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O ver the past several years, numerous guided wave 
and/or integrated optical components have been 
proposed (and, in many cases, experimentally 

demonstrated) for the implementation of a wide range of 
optical information processing, optical signal processing, 
and optical computing functions. Such functions include 
those that have been implemented primarily in the analog 
domain, such as correlation, convolution, Fourier trans
formation, spectrum analysis, nonlinear function genera
tion, lattice filtering, weighted wavelength multiplexing 
and demultiplexing, matrix-vector multiplication, and ma
trix triangularization; those that are inherently hybrid in 
nature, such as A -D conversion, D-A conversion, and digi
tal multiplication by analog convolution (DMAC) ; and 
those that are digital, such as Boolean logic operations and 
binary addition. In this section, several recent achieve
ments are described that hold considerable potential for 
the practical realization of such integrated optical compo
nents. In addition, further developments necessary for the 
successful application of integrated optical technology to 
information processing, signal processing, and computing 
are identified. 

Integration of multiple components 
First and foremost, one cannot help but be intrigued by 

the level of component integration that has been recently 
achieved. For example, arrays of input and output channel 

waveguides have been successfully integrated with a pla
nar waveguide containing both large aperture integrating 
lenses, microlens arrays, acousto-optic (AO) Bragg surface 
acoustic wave (SAW) modulators, and/or electrooptic 
(EO) Bragg interdigital transducer modulators. 1 , 2 An ex
ample of such a compact integrated A O Bragg modulator 
module, which has been used to demonstrate matrix-vec-

FlGURE 11. Integrated acousto-optic Bragg modulator in 
a LiNbO3 channel-planar composite waveguide with 
both integrating lens and microlens array (after Ref. 1). 
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tor multiplication operations, is shown schematically in 
Fig. 11. Other examples of such integrated optical circuit 
complexity include the integrated optical spectrum analyz
er 3 , 4 and the "engagement" architecture matrix-vector 

FlGURE 12. Schematic of an integrated optical circuit for 
matrix-vector multiplication using an engagement archi
tecture (after Ref. 5). The requisite data management 
electronics are indicated schematically. 

FIGURE 13. Schematic diagram of an integrated optical 
disk pickup device, showing the integration of a focusing 
grating coupler, a twin grating focusing beamsplitter, 
and four photodiodes (after Ref. 7). 

multiplier.5 A possible implementation of the matrix-vec
tor multiplier is shown in Fig. 12. 

The key to the development of the integrated A O Bragg 
modulator module is the incorporation of high perfor
mance lenses fabricated by a photolithographic process. 
These lenses and lens arrays were formed by the titanium 
indiffused proton exchange (TIPE) process in single crystal 
lithium niobate (LiNbO 3 ) substrates. The TIPE process is 
an inherently planar processing technique that generates 
very large refractive index changes ( ne=0.11) by follow
ing the standard titanium indiffusion step with an ion ex
change process in which protons are exchanged for lithi
um ions. Such large index differences in turn allowed the 
successful fabrication of very short focal length, large nu
merical aperture, nearly diffraction limited lenses with a 
large angular field of view and low optical insertion loss.6 

High performance, large aperture lenses with wide lati
tude in design constraints and compatibility with a high 
degree of integration complexity are extremely important 
to the development of integrated optical components for 
optical processing and computing, since such applications 
generally place the most stringent demands on the overall 
system complexity and space-bandwidth product. In addi
tion, the lens performance often has a direct impact on 
processor accuracy and interchannel crosstalk. 

A second major recent achievement has been the use of 
electron beam generated masks and direct electron beam 
writing on resists to produce a wide variety of sophisticat
ed periodic structures with submicron pattern defini
t ion. 7 , 8 Such periodic structures or gratings have been used 
to form numerous useful components, including input/ 
output couplers, lenses, beamsplitters, turning mirrors, 
chirped interdigital transducers, and wavelength filters. 
An excellent example of the current state-of-the-art is the 
integrated optical disk pickup device shown in Fig. 13, 
which combines a focused grating outcoupler/incoupler 
with a twin grating focusing beamsplitter, a laser diode, 
and four integrated photodiodes to achieve high perfor
mance optical disk readout with simultaneous detection of 
focusing and tracking errors. 7 , 9 This development is par
ticularly significant for optical processing and computing, 
since it demonstrates a capability for combining process
ing functions within the plane of the waveguide with addi
tional functions out of the plane of the waveguide. 

An integrated optical SAR processor 
The concept of using selective outcoupling from the 

plane of the waveguide to achieve additional processing 
capability has been incorporated in the proposed Integrat
ed Optical Synthetic Aperture Radar Processor 1 0, as 
shown schematically in Fig. 14. Light from a pulsed laser 
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FIGURE 14. Schematic diagram of the Integrated Optical 
Synthetic Aperture Radar Processor (after Ref. 10). 

diode is collimated, then diffracted by a propagating sur
face wave representing the linear F M radar return, and 
focused by a second lens within the waveguide. This por
tion of the processor is essentially identical to the various 
integrated optical spectrum analyzers. 3 , 4 The position of 
the focused spot along the plane P0 is proportional to the 
time delay of the radar return, and hence is a measure of 
the range coordinate of a single point target on the 
ground. Light focused in each range bin is collected by 
individual rib waveguides within a parallel array, and is 
then outcoupled from each rib waveguide along its entire 
length by means of a periodic modulation of the wave
guide surface. The outcoupled light passes through a mask 
containing a replica of the azimuth (doppler) phase his
tory, and onto a proximity coupled C C D detector array 
operated in the shift-and-add mode. The azimuth com
pression is thus accomplished by temporal integration, 
whereas the range compression is performed by spatial in
tegration. 

