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Digital optics is a technology for processing, transport, and stor-
age of optical digital information. Digital optics offers both the high
temporal bandwidth as in fiber communications as well as the high
connectivity and information density of optical imaging. The
energy dissipation per bit of communicated information, as well
as the chip area dedicated to interconnections, can be significantly
lower in optics than in high-speed electronics. This motivates the
introduction of parallel optical interconnections through free space
in communication-intensive areas of digital information process-
ing such as switching in telecommunications and within multipro-
cessors. Digital optical circuits can be constructed by cascading
two-dimensional planar arrays of optical logic gates intercon-
nected in free space. The state of the art and the trends in digital
optical information processing systems are reviewed for optical
logic, optoelectronic interfaces, and optical free-space intercon-
nection systems.

1. INTRODUCTION
A. Synopsis

The increasing demand for speed and throughput in dig-
ital information processing systems suggests the need for
novel technologies in addition to microelectronics. The
futureimpact of optics on data processing is described here
inatop-down approach. First, the concept of “’digital optics’
isintroduced as itemerged from past theoretical and exper-
imental work on optical computing. Second, the superior
interconnection abilities of optics are compared with

Manuscript received December 25, 1988; revised April 25, 1989.

N. Streibl, K.-H.Brenner, and A. W. Lohmann are with the Phy-
sikalisches Institut, Erwin Rommel Str. 1, D-08520 Erlangen, FRG.

A. Huang is with AT&T Bell Laboratories 4G-514, Crawfords Cor-
ner Road, Holmdel, NJ 07733.

J.Jahns is with AT&T Bell Laboratories 4G-510, Crawfords Corner
Road, Holmdel, NJ 07733.

). Jewellis with AT&T Beli Laboratories 4G-520, Crawfords Corner
Road, Holmdel, NJ 07733.

D. A. B. Miller is with AT&T Bell Laboratories 4D-401, Crawfords
Corner Road, Hoimdel, NJ 07733.

M. Murdocca was with the Optical Computing Research Depart-
ment at AT&T Bell Laboratories, Holmdel, NJ; he is presently with
the Department of Computer Science, Rutgers University, Hill
Center, New Brunswick, NJ 08903.

M. E. Prise is with AT&T Bell Laboratories 4G-526, Crawfords Cor-
ner Road, Holmdel, Nj 07733.

T. Sizer is with AT&T Bell Laboratories 4G-530, Crawfords Corner
Road, Holmdel, N} 07733.

IEEE Log Number 8932979.

microelectronics. Finally, the key technologies for digital
optical information processing are discussed: optical inter-
connects introduce design constraints conceptually dif-
ferent from those of electronic interconnects. Conse-
quently, systems design must be adapted to optics.
Optoelectronic components are needed as interfaces
between microelectronics and optics as well as for data
regeneration and for logic functions. All-optical logic gates
are currently in the research state. Laser systems are needed
as optical power supplies to provide logic devices with light.
Optical systems based on imaging need to be built for
implementing regular interconnections, data permuta-
tions, and systems for data splitting and joining. Any useful
data processing system will be fairly complex. Therefore
problems related to manufacturing and packaging need to
be addressed. Since there are so many technologies
involved (computer science, semiconductor physics and
processing, laser physics and classical optics), we cannot
dwell too heavily on any one technical detail. Rather, we
attempt to give an overview picture of the interdisciplinary
research in the field of digital optics.

In this paper we focus on one specific approach: com-
puting with array interconnections through free space.
Other approaches have been promoted and a comprehen-
sive comparison will be necessary in the future. We believe
that free space optics will become competitive with elec-
tronics within the next few years in some pilot applications
such as self-routing switching networks in telecommuni-
cations. Applications in the field of supercomputing will
follow later.

B. The Roots of Digital Optics

The earliest root, which is around 40 years old, is the field
of optical analog information processing. Some of the high-
lights of optical analog processing were spatial filtering and
holography. Van der Lugt performed matched filtering for
the purpose of pattern recognition. Cutrona and his
coworkers decoded optically the raw data obtained by side-
looking radar. The appropriate spatial filters were pro-
duced at first by photographic methods, later on as holo-
grams. Lohmann introduced computer-generated holo-
grams to increase the processing flexibility. Analog
processing was useful for digital optics for two reasons.
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First, it introduced “information thinking” into the com-
munity of physical optics; concepts like spatial frequency
and space-bandwidth product illustrate the educational
effect upon the optics community. Second, as a lasting con-
tribution from optical analog processing, is the set of hard-
ware tools, like matched filters and computer holograms.

The step from analog to digital has been attempted twice
before the current “’third phase of digital optics,” which
began around 1980. The first phase was triggered by the
invention of the laser in 1960. Then optical logic gates based
on laser quenching were proposed. At the end of the first
phase it was concluded [1] that optical logic is not a viable
technology for thermal reasons. The second phase, around
1970, was concerned with architectural concepts like res-
idue arithmetics, but no competitive nonlinear devices or
logic gates were available. A brief account of the two earlier
phases did appear elsewhere [2]. The third phase was trig-
gered by the discovery of nonlinear optical effects in semi-
conductors. Optical bistability [3], optical logic gates, and
optically controlled modulators of light beams were
invented with performance data comparable to electronic
devices.

As the minimum feature size in VLS| is reduced and the
complexity on-chip is increased, the overall processing
speed is limited by interchip and interboard communica-
tions. Attempts are being made to use many processors in
parallel to get around this speed problem. This, however,
further increases the need for efficientinterconnection sys-
tems, since all the processors have to communicate. Three-
dimensional optics has been proposed for interconnecting
VLSI systems [4]. Imaging systems offer, besides parallelism
and high data rates, the possibility to implement global
communication networks such as the perfect shuffle [2]. In
the field of microoptics, new approaches similar to stacked
planar optics [5] are emerging and are useful for packaging
hybrid optoelectronic processing systems.

Inthe last few years an increasing effort has been devoted
to computer architectures specifically tailored to optics [6].
More details on various approaches to optical computing
can be found in a special issue of the [EEE PROCEEDINGS ON
optical computing [7], in a lead article of IEEE SpecTrUM [8]
(among other things a waveguide-based architecture for
supercomputers), and in a special issue of Applied Optics
on optical computing [9].

C. What is Digital Optics?

Digital optics comprises techniques for data processing,
for short- and long-distance data transport, and for short-
and long-term information storage. Today, long-distance
optical digital data communication through fibers is an
established technology. Long-term optical mass storage is
coming into general use. For data processing, however, the
optical signals still need to be converted to electronic sig-
nals which are processed electronically. A uniform tech-
nology for digital optical information processing, compa-
rable in its significance to microelectronics, does not yet
exist and is by itself a challenging research goal.

Digital optics requires several key components that are
currently in different stages of development. System design
and architecture must be adapted to optics. Two-dimen-
sional optoelectronic and optooptical, switching devices,
or logic gate arrays, exist in their first generations. They are
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comparable in their performance to electronic switches.
Modules for parallel interconnections through free space,
data splitting and combining, and c evices for beam shaping
are currently in development.

1l. DiGITAL OPTICAL INTERCONNECT ONS

One general argument for the use of optics is that it is
good at communicating informatic n. Optical fibers are now
the preferred method for teleco nmunications and very
high bit rates can be handled withc ut crosstalk (e.g., several
Gbit/s on asingle line). Optical interconnections inside pro-
cessors also eliminate ground-locp problems by isolating
devices. Visual optics convey whc le images with lenses in
parallel, which is an operation that may not be very complex
but involves enormous amounts o 'information. In imaging
and other free-space optics, light from different points can
cross freely within the system without difficulty, just as two
light beams can pass through one e nother. This altows great
topological freedom in interconnection. The following dis-
cussions show explicitly that optics is good for large num-
bers of low-complexity interconnections, including some
very global interconnection patterns with large numbers of
crossing lines.

Chip-to-chip bandwidth with conventional electronic
packaging is currently limited to a few hundred channels.
Reasons for this limitinclude topological constraints (bond-
ing pads are situated at the edges cf the chips), arearequire-
ments (size of the bonding pads and the driver electronics)
and energy dissipation (for charg ng the bonding pad and
the line). If optoelectronic interfaces are used as optical
pins, as many as some 10 000 channels arranged in a two-
dimensional array over the surface of the chip can com-
municate in parallel using imagiig systems and the free
space above the chip. The key physical problem with optics
for communication inside processors is getting informa-
tion into the form of light efficiently and easily. Much device
research is devoted to reducing the operating energy of
devices with optical outputs. The serious contenders for
such devices utilize state-of-the-a“t technologies that, too,
are the subject of basic research (i.g., molecular beam epi-
taxy).

Electrical interconnections in computers function rela-
tively well for short distances inside chips, and can imple-
mentvery complex interconnecticns. Because they are two-
dimensional (albeit in multiple plines), these interconnec-
tions are subject to topological constraints. For long dis-
tances—either within chips, betveen chips, or between
boards—electrical communicatio becomes progressively
more expensive. Larger areas of the chip must be used to
drive longer distances and, correspondingly, more power
must be used. Large fractions of the chip area become occu-
pied by the wiring rather than the logic devices. ““Crosstalk”’
becomes increasingly troublesorte at higher clock rates.
The timing of the logic signals arriving at a gate from dif-
ferent parts of a circuit becomes critical. To avoid such
“clock skew"” problems, all interconnections within a com-
plex system must be made ecually long. The energy
required to send a logic-level <ignal from one chip to
another exceeds the logic switching energy of asingle small
electronic device by several orders of magnitude.

The problems of electrical intarconnections have pro-
found consequences for digital clectronic systems. Com-
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puter architects tend to minimize the communications off-
chip wherever possible, leading to bus architectures with
relatively few lines and hence to the classic Von Neumann
bottleneck. This minimization also enhances the desire to
put as much as possible on one chip. Ultrafast transistors
with switching times of a few picoseconds have been
reported. The system time constants for complex electronic
digital circuits are, however, at least two orders of mag-
nitude slower than those of the fastest transistors. System
clock rate is dominated more by the time taken to com-
municate than by the speed of the fastest devices.

