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PREFACE

This report is written for several purposes. First, it shculd cerve as a guide
and reference for continuous work in integrated optics in Technology Group.
Second, it should serve as an introduction of the field and its potential applica-
tions to the managers and engineers in Business Divisions. Finally, it should

serve as a state-of-the-art report and a recommendation to the management.

It has not been easy for me to accommodate all three purposes. A good
compromise nonetheless is achieved. Chapter 1 involves mainly introductory
and review material. Chapter 2 summarizes the coupling methods. Chapter 3
and 4 review the state-of-the-art of acoustooptics and electrooptics and disclose
several unique applications for Tektronix. Chapter 5 summarizes the cptical
sources and detectors and their important characteristics. Reccmrmendation

for Tek involvement in this area is also summarized in Section 5.3.

It is not possible to cover all the aspects of technologies and applications
related to integrated optics with one report. Through the course of study, I have
investigated areas such as optical nonlinearity in semiconductcrs for direct
light amplifications, and two-dimensional Fourier transform for image process-
ing. These subjects are excluded because of their relatively.immature or
impractical status, or their lack of uniqueness or room for innovation at Tek.
There may also be some areas I have overlooked. In such case, please accept

my apologies.

All chapters in this report are relatively independent of one anocther.
Readers are encouraged to pick topics of their interest, if the available time is
limited. Readers who intend to be technically involved in integrated optics and

fiber optics or their applications should read all chapters. Comprehensive refer-
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ence listings are also prepared for these readers.

A summary is written for higher level technology managers, in which

specific sections disclosing unique applicalions zre listed. When time aliows

consultations to other sections and chapters would be helpful.

I am indebted to my manager, Robert Li, for his guidance, his continuous
interest, and mostly, his understanding of what is involved in such a task, which
allowed me the luxury of time and freedom to do a good job. Ithank Emmanuel
Sang, Arnie Frisch, Rudi Hendel and Tom Reeder for reading the manuscript and
for their helpful comments. I also would like to express my sincere appreciaticn
to Anne Schultz, whose excellent UNIX "gurutise” and her patience have made
my writing a pleasant experience. Anne’s contribution to this report is invalu-

able. T also thank Caryl MacMillan for her help in the final completion.
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SUMMARY

As optical fiber communications technology becomes mature, integrated
optics is emerging to be a viable technology for solving bandwidth problems in
many data acquisition, signal processing, data transmission applications in test
and measurement instruments and systems. This report reviews the state-of-
the-art of integrated-optics and related technologies, and discloses their unique

potentibal applications at Tektronix.

Section 3.4, Subsection 3.4.5 in particular, describes an application in
hard-copying, where acoustooptic Bragg diffraction is used to deflect a charac-

ter shaped laser beam to desired position on a printing medium.

Section 3.5 describes a novel method to parallelly route switch a large
number of optical video programs to a large number of receiving channels, using

acoustooptic Bragg diffraction.

Section 4.5 describes a novel electro-optic approach to achieve similar
capability in routing switch optical video signals. This approach uses simpler
mechanism, and its device easier to fabricate. However, the performance is

next to the acoustooptic approach.

Section 4.6 describes several novel approaches to solving a problem of long-
standing at Tek--the circuit probing and testing problem. The magnitude of the
benefit of these inventions could be very large to Tektronix. However, the mag-

nitude of the effort needed to implement these inventions is also large.

Section 5.3 describes integrated semiconductor laser array, integrated
semiconductor transistor laser, and integrated repeater array as worthwhile

applications of GaAs technology to electrooptics.



If a good program is eslablished to pursue some of the above-mentioned
applications, the spin-off benefits will be large, especially in the areas of data

transmission and ultra-high-speed signal sampling.

I recommend a program involving both technology and device teams, and
further employ systems team when initial feasibility of devices is proven. Table
I categorizes the program from a technology and device point of view, and relate
the devices to the application areas. Table 11 and Il categorize the program
from systems point of view, and relate systems applications to devices and tech-
nologies needed. It is important that the program manager is able to
comprehend both viewpoints. The program team should have a balance of pro-
cessing and fabrication engineers, test and measurement engineers, physicists,
optical engineers and system designers and related technicians. .Very high
speed photo-detection is not necessary at this point yet. However, if it becomes
a requirement {(10’s of psec) in the future, amorphous silicon photodetectors

could be a viable solution.

I also recommend patent applications being filed for the contents of sec-

tions 3.4.2, 3.4.3, 3.5, 4.5 and 4.86.
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CHAPTER 1

INTRODUCTION

1.1 Communications, Optical Signal Processing and Integrated Cptics

1.1.1 Light Wave as a Signal Carrier

The very high frequency of light waves (1014 ~ 1015 Hz, 10% to 10° times
higher than the frequency of microwaves) makes light waves a signal with
immense information carrying capacity. A 10? fold increase in information
capacity and processing speed is theoretically possible. Besides the large
increase in bandwidth, there are also other important advantages to be con-
sidered, such as immunity to electro-magnetic interferences, cable cress talk

and ground loop preblems.

1.1.2 Light Wave Communications

Historically, the main barriers to the realization of optical communications
were the lack of an economical coherent source and the lack of a low loss, low
cost light transmission medium. Gas lasers, already well advanced during the
1960s, required high power, high current operation and massive cooling sys-
tems. Light waves traveling in atmosphere suffer tremendous loss, spatial
spread and dispersion due to absorption, scattering and diffraction of light in

the atmosphere.

The rapid improvements experienced in the development of GaAs based

semiconductor heterojunction lasers and low loss (<0.2dB/km - 1.dB/km) opti-
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cal fibers during the last few years have definitely brought lightwave communi-
cations to practice. Fiber optical transmission and data communications sys-
tems are already proven superior at many installiations (Table 1—1,1-2)!. Bell
System has announced the "Northeast Corridor Program'" to service Bosten-
Washington, D.C., area {~600 miles) with 80,000 voice circuits beginning early
1980, and to be completed by 1984. A southwest program is also planned to ser-
vice the greater San Francisco Bay area in the near future (Table 1-3, 1-4). A
single mode, 250 megabit undersea cable system is planned to be installed by
1988%. Besides the above-mentioned advantageé, optical fiber systems also
enjoy light weight, low volume; low material cost (silica). Fiber cables also have
very high environmental endurance. All these fringe benefits build into this

new technology an intrinsic economical feature.

The main impact of cptical techinology to the communications industry to
date has been in the realm of transmission plants, however, it is expected that
light waves will be gradually entering switching, routing and processing plants to
replace electronics functions. Such a process Wopld decrease or even avoid the
electrical to optical and optical to electrical conversions and thus increase the
efficiency, reduce the power and cost. The switching, routing and processing

plants are the arecas where integrated optics will play a significant role.

1.1.3 Problems of Free Space Opticai Systems

For over a hundreds years, free space optical systems have consisted of
bulky and heavy components which required careful alignment and protection
against vibration, moisture and ternperature drift in the ambient air. Typical
separations between components range from a few centimeters to a foot; aggre-

gation of apparatus in a single-channel free space experimental laser repeater
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is measured in square-feet and beyond. Tc make optical techniques more com-
patible with the modern technology of fiber optical communicaticns, integraled
optics was proposed and came into being®® during the early 1970's. The

essence was a miniature form of laser beam circuitry.

1.1.4 Integrated Optics

Integrated optics, as its original proposal, entails thin film technology and
lithographic techniques to build on a single substrate, many minute, reliable and
economical optical circuits to perform a wide variety of signal generation,
modulation, processing and detection functions for optical communications sys-
tems. Although this original goal remains an attractive but somewhat ambiticus
target, many individual components, such as wavegulde lasers, lenses, grating
couplers, frequency filters, directional couplers, accusto-optical and electro-
optical modulators, and single-stage switches, have already been proven feasi-
ble. The fringe benefits brought by the integrated optics research to application

areas outside of communications and defense industry are apparent. It espe-

cially brought new capabilities to data transmission, signal preocessing and test

and measurement systems. In chapters 3 and 4 we will discuss in detail some of
these applications. References 8 to 12 list some of the monographs containing
detailed past developments in integrated optics. Interested readers are

encouraged to browse through these monographs.

1.1.5 Applications in Optical Signal Processing

Signal processing using optical methods has the potential advantages of
tremendous parallelism and real-time capabilities. The high velocity of light and

the parallelism result in exceptionelly wide bandwidth and high throughput. The
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coherent opties also have an intrinsic Fourier iransform relationship beiween
the front and rear fecal planes of a lens. Thesc adventages, however, are offset,
by the expense, power, bulkiness, and sensitivity to vibration, ambient temigera-

ture gradient and temperature changes as mentioned before.

Integrated optics, by using light waves propagating in a planar or strip thin
film waveguide on a substrate, alleviates all these problernsk and results in
greatly reduced size and power requirement, and increased ruggedness. How-
ever, integrated optics is not an inexpensive technology; stringent material and
surface requirements, micrometer linewidth and sophisticated thin film technol-

ogy are required.

