the
traveling wave modulator described in Section 3.3.2. However, the function of
the switch in the system is different from that of the modulator -- the
modulator is used to generate short pulses, while the switch performs the
function of removing single pulses from the storage loop or inserting single
pulses into the loop. As such, the switch must provide a "time window" with
turn-on and turn-off of extremely short duration and total duration less than a
bit interval. Assuming that the switch is initially in the "cross-over" state,
the temporal dependence of the power transmitted in the straight-through state
Ps in response to a Gaussian modulating pulse is given by

- 2 2
Py = P, sin“[(a4,/2) exp (-t/T)°]

where P, is the total optical output power in both ports of the switch and a¢,
js the phase shift in the modulator arms at he peak amplitude of the pulse. The
preceding equation assumes perfect phase matching between the optical and micro-
wave signals. The transmission characteristics of the optical switch can have
much sharper rise and fall times than those of the modulating electrical pulse,
as illustrated in Figs. 3.37 - 3.39.

3.5 Frequency-Selective Couplers

Frequency multiplexing (sometimes referred to as "color multiplexing"
or "wavelength multiplexing") offers the possibility of greatly increasing the
information capacity of an optical fiber transmission line. Even in systems
where bandwidth is not a limiting factor, the use of frequency multiplexing can
elimfnate the need for expensive and complex electronic multiplexing equipment.
In a frequency multiplexed system, each information channel is assigned a range
of frequencies, or frequency band, for transmission. An important element of
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such a system is the frequency selective coupler, for combining and separating
the channels. The use of parallel single-mode optical waveguides as a codirec-
tional frequency selective coupler has been proposed42 and demonstrated.43'45
Contradirectional frequency-selective couplers in which phase matching is
achieved by a spatially perfiodic refractive index perturbation have also been
suggested.46 The contradirectional coupler has the advantage of strong fre-
quency selectivity (i.e., narrow passband) for short interaction length, but is
more difficult to fabricate because of the short-period gratings which are
required.

This section treats the design and performance of contradirectional
frequency-~selective couplers for use in single-mode optical fiber communica-
tions, as illustrated in Fig. 3.40. It should be noted that this type of
coupler is a reciprocal device, and as such can combine, as well as separate,
optical frequency channels.

3.5.1 Periodic Perturbation and Mode Coupling

Periodic perturbations and specifically a corrugation over a thin film
waveguide play an important role in a number of applications. These include
grating 1ight wave coup]ers,47 Bragg ref1ectors,48'49 and distributed feedback
lasers.50 A1 of these applications involve the use of a periodic structure to
furnish a Bragg momentum 2x/A (A = period) in order to satisfy the momentum
conservation requirement for the desired coupling. In this section, we consider
the coupling between two single-mode waveguides due to a periodic surface corru-
gation, as illustrated in Fig. 3.41. We assume that the uncorrugated parallel-
waveguide structure can support at least two confined modes. A confined wave
propagating in the composite wavequide structure can, in general, be represented
as a linear combination of all the confined modes, i.e.,

Wx,y,2) = A, v lx,ylelBe? (3.5.1)
86
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where wz(x,y)eiazz (2=%1, £2,......) are the efgenmode field distributions
with propagation constants Bg» and A, is the amplitude of the 2-th eigenmode.
In the case of a perfect waveguide structure, the Az's are constants and there
is no mode coupling. If a dielectric perturbation is imposed on the waveguide,
v in (3.5.1) is still a valid solution provided the Az's are functions of z.

A variation in the Az's indicates that power is exchanged between the modes.
In the following paragraphs, a set of coupled mode equations for the Az's will
be derived.

We start with the scalar wave equation
(2 s 8 nz(xy)+“’2 an?(x,y,2)] v =0 (3.5.2)
< &

where Anz(x,y,z) represents the periodic dielectric perturbation. We wll take
this an(x,y,z) as

an2 = ulx,y) P(z2) (3.5.3)

where P(z) is a periodic function of z and u(x,y) depends on the geometry of the
corrugation.

Substituting (3.5.1) into (3.5.2) and assuming “slow”" varfation of the
amplitudes, we obtain

B dA 2
m m { . i(g,~8 )z
T-B-;‘-r a‘z—- '-'T (%) % <mlu|!) Aze 2 m P(2) (3.5.4) ‘
where
|
<mlul > = [ g,y u(x,y) v (x,y)dxdy (3.5.5)

the mode fields are normalized according to the relation
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lgpl<mle> = &, (3.5.6)

and we recall that 8_, = -8,.
We will now 1imit ourselves to a special case in which the whole wave~
guide structure supports only two confined modes, f.e., £ =% 1, t+ 2. We will

also only consider the first order Bragg coupling; in other words, we will take

. 272 2n2
P(z) = 2 cos (—3\1 z) = e (_A—) + e'1 (T) (3.5.7)

For operation near the Bragg resonant conditions, we only have to keep terms in
(3.5.7) with nearly zero phase variation ({.e., |8, - 8,/ = 2n/A). We can also
discuss the different types of resonant coupling separately, provided these

resonances do not overlap. In this case, we can consider coupiing between one

forward-propagating mode with amplitude A, and one backward propagating mode
with amplitude A,. Then the coupled mode equations can be written

dA

5 e18¢nZ Ay (3.5.8)
d
a':'m“ g € 2n? A, (3.5.9)
with
b=l -8, + (3.5.10)
3 ) (—"’-)2 i) <nfule>, my 2 =1,2 (3.5.11)
m 7°'C |s£l

Noting that By 1s positive and g, negative, 1t follows that

2 “m T T “um
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Both direct and exchange Bragg coupling can occur, as discussed below.