The physical root of the energy problem of electrical com-
munication is the low impedance of free space. If we wish
to send logic-level signals from one device to another, we
are in practice constrained to charge up the entire line
between the devices. Even if we send pulses down alossless
transmission line (such as a superconductor), we still have
to charge a length of line that is as long as the pulse. The
capacitance of lines decreases (and the impedance
increases) as we increase the separation of the conductors,
but only logarithmically once the conductors become sep-
arated by more than their lateral dimensions. Because of
the low impedance of free space, we are stuck with low
impedance lines (e.g., 50 Q) and lines with high capacitance
per unit length (~100 pF/m). Hence we cannot directly
match small high-impedance logic devices to communicate
logic levels over any long distance, and we must build large
drivers.

Optics circumvents this by performing an effective
impedance transformation [10]. Optical or optoelectronic
devices can operate with internal logic levels of about 1V
(avisible photon has energy ~2 eV) even at very low power
levels. Although the communication between one optical
device and another is electromagnetic, it is not classical.
Quantum sources or modulators and quantum detectors
match the high impedances of small devices to the low
impedances encountered in electromagnetic propagation.
Therefore optical and optoelectronic devices do not need
large line drivers. The switching energy of the device is also
the communication energy and is essentially independent
of distance. In optics the energy required is proportional
to the area of the device. To minimize communication
energy, we should use optics for all except possibly the
shortest interconnections (e.g., <100 um) [10].

II.  ARCHITECTURE

Digital optics will now be described, starting with all-opti-
cal architectures. In the first part of this section the archi-
tectural reasons for using optics within a processor are
reviewed. Next, a specific approach, symbolic substitution,
is discussed. In the third part another design approach—
namely, one for programmable logic arrays (PLAs)—is
described. Both approaches introduce parallel optical
interconnections at the lowest possible computational grain
size: they exploit the optical connectivity at the gate level.
Mare conventional architectures could exploit optical
interconnections before reaching the gate level; i.e., by
using parallel chip-to-chip interconnections [4]. This hybrid
optoelectronic approach will not be discussed in this paper.
One should note, however, that the optoelectronic inter-
faces (section IV) and the parallel interconnections (section
V) are immediately applicable for these hybrid systems.

1956

A. Optical Architectures for Supercomputers

Conventional computers suffer from a bottleneck
brought on by the limited number of interconnections that
can be supported in a practical manner by electronics. This
problem is referred to as the von Neumann bottleneck and
involves the performance limitations imposed by the
sequential and address-oriented communications between
the CPU and memory in a conventional computer.

The source of this bottleneck can be found by examining
the classical finite state machine, an ancestor of modern-
day computers. The processor shown in Fig. 1 consists of
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Fig. 1. Classical finite-state machine does not suffer from
Von Neumann bottleneck.

storage elements, a combinatoric logic unit, inputs, out-
puts, and various interconnections. What is unusual about
this processor is that it does not suffer from the von Neu-
mann bottleneck. All the storage elements can be updated
in parallel without the need for addresses. The bottleneck
emerges when more storage variables are added. It
becomes impractical to support targe numbers of inter-
connections between the storage and logic units. As aresult,
the classical finite-state machine is modified to the struc-
ture shown in Fig. 2, in which a binary encoding scheme
reduces the Ninterconnections from the output of the logic
unit to the memory to log, N interconnections while acom-
mon return line reduces the interconnections between the
memory elements and the input of the logic unit. This
approach not only reduces the number of interconnec-
tions, it also degrades performance since the modified
finite-state machine can address only one memory element
atatime, and because an addressis needed to specify which
element. The interconnections are essentially time-multi-
plexed to compensate for the inability of electronics to
implement N interconnections in parallel.

A similar constraint exists at the bus level of a computer.
A processor is typically partitioned into boards. Ideally, each
board is allowed to communicate with every other board.
The impracticality of fully interconnecting M boards with
M x (M — 1) bus-wide interconnections leads to the use of
a broadcast bus structure which trades time for a reduction
in the number of interconnections. This results in the
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Fig. 2. Von Neumann bottleneck is introduced in modified
finite state machine by using addressing mechanism in order
to reduce number of interconnections.

sequential address-oriented communications characteris-
tic of the von Neumann bottleneck.

A similar bottleneck occurs at an even lower level within
acomputer. Ideally, it would be nice if each bit of amemory
chip could be independently read or written simulta-
neously. To accomplish this, a P x 1bit memory chip would
need P input and P output lines. Since this is impractical,
a binary encoding scheme is used to reduce the P inputs
to log, P. This approach is similar to that used in the mod-
ified finite-state machine and results in another sequential,
address-oriented communications bottleneck.

These communications bottlenecks at the architectural,
bus, and chip level all stem from the use of time multi-
plexing to compensate for an inability to effectively com-
municate N channels of information in parallel.

These problems carry over into software. The need to
determine where to access every piece of data leads to addi-
tional computational overhead. The sharing of a common
bus necessitates the introduction of contention resolution
and queuing schemes. The limited bandwidth of the mem-
ory necessitates the use of cacheing.

Alternatives to the von Neumann architectures have been
investigated, but these approaches still suffer from inter-
connection limitations. The single-instruction multiple data
(SIMD) approaches rely on a broadcast approach and have
the same problems as a shared bus approach. The multiple
instruction multiple data (MIMD) approaches rely on an
interconnection network. One such network that is com-
monly suggested is a crossbar. A crossbar is essentially a
fully connected network, but its implementation is very
awkward due to its N* growth. Other interconnection net-
works such as the hypercube and Clos-Benes network have
also been suggested, but sacrifices in connectivity result in
greater demands on routing and buffering.

The sacrifice in connectivity is complicated by the dif-
ficulty in exploiting parallelism. This search has led to
smaller computational grain sizes, which necessitates more
communication and internally requires more connectivity.

B. Symbolic Substitution

Symbolic substitution [11], [12] has been introduced as
amethod for performing optical logic by utilizing the par-
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allelism of optics. It has been de ined mathematically [13]
and it allows parallel optical logiz with limited fan-in and
fan-out devices and with equidistant and space-invariant
interconnections. The basic mechanism is to transform a
binary matrix by applying several substitution rules in par-
allel. Every rule consists of a left side, determining the search
pattern, and a right side, specifying the substitution pat-
tern. A pattern is a spatial configuration of binary values.

The operation of a single substitution rule is best
explained by Fig. 3. For simplicity we assume that the rule
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Input plane Intermediate pli ne Output plane

Fig. 3. llustration of symbolic substitution: An input matrix
is transformed according to given suostitution rule.

consists of two dark cells on top of each other as the left
side of the rule, and two dark cells next to each other as the

‘right side. In the first step the occurrence of the search pat-

tern in the input plane is marked n an intermediate plane.
Thustheintermediate plane shows bright cells only at those
locations, where the search pattern was found. In the sec-
ond step, every white cell in tre intermediate plane is
replaced by the substitution pattarn.

For the general case, the principle for recognition and
substitution is outlined in Fig. 4. Foreach cell in the left side,
the input matrix is replicated. To each of the copies k, a shift
Sy is applied. The subsequent operation /, is either an iden-
tity operation or an inversion depending on the state of cell
k (dark or bright). In Fig. 4, all the ', are identity operations.
The shifted and inverted copies a ‘e superposed on a NOR-
gate array, which inverts the inpt t intensity, yielding dark
cells wherever there were bright :ells at the input. For the
substitution, shown in the lower half of Fig. 4, the same steps
as for the recognition are required. The input matrix is rep-
licated according to the number 1 of cells in the right side
of the rule. To each copy a shift S, and an inversion /, is
applied. In the example, no invarsion is necessary. The
shifted copies are again superposed on the NOR-gate array.
As a consequence of the identical operations necessary for
recognition and substitution, the optical hardware for these
operations is also the same. We will call such a split-shift-
combine unit a dilation unit. There are two ways to look at
the operation of one such dilation unit. If we focus at the
input matrix, every input cell “sends”” information “to”" a
certain neighborhood. If, however, we concentrate on the
output matrix, we see thatevery cell at the output ‘receives”
information ““from’” a certain neighborhood. Thus sym-
bolic substitution can be consid:red as the minimal and
most elementary shift-invariant array logic.

For the optical implementation of a recognition or a sub-
stitution unit there are two basic mechanisms. Additive
logic, as described, superimposes shifted copies of the data
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Fig. 4. Principle for realizing recognition and substitution. Top: Recognition. Input matrix
is split into several channels. In each channela shift and an identity or an inversion oper-
ation is performed. Combined output is superimposed on a NOR-gate array. Bottom: Sub-

stitution. Same operations are performed as in recognition stage.

plane and then applies a nonlinear operation to the inten-
sity [12], [14]. For the generation of different copies, holo-
graphic beam splitters have also been suggested [15]. The
use of correlation techniques to locate the searched pattern
within the input plane [16] is also a method. The alternative
method is multiplicative logic, which has been realized
recently with spatial filtering [18]. A comparison of the per-
formance of different optical implementations has been
given in [17].

With symbolic substitution, logic is performed differ-
ently from conventional logic, where a physical mechanism
actson theinputquantities producing an output state. Here
logic is realized by substitution rules. Thus every possible
logic function can be realized with the same hardware. Sev-
eral rules are applied in parallel by processing the input
matrix in several channels. Rules for the parallel addition
of binary numbers were first given in [11]. Carry-free arith-
metic operations in the residue number system have been
implemented with symbolic substitution [19]. The “modi-
fied signed digit”” (MSD) number representation also offers
fully parallel carry-free operation, and rules for this kind of
arithmetic have been suggested (20]. For binary image pro-
cessing it has been shown [21] that morphological trans-
formations can be implemented using symbolic substitu-
tion. By iteratively applying these operations, complex
image-processing tasks, like edge extraction and feature
suppression, can be achieved. Optical implementations of
morphological operations have been given in [22].