Semiconductor sources and detectors, Optical data links, optical delay
lines, guided wave acousto-optical (AO) laser scanners, acousto-optical tunable
color filters (AOTF), AO spectrum analyzers, high speed A/D converters, high
speed switches, high rate data comparators, ... etc., have been topics of publi-
cations in the area of integrated-optics research. The current definition of
integrated optics covers all explorations of guided-wave techniques used to con-
struct optical devices and systems with better reliability, better mechanical and

thermal stability, lower power consumption and lower drive voltages.

1.1.6 Relevance to Tektronix

Tektronix, with our recent involvement in communications industry, com-
puter terminals and graphics systems, our historical market stake in bigh speed
test and measurement instruments, and our new thrust in video processing, it is
important that we begin to explore along the learning curve in this high growth
(70% compounded annual growth) new technology area. The benefit of this new

technology could bring us leapfrogging advancements in many lines of our
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products. The tools involved, such as thin-film, high resolution lithographic and
GaAs techniques, high speed photodetectors, LiNbO5 material and processing
expertise, and surface acoustic wave technology, either exist in-house or are

important to other vital technology areas needed at Tektronix.

The present GaAs research efforts at Tek provide us a base on developing
integrated optical iransmitter and receiver for high rate (> 200 MHz) serial data
communication. Utilizing the Surface Acoustic Wave technology we have in
house in combination with integrated optics, we could provide significant high
technology barriers to our hard copy systems and T.V. measurement instru-
ments. Optical delay lines, high speed sampling using integrated-optical gates
and optical A/D converters will bring new capabilities to our high speed test and
measurement instruments. Optical video routing switcher {(Chapter 3, 5) as well
as the integrated optical transmitter, receiver and repeater {Chapter 5.4) could
give us a strong thrust into the video processing business area. Integrated-
optical modulators could help us realize high speed programmable circuit test-

ing system for boards and ICs (Chapter 4.8).

1.2 Dielectric Optical Waveguides

The theory of dielectric waveguides has been described in detail by D. Mar-
cusel314 N.S. Karpary & J.J. Burkel®, H. Kogelnic!®, P.K. Tien!?. In this and the
remaining sections of this chapter, fundamental physical concepts, terminoloe-
gies, and application oriented characteristics of waveguidés are introduced. Ray
optics or wave theory will be adopted wherever suitable for simplicity and eclar-
ity. For detailed mathematical treatments, readers are encouraged to explore

the above mentioned references.
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1.2.1 Types of Dielectric Waveguides

Optical fibers are used for signal and data transmission between‘appara-
tuses, systemns, machines, plants, sites and over long distances. In integrated
optical devices, thin-film dielectric waveguides are used to confine the light in
very small croés-sections over the length of the device (relatively long compared
to the cross-section) to minimize loss and dispersion. The optical fibers guide
light waves within the core, surrounded by a cladding layer with a lower refrac-
tive index. The planar waveguides (Fig. 1-1) confine light to a two dimensional
thin-film slab. The strip guides (Fig. 1-2) are lithographically processed and
confine light to a prepatterned, one-dimensional path. Whether planar, strip, or
fiber, the light guiding uses the principle of total internal reflection. In this and
the following sections we will focus mainly on the integrated optinal thin film

guides.

1.2.2 Total Internal Reflection

Total internal reflection can be realized when the incident ray angle
exceeds critical angie 3, if the refractive index of the waveguide n; is larger
than both the refractive index of the substrate ng, and cover material n, The

critical angle ¥, is given by

sin 4y = ng/ny

sin ¥ = ny/n; (1.1)
B = max (I, Ves )
n, > N, Ng

The refractive index difference between the waveguide film and the substrate is

typically in the range of 1072 to 102

An =n; —ng, = 0.01 6 0.001



1.2.3 Thickness, linewidth and loss

The typical dimensions of a single mode (Section 1.3) strip guide are

heights of 0.5 ym, and width of 2 to 3 um, length of submillimneters to centime-

ters.

The state-of-the-art loss on thin-film waveguides is approximately agual to

or less than 1dB/cm.

1.2.4 Material, Fabrication, and Integration

A number of materials can be used as waveguide substrates, depending on
the application, modulation technique, and the transparency of the material at

interested wavelength region.

The waveguide films are usually formed by sputtering, thermal dgeposition,
thermal diffusion, chemical vapor deposition or molecular beam epitaxy of a
higher refractive index material over the substrate surface. For example: the
rf sputtering of higher index glass on a lower index glass substrate has been
used to fabricate directional couplers and waveguide filters; Ti or Nb in-diffusion
in ferroelectric crystals, such as LiNbOg and LiTaO; is used to fabricate
waveguides for electfo-optical modulators. GaAs is of particular interest for
monolithic integration because of its capability to form waveguide lasers and
photodetectors. In the case of GaAs, Al dopant is used to lower the refractive
index of the substrate and the cover material. Crystalliﬁe layer of Ga ., Al, As
isbgrown on top of a GaAs substrate by liquid phase epitaxy. A pure GaAs layer is
then grown on top of the Ga,_; Al; As layer, which in turn is covered by another

layer of Ga,_, Al, As layer.

Channel waveguides are patterned using high definition lithographic tech-

niques common to that used for semiconductor processing.



-B-

Monofunctional integration in integrated optical devices, such as an array
of laser sources or detectors is easier to fabricate from material’s peint of view,
since the performance can be optimized with one base material. Howevar, in

most applications multifunctional integration will ultimately be needed.

The optimal material for components performing different functions in an
integrated optical system are usually drastically different. For example, The
HI-V semiconductor crystal is used to construct semiconductor lasers and photo
diodes. However, the electro-optical coefficient of GaAs is 30 times smaller than
that of LiN&Og, and its acousto-optical figure of merit’ is i0 times smaller than
that of a-HgS film. [LiNb0; has the highest piezoelectric and electrooptic
coefficient and lowest acoustic loss, however, its acoustooptical figure of meritis

only 7, compared to 104 of GaAs and 960 of a-HgS. This means that GaAs would

—_—

ima

ot

be the choice material for detectors and/or sources; LiNbQj; is the op
material for EQ mcedculators, switches, and acoustic transducer, and «-HgS is the

better AO material.

Hybrid integration is frequently adapted approach £o optimize the multi-
functional integration, in which the source and detector are usually prism cou-
pled, or grating coupled, or butt-jointed to the modulator. Some optical loss is
suffered in the coupling process (see Chapter 2). It is possible that a technique
to crystalize onto a common substrate, layers of thin-film materials tailored to
optimize individual components on a common substrate would be developed in
the future. This would then be an ultimate solution fcr true optimized monol-
ithic, multifuncticnal integration of guided-wave optical systems. Molzecular
bearmn epitaxy, chemical vapor deposition, or laser processing are possible tools
to achieve such crystalization processes. Further discussion on the fabrication

of Ti-diffused LiNb Oz waveguides is given in Appendix A.

* Figure of merit is & direct indication of acousto-cptic coupling efficiency {vee Chaprer 3)

S
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1.3 Modes of Dielectric Waveguides

The "Mode" in optics is a very confusing Lerm. We hear TE (Transverse Eisc-
tric) and TM (Transverse Magnetic) modes frequently. We have single and
multi-mode fibers and lasers. In thin-film waveguides we have radiation, guided,
substrate and evanescent modes. What do all these "modes" mean? What are

the implications?

1.3.1 Modes

Any electromagnetic wave can generally be written as a wavefunction
(r.t), where:
Y (rt) = g ellet-kn

k® = wfpus (1.2)

At a constant time t, be t =0

Y (r) = 9, kT (1.3)
where k = k,x + kyy + k,z

2 2
and k2 + kyz +k2=kKk?= Zﬂ] = ijn]

Moo be

The energy of the wave F, is related to the frequency of the wave v by Planck’s
constant £, = hv. The wave vector k denotes a "mode". The direction of kis the
propagation direction of the wave and the wave number lk| is associated with the
frequency and energy of the wave. For each k, either different in direction, or in
magnitude, there is a mode . Physical constraints or boundary conditions of a

system usually give sets of quantized discrete values to the sclutions of

(%, ,ky.kz) and [k| (Figure 1-3).
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1.3.2 TE and TM Mcdes

Let us define the coordinates x, y, z such that x is perpendicular to the
interface planes, y is parallel to the interface planes, and z is the principal
guided propagation direction. There are two ways of defining Transverse Electric
(TE) and Transverse Magnetic (TM) modes. In ray theory, TE mecdes indicate
those waves having electric field perpendicular to the incident plane, formed by
the incident ray and the normal to the interface plane; le,
E =E;,E =E, =Hy; =0. TM modes are those waves having a magnetic field

perpendicular to the incident plane; i.e. H = Hy, Hy = H, = E, = 0.

In wave theory, TE modes indicate those waves which have zero longitudinal
electric field, £, = 0. TM modes indicate those waves which have zero longitudi-
nal magnetic field H, = 0. However from Maxwell's equations, we can conclude
that for TE modes E, = £, = H, =0, for TM modes H, = H; = E, = 0, identical
with the ray theory definitions. In a cavity or waveguide, TE and THM modes can
coexist. However, they can be separated by means of polarizers at either the

input or the output port.