Thus far, rib waveguide arrays with 660 individual 1 
cm long 8µm wide ribs with 2µm gaps have been success
fully fabricated by ion beam milling in L i N b O 3 . The or
thogonally oriented outcoupling gratings were photolitho
graphically defined by electron beam written masks of 
submicron resolution, and replicated on the rib waveguide 
surface by ion beam mil l ing. 1 1 Unique features of this ap
proach include the implementation of two-dimensional 
synthetic aperture radar image formation using both time 
and space integration in an integrated optics format, the 
vertical integration of an optical waveguide with a two 
dimensional C C D detector array, the use of an in-plane 

parallel rib waveguide array to retain lateral image integri
ty, and large area (1 cm x 1 cm) selective outcoupling 
from an integrated optics chip. 

Potential computational complexity 
Several other recent developments are of considerable 

interest and importance, particularly insofar as they col
lectively affect the potential computational complexity of 
integrated optical processors and computers. The integrat
ed optical spectrum analyzer has been the subject of con
tinuing advances, particularly in the incorporation of 
chirped reflection grating lenses1 2 and Fresnel lenses13 to 
replace geodesic and Luneberg lenses that have proven dif
ficult to manufacture. Several types of matrix-vector mul
tiplication modules have been proposed, including fully 
parallel implementations with integrated optical spatial 
light modulators,5 engagement architectures (as shown 
previously in Fig. 12), and photorefractive recording of 
the matrix elements within the Waveguide.14 

In a related effort, matrix triangularization using arrays 
of integrated optical Givens rotation devices has been pro
posed as a means of solving N-dimensional systems of lin
ear equations.15 The integrated optical implementation of 
systolic sampled-data lattice processors by using arrays of 
coupled-wave devices such as switched directional cou
plers and T E - T M mode converters has been proposed for 
linear filtering operations.1 6 Finally, a recent analysis of 
the prospects for picosecond integrated optical logic has 
been presented, which describes the use of nonlinear quan
tum well envelope state transition III-V compound semi
conductor devices, arrayed on stacked integrated optical 
chips with interchip coupling and intrachip cooling, to 
perform high speed logic at 10µm. 1 7 This scheme is sug
gestive of related work on stacked planar optics using mi-
crolens (gradient index) arrays for interplanar coupling, 1 8 

and demonstrates yet again the tremendous increase in in
tegration complexity envisioned for current integrated op
tical circuits. 

Directions for future research/development 
These recent achievements and proposed structures 

point to several areas requiring further invention, analysis, 
and/or development before integrated optical components 
can fulfill their promise. Continued investigation of low 
loss planar waveguide fabrication methods is increasingly 
important, particularly considering the size (several cm2) 
of optical processing and computing circuits. This concern 
is especially pertinent for large area analog devices with a 
wide spectrum of path lengths. Methods for increasing the 
aperture of integrated lenses to of order 1 cm while retain
ing short focal lengths are necessary for the development 
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of competitive array sizes. Large area rib and/or channel 
waveguide arrays are required with very low crosstalk and 
scattering for image dissection applications. Advances in 
periodic structure manufacturing technology are highly 
desirable, particularly in view of the recent push toward 
widespread use of submicron linewidths. In fact, increased 
emphasis on process development, process reliability, and 
the assessment of large scale fabrication tolerances is ur
gently needed if intricate, large area circuits are to prove 
manufacturable. 

Significantly increased effort is required in the area of 
system level analysis for as-fabricated components, to ex
amine questions of processor accuracy, power dissipation, 
thermal and environmental stability, long term damage, 
electromigration, and packaging. For example, the diffi
culties inherent in the hybrid integration of source and de
tector arrays are not widely appreciated (though signifi
cant advances are being made in some areas8). Additional 
applications should be sought that are architecturally or 
algorithmically fault tolerant to the particular shortcom
ings and inflexibilities inherent in a guided wave optical 
environment. And finally, a critical assessment of the mer
its and weaknesses of the most promising substrate/wave
guide materials technologies must be made at some point, 
primarily in the hope of identifying the best candidate for 
an "integrated optical silicon" upon which the majority of 
our limited research and development resources can be fo
cused. This is particularly important in light of the ever 
present arguments over the merits of monolithic as op
posed to hybrid integration. 

Until quite recently, the complexity of concepts pro
posed for integrated optical processors and computers far 
outstripped the capabilities of the individual components 
and their associated process technologies. In the past few 
years, significant advances such as those outlined herein, 
among many others, have brought concept and perfor
mance much closer to coincidence. The next few years will 
prove pivotal in the resolution of the remaining question 
marks, and in the demarcation of processing and comput
ing territory uniquely suited to planar optical integration. 
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