Direct B3ragg Coupling
Referring to the dispersion curves in Fig. 3.42, we consider the wave
propagation near w and w, where one of the direct B8ragg conditions

_ 2
2 Bl(wi) =5
(3.5.12)

2 82(“’2) =-2A—"

are satisfied. In these two cases, the waves are constructively reflected and
coupled back to the same mode. The coupling constants are

ay = == 2 11 Py ulx,y)dxdy (3.5.13)
- '{ (u) 2 2
K9y = =3 (=) [/ ¥ (x,y)ul{x,y)dxdy (3.5.14)

We notice that for a range of w around w; and wy, the propagation constants for

the perturbed structure are complex51. These are the so-called "forbidden

gaps". The bandgaps are given approximately by51

6m1 = ZiKlll c/neff
(3.5.15)

2|K22| c/neff

Swp

where Neff is the effective index of refraction of the mode.
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Fig. 3.42 Dispersion curves for coupled waveguides illustrating direct and
exchange Bragg coupling.
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Exchange Bragg Coupling
In the frequency regimes near wj, where the exchange Bragg condition fis
satisfied

B+ 8= 2L (3.5.16)

This is the situation when the energy of one mode is constructively converted to
the energy of the other contra-directional propagating mode. This phenomenon is
similar to the exchange Bragg reflection in a periodic birefringent layered
medium where the energy of a wave with one polarization state is constructively
converted to the energy of a reflected wave with the other polarization

statell, The coupling constant of this effect is

K9 = -%—- (%52 / wi(X,y)u(x,y)wb(x,y)dxdy (3.5.17)

The corresponding bandgap is given approximately by
The solutions of the coupled mode equations for resonant Bragg coupling can be

found in any standard textbook.53 In either type of Bragg coupling, the ratio
of reflected to incident power R is given by

& sinh®(SL)+S¢
where L 1s the length of the interaction region,
2= 1e2 - 2, (3.5.20)

and the subscripts (mg) have been omitted for convenience. It is understood in
(3.5.19) that if s2 is negative, then sinh2(sL) » sinZ (ISL1). At resonance
(a=0), (3.5.19) reduces to
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R = tanh? (|«|L) (3.5.21)

It is possible to write A in terms of V=Yg the deviation in frequency
from the frequency at resonance v,. If In.-ngl/ng<<1, where n. and ng are the
core and substrate refractive indices of the waveguides, then

41rns
A H——c——(\)-\)o) (3.5.22)

The coupling efficiency for the contradirectional coupler is plotted in
Fig. 3.43 as a function of AL for & = n/2, v, and 3n/2. Note that increases in
« cause an increase in coupling efficiency at resonance, a broadening of the
central peak, and an increase in the amplitude of the side lobes.

The side lobes can be a particularly troublesome problem in communica-
tions, as they cause crosstalk between multiplexed data channels. It has been
shown for codirectional frequency selective couplers that the side lobes can be
greatly reduced by varying the coupling constant gradually along the length of
the coupling region.45 In the contradirectional coupler, the coupling strength
can be varied by changing the length of the corrugations, as fllustrated in
Fig. 3.44. The effect of varying « along the length of a contradirectional
coupler has been investigated using difference equatfon techniques to obtain
numerical solutions to the coupled mode equations. The coupling constant was
assumed to have a Gaussian varfation of the form

“T(z-L72)22

k(z) = < e , 0<z<l (3.5.23)

0
= 0 elsewhere

where «, and T are constants. The difference equation solution proceeded in the
negative z-direction from z=L, where the initial condition A, (L) = C, Ay(L)=0
was applied. Here C is an arbitrary constant, and A, and A, are amplitudes of
the incident (forward-propagating) and reflected (backward propagating) waves.
The coupling efficiency is given by
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Figs 3.44 Tapering of the coupling strength by varying the lengths of the
surface corrugations.
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R = [Ag(0)/A,(0)12 . (3.5.24)
The dependence of reflected power on phase mismatch is plotted in Fig. 3.45, for
T=0 (uniform coupling), T=n/2, and T=n. Note the substantial reduction in side-

lobe power resulting from the use of the tapered coupling scheme.

3.5.2 Coupling Parameters for Parallel Channel Waveguides

In order to gain a practical understanding of the design of contradi-
rectional wavelength-selective couplers, some numerical results are obtained for
the case of rectangular-core channel waveguides with a periodic surface cor-
rugation in between. First, expressions for the field distributions and pro-
pagation constants for a single isolated waveguide are derived. Then, these
results are used to determine the corresponding parameters for two parallel
waveguides. Finally, the coupling parameters «j;, xj2, and xyp are calcualted
for a surface corrugation between the waveguides.

Rectangular Dielectric Waveguides

We start by reviewing the wave propagation in a rectangular dielectric
waveguide. The geometry of this waveguide is sketched in Fig. 3.46. The
refractive index profile 1s given by:

"02 y>0
n?(x,y) = n.2  |xl<a/2 and -d<y<0 (3.5.25)
ns2 otherwise

where we choose z-axis as the direction of propagation. In order to support a
confined mode, the core refractive index n. must be greater than the substrate
index ng and the superstrate index n, (for air n, = 1). The wave propagation
obeys the following equat10n54

Taz —2-32 S e I ( )
+ + n- (x,y)- = 0 3.5.26
ax 3y :;? ’ H
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where we have assumed a sinusoidal time dependence as well as a sinusoidal
variation of the fields in the z-direction, i.e., ei(sz'”t). Boundary con-
ditfons must be matched at the waveguide interfaces where nz(x,y) js not
continuous and £q. (3.5.26) is not valid.

A closed form solution of Eq. (3.5.26) can be obtained by the method of
separation of variables if nz(x,y) is separable. This problem was studied by
Marcati1i®5., He introduced an approximate separation of nz(x,y) and obtained a
closed form solution. In his approach, n2(x,y) is approximately given by:

n2(x,y) =z u{x) + v(y) -nc2 z nmz(x,y) (3.5.27)
where
ns2 1x| > a/2
u(x) = (3.5.28)
nZ  Ixl <a/2
and
ns2 y <-b
Ry 0<y

By using the approximation (3.5.27) the wave functfon yix,y,z) (v = any
component of E or H) can be written as a product of plane wave solutions in the
form

wix,y,z) = U(x) V(y)eisz (3.5.30)

with U(x) and V(y) satisfying the following equations

100
C2120A/Jbs

— - e W —— e
b -




‘l‘ Rockwell International

ERC41015.4FR
[ 2 2 ] 2
— + i%? ulx)[  ulx) = 8,° Ulx) (3.5.31)
dx c
[ 2 2 ] )
— + 22- viy){ Vvly) = 8" Vly) (3.5.32)
dy c
and - )
22l g2 s 2
=8, B, - =5 N . (3.5.33)
c

In these expressions, U(x) and V(y) are actually the waveguide modes of the slab
waveguides described by Eqs. (3.5.28) and (3.5.29), respectively, and 8, and 8,
are the propagation constants of the slab waveguide modes U(x) and V(y), re-
spectively. The dispersion relations and some characteristics can be found in
Ref. 55.