1.3.3 Modes of the planar slab guide

The three sets of modes of an asymmetric slab waveguide with ng > ng > 7

are classified by the incident angle ¥ (Figure 1-4).

1. guided modes:
The light waves satisfy the total internal relection condition:
g > ﬁcs. Ve

and propagate within the waveguide, where Y. and ¥, are the critical
angles of the film cubslrate and filtm-cover mlerfaces
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2. radiation modes:

The light waves is incident on the substrate with a small angle 4.
Y < Ygss Ve

and radiate back into the free space.

3. substrate radiation modes:

The light waves incident angle is between the critical angles ¥, and ¥g:
Ve < B < Vg, 6T Yo <V < B

In this case the light waves incident from the substrate are reflected back
from the guide-cover (substrate) interface and radiate into the substrate.

1.3.4 Guided Modes

The constructive interference (or self-consistent) condition imposed on a
guided wave results in a discrete set of alicwable incident angles 4, for a given

k| (or frequency v):
Rk ny h cos® — 2ps — 2¢c = 2m7 (1.4)

where k is the wave number, h is the height of the waveguide, —2¢p, and —2¢, are

the phase shifts introduced at the waveguide boundaries.

This set of constructively interfering modes 3, are called "propagation
modes" or "guided modes”. The number of propagation modes a waveguide cari
support for a given v depends on the thickness of the waveguide. A thicker
waveguide can support more modes. When a waveguide’s thickness is such that
it can support only one mode, it is called a "single mode" waveguide. Otherwise,

it is a multimode waveguide.

Simplistically speaking, the different waveguide modes are the different
zig-zag waves (Figure 1-5) traveling at different ray angles. For example, a 0.78
pm thick 7ap0g film 0.78 um thick deposited on a glass substrate supports four
waveguide modes. Figure 1-8 shows these four waveguide modes for TE polari-

zation. In the first order mode (m=0), the rays nearly graze the surface of the
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film. As the order of the mode, m increases, the ray angle becomes correspond-
ingly smaller. For the last supported mode, the ray angle approaches the criti-
cal angle 9,. The field distribution associated with each mocde are shown at the
right side of the figure. We see that the order of the mode is equal to the
number of nodes in the field distribution. In channel waveguides, the propagat-
ing mode in a waveguide could be coupled into adjacent guides, if the spacing
and interaction length of the guides are appropriate. Optical directional

couplers are often fabricated in this manner.

1.3.5 HModes in Fibers and Lasers

Fibers

The physical concepts of modes in Section 1.3 are also generally applicable
to waveguide lasers and optical fibers. The mathematical treatment for optical
fibers is simpler due to the cylindrical symmetry. A typical stepped index mul-
timode fiber with 40 um to 100 um diameter can support hundreds or even
thousands of modes. The fractional bandwidth dependence on propagation loss
is negligible. The noise caused by modal dispersion and the pulse dispersion,
however, makes stepped index multi-mode fiber unsuitable for long distance or

very high data rate (> 100MHz) applications.

Single mode optical fibers are realized by decre‘asing the core diameter. A
typical stepped index single mode optical fiber has a core diameter between 1.5
um to 8 um. Freedom from modal noise and the much smaller pulse dispersion
(broadening) in single mode fibers make them suitable for very high data rate
(>100MHz) and very long distance applications. The pulse broadening in single
mode fibers however is proportional to the fractional spectral bandwidth of the

light scurce. A narrower spectral width of the light source is thus deszirable
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when optimization in data rate is an objective.

Graded index optical f{ibers employ a radially paratolic varying cors index
to compensate the group velocity difference between modes and thus minimize
pulse broadening. By gradually lowering the refractive index in the core toward
cladding, we speed up the higher order modes which travels more distance in
the lower refractive index region and thus compensate the delay caused by the
additional light path traveled compared to the lower order modes {see Section
1.5.2). Theoretically, a factor of 1000 improvement over stepped-index mul-
timode fibers is possible.v However, due to the difficulties in controlling the
index profile, improvement of a factor of 100 is realistic. The propagaticn and
pulse dispersion {see Section 1.5.2) of a light pulse in the three types of fibers

are illustrated in Figure 1-7.

Lasers

The hole-electron recombination region of a semi-conductor laser is in fact
a rectangular thin-slab waveguide. We can consider this wavegulde as a reso-
nance cavity in which the lightwave is confined (Fig. 1-8). The cavity length L,

along z-axis has two mirrored {or cleaved) end faces.

The cavity modes of a laser are separated into 2 sets, the TE (#,=0) and the
TM (H,=0) modes. The modes of each set are characterized by three mecde
numbers {q, s, m), the quantum numbers of the (x, y, z) axes as described in
subsection 1.3.2. The three mode numbers represent the number of "half-
sinusoidal” variations (Figure 1-3) of the field along the three major axes of the
cavity. The loﬁgitudinal modes are denoted by m, at fixed g and s. m deter-
mines the principal structure in the frequency spectrum. The transverse
(direction perpendicular to the junction planes) modes are dencted by q, at

fixed s and m, and depend on the dielectric variation along the axis perpendicu-
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lar to the junction plane in the recombination region. The transverse modes are
important to £he spatial and threshold current characteristics of the laser. The
lateral modes in the plane of the junction are denoted by s. Lateral modes are
determined by diode width and the side wall preparation. The wavelength
separation of lateral modes is usually only a fraction of an angstrom compared
to a few A wavelength separation of the longitudinal modes. It is important in
selecting a single mode laser to specify single longitudinal mode for spectrum

purity and single transverse mode for spatial characteristics.

1.4 Waveguide Losses

1.4.1 Scattering and Yolume Losses

The optical power loss in a dielectric waveguide is caused by volume absorp-
tion and interface surface scattering (Rayleigh loss). The volume absorption
depends on the material property and can be considered as a constant for all
waveguide modes. The scattering loss occurs due to the fact that the interface
surfaces are not perfectly smooth, and edge roughness is introduced during
processing. For the typical thickness of a thin film waveguide, it would take
1000 zig-zags for a guided mode to travel 1 cm along the waveguide. If the inter-
face surfaces are not perfectly smooth, each bounce at the interface will suffer
some scattering loss. Thus we can understand that the sca-ttériﬁg loss
increasés rapidly with the increasing order of the guided mede!®, because the

higher the order of the mode, the more bounces it takes for the wave to travel

through the waveguide.

Figure 1-9 shows the measured sum of the volume and surface scattering

losses for the four waveguide modes in a Taz0; film. The volume loss is cbtained
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by extending the measured curve in Figure 1-10 to g/k = ny. That is, ¥=30°, a
straight through wave, we can see that thin-film waveguides are practically sin-

gle mode devices. To minimize the loss of optical power, it is preferred to use

only the first order mode, m=0, even if the waveguide can support more than

one mode.

1.4.2 Bending Loss

Irregularities in the waveguide boundaries can couple energy from one pro-
pagating mode to another propagating mode or to radiation modes. The irregu-
larity can be unintentional due to processing imperfections, or intentional, such
as bends in an integrated strip guide circuit, or a periodic grating. The radia-
tion loss due to bends will impose a lower limit on the size and extent of integra-
tion. The intentional periodic irregularities, for example, a grating, may be used

in our advantage, such as coupling lightwaves in-and-out of the waveguldes.

Marcuse?%?1, Marcatili®?, and Goeli®® had vigorously treated the theory of

mode coupling and bending loss. 1 will introduce the resuits on bending loss in

this subsection..

The bending loss is a very fast function of the radius of curvature:

Define rate of power loss a:

1 dr

= 2P, dz

where z is the propagation azis
and Py is the initial power at z=0. Using wave velocity approachz‘t, one cbtains

the relationship between « and the bending radius R:

a=C,exp (-CsR). (1.8)

Figure 1-10 cshows radiation loss versus bend radius for a wavegulde with

ny = 1.5, n; =7, = 1.485 and width 1.04 um as calculaied by Gn=it"3, Bandin

oy
(=]
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loss for a 90° bend versus radius of curvature is also calculated by Ceell using
Marcatili’'s Modal Analysis. The result is plotted in Figure 1-11 for various An
values. For a given bend radius, one can reduce the bending loss by increasing
An, the difference of the refractive index of the guide n, and that of the sur-
rounding media ng next to the guide along the bend axis {(Fig. 1i). A 1% radia-

tion attenuation (0.087dB) in a guide length equal to bending curvature R can be

achieved by the following values!8:

—1—(n1—n3) a /X R /A
n,

0.1 0.745 30

0.01 2.36 10680
0.001 7.45 37000

1.4.3 Coupling Loss

Whether coupling from fiber to fiber or integrated optical waveguide to
fiber, misalignment is the most serious cause of loss. A >70% coupling efficiency
is achievable for both cases when alignment is handled carefully. A >90% cou-
pling can be achieved in fiber to fiber connection by V-groove alignment.
Theoretically, several methods allow the scurce to film guide éoupling efficiency
to be near 100%. However, in practice, an 80% efliciency was ekperimentauy

measured. Details in coupling methods will be discussed in Chapter 2.