The shift-invariant nature of substitution operations sug-
gests that SIMD-operations are best suited to symbolic sub-
stitution. There are mechanisms to achieve also MIMD-type
operations. One method is based on masking: by placing
a mask in the intermediate plane, the recognition can be
restricted to certain locations in the matrix. Another method
is based on combining the data with control information
(Fig. 5). Different cells in the input matrix contain infor-
mation from the control and the data array. The substitution
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Fig. 5. Combining data array with control array to achieve
MIMD operations.

rules acting on the combined information produce differ-
ent results depending on the control cells, thus allowing
MIMD-operations although the hardware is shift invariant.
Aprocessor based on this mechanism was suggested in[23].

C. Optical Circuit Design with Global Interconnections

Symbolic substitution allows the design of digital optical
circuits making strict use of regular (space-invariant) inter-
connections by imaging between two-dimensional arrays
of optical logic gates. For complicated circuits, intercon-
nection patterns that allow global data communication
across the gate array are desirable. We discuss an archi-
tecture that incorporates global interconnections, such as
the perfect shuffle, the banyan or the crossover, between
the gate arrays. Fig. 6 shows the conceptual layout (see also
[24)). The optical logic devices on an array are arranged at
the crosspoints of agrid, perform identical logic operations
at each site on the array, and have an identical fan-in and
fan-out of at least two. The absolute minimal requirements
on the performance of the logic devices are made [50). Dur-
ing the communication, the data is permuted as specified
by a global interconnection pattern. Masks are inserted in
theimage planes to customize the circuitry by blocking light
at selected locations.
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The main addition compared with symbolic substitution
logic are global interconnections, such as the perfect shuf-
fle, the banyan, or the crossover. These three intercon-
nections hold an isomorphic relationship with each other.
They can be mapped onto each other by replacing one
interconnect with another and appropriately relabeling the
nodes. This procedure is illustrated in Fig. 7. Hence archi-
tecturally these interconnects are equivalent. For the pur-
pose of consistency the banyan will be used throughout
this section to illustrate our ideas.

“Programmable logic arrays” (PLAs) can be designed with
banyans [24] interconnecting gate arrays such that the same
order of complexity growth for circuit depth and width is
maintained that might otherwise be achieved with more
arbitrary interconnection schemes. Further compaction of
the circuit can be achieved by manually optimizing the con-
nections [25]. A layout for a parallel random-access memory
(RAM) that achieves a hardware complexity of between one
and two switching components per stored bit of infor-
mation has been described [26].

To illustrate the principle, we show the design of a finite-
state machine which serves as a sorting node for a self-rout-
ing switching network. The design is based on a shuffle-
exchange network that consists of alternating layers of per-
fect shuffles and arrays of serial sorting nodes. Each node
either transmits or exchanges two adjacent channels. The
function of each node is locally determined from the
incoming data (“self-routing”). The sorting is based on
Batcher’s bitonic sorter [27]. A VLSI implementation of the
node has been created at AT&T Bell Laboratories for the
Starlite Wideband Digital Switch [28]. It requires 106 switch-
ing components. The optical design uses a comparable
number of switching components (about 128) even though

PERFECT SHUFFLE
(a)

BANYAN
(b)

||
Fig. 6. Arrays of optical logic gates are interconnected with crossover.

the gate-level interconnects are restricted to a regular pat-
tern.

The finite-state machine for the switching node has three
internal states: the incoming data are transmitted through
the node either in a straightforwz rd manner (bypass state)
or they get swapped (exchange state) or the node is unde-
cided. It is a standard procedure in computer science to
express the function of the node as a set of Boolean equa-
tions [24]. These equations deper d on the two data inputs
x and y and on the previous state of the node expressed by
the state variables s, and s,. The fu nctions fyand f; describe
the next state of the node, and f, and f; are the sorted out-
puts:

oS0, 1, X, Y) = Sp + Sixy M
fi(Sor 51, X, ) = St + SoXy @)
fx(Sos S1, X, V) = SgX + Sy + Xy 3)
fi(Sor S1y X, ) = S1Xy + SoXy + Xy ()

These functions are implemented as optical PLAs. The
layout is done in two parts [24], one for the top half of the
PLA (the anD stage, where all the hecessary AND-Operations
are performed) and one for the bottom half (the or stage,
where the results from the anD-stage are combined). A pos-
sible layout for the anD stage of a PLA is shown in Fig. 8. The
layout is obtained either by computer utilizing algorithmic
design techniques [24] or by hand-utilizing a semiautomatic
trial-and-error approach. A layout for the or stage looks, in
principle, quite similar; the difference between the anD
stage shown in Fig. 8 and the ok stage is that all the gates
are or-gates and that different data paths are masked out.

Conventional digital circuits can be created with little

CROSSOVER
()

Fig. 7. Comparison of communications capabilities. (a) Perfect shuffle. (b) Banyan. (c)
Crossover interconnection network. All three are topologically equivalent if nodes are

relabeled appropriately.

STREIBL et al.: DIGITAL OPTICS
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Fig. 8. Connection diagram corresponding to AND stage of
AND-OR PLA for implementation of self-routing switching
node. Dimmed connections are masked inimage planes. All
logic gates are AND.

additional hardware complexity when constraints must be
adhered to, such as regular interconnects at the gate level,
identical logic functions at each level of circuit depth, and
fan-in and fan-out of two. The forced regularity does more
than just allowing the use of free-space optical intercon-
nects. For example, it is possible to create setups that pro-
vide an equal pathlength for every signal. This reduces sig-
nal skew to a negligible level because signals are
regenerated at each stage. Circuits can therefore be pipe-
lined at the gate level, they can maintain a throughput that
is limited only by the switching speed of the devices, and
pulsed logic can be used. Furthermore, free space may be
used as a form of serial storage or a delay line memory [26].

IV. OPTOELECTRONIC INTERFACES AND OpTiCAL LOGIC

In the following section the nonlinear devices for digital
optics will be discussed. First we address optoelectronic
devices. They can be used as interfaces from electronics to
optics for interchip connections, or they can be run as opti-
cal logic gates in an all-optical architecture. In both cases
electronics is used only for short-range communication.
Secondly, all-optical devices based on microresonators are
described. They offer the potential for low-energy all-opti-
cal processing. In the third part, the light sources for digital
optics for discussed.

A. Optoelectronic Devices

It is easy to conceive of optoelectronic devices capable
of performing the basic logical functions for computing.
For example, we could propose some simple circuit with
phototransistors as input devices and a light-emitting diode
orlaser diode as the output device. There are, however, two
key problems: one is integration and the other is energy.
Both of these problems arise because we wish to use devices
in reasonably large digital systems. Large numbers of
devices mandate integration for cost, reliability, and man-
ufacturability. Energy dissipation and the associated power
supplied are obvious constraints, especially for the case of
optical power supplies. Light-emitting diodes are not effi-

1960

cient sources of usable photons although they are easy to
make and may be usable if we have optical devices requir-
ing very low input energies [29], [30]. Laser diodes, although
they are probably the most efficient light source available,
are not generally very efficient at low powers. Furthermore,
laser diodes are very demanding in fabrication; the process
must usually be highly optimized for the laser diode, mak-
ing integration with other components difficult. At this time
also, nearly all laser diodes are waveguide devices; true
“surface emitting”’ diodes are still in early research stages.
Thresholds for laser diodes are being reduced [311and such
devices are an interesting option for small numbers of high-
speed optical-fiber interconnections between chips and
boards. It is also possible to make logic devices based on
the laser diodes themselves [32], although these suffer the
same integration and power problems in large systems.
A new option that has recently emerged is the quantum-
well self-electrooptic effect device (SEED) [33]. Quantum
wells are semiconductor structures made of alternating very
thin layers (e.g., ~100 A) of two different semiconductors,
typically gallium arsenide (GaAs) and gallium aluminum
arsenide (GaAlAs). These structures have an unusually large
electroabsorptive effect; that is, they can be changed from
opaque to transparent by applying a voltage to them. This
mechanism is called the quantum-confined Stark effect. A
typical structure utilizing this effect to modulate a light
beam is shown in Fig. 9. The quantum wells consisting of
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Fig. 9. Schematicillustration of quantum well optical mod-
ulator. Superlattice buffers around multiple quantum well
region are optional. Whole structure may be ~ 4 um thick.

~ 100 layers of total thickness ~1 um are contained within
an undoped region in the middle of a diode. The diode is
reverse-biased to modulate the transmission of a light beam.
Typical operating voltages are ~5-10 V, with devices of a
few microns total thickness. This will change the trans-
mission of the light beam by a factor of 2-3. Such structures
are typically grown by molecular-beam epitaxy on GaAs
substrates. An integral mirror, also made out of layers of
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GaAs and GaAlAs, can be grown under the diode to give
a reflecting device [34].

The concept of the SEED is to combine such a quantum-
well optical modulator with a photodetector so that light
shining on the photodetector changes the voltage across
the quantum-well diode, giving a device with optical inputs
and outputs. Such a device does not generate light; instead
the concept is to generate many light beams from one effi-
cient high-power external laser diode, and to modulate
them with the quantum wells. Importantly, the SEEDs can
work efficiently at low powers and can be integrated.

Fig. 10 illustrates the symmetric SEED (S-SEED) [35], a sim-
ple bistable SEED that nonetheless is actually an effective
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Fig. 10. Schematic diagram. (a) Symmetric SEED circuit. (b)
Symmetric SEED structure.

three-terminal device. In this device, there are two quan-
tum-well diodes in series with a reverse-bias supply. Both
diodes function simultaneously as modulators and pho-
todetectors. In one stable state, the left diode is highly
absorbing and the right diode has all the bias voltage across
it. As we increase the power into the right diode, it even-
tually starts to generate more photocurrent than the left
diode, and the voltage across it starts reducing. This reduc-
tion increases the absorption in the right diode and
decreases the absorption in the left diode, further increas-
ing the difference in currents, leading to switching and bi-
stability. This device can be set in a stable state with low
power, and read out at high power, giving usable gain in
a clocked system. It can operate as a latching logic gate.
Because of its simplicity, it is easily integrated. 16 X 8 arrays
of fully functional devices have been demonstrated [36].
With the use of 256 light beams, all of these devices have
been operated simultaneously.