To compare the approximate index profile with the actual one, we redraw
in Fig. 3.47 the cross section of the waveguide subdivided in many areas. Here,
nz(x,y) and nmz(x.y) are identical only in the unshaded areas and they are
different by § = ncz-ns2 in the four shaded areas. This separation yields a
good approximation to the solution of Eq. (3.5.26) provided the modes are well-
confined since most of the power is guided in the core and only a small error
will be introduced. As a matter of fact, if one uses the closed form solution
obtained from this approximation as a trial function, one can obtain a better
approximation for the propagation constants by the variational methodss. It can
be shown that the wave propagation constant cobtained from the variational method
is given by

8 = g2 - (n2-n2)(2n/2)2 T (3.5.34)
where T s a number which represents the fractional part of the power flowing in

the shaded regions of Fig. 3.47 and smz {s the wave propagation constant obtained
from Marcatilli's approximation. For the fundamental mode, the value of 8
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Fig. 3.47 Illustration of regions in which the product-of-olane-wave soluticns
in Eq. (3.5.30) do not satisfy the scalar wave equation,
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obtained in this way represents a lower bound to the true propagation constant.

A typical dispersion curve obtained by the variational method using (3.5.34) fis
compared with Marcatilli's approximation in Fig. 3.48.

Two Parallel Dielectric Waveguides
We consider the coupling between two rectangular waveguides separated
by a finite distance from each other. The geometry of the waveguide structure

is sketched in Fig. 3.49. The wave propagation in two parallel waveguides is
similar to the electron motion in a two-atom molecule. Let ¢a(x,y)e13aZ and
¢b(x,y)e13bZ be the fundamental modes of the individual waveguides when they are
far apart. The waveguide modes of the composite structure can be approximated
by57

i
Wxy)el B = [0 aa(x,y) + Cpop(xay)1€ (3.5.35)

provided the two waveguides are not too close to each other.

To calculate the propagation constant 8, and evaluate the constants C,
and Cy, we decompose the refractive index profile into three parts, and we get

n2(x,y) = s2(x,y) + an2(x,y) + an2(x,y) (3.5.36)
where
n 2 air
0
s2(x,y) = (3.5.37)
ns2 substrate
naz-ns2 waveguide a a= a,b
AnG?(x,y) = (3.5.38)
0 otherwise
103
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Fig. 3.48 nNispersion curves for rectangular-core waveguides. Marcatilli's
approximation (dashed curve); variational method (solid curve).
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Fig. 3.49 Coupled rectangular-core waveguides.
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and n, and n, are the refractive indices of the cores respectively. Physically,

sz(x,y) represents the substrate and Anaz(x,y) represents the presence of the
waveguide core. It is thus obvious that the individual wavequide modes O

satisfy the following equation

{32 + i + of [sz(x y) + an z(x.yﬂ} s =824 (3.5.39)
axZ 3y2 :Z' ’ a ' a a ‘a
a=a,b

Substituting (3.5.35) and {3.5.36) into the wave equation (3.5.26) and using
(3.5.39), we obtain

2
2 ., w 2 2
C, [Ba +:2-Anb (x,y) - 8 ]¢a
(3.5.40)
2
2 . w 2 2 -
+ G [sb +:2-Ana (x,y) - 8 ]¢b = 0
We muitiply (3.5.40) by ¢, and integrate over all x and y to obtain
332 - 82 + Kb Ja + I(Bbz' 2) Ca
=0 (3.5.41)
Jp + 1(8,%-22) B2 - 82 + K, Cp

with
I = [ oy dxdy
3y = (w/c)2(n2-n2) [, oo, dxdy
3y = (wc)2(n,2-n2) [ opty dxdy (3.5.42)
Ky = (w/c)2(n2-n?) [, op2 dxdy
Kp = (w/c)2(n,2-n ) [ 052 dxdy
[ 8,2 dxdy = [ 4,7 dxdy = 1
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The integral signs fa and fb indicate that the integrations are over the core
region of waveguides a and b, respectively, 1 is the overlap integral of the
two individual wave functions which are not orthogonal tc each other, Ka and Kp
are the dielectric perturbations to one of the waveguides due to the presence of
the other waveguide, and J, and J,, represent the exchange coupling between the
two waveguides.

The eigenvalues 8y and B, are the solutions of the secular equation

2 2 2 2
By - 8" *+ Ky Ja+x(eb-s)

1]
o

(3.5.43)

2 2 2 2
3y + 1% - 6D By - 85+ K,

This is a quadratic equation in 82 and, in general, will yield two desired
propagation constants 8y, B,. The corresponding wave functions (3.5.35} can be
obtafned from (3.5.41) by solving for C, and Cy.

The expressions are much simpler in the degenerate case when the two
waveguides are identical, i.e., eaz = st H 802, Ka = Kp =K and J, = Jdy =J. In
this case, the propagation constants and the corresponding wave functions are

given by
2_ .2, KtJ
g BO + T:T (3.5.44)
1
V= __._(¢ + ) (3.5.45)
T e

The "+" sign is for the symmetric one and the "-" sign is for the antisymmetric
one. the factor 1//2(IfI) is the normalization coefficient. We also note that
these two solutions are already mutually orthogonal.
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The perturbation approach we have just discussed can be applied to any
waveguide geometry provided the individual wave functions 9, and ¢, as well as
the corresponding propagation constants Ba and 8, are known. There is one
special case where we can apply the Marcatili approximation directly to get the
wave functions of the composite waveguide structure and use (3.5.34) to get a
better approximation for the propagation constants. This is the case in which
the two rectangular waveguides have the same depth and the same core index n.,
i.e., dy = dy = d, and n, = ny = n.. The partial wave function U{x) and the
corresponding propagation constant By can be easily obtained from the matrix
method developed by Yeh et a1.48 U(x) is actually the wave function of a two-
slab multilayer waveguide which has also been studied by Stotts58 and Yajima.59
The dispersion relation of g, for EY modes®® is given by

1 /h 1 /h
[1 -7 (F-%)tan hal [1 -5 (-p--%)tan hb]

(3.5.46)
+ e 2PC [ -i- (%+%)2]tan ha tan hb = 0
where
h = [(new/c)? - g,211/2
(3.5.47)

p=[g2 - (nguwec)2It/2

and a and b are the widths of the waveguides and c is the separation. The
dispersion relation of g, for EX modes 1s similar to that of the EY modes,
except that h/p in (3.5.46) must be replaced by (h/ncz)/(p/nsz). In the limit
of small core-substrate index difference (n.-ng<<n¢), dispersion curves for gX
and EY modes are the same. A typical dispersion curve for the EX modes of the
parallel coupled waveguides in the limit of small core-substrate index differ-
ence is shown in Fig. 3.50. The field distributions E, of E?l and Egl modes are
also depicted in Fig. 3.51.