1.5 Dispersion

Two types of dispersion need to be considered. One is beam dispersion
(spreading) in spatial domain, another is pulse dispersion {broadening) in time

domain.
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1.5.1 Beam Spreading

From the dispersion equation (1.4) in section 1.3, we obtain the dispersion
equation for fundamental mode:

-2—7\:%,—1 Cos ¥ = ps(¥) + ¢ (V) (1.9)
By plotting both sides of the equation as functions of ray angle %, we can cbtain
the solution 9y at the cross-section of the two curves. Figure 1-12 shows the
curves for both symmetric guides (ng = n.) and asymmetric guides (ng > g )-
We see from Figure 1-12 that if our light source contains a spectrum spread

A=A- A+ ARA the ray angle of the fundamental mode would also spread

Vg = Vg > Yg + Ay A 10% fractional bandwidth of the light source will result to

approximately 5° spread in ray angle Jy.

1.5.2 Pulse Broadening

The effect of pulse broadening is to pose an upper limit, on the bandwidth
(data rate) of the system. Pulse broadening in dielectric waveguides has been
mathematically treated for cylindrical waveguide525'27. Since the result meas-
ures in nanosecond per kilometer units, it is more of a concern for opticél fibers
than thin-film waveguides which typically guide light in millimeter or centimeter
lengths. In a multi-mode fiber, pulse broadening is primarily caused by the
group velocity difference of the different excited modes. The higher crder
modes travel slower and thus arrive late. The lower order modes travel fast and
arrive early. -The time diﬁerencé per kilometer between the fastest and the
slowest modes is approximately proportional to the numerical aperture of the

fiber. For a typical stepped index multimode fiber, the pulse dispersion is in

the order 50ns/km.
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Graded index multi-mode fiber uses a radial parabolic varying core index to
compensate the group velocity differences between higher order and lower
order modes. Theoretically, 3 to 4 orders of magnitude imprevement can be
achieved. However, the control of the radial index profile is difficuit. A practical
improvement of a factor of 100 was obtained. Figure 1-7 shows conceptually the

dispersion of a pulse through the three types of optical fibers.

The pulse broadening in single mode fibers is caused by chromatic effect;
i.e., the combination of material and waveguide dispersion due to the spectral
width of the light source and the modulating signal. The pulse broadening per

unit length is approximately

1 A2 AN dPn
t N e N B A
AtsL Vg c? A dA?

(1.10)

where V¥, is the group velocity, c is the speed of light in vacuum and A, the
wavelength of the light source, -A)\—)\ is the fractional speciral bandwidih of the

light source. A 20ps/km pulse spread is typical in single mode fibers using a
laser source. A LED source with single mode fiber typically results to 100ps/km

spread. The pulse dispersion and transmission bandwidth versus source spec-

8

tral width for several types of optical fibers®® are illustrated in Figure 1-13.
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Tabie 1-1
BELL SYSTEM LIGHTWAVE PROGRAM
(Installed)
Route Digital
Location Cut-Over  Miles Fiber-Km  Level
Atlanta, GA 1/76 0.4 94 3
Chicago, IL 5/77 1.5 18 3
Orlando, FL 3/79 0.8 15 1
Phoenix, AZ 10/79 1.7 18 3
Sacramento, CA 10/79 2.7 155 2
Trumbull, CT 11/79 4.0 156 3
Lake Placid, NY 2/80 2.5 50 2
New York, NY 5/80 2.3 G0 2
Atlanta, GA 9/80 6.3 400 3
Colorado Springs, CO 9/80 18.3 240 3
San Francisco, CA 10/80 3.6 270 3
Chester, NJ 2/81 3.0 208 2
Pittsburgh, PA 4/81 40.6 2,800 3
Table i-2

bit

System Cut-Over Fiber-Km Use Rete Remarics
Chicago, IL 5/77 4 F DS-3 Experimental

12 T
Orlando, FL _2/79 15 F DS-1  General Trade
Phoenix, AZ 8/79 18 F DS-3 General Trade
Sacramento, CA 155 T DS-2  Field Trial
Trumbull, CT 156 F D3-3 Pre-Standard FT3
Lake Placid, NY 2/80 38 F DS-2 Custom
Bernal Hts., CA 10/80 270 T DS-3 Pre-Standard FT3
Smyrna, GA 12/80 400 T DS-3 Standard FT3
Pittsburgh, PA 2/81 2,800 T Ds-3 Standard FT3
San Francisco, CA 4/81 2,000 T DS-3 Standard FT3
White Plains, NY 6/81 1.300 T DS-3 _Standard FT3
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Table 1-3

BELL SYSTEM LIGHTWAVE PROGRAM
(Planned - 1981)

Route Digital
Location Cut-Over Miles Fiber-Km  Level
White Plains, NY 6/81 27.6 3,200 3
San Francisco, CA 68/81 8.8 2,000 3
Los Angeles, CA 6/81 8.7 1,625 3
Greenville, TX 8/81 2.1 41 3C
Lindenhurst, NY 8/81 2.9 224 3
Philadelphia, PA 7/81 16.8 3,100 3
Willowerest, IL 8/81 3.9 226 3
San Francisco, CA 8/81 14.0 1,870 3
Orlando, FL 11/81 9.5 1,138 3
Gardena, CA 11/81 14.5 1,670 3
Sherman Oaks, CA 11/81 10.0 1,152 3
Melville, NY 11/81 3.9 377 3
Newark, NJ 12/81 26.1 3,012 3

Table 1-4

BELL SYSTEM LIGHTWAVE PROGRAM
(Planned Long Haul - 1982-1964)

Route Digital
Location Miles  Fiber-Km Level
West Coast
Qakland-Stockton 82 12,000 3C
Stockton-Sacramento 54 5,200 ac
Hayward-San Jose 29 1,100 3C
Northeast Corridor
Washington-New York 377 50,000 3C
New York-Boston 244 30,000 3C
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Figure 1-1 Thin film slab waveguide:

Sideview of a slab waveguide showing propagation of the zig-zag
waves corresponding to a guided mode.

Figure 1-2 Channel (strip) waveguides:

Cross-sections of four types of strip waveguides.
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Figure 1-3 The modes of a cavity Y¢'s for fixed s and m:

The order of the modes g, s, m corresponds to the number of "half-
sinusoidal” variations of ¢ along the three major axes of the cavity.



- 74 -

. o C = CC D D C DD - o



—3 3 O

-3

3 3 3

=2 O 30 I3 12 3 3

=9 0 O3 =3

- 75 -

Figure 1-4 Waveguide modes:
Ray-picture of {a) radiation modes, (b) substrate radiation modes,
(c) guided modes in a slab waveguide.
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Figure 1-5 Zig-zag waves:

An infinitely wide plane wave is folded back and forth into itself
between the upper and lower waveguide interfaces.
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Figure 1-8 The four guided modes of a Ta ;05 film waveguide:

A Ta,05 film of 0.776 microns thick propagates four waveguide
modes. The electric field distributions and the zig-zag waves associ-
ated with these waveguide modes are shown at the right and the left
of the figure, respectively.
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Figure 1-7 Dispersion in optical fibers:

The time-dispersion of optical pulses propagating through the three
types of opfical fibers.



=3 =3

3 3 23 2

3

- 32 -

CROSS INDE X INPUT ouTPUT
SECTION  PROFILE LIGHT PATH PULSE PULSE

s
=0 = |
N /\

MULTEMODE
GRADED
INDEX




=3 T3 T3 OO

-3 2

. |

-3

Figure 1-8 Configuration of semiconductor junciion laser:
(a) Broad area laser,
(b) strip-contact laser,
(¢) waveguide model,

(d) radiation from the end facet of an injection laser.
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Loss versus waveguide modes:!®
The horizontal axis is the 8/k values of the waveguide modes, where
Brm = kny sin ¥y,

is the propagation constant. A HeNe laser of wavelength 0.6328 um
was used in the measurement. The volume abscrption loss is extra-
poiated as the loss of the light wave energy 2t ¥=80°, i.e., when the
light wave propagates straight through waveguide without bounces.
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Figure 1-10 Radiation loss versus bend radius of strip waveguides.
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Figure 1-11 Bend loss for various An:
Bend loss for a 90° bend versus radius of curvature of the bend for
various A.
A=r/2(n}-n§)
A=n;-ng

(1"ky/kz) Al
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Figure 1-12 Dispersion caused by spectral spread:

raphical solution of dispersion eguation for the fundamental
modes {m=0) of a slab waveguide. The curve in between the dotted
curves is the values of kn;hsind as a function of 4. The solid line is
the Goos-Iiaenchen shift of a syminetric waveguide ¥, = g, ths
dashed line is that of an unsymmetric guide (3, # Jg).
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Figure 1-13 Pulse dispersion:

Pulse spreading and transmission bandwidth (data rate-fiber length
product) versus source spectral width for: muitimode fiber of step-
index profile, GeO, - Bz03 - Si0; glass, A = 0.01; multimode graded-
index fiber, GeO, - B,05 - Si0; glass, A = 0.01, bandwidth improve-
ment factor = 100; and single-mode fibar, BE303 - Si0; glass, A =
0.001. The pulse spreading and spectral width are twice their
respeclive root-inean-square values. The dashed line corresponds
to the fundamental low limit to pulse spreading in silica-based fibers
(after Li)?8.
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CHAPTER 2

BEAM AND WAVEGUIDE COUPLERS

2.1 Introdection

The basic differences between a dielectric optical waveguide and a metallic

microwaveguide are:

1) a dielectric optical waveguide has micrometer dimension and a

microwaveguide has centimeter dimension;

2) a dielectric optical waveguide is "open" in that the field extends into the
exterior space although most of the energy is within the guide, while the

microwaveguide is "closed" and all the wave energy is confined within the

guide;

3) The optical laser source which is used to excite a dielectric optical

wavegulde usually has aperture much larger than the microwave source.