SEEDs can also incorporate transistors for more func-
tionality. Laboratory demonstrations have been made of a
field-effect transistor SEED [37] (F-SEED). Here, field-effect
transistors (FETs) are fabricated directly in the top layer of
the modulator structure. As the drain voltage of the FETs
alter, so also does the voltage over the modulator directly
beside and underneath the drain. Thus we can have an opti-
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cal "‘output pad” beside every d2sired FET in the circuit.
Importantly, such “pads’’ need not be large e.g., 5 X 5 um,
and can exploit the optical impedance conversion dis-
cussed in section lI. It is also possiole to use the same diode
structure elsewhere as a photodetector, thus allowing opti-
cal inputs. Fig. 11 shows the simpl = case of an optical signal
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Fig. 11. Schematic of field effect transistor SEED (F-SEED)

showing MESFET fabricated in top liyer of quantum well

modulator/detector diode.
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amplifier; however, more complex logical functionalities
could be implemented with more devices. This concept is
compatible with standard metal-wemiconductor FET (MES-
FET) processing.

SEEDs are well suited for relatively large digital systems
because they are integrable low-energy devices. Operating
energy densities are comparable to electronics (e.g., 1-20
fJ/um? and are very low by optical device standards. The
devices operate at room temperature, although some tem-
perature stabilization (e.g., +2K)1elative to the laser source
will probably be required to maitain optimum operation
at the correct wavelength. They are compatible with elec-
tronics and with laser diodes. They can operate at speeds
comparable to electronics: the iternal speed limitations
are similar to electronic devices jecause carrier transport
and charging of the device are involved. Subnanosecond
switching times and picojoule energy dissipation per
switching event have been expe imentally demonstrated.
The ability to integrate two-dimensional arrays with func-
tional electronic devices means t 1at we may choose where
we wish to make the break betwezn optics and electronics,
perhaps to get the best of both worlds. At the time of writ-
ing, there are encouraging indications that these devices
could also be grown on silicon suostrates [38], [39], perhaps
in conjugation with silicon elec:ronics. If so, this would
open up many exciting opportunities for hybrid digital
optics.

B. Semiconductor Microresonatcr Devics

Optical resonators (Fabry-Perot etalons) form the basic
structure for many optical logic d 2vices, also for lasers. Res-
onator-based optically bistable levices and optical logic
gates have been investigated intensively [3]. To reduce the
operating energy and the switcking speed it is important
to scale these structures (as well as any other type of device)
to sizes as small as possible.

The use of “ion-beam-assisted 2tching’” to form ~1.5-um
diameter waveguiding ‘‘posts,” or microresonators, in a
GaAs/AlAs Fabry-Perot structure grown entirely by molec-
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Fig. 12. Scanning electron micrograph of small portion of
array of microresonators.

ular-beam epitaxy (MBE) has reduced the device’s cross-
sectional areas, energy requirements, and recovery times,
all by more than an order of magnitude [40]. Fig. 12 shows
a small region of the etched heterostructure. Prior to etch-
ing, the minimum controlling energy required for an opti-
cal logic etalon operation [41] was 20 pJ. The device diam-
eter, defined as the illuminated region, was about 10 um,
and recovery time was estimated to be several nano-
seconds, both inferred from measurements on comparable
devices. For 1.5-um microresonators, the energy is 0.6 pJ,
and recovery time ~200 ps. Thus, at least over this size
range, the energy and time requirements scale directly with
area.

It is possible that this scaling down will continue to
approximately Mn diameters (X being the wavelength of
light and n the refractive index of the semiconducton), i.e.,
to ~1/4 um for GaAs, or a factor ~36 reduction in area. This
would reduce controlling energies to ~ 17 ] and recovery
times to ~6 ps for the same Fabry-Perot design. Experi-
ments on gating in a ~0.5-um diameter device yielded a
~30 ps recovery, in agreement with our expectations [42].
The energy requirements could not be tested fairly since
the transmission peak was at 8575 A and the pump beam
was not focused as well as the probe. Still, a small fraction
of the 3 p) pump pulse produced 75 percent modulation by
saturating the bulk GaAs well into its absorption band (Fig.
13). Such small waveguiding etalons also exhibit waveguide
dispersion, which causes the transmission peak wave-
length to vary with the microresonator diameter [42].

The energies (but not recovery times) can be much fur-
ther reduced by use of thinner higher-finesse etalons [43].
Recently we have achieved optically pumped lasing in a

s Dismeter Device
robe, 3 ntrof

Fig. 13. Pump and probe data from smallest (~0.5 um)
device. Top trace: Envelope of reflected 8575 A probe pulses
without pump (left side) and with pump (right side). Thus
pump pulses switch resonator from high to low reflectance.
The ~100 ns slopes are characteristic of the acoustooptic
modulators, not of the devices. Bottom trace: Same as upper
but with 30 ps relative delay of probe pulses. Recovery is
nearly complete.
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very-high-finesse structure containing only a single quan-
tum well as the active material [44]. The absorbed energy
density in our room-temperature experiments was ~ 12 f)/
pm? for pulsed operation and ~7 yW/um? for continuous
wave (CW) pumping. Since optical gating typically requires
10-15times less energy than optically pumped lasing, these
results indicate that gating in a 0.5-um device could be
achieved with less than 1000 photons if scattering losses do
not degrade the finesse too much. Alternatively, a system
can be envisioned which would have electronic detectors
whose signals, when amplified, could drive electrically
driven microlasers. Although the power requirements
would be larger than for the all-optical case, this kind of
system would be much more robust to imperfections in
device uniformity and optical alignment of the beams. Fur-
thermore, it could be simpler and more compact since there
would no longer be the need for large external lasers, array
generators, and many of the beamsplitter/combiners. At this
point it is worthwhile to investigate microresonators both
as all-optical gates and as electrically pumped lasers. The
latter could also be useful for chip-to-chip communication.

Couplinglightinto (or outof) such small devices requires
lenses of very high numerical aperture (NA). The full width
(from zero-to-zero intensity) of the central lobe of an Airy
disk from a uniformly illuminated lens is about 1.2 X A/NA.
Lenses for compact-disk players (such as the one used in
our experiments) typically have NA ~ 0.5, yielding a spot
diameter of ~2 um for X = 0.89 um. Thus, with these lenses,
even the 1.5-um devices are losing some light due to insuf-
ficient focusing power. Since it is not feasible to increase
the focusing angle significantly (for large arrays of devices),
we instead increase the NA by focusing through a high
refractive index medium. This reduces the diameter by a
factor equal to the refractive index. Using a NA = 0.55 lens
focused through a hemisphere of SrTiO; with n = 2.4, we
achieve NA = 1.3 and focus to a full diameter of only ~0.7
pm. Use of a semiconductor with n > 3 allows focusing to
<0.6 pm and device diameters ~0.5 um [42]. The devices
can be grown on a transparent semiconductor substrate
with lens surfaces formed on the backside by a nonlabor-
intensive process such as photoelectrochemical etching
[45]. The single quantum well in the laser just described was
an 80-A well of Iny,Gay gAs, and the lasing wavelength was
980 nm where the GaAs substrate was transparent. Micro-
lenslets with diameters ~200 um have been etched in InP
wafers, and the process is extendable to GaAs. Thus many
of the prerequisites for systems of submicron low-energy
devices interconnected by microoptics have been dem-
onstrated.

At ~1-um wavelength it is impractical to focus to much
smaller than ~0.5-um beam diameters over many devices.
The devices themselves may be somewhat smaller since the
waveguide intensity profile will have some power outside
the guide. If even smaller diameters are desired, there s still
an option: tapering the waveguiding devices. Such adevice
would resemble a microwave horn. Preliminary experi-
ments using microwaves and dielectric tapered wave-
guides suggest that the necessary tapering in GaAs optical
waveguides might be accomplished over a length of only
about 2 um. If light needs to be coupled into and out of only
one side of the device, then only that side needs the “opti-
cal horn.” Optical horns might be formed by varying the
etch parameters during etching.
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With the achievements made in microresonator devices
and the improvements suggested, we expect to reduce the
gate-controlling energies to <1 femtojoule, approaching
the statistical limit for reliable switching of a few hundred
photons [46], [47]. Recovery times should be around 10 ps.
Energies required to achieve lasing should also be in the
range of a few f], making them well-suited for optical chip-
to-chip communication and viable candidates for switch-
ing/gating devices.

C. Optical Power Supply

The devices which are currently available for use in opti-
cal digital computers place several severe restrictions on
the optical power supply used. Different devices need opti-
cal power in either sharp pulses of light, as is required by
the optical logic etalons, or as quasi-continuous waves of
light, as is required by the various SEED-type devices (in this
case, the laser emits rectangular clock pulses). There are
several advantages in using such a pulsed operation inside
an optical computer. First, free-space optical interconnec-
tions used in conjunction with pulsed logic offer the pos-
sibility of running acomputer with little effect of clock skew
since all the outputs of the devices would be read at the
same time. No additional latching is necessary for syn-
chronization. Clock skew is one of the major engineering
considerations in today’s fastest electronic computers.
Optical interconnections can be made equal in length down
to subpicosecond accuracy. Secondly, free-space might be
used as atransient memory since images of information can
be propagated from one logic module to the next with sev-
eral images stacked in between the successive modules [26].
For example, if the modules were placed 1m apartinacom-
puter with a clock rate of 1 GHz, three images of infor-
mation could be propagated simultaneously between the
two modules.

The requirements placed on the optical power supply are
determined by the speed, number, and energy require-
ments of the devices. What is presented here is a best esti-
mate of what will be necessary for a competitive first-gen-
eration computer. A repetition rate (or clock rate) of at least
1 GHz is required to compete with electronic computers.
Devices currently available require energies in the pico-
joule range [35], {36], [44]. Ten thousand optical devices on
asingle two-dimensional matrix of devices is a realistic first
step given the limitations of device fabrication and the opti-
cal system design. To preserve the temporal and spectral
synchronism between all of the pixels, it is assumed that
all 10 000 pixels are generated using amultiple beam splitter
[48], [49], [53] with power supplied from a single laser source.
Taken together, this places a lower limit on the laser source
of 10 W of average power at a 1-GHz repetition rate for each
individual logic module.