The critical parameters for the frequency selective couplers are the
propagation constants for the two guided modes 8, and g, and the coupling
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Fige 3.50 Dispersion curve for coupled rectangular-core waveguides.
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constants «q;, K12 and xyo. Propagation constants can be obtained from the dis-
persion curves such as the one in Fig. 3.50, while the coupling constants for a
periodic surface corrugation are calculated from (3.5.13), (3.5.14) and
(3.5.17), using field distributions such as those in Fig. 3.51. Some numerical

results are given in Tabie 3.6 for specific values of the waveguide
parameters.

Table 3.6

Characteristics of a Grating Directional Coupler

Air
*w*l grating

+ +
g Ne a o Ne s
3+ +h+
s
- . K 3
z"st"c'"sjd/A ;é;%ZS%ET % *12 ?%é ?%i
0.47 0.15 .5 0.21 0.91 1.7
0.47 0.15 1 0.44 1.5 2.9
0.62 0.12 .5 0.042 0.94 2.4
0.62 0.12 1 0.092 2.5 6.0

In all cases a = ¢c=dand b = 1:5 d.

' <1l A (g_)z
“12 * "sl"c'"s; Zr \1
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C2120A/jbs




ERC41015.4FR

3.5.3 Device Design Example

A frequency-selective coupler for optical communications as described
in this paper will utilize a primary waveguide and satellite waveguides coupled
to the primary waveguide by periodic refractive index perturbations, as 11lu-
strated in Fig. 3.40. The primary waveguide transmits two or more frequency
channels with center frequency v,, n=1,2,...,N and spectral width av. Each
satellite waveguide s intended to receive the power from one frequency channel,
as determined by the spatial period of the index variation. The design of a
practical coupler should provide for

(1) efficient transfer of power at frequencies within each channel
into the corresponding satellite waveguide (to minimize coupler
insertion loss).

(2) low transfer efficiency from any channel to satellite waveguides
other than the assigned one (to ensure low crosstalk between
channels).

(3) low reflection in the primary waveguide for all frequency channels
(to eliminate “ringing" in the system).

As an example, the spectral response of a coupler with a central wave-
length of 8000& has been calculated for a particular set of design parameters.
Referring to Table 3.6, the numerical values chosen for these parameters are
n.= 3.6, ng=3.5 a=c=d = .46 ym, b = .68 um, w = .5¢ = .23 um, and from
the first row of that table, K1 = 21, xy1/%2 = 0.91, kpp/xyp = 1.7. Other
parameters used in the example are T (the taper parameter) = 2w, L (the length
of the coupling region) = 440 um, ft‘lzdz = ,75%, and t (the corrugation depth)
= 215A. The values for the corrugation width w and coupling parameter €12 taper
from the values given above at the center to -2 » 21% of those values at the
ends of the region. The primary waveguide is assumed to be the wider of the two,
of width b = .68 m.
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The calculated spectral response for contradirectional power transfer
from the primary to the satellite waveguide is plotted in Fig. 3.52. The
spectral width of a frequency channel in this example is Av =5 x 10°4 Vos
where v, is the central frequency. In terms of wavelength, Av corresponds to
a 42 spectral width. The maximum loss for frequencies within a channel is
1.4 dB. If the wavelength channels have a 6A center-to-center spacing, as
indicated in the example, the maximum crosstalk is -27 dB with respect to the
incident power level. In Fig. 3.53 the curve in Fi{g. 3.52 giving the power
coupled from the primary to the secondary waveguide is replotted on a scale
with an expanded abscissa, along with spectra for reflection in the primary
and secondary waveguides. For frequencies within the channel of spectral
width Av, the power reflected in the primary waveguide is at least -30 dB
below the incident power level, and reflectance in the secondary waveguide is
at least -25 dB below the incident power level.

3.5.4 Design and Fabrication Criteria

The design of contradirectional frequency-selective couplers for
guided-wave optical communications should take into account factors such as
crosstalk induced by sfde lobes in the coupler response curves and reflections
in the primary waveguide due to direct Bragg coupiing. The side lobes can be
reduced considerably by tapering the coupling strength along the length of the
coupler. 1In order to reduce both crosstalk and direct Bragg reflections, the
design should provide for wide frequency separations between the peaks of the
direct and exchange Bragg coupling bands. To accomplish this. parameters of
the parallel-wavegufde structure should be chosen such that the difference in
guided-mode propagatfon constants at the selected frequency fs large. Numeri-
cal examples show that a properly designed coupler can have narrow spectral
response with a short coupling region, while maintaining high transfer effi-
ciency, low crosstalk, and low reflection in the primary waveguide.

The primary difficulty with the practical realization of the
contradirectional frequency-selective coupler {is that of fabricating the
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short-period gratings required (e.g., A =~ 11504 in GaAs and 1820°A in LiNbOg
for a free-space optical wavelength of 8000°2). The resolution required is
far beyond the limits of conventional photolithography. There appear to be
two alternatives for obtaining the required resolution - electron beam
writing, or holographic lithography utilizing the interference of two laser
beams. In either case the pattern could be delineated directly on the wafer,
or it could be written on a mask which would be used to produce the pattern on
the wafer by x-ray lithography. At this time, it is not clear which of these
techniques will eventually prove to be the more practical.
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3.6 Summary

Each of the key components for the high-data-rate bus has been analyzed

in some detail. The results are summarized below:

(1)

(2)

- W . B R e — ————— - e e e ———— e

Fibers. Dispersion in doped silica single mode fibers limits the
maximum data rate for a single-frequency channel to about 80
Gbit/s for a 100 m fiber length at a source wavelength of 0.8

m. For a Tocal distribution system, as assumed in this study,
the fiber bandwidth is more than adequate to handle the maximum
data rate of which the transmitters and receijvers are capable.