When coupling an optical excitation into a dielectric waveguide, these
differences cause different considerations from those involved in coupling

microwaves.

The application areas of optical waveguide couplers can be classified into
the following categories: beam-to-planar waveguide couplers, beam-to-channel
waveguide couplers, planar-to-channel waveguide couplers, channeled-to-
channel waveguide couplers, and fiber-to-waveguide couplers. The cuuplers
applicable to the beam-to-planar guide coupling are usually also applicable to

the beam-to-channel guide coupling provided some modifications. The channel-
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to-channel guide coupling are usually achieved by bringing two guides close to
each other. The planar-to-channeled guide couplers usually serve as an inter-
mediate stage for beam to channel guide coupling. The fiber-to-waveguide

couplers are the most important for many systems applications.

2.2 Beam-to-Planar Guide Couplers

The coupling of a beam into a planar guide, i.e., one which has a large width,
as opposed to channel guides, has been the concern of most coupling experi-
ments performed previously. The various beam-to-planar guide couplers can be

classified into two categories: transverse couplers and longitudinal couplers.

2.2.1 Transverse Couplers

The laser beam is incident directly onto the transversal {edge) plane of the
waveguide. An optical lens is used to horn-in the beam into the waveguide. This

method is also referred to as "head on" or ""end fire” coupling.

Two methods of this "head on" approach are illustrated in Figure 2-1.
Theoretically, the field-contour matching can be made nearly perfect, for
instance, by shaping the lens appropriately. Thus, in principle, the coupling
efficiency can nearly be 100%. In practice, however, considerable losses ocecur if
the pianar guide edge is not perfectly smooth and clean. Also, critical alignment

is needed because the waveguide film thickness is in the order of 1 zm.

2.2.2 Longitudinzl Couplers

The laser beam is incident obliquely onto the cover-to-film brundary of the

waveguide via a prizm, a grating or a taper structure. The nrisn
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couplers are the most important among these couplers.

Prism Coupler

The principle of operation of prism couplers is illustrated in Figure 2-2.
Theoretical coupling efficiencies of this type of couplers are nearly 100%. The

measured values! are approximately 88%.

Grating Coupler

The principle of operation of grating couplers is illustrated in Figure 2-3.
The efficiency of this type of couplers can be nearly 100% if the grating thick-
ness and profile shape are suitably designed. However, experimentally measured

values have been less than the coupling efficiency of prism coupler.

Tapered Thin-Film Waveguide Couplers

The principle of operation is illustrated in Figure 2-4. This type of
waveguide couplers consist of a thin film tapered down onto the substrate. A
guided optical wave incident on the taper therefore undergoes zig-zag bounces
whose angle of incidence on the film-substrate boundaries decreases progres-
sively as the taper narrows down. As a result, at some point P, the angle of
incidence beccmes smaller than the critical angle of total reflection and the
energy starts refracting into the substrate. This energy is augmented by that of
subsequent rays, sc that ultimately most of the incidence energy is transformed
into an outgoing beam. Although the coupling efficiency of this rnethod is rather

high (~70% or more), the divergence of the outgoing rays is large {1° to 20°).



—

—Ja O

-3

3 O O 33 313 =1

3 0 ] =/

-50 -

2.3 Planar-to-Channel Waveguide Couplers

Since most of Lhe integrated-optical circuitrics will te carried out, Dy
means of channel waveguides, it is necessary to be able to transfer further the

lightwaves in planar guides into the channel guides.

The most straightforward approach is to gradually taper down the width of
the planar guide until it is reduced to the width of the channsl guide (Figure 2-5

(a)). A 90% coupling efficiency can be achieved in this coupling scheme.

A different approach is analogous to the prism coupler discussed previ-
ously. Here, the planar guide is terminated into a slanted end. The channel
guide couples to the planar guide via the evanescent field which eppears in the

gap between the two guides (Figure 2-5 (b)). To achieve good effciency, it is

necessary to have an accurate and well-defined gap betwzen the two guides.

This, however, may not be easily realizable.

2.4 Channel-to-Channel Waveguide Couplers

Channel-to-channel waveguide couplers are used in direction coupling and

switching of lightwaves. The two types are described as follows:

2.4.1 Synchronous Type

If two identical channel waveguides are parallel and close fo each other
over a length 1, they will couple energy due ‘o the evanescent field between
them (Figure 2-8 {a)). All of the optical energy can theoretically be transferred
from cne waveguide lo ancther if the coupling length L is chosen correctly.
However, the fabrication tolercnces are very critical. Thus, the complete energy

transform from one channel to the other is very difficult to achieve.
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2.4.2 Tapered Coupling

To avoid the tolerance difficulty in the synchronous coupling, Wilscn and
Teh proposed using a tapered coupling region, as shown in Figure 2-6 (b). Near
total energy coupling can theoretically be obtained with a substantially smaller

tolerance reguirements3.

2.5 Waveguide-to-Fiber Couplers

The coupling problem of greatest practical importance in integrated optics
is to transfer light energy from a planar or channel waveguide to an optical fiber

or vice-versa. However, work on these coupling devices has not been extensivel

<

studied and no fully satisfactory schemes are as yet available. The difficuily lie

w

prirnarily on developing a connection scheme which is sufficiently rigid and that
the optical coupling efficiency is high enough. Three schemes are illustrated in

Figure 2-7, and described in the following:

Leaky-Wave Scheme?

A high index immersion fluid is deposited onto the guide-to-fiber junction.
The optical fiber picks up the optical energy leaked into the fluid. A coupling
efficiency of 50% is usually achieved. However, this scheme is not satisfactory

for a permanent set-up, since its rigidity is not sufficient.

Tapered Film Coupler®

The fiber is introduced into the substrale through a cylindrical hole and is

sealed with an index matching epcxy. The end of the hole iz hemispherical and

is positioned to collect the energy of the beam radiated through the taper.
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Although high coupling efficiency (70%) can be achiced, this method is nol suit-

able for single-inode Abers.

Externally Mounted Coupler®

This method uses a rectangular fiber mounted on a tapered channel
waveguide. Coupling between lincar and strip waveguides to fibers can be

achieved with coupling efficiences of 70%.
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Transverse method for coupling a lLght beam
waveguide.

(a) Film edge is flush with substrate edge

(b) Film edge is embedded in substrate

into a

surface
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Coupled mode description of prism couplers.

(a)

(b)
(c)

Field of a plane wave incident from a denser medium and
undergoing total reflection at the interface to a rarer medium.
Le., 9>, =sin"Yn, /n,).

Field of a surface wave propagating along a thin film with
Ny >ng ng.

The two preceding configurations can be brought together by
letting kg, become very small, thus oblaining the prism-air-
gap-thin-film structure shown here. The incident field now
couples to the surface wave via the evanescent field in the air
gap.
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Figure 2-3 Schematic diagram of a grating ccupler.

In well designed couplers, the intensities of the refiected and
transmitted beams are weak and most of the energy is coupled to
the surface wave. If 4/ is large, additicnal {difiracted) beams may
occur which usually cause undesirable losses.
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Figure 2-4

The tapered thin-film waveguide coupler.
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Connectling a planar guide to a linear guide.
(a) Horn transition.

(b) Prism and gap transition.
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Directional couplers.
(a) Synchronous type.

(b) Tapered coupling. By suitably adjusting the coupling length L,
the input power P, may be split into equal or arbitrarily
unequal output power P, and P, For complete energy cou-
pling: P, = 0 and P, = P,.



- 64 -

._.p2

Waveguide 2
Woveguide |

a -
o+

© gv @ @

b= 2 =

= - 3 b 3

[=J

2 2 g

Wu (] o N
c / m
o —e a-—+

R

—P,

Waveguide 2

—

(b)

. = I



a2 a0 12 4T =4 72

3

. |

—3

=2 O3 03 a2 O

=

Tigure 2-7

Coupling of a waveguide to a fiber.
(a) Leaky-wave coupler.
(b) Tepered-film coupler.