There are several characteristics of the laser source, in
addition to the average power and repetition rate, which
are also required. Since the energy for performing a logic
operation is linearly related to the spot size or switching
area, the beam quality of the source laser must be Gaussian
and diffraction-limited such that it can be focused to spots
with as small diameters as possible. To synchronize the
optical power supply output to both itself and power sup-
plies for other logic modules, the repetition rate variation
and phase noise must be kept to a minimum which is fea-
sible for certain types of lasers [53]-[57]. Any variation would

STREIBL et al.: DIGITAL OPTICS

incur clock skew. The waveleng:h tolerances associated
with today’s devices (particularly with the microresonator
devices) are quite stringent, both in the actual wavelength
and in the spectral stability [44]. Fcr the GaAs-based devices
this wavelength is around 850 nir with a width of T nm. In
addition to the spectral stability th.>amplitude stability must
be quite good to ensure that the d 2vices always switch [50]-
[52].

It is unreasonable to consider a large flashlamp pumped
laser as the power source for each individual logic module
in an optical digital computer. Where continuous-wave
lasers are required, laser-diode arrays will be used since
they can now produce high average powers at the wave-
lengths that the GaAs based devices are operating. Prob-
lems associated with the focusability, operating wave-
length, and stability should be resolvable. In pulsed-mode
computers the power source most likely will be a laser-
diode-pumped mode-locked solic -state laser since the laser
diodes themselves will be damag 2d if used in pulsed oper-
ation. The prospects for being a»le to provide the power
required for optical digital computing are promising in the
long run.

V. OPTICAL SYSTEMS FOR INTERCO NNECTION

Architectures and switching dev ices for digital optics have
been introduced in the preceeding sections. Now we con-
centrate on free-space optical inte ‘connections. First, global
interconnection systems are described. The splitting and
joining of data paths is a key operation in digital optics.
Light-efficient data joins are discussed in the second
paragraph. In the third part of tris section, packaging of
complex optical systems is addressed.

A. Imaging Systems for Interconnection

Much has already been said in “avor of optical free-space
interconnections by imaging systems (section I1). At the core
of the architectures (section Il), we have regular two-
dimensional arrays of logic gates. The input signals to these
gate arrays are provided by imazing previous gate arrays
onto them. The shuffle-type interconnections, which allow
global data permutations and which are necessary for archi-
tectures such as those described in section I1I-C, will be
discussed next.

In section |V itwas argued that >ractical optical-logic gate
arrays are necessarily small to reduce the cycle time and the
energy dissipation. This means tht the imaging lenses must
have high numerical apertures. /At the same time we want
to run many devices on an array in parallel. The devices
might not be densely packed, since some space is needed
to avoid optical or thermal crosstalk (and to bring in the
electrical power in case of the $EEDs). Part of this “dead
space” between the devices car be recovered by putting
lenslet arrays with large aperture on top of the device arrays,
with one focal length spacing. Then the external imaging
system needs to focus only on the lenslet and not on the
devices themselves. [n any case the imaging lenses, as well
as all other optical components (such as beam splitters etc.),
must have a reasonably large “space bandwidth product”
(resolution and field of view). Wi  h custom designed optics
it should be possible to run onthe order of 100 x 100 devices
on one chip in parallel. Larger arrays place stringent
demands on optical systems. In that case, multichannel
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imaging systems using two-dimensional arrays of lenses
might be a way to increase the field.

Global optical interconnections that allow long range
communication within adataarray are architecturally desir-
able. Perfect shuffles, banyans, and crossovers allow arbi-
trary data communication in logarithmic time. Several opti-
cal implementations for the shuffle, banyan, and crossover
have been proposed and experimentally realized [2], [24],
[58]-[64]. Since these interconnection patterns are topo-
logically equivalent, the problem of which one to imple-
ment depends on practical reasons. At the core of all imple-
mentations lies one important realization, namely that the
interconnection patterns are quasi-regular. All three inter-
connects can be decomposed into three steps. First, the
input data array is split into several parts. The three inter-
connects differ in the second step, where different oper-
ations are applied to the copies of the input plane: in the
case of the perfect shuffle there is a magnification of 2
applied to the data paths. In the case of the banyan, the data
paths remain as they are, except that they are shifted in
respect to each other. In the case of the crossover, one of
the two data paths is inverted, that is, the sequence of the
data channels is reversed. Operations such as magnifica-
tion, shifting, or inversion can be easily implemented with
classical optics. The third step in performing a global inter-
connection step is the recombination of the data paths with
an appropriate interleave. The joining of different optical
channels will be discussed in the next paragraph. Joins are
needed to combine information-carrying beams as well as
the energy-carrying power-supply beams.

B. Splitting and Combining Beam Arrays

At the current stage most systems experiments are tai-
lored towards modulator-type devices such as the SEED.
Therefore, on the gate array, several arrays of optical beams
mustbe combined. One array of optical beams must be pro-
duced from a single-power-supply laser, each beam having
the same intensity. These beams serve as read-out beams
for the logical state of the modulator. In addition, these
beams are used to clock the system since they are gener-
ated from a pulsed or modulated laser source. We will call
this the power supply array. Our initial solution for gen-
erating a multitude of power supply beams out of one high-
power laser is the use of a multiple-beam-splitting device
based on light-efficient binary-phase gratings [48], [49]. Sec-
ondly, atleast two input-beam arrays (for devices with a fan-
in of two) that carry the information from previous gate
arrays must be provided to the switch array. Third, the out-
put beams (i.e., the power supply beams that have been
modulated by the switch) must be taken out from the array.
This is especially difficult for the reflection-type devices.
Unfortunately, reflective devices are being preferred to
transmission-type devices since they allow cooling from the
back side. In reflection, the output occurs at the same side
as the input and it must be separated from the other beam
arrays. The output array is put through an interconnect such
as a shuffle, banyan, or crossover. Some unwanted outputs
may be removed by absorbing masks that are determined
by the design (section 111-C). For devices with a fan-out of
two, the resulting arrays must be split into two branches.
The resulting arrays contain the input information for the
next logic stages.

The problem we concentrate on is having the array of logic
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gatesinthefocal planeofasinglelensand feeding ourarray
of power-supply beams plus our arrays of input beams onto
the array of devices without losing power or sacrificing the
resolution of the lens (which would mean we require larger
devices and hence more power [50]-[52]). Each individual
signal or power supply must use, as near as possible, the
whole aperture of the lens so that the resolution is not
reduced. Another constraint we have set is that we never
want to have two beams of the same polarization overlap-
ping on the same position on a device. The reason is that
if two such beams overlap, the whole system must be set
up to interferometric precision or else interference will
result in spurious signals. Guaranteeing interferometric
precision throughout a complex system consisting of alarge
number of modules seems impractical to us.

Several methods can be used to achieve the aforemen-
tioned goals, and we want to illustrate the ideas by describ-
ing one approach in more detail: the beam combination
based on polarization and “‘patterned reflectors.” The sim-
plest way to combine arrays of beams without loss is to use
polarization. Using a polarizing beam splitter, two orthog-
onally polarized arrays of beams can be combined or sep-
arated. There are, however, only two orthogonal polariza-
tions, so this method is limited to splitting (or joining) two
signals only.

A simple method to combine two arrays onto the same
polarization without power or resolution loss is shown in
Fig. 14. The necessary optical elements are a polarizing
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Fig. 14. Method for space-multiplexing arrays of beams
with no power or resolution loss.

beamsplitter (PB), a quarter-wave retardation plate, several
lenses (L1, 12, and L3), and an array of patterned reflectors.
Thearray of beams (beam array 1) isarranged to be vertically
linearly polarized (“’s-polarized”). The beams are colli-
mated by lens L1 and are reflected by the polarizing beam
splitter (PB). They then pass through the quarter-wave plate
(QW) and are circularly polarized. This array of beams is
focused by lens L2 into an array of spots at the plane of the
reflector array. The reflector array’s position, spacing, and
sizeissuch thatthe spotsareincidentonitand are reflected
back through L2 and QW. Now the beams are horizontally
linearly polarized (“p-polarized”’) and are so transmitted
through the beam splitter. L3 focuses the array into an array
of spots.

Beam array 2 is incident from the right and circularly
polarized. This array is arranged so that it is focused to an
array of spots in the reflector plane, but the positioning is
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such that the spots are transmitted between the reflecting
patches of the reflector array and collimated by L2. The
polarization is such that the passing through QW it is con-
verted to p-polarization, and so is transmitted at PB. Thus
the output array consists of the two input arrays “inter-
laced” and in the same polarization. This method can be
used to ‘“space multiplex’”’ many arrays of beams together
without losing power or resolution, in principle.

This approach has been used to construct compact easy-
to-align optical interconnect modules both for optical com-
puting [65] and for optical interconnect [66]. A modular
implementation of an optical logic module using an array
of 21 symmetric self-electrooptic-effect devices (s-SEEDs)
has been built and tested [67].

C. Planar Packaging of Optical Components

One of the main questions when building optical circuits
is: How do we put all the components together with a sub-
micron precision so as to ensure stability despite influences
such as temperature changes, mechanical stresses, aging
effects, etc? The optics must be aligned relative to the device
arrays with a precision that is given by the size of an indi-
vidual logic gate in the array. The size of one individual logic
gate is probably going to be a few microns, maybe less. This
means that the alignment of the optical components must
be done with a ““submicron tolerance.” Conventional
mechanical mounting allows only for a precision typically
intherange of 10 um. Precision alignment stages can go one
order of magnitude farther down in scale, but only by
increasing the expense dramatically. Futhermore, for real-
world applications we need to be able to build robust and
cost-efficient systems. Therefore it makes no sense to have
micrometer adjustment stages attached to each of the opti-
cal components in our system.

Rather than building systems out of many individual com-
ponents mounted mechanically, we must find ways of fab-
ricating and packaging free-space optical componentsinan
integrated fashion. The goal is to reduce the number of
mechanical degrees of freedom. This may sound trivial, but
itis actually the lesson that was taught by microelectronics.
Electronic systems became cheap and reliable only after the
integration of devices and interconnections into compact
moduleswith standardized interfaces. For free-space optics,
this means finding new ways of fabricating and designing
optical systems.