Transmitters. The two options for generation of the optical sig-
nal are direct modulation of a semiconductor laser and electro-
optic modulation of light from a cw laser. The maximum data rate
for a directly modulated laser, assuming photon injection from a
second, cw laser, is estimated to be 5 Gbit/s for a 30 mW average
power dissipation in the laser. The primary parameters which de-
termine this limit are the spontaneous lifetime of electron-hole
pairs in the active region of the laser and the photon 1iftime in
the laser cavity. Maximum data rates for electrooptic modulators
using a buried electrode traveling wave configuration are esti-
mated to be 10 Gbit/s for GaAlAs and 8 Gbit/s for LiNbO, for a

3" aW driving power level. The frequency dependence of current
penetration depth in the modulating electrodes (skin effect),
which leads to attenuatfon and distortion of the modulating
waveform, is a key factor in determining the maximum data rate of
the modulator. Phase mismatch between modulating signal and the
optical wave is also a key factor in the case of LiNbO3. For
GaAlAs modulators, the relatively high optical attenuation is a
matter of serious concern.
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Receivers. An avalanche photodiode is the most appropriate type
of photodetector for high-data-rate communication, as it combines
high speed of response with internal gain to overcome “‘he thermal
noise in the amplifier circuit. Fastest response is obtained for
unity gain. As the gain increases, the speed of response de-
creases and the optical power required to achieve a given bit
error rate also decreases to a minimum, then begins to increase.
The optimum gain for the receiver generally coincides with the
minimum in the optical power curve. For a recefiver containing a
GaAs APD, the calculations indicate that the optimum gain is near
10, regardliess of data rate. The minfmum optical power for a
10-10 bit error rate is -28 dBm at a data rate of 5 Gbit/s and -25
dBm at 10 Gbit/s. However, it appears that the response of the
GaAs FET amplifier following the APD would 1imit the maximum
practical receiver data rate to about 5 Gbit/s.

Electrooptic switches. The design for the electrooptic switches
is similar to that for the traveling wave modulator analyzed in
the discussion of the transmitter. It is shown that fast turn on
and turn off can be achieved by overdriving the switch (i.e., by
providing a modulating voltage which produces a phase change of
greater than radians in the arms of the switching interferom-
ater). Fast turn on and turn off are important in generating
suitable “time windows" for removing individual bits from the
fiber buffer loops.

Frequency selective couplers. Optical frequency channels can be
combined or separated using contradirectional coupling in parallel
waveguide structures. The coupling is induced by a periodic per-
turbation in refractive index in the region between the wave-
guides. Side lobes which give rise to intercahnnel crosstalk can
be greatly reduced in amplitude by tapering the strength of the
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perturbation in the coupling region. Numerical calculations
indicate that couplers with low insertion loss and low reflection
inthe primary waveguide designed for a central wavelength of 8000A
and a center-to-center separation of 4A between frequency channels
can be designed to have a length of only 0.5 mm. It is important
to minimize the lengths of the coupling region because of the
relatively high attenuation of waveguides in GaAlAs.
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4.0 TECHNOLOGY TRADEOFFS

The performance potential for each of the critical components for the
very-high-speed bus has been analyzed in the preceding section. Key issues in
the design of a practical bus using these components are considered below. A
number of critical tradeoffs are identified, and in each case a preferred
alternative is indicated. The alternatives considered are:

1. Fibers: multifiber vs single fiber with carrier frequency
multiplexing.

2. Receivers: Si vs GaAs as the photodetector material.

3. Materials: "hybrid" (i.e., modulators and switches on a LiNb05 or
LiTa03 substrate and lasers, photodetectors, and electronics on a
GaAs substrate) vs "{integrated" (f.e., all optical and electronic

components on a. single GaAs substrate).

4. Lasers: Fabry-Perot mirrors vs distributed feedback or distributed
Bragg reflection mirrors.

5. Transmitters: directly modulated lasers vs cw lasers with external
modulators.

6. Transmitters and receivers: FET amplifiers/drivers vs FET/TELD
amplifiers/drivers.

Each of these tradeoffs is explored in more detail below:
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1. Fibers: multifiber vs single-fiber with wavelength multiplexing.

This represents one of the most critical decisions in the design of the
high-data-rate bus. Since the receivers are limited to data rates of about
5 Gbit/s, it will be necessary to transmit parallel channels to achieve higher
data rates for the bus. The parallel channels can be accommodated by using a
separate fiber for each channel, or by using frequency multiplexing to transmit
a number of parallel channels on a single fiber. The use of one fiber per in-
formation channel would require N times as much fiber and N times as many ter-
minal interfaces for an N-channel system. This implies a considerable increase
in the cost of installation and maintenance as well as in the cost of components
{fibers and connectors), and reduced reliability in comparison with a single-
fiber system. It would also be necessary to equalize the iengths of the paral-
lel fibers to tolerances of less than about 1 cm (= 50 ps delay for a silica
fiber) in order to avoid timing errors for the data channels. The use of fre-
quency multiplexing would greatly simplify the fiber optics portion of the
system, but would require much more complex terminal devices. The optoelec-
tronic integrated circuits at the terminals of the system require lasers emit-
ting at different, precisely defined wavelengths and frequency-selective
couplers for combining and separating the multiplexed channels. The technology
development needed to achieve a given total data rate will be much greater than
for the multi-fiber approach. However, once the capability to fabricate the
required chips for multi-frequency operation (with several hundred optoelec-
tronic and electronic devices per chip) is achieved, the cost per terminal for
the bus system should not be prohibitive. Based on this argument and the po-
tential cost and reliability advantages of the single-fiber approach, it is
concluded that carrier frequency multiplexing is the preferable alternative.