(c) Coupling using a tapered film and an externally meounted fiber.
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CHAPTIEK 3

THE ACOUSTG-OPTICAL APPLICATIONS

3.1 Bragg Difiraction (Defiection) of Optical Beams

An optical beam incident into an acoustic field can be diffracted by the
acoustic waves in the manner a moving grating diffracts the opticel beams. The
diffracted beam position depends on the frequency of the acoustic waves. The
diffracted beam intensily depends, in the first order, on the power of the acous-
tic waves. The significance is that the acoustic wave can be tunec elecironically
and thus the diffraction direction and intensity of the optical beam. Xlultiple
diffraction occurs when ‘the acoustic waves have multiple frecucncy com-
ponents. Laser scanners, light directional couplers, multichannel light switches,
optical conivolvers, correlators, optical pulse compressors and rea! time rf spec-

trum analyzers can be fabricated using this principle.

Besides the dependence on the acoustic waves, the diffraction also depends
on the wavelength of the incident optical beam. An electronically tuned color

filter can be realized using this principle.

Bragg diffraction is the result of momentum and energy ccnservation
between the interacling licht and acoustic waves. There are two major types of
= 7
Brage cells: the isotropic {Fig. 3-1) and Lhe anisotropic (Fig. 3-2). The isoirupic
(=] (=g 7 &
diffraction takes place in certain isotropic media, in which the refractive index
is constant for the two orthogonally polarized light waves. No polarization
change occurs between the incident and the diffracted beams. The anisotropic

diffraction takes place in birafringent crystals, in which the refractive index 7.

for the extraordinarily polarized light differs from the refraclive index n, for
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the ordinarily polarized light. A polarization change between the incident and

diffracted beams occurs in this case.

The 3ragg conditions for the two types of diffraclion are as foliows:

Isotropic: sin¥; =sin 94 = sin O =(7\,/2n2,) f, (3-1)
a=2 '(9.,'_
Anisotropic: sin 9; = o (fat -—qﬁ‘——(n? -ng))
PO T By et paE T T
(3-2)
. Ao Vg
s = 0 e _ % L
Sin G = ot ([ = S (v = )
«= ]+ [sa]
Where ; = incident beam angle relative to the normal

of the acoustic wave traveling direction

Vg = the diffracted beam angle

Bp = isotropic Bragg angle

o = the angle between the incident and the diffracted beams
Ao = incident light wavelength in air

(7 = acoustic wave velocity

Sa = acoustic wave frequency

m = refractive index of the isotropic AO medium

n;,ng = refractive indices for Lthe incident beam and

diffracted beam (ordinary and extracrdinarily polarized lights)

. . - - o o : ~ ;

For most materials, ®p is in the order of 1 to 2. Therefcre, the angle
betweei: the incident and diffracted beams is small. The optic
ture is also rather small in single transducer isotropic Bragg devices. In the

anisotropic case, the second term in the Bragg formulation (eq. 3-2) dominates;
(3

s - . . T
thus, ¥; and ¥ can vary within a wide range (Figz. 3-3). When 9, ~ 14, ~— i.e
i d y g WHis i 24 2

the optical beams traverse approximately parallel to the acoustic wave, the

Bragg cell is called collinear. The differentiation betweoi the inecident and
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deflected beams are perfornied by polarizer/analyzer.

The oplimal performance is usually obtained in non-collinezr anisoiropic

Bragg diffraction, which hIas high diffraction eff ciency, while retaining the lerge
angular aperture. The non-collinear, anisotropic diffraction has both polariza-
tion and angular differentiation between the incident and diffracted light beams.
The use of polarizers is thus not a requirement. The non-collinear difiraction

also allows optimal choice of material.

3.2 The Bulk Acousto-Optical Tunable Filter (AOTF)
Traditional Application I

The AOTF devices generally consist of an acoustic transducer bounded to an
acousto-optical medium. Optical lenses and polarizers are used depending on
the tvpe of AQ interaction used and the intended application. The celor selec-
tion is tuned by varying the acoustic frequency, which i1s in turn tuned by the
input electrical frequency to a given acoustic transducer. The mest significant
features of AQTFs are their high resolving power, wide tunable range, large angu-

lar aperture and their compactness, and the electronic tunability.

No guided-wave approach has been mentioned in the literature to date. The
single-mode nature of the ithin-film slab waveguide could be the inhibiting fac-
tor. However, higher diffraction efficiency and larger dynamic range can be
obtained by the guided-wave approach. One could see possible applications of a
guided wave ACTF in mode and frequency fillering of a2 light source, or in meas-

urements of the loss versus frequency of single mode fibers.
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3.2.1 Histarical Acceount

A H Rasenihcll Fairchild, 1955

Analyzed and experimented the Ciovncept cf using ullrasonic waves as a
ing monochrometer. The experiments were performed using an ultra-sonic
cell consists of an ultra-sonic wave transducer attached to a water tank.
The problems of this system were its low optical angular aperture and the

generally low performance figures.

R. W. Dizon®, Bell Labs, 1967

Performed theoretical analysis and experiments of acoustic light diffraction
in anisotropic AO crystal. The experimernis were performed using crystal

guartz medium and CdS acoustic transducer.

S. E. Harris and R. W. Wallace®, Stenford Universiiy, 1769

First proposed collinear anisotropic AOTF using LiNbOg (Fig. 3-4).
Advantage: Large angular aperture.

Problem: Low diffraction efficiency, limited material choice, required polar-

izers.

Z. C. Chang®®, Applied Technology, 1974

Proposed non-collinear anisotropic AOTF in visible light range using Te0g

(Fig. 3-5).

Advantoges: An order of 500-fold improvement on diffraction efficiency
versus electrical power characteristics, while retaining the large angular

aperture. The use of polarizers is no longer a requirement.
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3.2.2 Recent Activities
Applied Technology, ITEK

Continuous effort on improving spectral resolving power, fliering

bandwidlh, angular aperture and image resolution. Active in R/D efforts on

military applications® (Figures 3-8, 3-7).
Matsushita Electronics Components Co. Ltd.

Commercialized (1980) AQOTF in visible light regime for TV measurements

using far-off axis anisotropic Bragg Dif fraction” in 720,.
Rockwell International

Applied AOTF in tuning the 2-D IR detector arrays in the satellilie-based

earth-looking IR telescopes®.
Hughes Aircraft Company

Extensive R & D activities in AOTF military applicaticns.

3.2.3 Current Performance Limitation Figures

Spectral Tuning Range: 200nm to 11 ym using multiple transducers (Fig.
3-8)

Transmission: >95% for polarized light

Resolving Power: 10 to 10,000

Fractional Bandwidth (AA/A):  10% to 0.01%

Angular Aperture: Up to28’
lLinear Aperture: mme-cm range
Random Access Time: In the order of usec to several usec
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Field of View: 14° with polarizers

L4 -
6 without polar.cors

Drive Power: A few hundred miW
Contrast Ratio: 2000/1 without polarizers
Image Resolution: 100 lines/mm

3.2.4 Relevance to Tektronix

With the increasing trend of the communications and TV industry turning to
fiber optics, cur Communications Division is interested in developing a fiber
measurement instrument to measure the group envelope delay and the light
loss vs. irequency characteristics of optical fibers. The measurement ol the
spectral sensitivity of TV cameras, the spectral analysis of displays and shutters
are also areas of considerable interest to Tektronix. Although the absve appli-
cations can be achieved by bulk devices, a guided-wave AOTF could provide us
with a significant technological barrier in single mede optical fiber measurement

instruments.

33 Peal Time Acousto-Optic Spectrum Analysis (AOSA})
Traditional Application Ii
Acousto-optic spectrum analysis {AOSA) uses an acoustic wave replica of
the rf signals under analysis (RFUA) to diffract a coherent light beam. The posi-
tions of the difiracted beams correspond to the frequencies of the RFUA com-

ponents. The intensity of each diffracted beam corresponds to the power of that

pafticular rf component.
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3.5.1 Advantages and Deficiencies

The main advantages of AQ spectral analysis technique are the real time

open receival, 100% intercept, parallel processing capabilities. The def
are the lower dynamic and frequency ranges in comparison toc the conventicnal
eiecirical heterodyne spectrumn analyzers. The dynamic range of AOSA systems
is presently limited by the amplification circuitry of the optical detectors {< 50
dB) employed in the system. The dynamic range of Bragg cell itseif usually

ranges belweern 50 dB to 50 dB.