To find an economic method of fabricating integrated
free-space optical systems, we must use fabrication tech-
niques similar to those used in VLSI. There are planar tech-
nologies such as pattern generation by an electron beam
writer, lithography, etching or material deposition, etc. An
electron beam writer can generate geometrical patterns
with a positioning accuracy on the range of 0.1 um and a
feature size of 1 um or less. This allows the placement of
patterns on a planar mask that can be several inches in size.
Such a mask can be used to fabricate optical components
that are based on light diffraction or refraction using sub-
sequent steps like reactive ion etching.

Lithographic techniques have already been employed
during recent years to fabricate individual optical com-
ponents such as lenses or beamsplitters [68]-[73]. The basic
steps required for the fabrication of a diffractive optical ele-
mentusing e-beam lithography and reactive ion etching are
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Fig. 15. Fabrication of phase grating 1sing lithography and
reactive ion etching. Pattern is genersted by electron-beam
writer or laser writer under compute - control.

shown in Fig. 15. For any optical system, we need com-
ponents such as lenses and beamsplitters. Using planar
techniques it is possible to fabricite these based on either
refraction, reflection, or diffraction. The approach based on
diffraction is probably the most L nconventional, although
it is not new. A diffractive lens, for example, can be made
by using Fresnel zone patterns (FZPs). A high efficiency is
obtained by implementing the FZPs as blazed phase struc-
tures with multiple discrete phace steps. The more phase
levels used, the higher the light efficiency. For a diffractive
lens with eight phase levels (Fig. 16), the theoretical value

L &

Fig. 16. Top view of diffractive len: with eight discrete
phase levels.

for the efficiency is 95 percent. Beam splitters that split a
single beam of light into two or more can be generated by
computer techniques and fabricated in the same way as it
was described in the preceding. ¢pecial beamsplitters that
generate two-dimensional arrays of spots were proposed
by Dammann et al. [48], [49], [74]. They are useful for pro-
ducing power-supply beam arrays.

Now that we have discussed one method (out of several)
for the fabrication of individual optical components using
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planar technology, we can consider how to build more
complex systems using that concept. To this end, we con-
sider a specific example. Fig. 17 shows a typical optical-
imaging setup consisting of aninput object, two lenses, and

input  lens  Phase  jens  output
grating

Fig. 17. Optical imaging setup.

a spatial filter between the lenses. The setup shown could
be used, for example, to implement the split-and-shift oper-
ation needed for symbolic substitution, or for a shuffle or
banyan interconnection. In this case a binary-phase grating
is used as a spatial filter which basically generates two
shifted copies of the input object in the output plane. We
want to implement the same setup in a planar way. Fig. 18

lens  beamsplitter lens

side view substrate
input pattern lens  beamsplitter lens output
top view

Fig. 18. Planar implementation of setup shown in Fig. 17.
Light travels in glass substrate along zigzag path. Both sides
of substrate are assumed to be reflective except for input
and output window.

shows how the components must be arranged to achieve
this goal. The main ideais that now the light follows a zigzag
path between the two sides of a quartz glass substrate for
example. The optical components, i.e., the two lenses and
the beamsplitter, are placed on one or two sides of the sub-
strate. To minimize alignment problems, it would be an
advantage to put all alignment critical components on one
sideonly. The simplest example for such a situation is shown
in the figure, where the lower side of the substrate is
assumed to be mirrored or the angles large enough for total
internal  reflection.  Similar multimode waveguide
approaches have been proposed in the context of holo-
graphic optical interconnections [75], [76].

The advantage of such an integration of optical com-
ponents is obvious: rather than dealing with many individ-
ual components that must be aligned in three spatial and
three angular coordinates each, we now have one piece of
glass with less mechanical degrees of freedom. In Fig. 18,
only the basic idea of integrating free-space optical com-
ponents in a planar way is described. A large number of
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variations are possible butcannot be discussed here. Amore
comprehensive description is given in [77]. One extension
of these ideas deals with the combination of several mod-
ules: we can use the same techniques as are used for the
fabrication of the optical components to mount two mod-
ules. A number of grooves can be etched into two sub-
strates in such a way that they fit together precisely. (Fig.
19). Index-matching might be used to avoid reflections and

Fig. 19. Two modules with planar optical components can
be mounted together by using grooves which are etched
into substrates.

scattering when the light passes from one module to the
next. Our approach also has some limitations when com-
pared to conventional optical components. A diffractive
lens may not reach the imaging quality and field size of a
camera or a microscope lens which actually consists of a
group of individual lenses. This may suggest hybrid
approaches with combinations of conventional and dif-
fractive components in the spirit of ““stacked planar optics”
proposed by Iga[5], [70]. To solve the packaging and adjust-
ment problems, planar integration of free-space optical
components seems to be a viable and necessary approach.

V1. CONCLUSION

In our survey, we focused on one specific approach of
digital optics, based on free-space optical-array intercon-
nections. We discussed the interdisciplinary issues, such
as the properties of optical architectures, logic gate arrays,
light sources, and free-space interconnections.

Microelectronics is the technology at the base of digital
computing, digital communications, and of a few other
information processing activities. Similarly, digital optics
may well evolve into a technology of comparable signifi-
cance. Optical communication via fibers, optical memo-
ries, and optical sensors would benefit directly from digital
optics technology. Digital optics should not be viewed only
as a competition to microelectronics. On the contrary, we
expect progress due to hybrid approaches [4], [67] and cross-
fertilization.

Optics can be used in an information processing system
on different levels of hierarchy. For example, in a self-rout-
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ing switch for telecommunications, the sorting node could
be implemented optically on the gate level (as discribed in
section i11-C). Alternatively, arrays of sorting nodes could
be built on VLSI chips with optoelectronic devices as input
and output pins. Then optics would be utilized for inter-
connecting electronic processing “islands.” One would still
profit from the global and low-energy interconnection
capabilities of optics, but the complexity of the data pro-
cessing would remain in the realm of microelectronics.

In telecommunications, the switch fabric within a switch-
ing system is probably the first candidate for an optical cir-
cuit that is competitive with electronics. In the switch fab-
ric, several hundred parallel high-bit rate signals must be
sorted and sent to their final destinations. This problem is
well suited for an optical implementation because it
demands high parallelism, high throughput, and because
it may be pipelined at the gate-level.

Applications to supercomputing are the next logical step.
A switching network is directly useful for routing infor-
mation between multiprocessors and shared memories.
Any kind of pipeline problems, such as signal-processing,
are well suited for an optical implementation. Other prob-
lems require a major redesign of the architecture whereby
advanced design strategies, such as ‘‘computational ori-
gami”’ [78], will prove useful.

REFERENCES

[11 R.W.Keyesand].A. Armstrong, “Thermal limitations in opti-
cal logic,” Appl. Opt., vol. 8, p. 2549, 1969.

21 A.W.Lohmann, “What classical optics can do for the digital
optical computer,” Appl. Opt., vol. 25, p. 1543, 1986.

[3] H.M.Gibbs, “Optical bistability: Controlling light with light,”
Orlando, FL: Academic, 1985.

4] J.W.Goodman, F. ). Leonberger, S. Y. Kung and R. A. Athale,
“Optical interconnections for VLS| systems,” in Proc. IEEE,
vol. 72, 1984, p. 850.

[5) K. Iga, Y. Kokubun, and M. Oikawa, ‘Fundamentals of
microoptics: Distributed index, microlens, and stacked planar
optics,” Orlando, FL: Academic, 1984.

[6] A. Huang, “Architectural considerations involved in the
design of an optical digital computer,” in Proc. IEEE, vol. 72,
1984, p. 780.

[71 Proc. IEEE Special Issue on Optical Computing, vol. 72, july
1984, pp. 755-979.

[8] T.E.Bell,“Optical computing: A field in flux,”” IEEE spectrum,
vol. 23, pp. 34-57, 1986.

[91 Appl. Opt. Special Issue on Optical Computing, vol. 27,1988,
pp. 1641-1796.

[10] D.A.B. Miller, “Optics for low energy communication inside
digital processors: Quantum detectors, sources, and mod-
ulators as efficient impedance converters,”; Opt. Lett., vol.
14, p. 146, 1989.

[111 A.Huang, *'Parallel algorithms for optical digital computers,”
in Proc. 10th Int. Optical Computing Conf. 1983, IEEE cat. no.
83 CH 1880-4, p. 13.

[12] K.-H.Brenner, A. Huang, and N. Streibi, “Digital optical com-
puting with symbolic substitution,” Appl. Opt., vol. 25, p.
3054, 1986.

[13] K.-H.Brenner, “Digital optical computing with symbolic sub-
stitution,” in Proc. Optical Computing 88, Toulon, France; also
in Proc. SPIE, vol. 963.

[14] K. H. Brenner, “A new implementation of symbolic substi-
tution logic,”” Appl. Opt., vol. 25, p. 3061, 1986.

[15] ). N.Maitand K.-H. Brenner, “’Optical symbolic substitution:
System design using phase-only holograms,” Appl. Opt., vol.
27, p. 1692, 1988.

[16] E.Botha, D. Casasent, and E. Barnard; 'Optical symbolic sub-
stitution using multichannel correlators,” Appl. Opt., vol. 27,
p. 817, 1988.

{171 T.).Cloonan, “Performance analysis of optical symbolic sub-
stitution,”” Appl. Opt., vol. 27, p. 1701, 1988.

STREIBL et al.: DIGITAL OPTICS

(18]

191

[20]

(23]

241

[25]

[26]

[27)

(28]

[29]

(30]

31

(32)

[33)

341

[35]

(36]

{371

(38}

{391

K.-H. Brenner, A. W. Lohmann, and T. M. Merklein, “Sym-
bolic substitution implemented by spatial filtering logic,”
Opt. Eng., vol. 28, p. 390, 1989.

C. D. Capps, R. A. Falk, and T. L. Houk, “Optical arithmetic/
logic unit based on residue arithmetic and symbolic substi-
tution,” Appl. Opt., vol. 27, p. 1€82, 1988.