2. Receivers: Si vs GaAs as the photodetector material.

In comparing Si and GaAs as materials for high-speed receivers, the key
factor is the speed of response of the electronic amplifiers and threshold
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circuits. Both Si and GaAs photodiodes are capable of response to 10 GHz, but

GaAs is far superior to Si for the electronics. The GaAs FETs have a gain-
bandwidth potential of the order of 50 GHz, a factor of 5 - 10 greater than Si
FETs or bipolar transistors. Furthermore, there is no analog in Si to the TELD
in GaAs, which has the potential for making binary decisions and for pulse
regeneration at rates equivalent to 10-20 Gbit/s. Although it is possible in
principle to use GaAs amplifiers with Si photodetectors, the additional
capacitance from the photodiode-amplifier interconnections would degrade
receiver performance. Furthermore, the "hybrid" receiver would probably be more
expensive and less reliable than its fully integrated counterpart. For these
reasons, 1t is concluded that the integrated receiver in GaAs is the preferred
alternative.

3. Materials: "hybrid" with modulators and switches on a LiNbOj or
L1Ta03 substrate and lasers, photodetectors, and electronic
componnents on a GaAs substrate vs "integrated"” with all optical
and electronic elements on a single GaAs substrate.

The advantage of having modulators and switches in a second material is
that the ferroelectric materials LiNbOg and LiTa0D3 have much larger electrooptic
coefficients than GaAs, although this is largely offset by the phase mismatch
between optical and microwave propagation in the ferroelectrics. The optical
attenuation at near-infrared wavelengths for LiNb03 and LiTa03 is also consider-
ably less than the attenuation in GaAlAs (<1 dB/cm vs ~ 6 dB/cm), although it is
possible that losses might be reduced considerably below 6 dB/cm in GaAlAs with
improved waveguide fabrication techniques and purer waveguide material. On the
other hand, the “hybrid" approach would require electrical and optical intercon-
nections between the GaAs and LiNbO5 or LiTa03 substrates. Increased optical
loss would also result from the presence of additional interfaces, and the re-
quirement for precise alignment of the chips to minimize this coupling loss
would probably result in a substantial increase in cost. It is therefore con-
cluded that advantages from the improved properties of LiNbO3 and LiTa0, would
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not warrant the additional complexity of the hybrid approach, and the integrated

configuration is recommended.

4. Lasers: Fabry-Perot mirrors vs distributed feedback (DFB) or
distributed Bragg reflection (DBR).

The lasing wavelength of the conventional Fabry-Perot laser is not con-
trolled very precisely, because the mirror reflectance is practically independ-
ent of wavelength. The laser is thus free to operate over a wide range within
its gain curve (e.g., over a range of tens of angstroms). Furthermore, the
wavelength of the Fabry-Perot laser tends to depend strongly on both driving
current and ambient temperature. On the other hand, the lasing wavelength of
DBR or DFB lasers is accurately determined by the spatial period of the pertur-
bation which causes the feedback, leading to wavelength stability under both cw
and pulsed operation. The primary disadvantage of the DFB and DBR configura-
tions is that the grating which provides the distributed reflectance must have a
very <uall period, making it difficult to fabricate. The DFB and DBR lasers
fabricated to date have used third-order gratings, with a periodicity of around
3600A. However, part of the 1ight propagating in the laser cavity is coupled by
the gratings into radiation modes and is lost, leading to high threshold cur-
rents and Tow electrical-to-optical conversion efficiency. On the other hand, a
first-order grating would have no such radfatfon-mode coupling, and the thres-
hold current and efficiency should be comparable to those of the Fabry-Perot
laser. The difficulty 1ies in fabricating the first-order grating, with a
period of about 1200A for emission at a wavelength of 8200A in Ga,Al;_,As. Not
only must very high resolution be achieved in the grating, but the period of the
grating must be uniform (to about one part in 10,000) over its length.

In spite of the fabrication difficulty, the severe requirements for
wavelength control and stability dictate the choice of the DFB or DBR structure
in a wavelength-multiplexed system. These two alternatives (DFB and DBR) would
have similar optical properties. The DBR laser would be somewhat longer than
the DFB laser because gain and feedback regions are separated in the former
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structure. On the other hand, the output wavelength of the DBR laser would be

less affected by heating due to variations in the average laser current, because
the distributed mirrors (which determine the lasing wavelength) are physically
separate from the active regfon of the laser, where the power is dissipated.
Based on this anticipated improvment in wavelength stability, the DBR structure
is considered to be the preferable alternative.

5. Transmitters: directly modulated lasers vs cw lasers with external
modulators.

For an “optoelectronic integrated circuit” with GaAs as the substrate
material, the data rate for the externally modulated laser would be about
10 Gbit/s, vs only 5 Gbit/s for direct modulation. However, receiver response
would 1imit the data rate per channel to about 5 Gbit/s. Furthermore, the
length of the GaAs modulator would be in the range of 1 - 2 cm, and this is
significant in view of the relatively high loss of the GaAs waveguides. This
compares with a laser cavity length of about 1 mm. In addition to the loss
factor, the length of the modulators would 1imit the number of channels which
could be combined in a substrate a few cm long using frequency-selective
couplers. Finally, assuming that an equal number of "ones" and "zeros" are
transmitted, the external modulator will block most of the power emitted by the
laser. This results in an additional loss in excess of 3 dB in comparison with
the direct-modulated laser, assuming the same average optical power in both
cases. Based on these arguments, it is concluded that direct laser modulation
is preferred.

6. Transmitters and receivers: FET amplifier/drivers vs FET/TELD
ampiifiers/drivers.

The TELD is generally recognized as the fastest electronic logic device
for room-temperature operation. The FET also can operate at very high band- -
widths, but is basically a linear device. To perform the logic functions !
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required in digital drivers and repeaters with FETs, more complex circuits must

be constructed. This makes the overall response speed inferior to that of the
TELD. Therefore, in spite of the relatively high power consumption of the TELD,
the amplifiers should use a combination of FETs and TELDs.

To summarize, based on the above arguments the preferred alternatives
are:

™ Transmission over single fibers with carrier frequency
multiplexing

° GaAs as the photodetector material

° Integration of all components (except the fibers) on a single GaAs
substrate

) Directly modulated laser transmitters
® Distributed Bragg reflection lasers

° FET/TELD amplifiers and drivers in receivers and transmitters.
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5.0 BUS DESIGN

The concept of a ring bus for connecting microprocessor termianls i{s
i1lustrated in Fig. 5.1. It is assumed in the design that the data rate for the
main bus is much higher than the input-output rates for the processors which
interface with the bus. This means tha data buffers must be provided at the
terminals. However, conventional electronic shift registers are limited in
transfer rate to a few hundred megahertz, and at these rates the capacity is
Timited to a few tens of bits and electrical power dissipation {is high. For
interfacing with the optical bus, improvements in both transfer rate and
capacity by orders of magnitude are needed. It seems clear that a new type of
data buffer is needed for this application.