3.3.2 Device Consiruction

1
H

. - ) . o A< b ®
Figure 3-9 shows tynical bulk and guided wave AOSA constructions®™*”. The

o

. guided wave version of AUSA has larger dynamic range, greater compaciness

end ruggedness when compared to the buik version. Other performance capa-
bilities are approximately the same. Figure 3-10 shows two of the possible SAW

transducer configurations of a wide-band guided-wave AOSA device By

3.3.3 Applications and Performance Figures

The applications mainly lie in the realms of radar and electronic warfare
surveillance, or in some communication areas where the signal envircnment is
dense and a fast processing of the signals is required. AOSA is the most useful
when the band of interest contains a large number of signals of different types
of amplitudes and frequencies, or when the signals are pulsed; for examiple,

when frequency hopping spread-spectrum techniques are applied to the genera-

18]

tion of the zignals under analysis.
Aprnlied Technology manufactures bulk Bragg cells and Instantaneous

Fourier Transform (iFT) processors vsing bulk Bragg cells. Their performance

figures, limitations and the costs are summarized as follows:
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Bragg Cells

Bandwidth

Central Frequency
Resolution

Optical Scattering (Noise)
Linearity

Proceszing Time Aperture

Difiraction Efficiency

Input Power Capability

JFY Processors and Systerms

40 MHz > 1 GHz=

60 MHz » 2 CHz

0.1 MHz » 1 MHz

-55 dB

0.1% non-linearity across the band

in the order of usec, depending con
the resolution requirement

70% - 0.7%/rf Watt, depending on the
freguency bandwidth of the cell

0.5 walt average

5,000 - 8,000 doliars

Instantaneous Bandwidth per

Bragg Cell

500 MHz - 1 GHz

Frequency Detection Range up to 18 GHz with 1 GHz windows using

Frequency Measurement

Quantization
Measurement Time
Dynamic Range

Costs

multiple Bragg cells and frequency mixer
512 - 10380 contigueus channels,

1 MHz-wide channels

0.5 msec » 100 msec

25 dB -» 60 dB

40,000 dollars fer basic ITP; up to 300,000

dollars for computerized multiple cell systems

=2 ==

i |
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The integrated-optic (guided wave) version of the AOSA is still at R/D stage
at the present time. Rockwell Internaticnall?, Hughes Aircraft Company !0,

Westinghouse Electric Company!® and some major military laboratories have
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been lrie most active pursuers. Performanco “gures of Ltheir resulis are sum-

marized in Table 3-1. Rockwell Internationu! hics since abuwsdoned

The speculation is that their decision on chocsing silicon as th

material was not successful.

Figure 3-11 shows a simplified block diagram of an AO receiver.

3.3.4 Related Applications

Convolution and correlation using surface-wave AQ technique can achieve

[wh

more than 5 times increase on interaction time (40 usec to 80 usec) compared
to pure acoustic or acousto-electric convelvers. The time-bandwidth product
achievable with AG devices is generally 5 to 10 times higher than the pure acous-
tic devices. This is very helpful in real-time detesction of spread-specirum sig-
nals in radar, communications and nravigation systems. However, the present
state of the AQO technology is not as mature as the acoustic technology. The
bulkiness of the optical components in bulk AQ devices is often the major disad-
vantage when compared to the acoustic devices with comparable performance.

The success of the integrated optics technology will be the key to the feasibility

cf the AQ convolvers and correlators.

Figure 3-12 shows a time integrating correlator described by C.S. Tsail? of
Carnegie-Mellon University. Figure 3-13 shows the concept of a two beam time-
integrating ccrrelator. Figure 3-14 shows a possible AO tripie product convolver

architecture. More delailed discussions on various AQ Fourier Transform, con-

volution and correiation technicues can be found in reference 15.

3.4 AO Laser Scanners for Hard Copy Applications at Tek
AOQ Bragg diffraction can be used as a laser scanner by varying the fre-

uzncy of the alectrical cortrol signal applied to the acoustic transducers of a
J I
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Dragg cell.

3.4.1 Number ol Resolvabic Spols and Scan Speed

A first order relationship between the total number of resolvable spots N,
the device bandwidth Af and the transit time 7 {of acoustic wave across the laser
beam width) exists:

N =1 Af
D,/ vg

1

T

where D, is the laser beam width; T is also the random access time {or switching
the laser beam from any position N to any other position N’ within the ccenning

range.

Traditionally, it was difficult to obtain large device bandwidth with bulk
Bragg cells. To achieve the attractive number of resoivable spots, one usually
had to increase the random access time 7 to an extent that the scanning =peed

is no longer satisfactory.

In recent years, the advancements in surface acoustic wave and AC technol-
ogy have drastically improved the AC device bandwidth. As reported by various
laboratories, 500 MHz to 1 GHz bandwidths have been achieved in both bulk and
guided wave Bragg devices without major difficulties.

Using a device with 500 MHz bandwidth, the corresponding namber of

resolvable spot N and random access time 7 are as the following:

N = 500 MHz . 7

2,000 4 usec

1,000 2 isec
000 1 usec

where T is tailored by the laser beamwidth of the device.
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In hard copy operation, it is seldom that all spots on the page are written.
A writing ralio W {number of written spots/iol::! numiber of spots) of 0.23 is a
\ /

reasonable approximation. We could derive sets of line writing time T and the

writing speed 3, corresponding to the above N, 7 pairs at W=0.25 as follows:

W=10.25
T=NWT
S=N/T
T (usec) S (spots/sec) N T (usec)
2,000 108 2,000 4
500 2-108 1,000 2
125 4108 500 1

This set of parameters strongly suggests that AQ technoiogy is suitable for hish
p gLy g8 &3 g

speed non-impact hard copy apglications.

3.4.2 Further Increase in N at Constant 7

The number of resolvable spots N ceuld be doubled without sacrificing the
random access time 7 by using special techniques. The symmetry property of
AO Bragg devices is the underlying foundaticn for the implementation of such

techniques. Examples of such implementation are as the following:

Symmetric Waveguides

A laser source can be switched between an interdigiteted phase grating.
The waveguide channels guide the laser beams to cnter the acoustic field at
the two symmetric Bragg angles ®p and —0g. For the @y incidence, the
diffracted beam positions are ranged in the upper half of the writing plane.
For the -0p incidence, the diffracted beam positions are ranged in the

lower half of the writing plane. This concept is illustrated in Figars 3-15,
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Symmetry property can also be explcited by operaling a set of two SAW

transducers with mirror symmetry reiative to cach cther. Thecrel

the laser beam will be diffracted to two beams when both iransducers are
operated independently and simultaneously. In Lhis case, both N and scan-

ning speed S are doubled. Figure 3-16 illustrates this implementation.

However, if the writing intensity is a matter of concern, the two transducers
can be operated in a time-sharing manner. Or, a higher power optical

scurce can be used.

A nearly 100% diffraction is important in these type of operations. QOther-
wise, undesired writing could be causad by the zero order {undiffracted)

beam. Bmploying zero order stops couid possibly solve this probiem.

3.4.3 Ircrease in Writing Speed S at Constant N and T

Time paraliel multipie diffraction can Lie implemented to miuitipty the writ-
ing speed without sacrificing the number cf resclvable spots N, If we simultane-
ously drive the SAW transducer of the device with multiple frequencies, the
incident laser beam would be diffracted into multiple writing beams positioned
by the corresponding frequencies. The total writing speed is thus multiplied.
The linearity of the device through the bandwidth is important in this technrigue.
From Section 3.3.3, a 0.1% error in linearity across the band was demonstrated

by commercially available Applied Technology bulk Bragg cells.

3.4.4 Performance Summary

A set of performance figures for hard copy application are derived from

state-of-the-art capabiiities of AQ devices:
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Resolution ~2000 spots/line

Scan speed >10% spots/sec

Contrast ' >1000/1 for single diffraction

Linearity <0.1% error across band

Random access time crder of usec

Angular scan aperture a few degrees, expansicn optics will be required
Spot shape Circular Gaussian distribution when using bulk dev-

1ce

Rectangular Gaussian distribution when using
guided-wave device.

3.4.5 Application Example

Diamond Research Corporation {(Ventura, California) hes licensed for pro-

t ' L
[

duclion a '"shaped laser” printer, developed by an independznt consultant

Joseph T. McNaray (San Diego, Califcrnia). The "shaped laser” printer uses a

stenciled mask piate consisiing of 75 characiers and symb:ols, lluminated by 7

it

laser diodes. An AO Bragg ceil defiects the character formed laser beams'to the
proper pesitions desired on the printing medium. The selection of the proper
character is addressed by turning "on' of a specific iaser diode. The placement
of the character to the proper position on the printing medium is performed by
the AO Bragg cell. The addressing scheme of this approach is extremely simple
compared to the "dot matrix” approach. The print gualily and fiexibility is also

much improved. The profit margin of this printer could be very high for its high

performance and relatively simple mechanism.
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3.5 Optlical Digital Yideo Routing Switcher
Application at Tektronix

3.5.1 Performance Criteria

Grass Valley Group of Communications Division has expressed strong
interest in optically routing switch optical digital video signals for high data rate
digital video processing. The tentative set of desirzd performance criteria indi-

cated by a Grass Valley engineer are as follows:

200 MHz -» 300 MHz data rate

* 10C input programs switched to 100 receiving channels

« Capability of switching each input preogram to any combinalion of the 100
output channels

» No mixing of more than one program at a given time at any output channel

e 1 psec switching time

. Pa.rallel switching

» In-station and in-studio operation

3.5.2 Device Pescription

Integrated-optic AO Eragg diffraction can be utilized in this applicalion {an
electro-optic appreach will be described in Chapter 4). The digital video signals
are impressed on modulated laser sources, then piped down to the switcher by

-

single mode optical fisers. The laser sources can also be directly bounded to o

"

integrated on the switcher substrate (if suitable material and fabrication
processes are used), and converged, collimated to required beam width by thin

film lenses on the switcher substrate.
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The conceived switcher is an integration of a number (M) of "1 input to N
output” AQ Bragg switches. One set of acoustic transducer iz individually
responsible for each 1 to N switch. The M output ports of the M input channels
corresponding to the same designated receiving channel are converged by a

large thin film lens.

