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S cientists at Bell Laboratories have developed and 
demonstrated a new, non-contact, picosecond, elec

tro-optic technique for obtaining signal waveforms at in
ternal nodes of high speed integrated circuits or from dis
crete devices fabricated on any substrate material.1 This 
technique, referred to as external electro-optic sampling, 
achieves sub-picosecond temporal resolution with a spa
tial resolution of a few microns. It is designed to operate at 
the wafer level on conventional wafer probing equipment 
without any special circuit preparation. Initial experi
ments have characterized GaAs SDHT prescaler circuits,1 

and also addressed the inherent speed and loading limits 
of the technique. Temporal resolution of less than 300 fs 
has been shown. 2 

Electro-optic sampling has been used extensively for the 
characterization of discrete picosecond electronic devices 
such as photodetectors, transistors, and diodes.3 However, 
there is great interest in being able to probe internal points 
of integrated circuits to characterize device and circuit op
eration in situ. Recently, a specialized embodiment of elec
tro-optic sampling was developed to perform sampling di
rectly in the electro-optic substrate of GaAs integrated cir
cuits.4 Nevertheless, GaAs is the only commonly used 
semiconducting material that is also electro-optic. Ideally 
one would like a non-perturbative means of probing inte
grated circuits with high temporal and spatial resolution 
that is generally applicable to circuits fabricated on any 
type of substrate. 

External electro-optic probing is based on the use of an 
extremely small electro-optic crystal as a proximity elec
tric field sensor near the surface of an integrated circuit. 
This technique exploits the open electrode structure of 
two-dimensional circuits where there exists a fringing field 
above the surface of the circuit between metalization lines 
at different potentials. "Dipping" an electro-optic tip into 
a region of fringing field induces a birefringence change in 
the tip that can be measured from above by an optical 
beam directed through the tip. In this way, the electro-
optic tip is employed as the modulator in a conventional 
electro-optic sampling system. By using an external elec
tro-optic medium, the sampling system does not require 
the circuit to become an element of the optical system. 
This relaxes the material and fabrication requirements 

making external probing applicable to a wide variety of 
circuit embodiments. 

The temporal resolution of this probing technique en
ables one to accurately characterize signals that previously 
could only be measured by auto-correlation techniques, if 
at all. In this way it is possible to obtain true information 
about the shape of picosecond electrical signals and hence 
more accurately characterize device performance and in 
particular charge carrier dynamics. Sub-picosecond tem
poral resolution is essential if one is interested in directly 
observing hot electron effects such as e.g. velocity over
shoot. Bell Labs scientists Janis Valdmanis, Martin Muss, 
and Peter Smith also recently investigated the carrier re
combination dynamics in amorphous silicon, by measur
ing the impulse response of an ion-bombarded silicon-on-
sapphire photoconductor when excited by 100 fs optical 
pulses. The sample was fabricated in a 5 fun transmission 
line geometry on a sapphire substrate and generated elec
trical pulses of 760 fs duration as shown in the figure. This 
is the shortest electrical pulse ever directly resolved on a 
transmission line. From the figure, we see the pulse ap
proximates a single sided exponential function, with a rise 
time of 380 fs and a 1/e fall time of 640 fs. 

Electrical impulse response of an ion-bombarded amor
phous silicon photoconductive detector when illuminated 
by 100 fs optical pulses and measured by the external 
electro-optic probing technique. The pulse has a full 
width (at half maximum) of 750 fs, a rise time of 380 
fs, and a 1/e fall time of 640 fs. 
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T he complimentary properties of neural network mod
els, with their collective, iterative, nonlinear, robust, 

and fault-tolerant approach to information processing, 
and the inherent capabilities of optics (parallelism and 
massive interconnectivity) was first pointed out and the 
first optical associative memory demonstrated in 1985. 1 , 2 

Since then, work and interest in neuromorphic optical sig
nal processing has been growing steadily. Work in this 
area is evolving rapidly enough to make it difficult to be 
aware of all relevant developments and to assess their im
plications for the purposes of this report. Some notewor
thy work may have been left out. For that the author of
fers his sincere apologies and hopes that such work is in
cluded in next year's report. 

Work in optical associative memories is currently being 
conducted at several academic institutions (e.g., California 
Institute of Technology, University of Colorado, Universi
ty of California at San Diego, Stanford University, Univer
sity of Rochester, and the author's own institution, the 
University of Pennsylvania) and at several industrial and 
governmental laboratories (e.g., Hughes Research Labora
tories, Mal ibu, the Naval Research Laboratory, and the 
Jet Propulsion Laboratory). In these efforts, in addition to 
the vector matrix multiplication with thresholding and 
feedback scheme utilized in early implementations, an ar
senal of sophisticated optical tools such as holographic 
storage, phase conjugate optics, and wavefront modula
tion and mixing are being drawn upon to realize associa
tive memory functions. Such functions include auto-asso
ciative, hetero-associative and sequential or cyclic storage 
and recal l 3 - 8 with signal recovery from partial information 
receiving much attention as potential appl icat ion. 5 , 9 , 1 0 

It is gradually becoming clear, however, that associative 
memory is only one apparent function of biological neural 
nets that lends itself to optical implementation. Optics can 
play a useful role in the implementation of artificial neural 
nets capable of self-organization and learning i.e., self-pro

gramming nets. One can safely state that self-organization 
and learning is the most distinctive single feature that sets 
neuromorphic processing apart from other approaches to 
information processing. Learning in these nets is by adap
tive modification of the weights of interconnections be
tween neurons (plasticity). It can be supervised or unsu
pervised, deterministic or stochastic. 

Important progress in multilayered optical learning net
works based on holographically interconnected nonlinear 
Fabry-Perot etalons has been achieved by the Caltech 
group.11 Making use of a deterministic error back-propa
gation algorithm, these nets can learn the connectivity 
weights that represent associations they are presented 
with. The focus in this work is on the use of volume holo
grams formed in photo-refractive media, as opposed to 
planar holograms, for defining and storing the intercon
nectivity patterns between neurons. A clever fractal based 
method for the implementation of arbitrary interconnects 
between input and output planes defined within the net's 
architecture with minimal cross-talk has also been devised 
and verified. 

The effort at Penn focuses on architectures and method
ologies for opto-electronic implementation of stochastic 
learning in self-organizing multilayered nets. This work is 
based on simulated annealing within the framework of a 
Boltzmann machine. 1 2 Stochastic rather than deterministic 
learning is of primary interest because of its physical plau
sibility and because it can shed light on the way nature has 
turned noise present in biological neural nets to work to 
its advantage. The primary result of this work to date is a 
scheme that combines optical random array generators 
with the parallelism of optics to accelerate stochastic 
learning by an estimated factor of 10 5 as compared to seri
al machine executions of the same learning algorithm. The 
scheme basically imparts to the neurons a random thresh
old component that produces controlled shaking of the 
"energy landscape" of the net that can, so to speak, shake 
the net loose whenever it tends to get stuck in a state of 
local energy minimum, thereby accelerating the search for 
the state of global energy minimum that is required for the 
learning algorithm. 

The above work on optical learning nets is helping 
bring into focus the acute need for suitable materials and 
devices for the implementation of programmable intercon
nects and plasticity. Examples are modifiable nonvolatile 
volume holographic materials, spatial light modulators, 
and dense arrays of nonlinear light amplifiers or optically 
bistable elements. 

Biological neural nets were evolved in nature for one 
ultimate purpose: that of maintaining and enhancing sur
vivability of the organism they reside in. Embedding artifi
cial neural nets in man-made systems, and in particular 
autonomous systems, can serve to enhance their sur-
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