It is proposed to use fiber optic loops as the data buffers, as illus-
trated schematically in Fig. 5.2. An input Toop is provided for injecting data
onto the bus, and an output loop for removing data from the bus. Each loop is
provided with a digital repeater so that data can be recirculated indefinitely,
and is connected to the main bus via a 2 x 2 electrooptic switch, of the type
jNlustrated in Fig. 5.3. Data is injected into the input loop from a signal
generator by means of a directional coupler, and is removed from the output loop
and directed to an optical receiver by means of another electrooptic switch.

In order to inject data into the input loop at a Tow rate, the signal
pulses must be generated at a much lower rate than the clock rate for the bus.
For example, if the input loop contains N bits with a total delay of Nt seconds,
the clock rate for the signal generator might be (N+1)t seconds. This would
correspond to adding one bit to the data stream each time it circulates
completely around the loop, as illustrated in Fig. 5.4. If N were 1000, then
the bus data rate would be 1001 times the buffer input rate. The input rate
could be slowed even further if desired, by making the clock rate for the singal
generator equal to (mN+l)r, where m is an integer. In this case, one bit would
be inserted into the loop for each m times the data circulates around the loop.
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Fig. 5.2 Schematic of a terminal for the ring bus.
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Fig. 5.3 A 2 x 2 electrooptic switch for interfacing hetween the main bus and
a fiber buffer loop.

129
€2120A/ jbs

<. £ Sl T e e e —_— ——— e e——— s -

B SN




*4944ny Indu} ayj ojuy ejep buljudsul

40 pue doo| 4ai4nq 43qLy IndIno Y3 wouay ejep Hulaouda 40J sanbjuyse] ¢°g *Ht4

m 434409 OLNI SLIS ONILYISNI
2 12 NT2 NT2ZcE NT2ZEV N
il L 1 U Ul U
JOLYYINI9 zzo_m\ 2+ N —/ / \.
101140 Wou 434NG WON4 S118 INILOVYIX3
. tzey Nilze€y Nizev NUzey N
WL guo oo bt L 1R
Ve N
[ - - 1011 ‘WYRLS LIg ONILYINO¥ION
. lzev Nizev Nizgew Nizev N
WL QU 0 Ui o gou o odd u d
—{ 1 “ LN -
0SLY 6LIS

130
C2120A/ jbs

T

R gy v ———

= ey

R ot SRR




‘l‘ Rockwell International

ERC41015.4FR
While data 1s being injected into the fnput loop, the electrooptic
switch s in the "“straight-through" state, so that the loop is, in effect,
disconnected from the bus. When data is to be injected into the bus, the switch
is changed to the "crossover" state, so that the entire contents of the loop are
injected onto the bus. The switch is then returned to the “straight through"
state.

For removing data from the bus, the switch connecting the output loop
to the bus is changed to the "cross-over" state. After the desired data has
been transferred from the bus to the loop buffer, the switch is returned to the
"straight through" state, and the data continues to cfrculate in the loop. To
remove data from the Toop at a lTow rate, a second switch is activated by a clock
pulse. As in the input loop, this clock rate is much lower than the bus data
rate. For example, if N bits are stored in the output loop, the clock period
could be (mN + 1)1, with m an integer, to remove one bit for each m times the
data circulates around the loop.

As illustrated in Fig. 5.2, a directional coupler is provided on the
main bus so that a portion of the optical signal can be directed to an optical
receiver and decision circuit. The function of this circuit is to decode
address and control instructions asscciated with the data packets and make a
decision as to whether to divert the data to the output loop or whether to
inject data from the input loop into the main bus. Since this decision must be
made and the switch activated before the data packet arrives at the switch, the
time delay between the downstream repeater and the receiver/decision circuit
must be several bit intervals less than that from the repeater to the first
switch. This delay might be obtained by connecting the repeater to the receiver
decision circuit by a fiber that is slightly shorter than the length of main bus
fiber from the repeater to the first switch. (See Fig. 5.2.) An additional
delay of 1 ns, for example, would require a 20 cm fiber lergth difference.

1f a data packet being read at a particular terminal is also to be read
by downstream terminals, the switch between the main bus and the output loop
would be only partially activated. In this case some of the 1ight passes on to
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the next downstream repeater on the main bus, and part circulates in the output
loop. The electrooptic switches can easily be operated in this manner by
applying only a fraction of the voltage required for complete switching. When a
data packet returns to the originating terminal, it is necessary to remove it
from the bus to prevent it from circulating indefinitely. This is accomplished
by setting the switch to divert all of the main bus signal into the output
Toop. With the repeater power turned off, the packet would then be eliminated
from the system.

Clock synchronization is an important feature of the bus design. It is
envisioned that a master clock for all of the terminals could be provided by a
single centrally located mode-locked laser connected to the terminals via a
“star" coupler and fiber optic lines independent of the main bus. Mode-locked
Nd:YAG lasers with average powers greater than 10 watts, pulse widths less than
50 ps, and repetition rates in the B80-250 MHz range are commercially available.
This should be adequate for a bus with a thousand terminals or more. However,
adjustment of timing to initialize the bit interval (to within a few ps) would
be needed in the data output loop. This could be accomplished electronically,
by adjusting the switch activation time relative to the clock pulse until
maximum output (corresponding to proper bit interval adjustment) is obtained. A
similar adjustment might also be needed in the repeater.

The preceding discussion of bus design architecture refers to a single-
carrier-frequency bus system in which a fiber carries only one information chan-
nel at any given time. However, the same principles can be applied to the case
in which multiple carrier frequencies are used to increase the data capacity of
the fiber. Each terminal would then use a number of these frequency channels
simultaneously to transmit a data packet, in crder to reduce the packet duration
and thus the transmission delay for the system as a whole. Implementation of
the multi-frequency concept will require lasers operating at different, pre-
cisely determined wavelengths and frequency-selective couplers matched to the
laser frequencies. An indication of how two of the key bus components, the
signal generator and repeater, might be configured for multi-frequency operation
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is given in Figs. 5.5 and 5.6. A hypothetical layout for a monolithic bus
terminal chip is given in Fig. 5.7.