R. P. Bocker, B. L. Drake, M. E. Lesher, and T. B. Henderson,
“Modified signed-digit addition ind subtraction using opti-
cal symbolic substitution,” Appl. Opt., vol. 25, p. 2456, 1986.
S. D. Goodman and W. T. Rhodes, ““Symbolic substitution
applications to image processing,” Appl. Opt.,vol.27,p. 1708,
1988.

K.-H.Brennerand G. Stucke, "“Arc hitectures for digital optical
image processing using morphological filters,” in Proc. Opti-
cal Computing 88, Toulon, France; also in Proc. SPIE, vol. 963,
p. 657, 1989.

K.-H. Brenner, ‘‘Programmable »ptical processor based on
symbolic substitution,” Appl. O)t., vol. 27, 1988, pp. 1687.
M. J. Murdocca, A. Huang, }. Jahns, and N. Streibl, “Optical
design of programmable logic arrays,” Appl. Opt., vol. 27,
1988, pp. 1651.

M. ). Murdocca, *‘Theory and applications of free space digital
optical computing,” Ph.D. dissertation, Rutgers University,
New Brunswick, NJ, Dept. of Ccmputer Science, Jan. 1989.
M. J. Murdocca and B. Sugla, “Design for an optical random
access memory,” Appl. Opt., vol. 28, pp. 182, 1989.

D. Knuth, The Art of Compute. Programming: Sorting and
Searching, Vol. 3. Reading, MA: Addison-Wesley, 1973, pp.
232-233.

A.Huangand S. Knauer, ~Starlite: Awideband digital switch,”
in GLOBECOM'’84: 3rd IEEE Global Telecomm. Conf. (Atlanta,
GA, Nov. 26-29, 1984), vol. 1, pg-. 121-125.

G.W.Taylor, R.S.Mand, J. G. Siinmons and A.Y. Cho, “Opti-
cally induced switching in p-chainel double heterostructure
optoelectronic switch,” Appl. Fhys. Lett., vol. 49, pp. 1406~
1408, 1986.

K. Kasahara, Y. Tashiro, N. Hamao, M. Sugimoto and T. Yan-
ase, “Double heterostructure dptolelectronic switch as a
dynamic memory with low-power consumption,”” Appl. Phys.
Lett., vol. 52, pp. 679-681, 1988.

K. Y. Lau, P. L. Derry and A. Yariv, “Ultimate limit in low-
threshold quantum-well GaAlAs semiconductor lasers,” Appl.
Phys. Lett., vol. 52, pp. 88-90, 188.

M. J. Adams, H. J. Westlake and M. J. O'Mahony, ““Optical
bistabiltiy in semiconductor hiser amplifiers,”” in Optical
Nonlinearities and Instabilities i1 Semiconductors, H. Haung
Ed. New York: Academic, 1988, pp. 373-389.

D. A. B. Miller, D. S. Chamla a1d S. Schmitt-Rink, “‘Electric
field dependence of optical properties of semiconductor
quantum wells: Physics and applications,” in Optical Non-
linearities and Instabilities in Semiconductors, H. Haung Ed.
New York: Academic, 1988, pp 295-357.

G. D. Boyd, D. A. B. Miller, D. % Chemla, S. L. McCall, A. C.
Gossard and J. H. English, “Multiple quantum well reflection
modulator,” Appl. Phys. Lett., vol. 50, pp. 1119-1121, 1987.
A. L. Lentine, H. S. Hinton, D. A. B. Miller, J. E. Henry, . E.
Cunningham and L. M. F. Chiiovsky, “Symmetric self-elec-
trooptic effect device: Optical set-reset latch,” Appl. Phys.
Lett., vol. 52, pp. 1419-1421, 1938.

L. M. F. Chirovsky, L. A. D'Asaio, C. W. Tu, A. L. Lentine, G.
D.Boyd,and D.A.B. Miller, “Batch fabricated symmetric self-
electrooptic effect devices,” paper ThD4, presented at Top-
ical Meeting on Photonic Switching, Salt Lake City, UT, Mar.
1989; Optical Society of Ameri-a, Washington.

D. A. B. Miller, M. D. Feuer, T. Y. Chang, S. C. Shunk, }. E.
Henry, D.J. BurrowsandD. S.Chemla, ““Field-effecttransistor
self-electrooptic effect device: ntegrated photodiode, quan-
tum well modulator and trans stor,” Photonics. Tech. Lett.,
W. Dobbelaere, D. Huang, M. S. Unlu, and H. Morkoc,
“AlGaAs/GaAs multiple quantum well reflection modulators
grown on Si substrates,”” Appl. Phys. Lett., vol. 53, pp. 94-96,
1988.

K. W. Goossen, G. D. Boyd, J. E. Cunningham, W. Y. Jan, D.
A. B. Miller, D. S. Chemla and R. M. Lum, “Direct experi-
mental comparison of GaAs--GlGaAs multi-quantum well
modulator grown on GaAs ad silicon substrates,” paper
TuB4, presented at Topical M 2eting on Quantum Wells for

1967



(40

[41]

[42]

(44]

[45]

[46]

{47]

[48]

[49]

(50

[51]

(52]

[53]

(54]

(55]

[56]

[57]

[58]

(591

[60]

(1]

1968

Optics and Optoelectronics, Salt Lake City, UT, Mar. 1989,
Optical Society of America, Washington.

J. L. Jewell, A. Scherer, S. L. McCall, A. C. Gossard, and J. H.
English, “GaAs-AlAs monolithic microresonator arrays,” Appl.
Phys. Lett., vol. 51, p. 94, 1987.

S. L. McCall, A. C. Gossard, J. H. English, J. L. Jewell, and ).
F. Duffy, “Operation of GaAs-AlAs optical logic gate fabri-
cated completely by molecular beam epitaxy,” technical
digest, presented at CLEO 86, Optical Society of America, San
Francisco, CA, paper FK3.

J. L. Jewell, S. L. McCall, A. Scherer, H. H. Houh, N. A. Whi-
taker, A. C. Gossard, and J. H. English, “Transverse modes,
waveguide dispersion and 30-ps recovery in submicron GaAs/
AlAs microresonators,” presented at Topical Meeting on Pho-
tonic Switching, Salt Lake City, UT, Mar. 1-3, 1989, paper ThD2,
submitted to Appl. Phys. Lett., vol. 55, p. 22, 1989.

J. L. Jewell, Y. L. Lee, S. L. McCall, ). P. Harbinson, and L. T.
Florez, “High-finesse (Al,Ga)As interference filters grown by
molecular beam epitaxy,” Appl. Phys. Lett., vol. 53, pp. 640,
1988.

J. L. Jewell, K. F. Huang, K. Tai, Y. H. Lee, R. . Fischer, S. L.
McCall, and A. Y. Cho, "“Vertical cavity single quantum well
laser,” presented at Topical Meeting on Photonic Switching,
Salt Lake City, UT, Mar. 1-3, 1989, postdeadline PD3; sub-
mitted to Appl. Phys. Lett., vol. 55, p. 424, 1989.

J. L. Jewell and S. L. McCall, ““Microoptic systems: Essential
for optical computing,” presented at Topical Meeting on
Optical Computing, Sait Lake City, UT, Feb. 27-Mar. 1, 1989,
paper TuB4.

S. L. McCall and H. M. Gibbs, “Conditions and limitations in
intringic optical bistability,” in Optical Bistability, C. M. Bow-
den, M. Ciftan, and H. R. Robl, Eds. New York: Plenum, 1981,
p. T.

S. L. McCall and J. L. Jewell, ““Monolithic microresonator
arrays of optical switches,” in Laser Optics of Condensed
Matter, J. L. Birman and Cummings, Eds. New York: Plenum,
1988.

H.DammannandK. Gértler: “High-efficiency in-line multiple
imaging by means of multiple phase holograms,” Opt.
Comm., vol. 2, p. 312, 1971.

J.Jahns, M. M. Downs, M. E. Prise, N. Streibl, and S.J. Walker,
“Dammann gratings for laser beam shaping,” Opt. Eng. vol.
28, p. 1267, 1989.

M. E. Prise, N. Streibl and M. M. Downs, ""Optical consid-
erations in the design of digital optical computers,” Optical
Quant. Electron., vol. 20, pp. 49-77, 1988.

N. Streibl and M. E. Prise: “Digital optics—Architecture and
systems requirements,” Phys. Stat. Solidi, vol. 150, p. 447, 1988.
N. C. Craft and M. E. Prise, “'Optical systems tolerances for
symmetric self-electrooptic effect devices in optical com-
puters,” presented at Optical Computing Meeting, Salt Lake
City, UT, 1989, paper TU129.

C. T. Harvey, C. W. Gabel, and G. A. Mourou, “Synchroniz-
ation ofamode locked Nd: YAG-argon ion laser system,” Opt.
Commun., vol. 36, p. 213, 1981.

See, for examples, ““Session on WH laser arrays,” in Proc. 8th
Conf. Lasers and Electro-optics (Anaheim, CA, Apr. 25-29,
(1988).

T.Sizer lland I. N. Duling I1l, “Neodymium Lasers as a source
of synchronization high-power optical pulses,” IEEE J. Quan-
tum Electron., vol. QE-24, no. 2, pp. 404-410, Feb. 1988.

T. Sizer |1, J. D. Kafka, 1. N. Duling, C. W. Gabel, and G. A.
Mourou, “Synchronous amplification of subpicosecond
pulses,” IEEE J. Quantum Electron., vol. QE-19, p. 506, 1983.

M. J. W. Rodwell, K. }. Weingarten, D. M. Bloom, T. Baer, and
B.H.Kolner, “Reduction of timing fluctations in mode-locked
Nd-YAG laser by electronic feedback,” Opt. Lett, vol. 11, p.
638, 1986.

A. W. Lohmann, G. Stucke, and W. Stork, “Optical Perfect
Shufile,” Appl. Opt., vol. 25, p. 1530, 1986.

K. H. Brenner and A. Huang, “’Optical implementation of the
perfect shuffle interconnection,” Appl. Opt., vol. 27, p. 135,
1988.