An important consideration in the design of such a system is the
optical power budget. An example of a power budget calculation in which the
Toss margin is 5 dB is given in Table 5.1. The most important factor in
determining the total loss is the attenuation factor in the optical waveguide,
assumed to be 6 dB/cm. Propagation loss in the waveguide accounts for 15 dB of
the 28 dB total loss in this example.

Table 5.1
Optical Power Budget Calculation for Fiber Buffer Loop
Average power emitted by laser = 5 dBm
Average power requifsd at receiver (5 Gbit/s
data rate, 107*" error rate) = -28 dBm
Allowable Toss 33 dB
Losses:
Frequency selective coupler in trans-
mitter (.5 cm at 6 dB/cm + 4 dB excess
coupling loss) 7 d8
Switch to main bus (.5 cm at 6 dB/cm) 3 d8
Coupling to fiber and attenuation in
fiber loop 5 d8
High-speed switch between fiber and
buffer loop (1 cm at 6 dB/cm) 6 dB
Frequency selective coupler in receiver
(.5 cm at 6 dB/cm + 4 dB excess loss) 7 dB
Total loss 28 dB
Loss Margin 5 dB
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Fig. 5.5 Schematic for a signal generator for parallel! frequency channels, using

multffrequency lasers and a frequency-selective coupler for combining
the channels.
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Fig. 5.6 Schematic for a mul:ifrequency optical repeater chip.
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Fig. 5.7 Hypothetical layout for a monolithic bus terminal.
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6.0 CONCLUSIONS

A great deal of technology development will be needed to push data
rates for fiber optic data bus systems into the hundreds of gigabits-per-second
range. The key to the realization of such systems is the ability to produce
optoelectronic integrated circuits on a semi-insulating semiconductor substate,
such as gallium arsenide. Feasibility of integrating the electronic and optical
elements for transmitters and receivers on one substrate has already been demon-
strated in the 1aboratory61'63 although research in “"integrated optoelectronics"
is still at a very early stage. Circuits for the high-speed bus will contain
optical sources, detectors, switches, frequency selective couplers and direc-
tional couplers, electronic FET and TED amplifiers, and microwave transmission
lines. These circuits will perform the functions of modulation and demodulation
of optical carriers, of multiplexing a number of frequency channels on a single-
mode fiber transmission 1ine, and of interfacing a high-data-rate bus with Tow-
data-rate processors. The monolithic approach is necessary to maximize trans-
mitter and receiver data rates and the number of wavelength-multiplexed chan-
nels, as well as to realize the advantages of low-cost fabrication and high re-
11ability proven by previous experience with electronic integrated circuits.
Tradeoffs considered in reaching these conclusions are discussed in detafl in
Section 4, while the design and operation of the bus are described in Section 5.

A plan leading to the realization of the fu]1y integrated terminal of
the optical bus will include the development on a semi-insulating substrate of
each of the following functional elements:

(1) Transmitters

(2) Receivers

(3) Repeaters

(4) Directional Couplers

(5) High-Speed Switches

(6) Multifrequency Lasers

(7) Frequency-selective Couplers
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Ultimately, it will be necessary to integrate all of these elements on a single
substrate. Each terminal of the computer network will then contain an optoelec-
tronic circuit with electronic interfaces for data input/output and optical
interfaces to fiber optic data buffers and to the main bus transmission 1ine.

The technology development effort can be divided into three phases, as
indicated below:

Phase I - Development of high-speed integrated transmitter and re-
ceiver. This effort will require the fabrication of lasers on the same sub-
strate with electronic FET/TELD drivers, and avalanche photodiodes on the same
substrate with FET/TELD amplifiers and decision circuits. Techniques will also
be needed for interconnecting the optoelectronic and electronic elements to
achieve high-speed operation. Successful completion of this phase will make
possible the transmission of data over a fiber optics link at a rate of approxi-
mately 5 Gbit/s.

Phase II - Development of interface circuits for a fiber optic buffer
loop. This will require the interconnectfon of recefver and transmitter to form
a digital repeater, as well as the fabrication of a high speed electrooptic
switch and its electronic driver. It will also be necessary to provide a timing
circuit for synchronizing the operation of the switch (for data output) and
Taser transmitter (for data input) with the propagation delay in the fiber loop.
Successful completion of this phase will make it possible to interface a high-
data-rate fiber optic bus with low-data-rate data terminals to provide a
5 Gbit/s bus capability.

Phase II1 - Development of multiwavelength lasers and wavelength-
selective couplers integrated on a single substrate. This task will require the
fabrication of grating with very short, precisely controlled periods (~ 1200A
period with < .01% deviation) incorporated into the laser and waveguide
structure. Successful completion of this phase will make it possible to expand
the date rate for the bus to 100 Gbit/s or greater.
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The three phases of the effort indicated above are arranged in order of
increasing difficulty, and the successful completion of one phase is considered
to be a prerequisite to completion of the next. An example of how the key tasks
might be phased in an eight-year development effort is indicated in Table 6.1.
Although that milestone chart implies completion of one phase before the next
phase is begun, it would be appropriate to address some of the key issues re-
lated to tasks called out fn the latter phases (e.g., fabrication of the short
periodicity grating needed for Phase IIl tasks) on a research basis prior to
beginning scheduled development on those tasks. The eight-year time period is
not considered overly conservative, but merely reflects the perceived degree of
difficulty in reaching the goal of a 100 Gbit/s fiber optic data bus.

Table 6.1

Milestones for Fiber Optic Bus Technology Development

Year from Start

Phase I
Monolithic transmitter —
Monolithic receiver o

Fiber optic link demonstration
5 Gbit/s capacity

-
Phase I
onolithic repeater —_—
Electro-optic switch —n
Fiber loop buffer —
Single frequency bus terminal,
5 Gbit/s data rate -

Phase III
MuTtifrequency lasers —_—
Frequency selective coupler —
Multifrequency repeater —
Multifrequency bus terminal,
100 Gbit/s data rate —
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