M. E. Marhic, “Hierarchy and combinatorial star couplers,”
Opt. Lett., vol. 9, p. 368, 1984.

C. W. Stirk, R. A. Athale, and M. W. Haney, *‘The folded per-
fectshuffle optical processor,” Appl. Opt., vol. 27, p. 202, 1988.

[62]

[63]
[64]

[65]

[66]

[67]

(68]

[69]

[70]

[71]

[72)

[73]
[74]
[75])

[76]

[77]

[78]

G. E. Lohman and A. W. Lohmann: ““Optical interconnection
network utilizing diffraction gratings,”” Opt. Eng., vol. 27, p.
893, 1988.

G. Stucke, A complete 2D shuffle/exchange stage for large
ID data arrays,” Optik, vol. 78, p. 84, 1988.

J. Jahns and M. ). Murdocca, ““Crossover networks and their
optical implementation,” Appl. Opt., vol. 27, p. 3155, 1988.
M. E. Prise, M. M. Downs, F. B. McCormick, S. J. Walker, N.
Streibl: “Design of an Optical Digital Computer,” proceed-
ings of Optical Bistability IV, Journal de Physique, Colloque
C2, Supplement au no 6, Tome 49, June 1988, C2-15.

M. E. Prise, R. E. LaMarche, N. Craft, M. M. Downs, S. J. Walker,
L.A.D’Asaro, L. M. F. Chirovsky, ‘A Cascadable Optical Logic
Module using Symmetric Self Electrooptic Effect Devices,”
postdeadline paper, OSA topical meeting on Photonic
Switching, March 1989.

A. Dickinson, M. E. Prise: “A Free space Optical Intercon-
nection Scheme,”” Topical Meeting on Optical Computing,
Salt Lake City, UT, 1989, paper TuB3.

T. Uchida, M. Furukawa, |. Kitano, K. Koizumi, H. Matsamura:
“Optical characteristic of a light-focusing fiber guide and its
applications,” IEEE J. Quant. Electronics QE-6 (1970) 606.

A. H. Firester, D. M. Hoffman, E. A. James, M. E. Heller: “‘Fab-
rication of planar optical phase elements,” Optics Comm. 8
(1973) 160.

K. Iga, M. Oikawa, J. Banno, Y. Kokubun, “Stacked planar
optics: an application of the planar microlens,” Appl. Opt. 21
(1982) 3456.

F. W.Ostermayer, P. A. Kohl, R. H. Burton, C. L. Zipfel: "'Pho-
tochemical formation of integral lenses on InP/InGaAsP
LEDs,"” IEEE conf. on Light Emitting Diodes and Photodetec-
tors, 1982, Ottawa, Canada.

J. R. Leger, M. L. Scott, W. B. Veldkamp: "“Coherent addition
of AlGaAs laser arrays using microlenses and diffractive cou-
pling,” Prof. SPIE 884 (1988) 82.

S.). Walker, J. Jahns: “Multilevel phase gratings for array gen-
eration,” OSA Ann. Meeting 1988, Santa Clara, CA.
J.Jahns, N. Streibl, and S. ). Walker, “Multilevel phase struc-
tures for array generation,” in Proc. SPIE, vol. 1052, 1989,

K. H. Brenner and F. Sauer, “Diffractive reflective optical
interconnects,” Appl. Opt, vol. 27, 1988, p. 4251.

F. Sauer, "“Fabrication of diffractive reflective optical inter-
connects for infrared operation based on total internal reflec-
tion,” Appl. Opt., vol. 28, p. 386, Jan. 1989.

J.Jahns and A. Huang, “’Planar integration of free-space opti-
cal components,” Appl. Opt., vol. 28, p. 1602, May 1989.

A. Huang, “Computational Origami—The folding of circuits
and systems,” Optical Computing 1989 Technical Digest
Series, Vol. 9. Washington, DC: Optical Society of America,
1989, pp. 198-201.

Norbert Streibl studied physics at the Uni-
versity  Erlangen-Nirnberg  (Federal
Republic of Germany). There he received
his diploma and the doctoral degree. The
subject of his thesis was three-dimensional
imaging.

He spent two years at AT&T Bell Labo-
ratories in Holmdel, Nj, where he con-
ductedresearchinthearea of digital optical
computing. In 1987 he returned to the Phys-
ics Department of the University of Er-

langen. His current research interests are digital optics, holo-
graphic optical elements, and three-dimensional imaging.

Karl-Heinz Brenner studied physics at the
University of Erlangen, West Germany,
where he received the Diplom. (master’s)
and Ph.D. degrees, working on phase space
representations in optics and signal pro-
cessing.

He spent 15 months as a Postdoctoral Fel-
low at the Optical Computing Department
of AT&T Bell Laboratories, Holmdel, NJ,
where he conducted research in the field
of architectures and systems for digital

PROCEEDINGS OF THE IEEE, VOL. 77, NO. 12, DECEMBER 1989



optical computers. Since 1985 he has been Head of the Digital Opti-
cal Systems Group at the University of Erlangen. His main interests
are optical information processing and computer science.

Dr. Brenner is a member of the German Optical Society.

Alan Huang (Member, IEEE) received the
B.Sc. and M.S. degrees in electrical engi-
neering from Cornell Universityin 1970and
1971, respectively. He later received the
Ph.D. degree in electrical engineering from
Stanford University in 1981.

He is Head of the Optical Computing
Research Department at AT&T Bell Labo-
ratories. His research interests include
computer architecture, wideband digital
networks, digital signal processing, and

optics.
Dr. Huang is a member of the IEEE and of the Optical Society of
America.

Jirgen Jahns (Member, LEEE) received his
diploma and the doctorate degree in phys-
ics in 1978 and 1982, respectively, from the
University of Erlangen-Nirnberg, West
Germany. The subject of his thesis was
incoherent optical information processing.

From 1983 to 1986 he worked with Sie-
mens AG in Miinchen on robotics and opti-
cal communications. Since November 1986,
he has been in the Optical Computing
Research Department at AT&T Bell Labo-
ratories in Holmdel, NJ. Since that time he has worked on optical
interconnection networks and, more recently, on the fabrication
and integration of planar optical components.

Jack Jewell has been working on optical
computing logic devices for more than nine
years, beginning at the University of Ari-
zona, where he received the Ph.D. degree
in optical science. He started work at AT&T
Bell Laboratories in 1984. Since late 1986, in
collaboration with Bellcore, he has inves-
tigated GaAs ““microresonators,” firstas all-
optical gates, and most recently as electri-
cally pumped microlasers.

Adolf W. Lohmann was born and raised in
northern Germany. He received the Ph.D.
degree in physics in 1953 from the Univer-
sity of Hamburg.

During his career he was with the Tech-
nical University of Brunswick, Germany; at
the Royal Institute of Technology in Stock-
holm, Sweden; at the IBM Research Labo-
ratory in San Jose, CA; at the University of
California in La Jolla; and since 1973; at the
University of Erlangen in Bavaria, Germany.
His research interests are mainly in physical optics as interwoven
with communications theory and computer applications. A typical
example are his binary computer-generated holograms, which may
be considered a case of spatial pulse modulation.

Dr. Lohmann is a fellow of the Optical Society of America and
a Past President of the International Commission for Optics.

STREIBL et al.: DIGITAL OPTICS

David A. B. Miller (Senior Member, IEEE) was
born in Han ilton, U. K. He received the
B.Sc. degree in physics from St. Andrews
University aad performed his graduate
studies at He -iot-Watt University, where he
was a Carregie Research Scholar. He
received the Ph.D. degree in 1979.

Afterward he continued to work at Her-
jot-Watt University, latterly as a Lecturer in
the Departmrent of Physics. He moved to
AT&T Bell Lahoratories in 1981as a member
of the technical staff, and since 1967 has been Head of the Pho-
tonics Switching Device Research Department. His research inter-
estsinclude nonlinear optics in semiconductors, optical switching,
and the physics of quantum-confined structures. He has published
over 110 technical papers, has written four published book chap-
ters, and holds 13 patents. He has ilso served on numerous con-
ference and society committees.

Dr. Miller is a fellow of both the Optical Society of America and
the American Physical Society. He was awarded the 1986 Adolph
Lomb Medal for his contributions to semiconductor nonlinear
opticsand is corecipient of the 1988 R. W. Wood Medal for hiswork
on quantum-well optical propertie .

Miles Murdo>ca (Member, IEEE) was born
November «, 1960, in Meriden, CT. He
received the B.S.E. degree in computer sci-
ence from the University of Connecticutin
May 1982, th2 M.S. degree in computer sci-
ence from Rutgers University in January
1985, and the Ph.D. degree in computer sci-
ence from Rutgers University in January
1989.

He has wc rked as a member of the tech-
nical staff at AT&T Bell Labs in Holmdel, NJ,
in the Optical Computing Researcy Department, since 1982. He
joined the computer science faculty at Rutgers University in New
Brunswick, NJ, in September 1989.

Dr. Murdocca is currently a member of the [EEE and the Optical
Society of America.

Michael Prise (Member, IEEE) was born in
Aberdeen, scotland, in 1959. He received
the B.Sc. de sree in natural philosophy from
the Univers ty of Aberdeen in 1980 and the
Ph.D.degrezin physics in 1983 from Heriot-
Watt Unive -sity, Edinburgh, Scotland.
From 1983 to 1984 he was a Research
Associate al Heirot-Watt University, where
he continued his thesis work on the non-
linear optical properties of Il1-V semicon-
ductors. In 1985 he was at GTE Laboratories
in Waltham, MA, studying the nonlinear optical properties of CdS.
Since 1985 he has been working at AT&T Bell Labs, in Holmdel, NJ,
on the application of optics to digital information processing.

Theodore Sirer It was born on September 3,
1957, in Bo:iton, MA. He received the B.A.
degree (magna cum laude) from Ambherst
College, Arierst, MA, in 1979. He received
both the M.S. and Ph.D. degrees from the
Institute of Dptics, University of Rochester,
in 1980 and 1985, respectively.

He joined AT&T Bell Laboratories, Holm-
del, NJ, in 1385. There he has been working
on ultrafast all-optical switches and power
supplies for optical digital computers.

Dr. Sizer is a member of the Optical Society of America.

1969