The number of switches (M), integrable on one substrate depends on the
substrate size, the switch geometry, and the optical beam width required. For
our applicalion, it is conceivable that 20 switches can be integrated on a 1.5
inch substrate. A 100 - 100 switcher system can then be composed of 5 sub-

strates.

Figure 3-17 illustrates the concept of the switcher. Symmetric transducer
pairs could be used to lower the bandwidth requirement of cach device for a

given number of receiving channels desired.

The cutpul ports on a single substrate are converged by a large thin film
lens. Corresponding output ports on separate substrates can be bundled
together by optical fibers. If conversion to electrical signal is desired for signal
amplification and processing, photodetector array can be edgebound to or
integrated (if suitable material is used) on the substrates. In this case the
recombination of the corresponding receiving channels on separate substrates

can simply be electrically paralleled together.

The switching of each optical video signal to the designated receiving chan-
rnels 1s frequency controlled by the clectrical control signals synthesized and
applied to the acoustic transducer pair responsible to that input channel
Parallel switching is achieved by parallel application of the conirol signals to the

transducers responsible teo the input channels to be switched.
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3.6.3 Synthcsis of Control Signais

The programming and synthesis of conitrc! signals are potentially a dificult
S S [=1

task.

A conceivable algorithm is described inFigure 3-18. One hundred oscilla-
tors generate sinusoidal oscillations with appropriately spaced frequencies f,
(for the first order, f, = f, + nAf). The power amplitudes of the oscillators are
band-shape adjusted. With programmable electrical switch network, a com-
puter, or data processor selects the set of oscillators for switching the first
input channel. The processor then proceeds to select the set of oscillators from
the remaining oscillators for the second input channel. Then, the oscillators for
switching the third video input channel are selected from the remaining oscilla-
tors, .... This process proceeds until all the oscillators are connected to the
acoustic transducers, or all the switching operations are completed, whichever
comes first. To avoid the mixed receiving of more than one videc programs at

any one output channel, each oscillator can only be used once.

When symmetric acoustic transducers are implemented, only hali the
number of oscillators would be needed. In this case, one oscillator can be used
twice: once by the "left" side transducers, for the diffraction to the lower half of

the receiving channels, once by the "right" side transducers, for the difiraction

to the upper half of the receiving channels.

3.5.4 Resclution, Frequency, Bandwidth and Random Access Time

In AO Bragg diffraction terms, the set of system performance criteria
described in Section 3.5.1 translates to device freguency resolution, freguency i,
frequency bandwidth Af, and random access {iransit) time 7. To bhe more

specific:
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« The 100 desired receiving channels correspond to the requirement of N >

100 (N = 50 when symmetry property is employed).
» The usec switching time correspends to the random transit time 7~ 1 usec.

e The 200 MHz to 30C MHz video data rate corresponds to SAW frequencies

larger than 400 MHz to 800 MHz (Nyquist criterion).

The time, bandwidth product relationship stated in Section 3.4 is generally

applicable to AOQ Bragg diffraction cells:

N=Af - 71
T=D, /v,

This results in the following set of device specifications:

Bandwidth

For N= 100, and T ~ 1 usec, the required bandwidth Af must be larger than

100 MHz (or 50 MHz when symmetry property is used).

The state-of-the-art capability of integrated optical AQ Bragg device is well
above 500 MHz as reported by several AOSA teams. This allows a large margin

above our requirement. A bandwidth larger than that required, however, is help-

ful in optimizing channel isclation.

SAW Frequency

The 400 MHz to 800 MHz Nyquist frequency is also well below the upper
bound of the technology {~ 2 GHz). In fact, it is eazsier to chtain a larger

=

bandwidth at higher freguencies.

Optical Aperture

The SAW velocity v, in LiNbQj3 is approximately 3.5 x 10® m/ssc. This

results in an optical aperture (truncated collimated beam width) D,,
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Dy, =10 %sec .35z 10° m/scc = 2.5 mm,

which does not imply apparent difficulty.

3.5.5 Sidelobes

The effect of finite optical aperture is to weight the acoustic modulaticn of
the laser beam with a rectangular function. Under Fourier Transform, {which is
eventually what we are doing in this device) this rectangular weighting function
results in a sinc? (7rs) power spectrum (s = fr). The implication is that to each
acoustic frequency and each order of diffracticn (in Bragg devices, the
diffractions above the first order are negligible), there are sidelcbes described
by the function sinc® (ms). The amplitude of the sidelobes are further apodized
by the profile of the incident cptical becam. Finally the acoustic less acroas Lthe

laser beam tends to increase slightly the sidelobe level.

The optical intensity at the frequency plane (output plane) can be

expressed as:

I(f.t)=IV(r.t)?

where V (f,t) is the Fourier transform of the control electrical waveform at the
acoustic transducer weighted by the three facters: finite optical aperture, light

beam amplitude profile, and the acoustic loss across the optical beam:

V(fity= [ Wy WeWs(t—t)Vsin (2rft)-e 2l gt

Finite Aperture

For a rectangular truncation of the incident optical beam, ¥, is described

as:

W, (t,7) = rect (f——}é)
o
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where 7 is the transit time of the acoustic wave ¢ rogs the aplicel beam:

T=D,/v, .

Gaussian Apodization
Using a truncated Gaussian beam profile the sidelobe level can be drasti-
cally apodized:

_47-2(!___1_)2
Wg(t,T,T)-:e TR

Where T is the ratio of the beam aperture tc the 2 ? intensity widih of the Gaus-

sian profile: .

T = Do/2uk

and

I (w%) = I, e~?

Acoustic Loss

The weighting due to acoustic loss is an exponential decay on the index

modulation:

W3 (t,O() = Q_at,

where

2,
a= =Y eners ssec
20 log, e o

I' is an acoustic material coefficient governing the accustic loss in units of dB/
cm GHz? Since our optical beam apesrture D, is relatively small, the effect of
acoustic loss is relatively small when compared with the effect of the Gaussian

Q).

Y

truncation (Figvrn 3-
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The Fourier Transform

-y

The optical intensity at the frequency plane iz the sguare of the Fourler

transform of W-V:

I(f.t) = (F{w-V3)3

where

W= Wy Wg' W3
V = Vsin(2nft').
The Fourier transform of WV is the convolution of the Fourier transform of

W and V:

F{W-V}=F{W} * F{Vi.

F{W] = AF te o7¥h) s piag=QRT% & prirect (u)]

t
wh = ——4
ere u = _ %

The finite aperture term F {rect (u)] results to a sinc? (nfr) oscillatory

spectrum. The Gaussian apodization term F Ee‘(zﬂ‘)zi results to a drastic reduc-

tion of the sidelobe amplitudes, i.e.,
(Fe@TP)? o (¢-T o )2,

Figure 3-19 (a) shows the ratio of the largest sidelobe intensity to be the main-
lobe (Iyigeiove / Fmainiove )} 10 AB. versus the Gaussian truncation ratio T, at zero @B
acoustic loss and 12 dB acoustic loss. We see that the sideioke can be depressed

to below -50 dB when T is chosen to be above 2.
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This amplitude apodization is achieved at the cost of the half {power) width
of the mainlobe. The effect of the widening is shown in Figure 3-18 {&). The
mainlobe width, however, does not exceed the node length of the sinc function.
This implies that if we choose to use only every other resolvable channel, the

effect of the sidelobe can be minimized to negligibility in all practical sense.

Temporal and Spatia! Frequercy Resolution

Since the node length of sinc® power spectrum is 1, the temporal frequency

resolution Af is thus equal to 1/7. The spatial freguency resolution A5, (f, = £/

Vg ) is equal to 1/D,:

bs = AT =2{{/v,) D, =1
At =1/1
Az =1/D,

3.5.6 Intermcdulation

When multiple frequencies are applied to an accustic transducer to gen-
erate multiple diffracted beams, each beam is not completely independent of
the others. Light in each principal diffracted beam may be rediffiracted by
another acoustic wave. Fach diffracted beam also depletes the scurce beam
from which all diffracted beams are generated. Such complexity causes inter-
modulation. Figure 2-20 shows an exaggeration of this situation. The magni-
tudes cof the intermodulation modes for two frequencies are shown in Figure 3-

20 (b) and discussed in refsrence 18.

When the diffraction efficiencies are constrained to the order of 1% per fre-
quency channel, and frequency bandwidth is limited to one octave to avoid har-

monic responses, the dynamic range of above 50 dB can be achieved.
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Since our input channeis are isolated froin one another, no interrnoduiation

between beains difflvacted from different input beams {individual irnput channels)
is expucted. The oniy scurce of intermoduisation is contained within individual
input channels. Therefore, the level of intermodulation can be expecied fo be

similar to that of an AQ spectrum analyzer. Further discussion wiil be seen in

Section 3.5.7.

3.5.7 Optical Background and Signal te Noise Ratio

The optical background at the cutput plane is due to optical scattering of

the waveguide, the sidelobes, and the intermodulation modes.

Optical scattering was discussed in Chapier 1. Sidelobes can reasonably be
suppressed to the level of -50 dB to -70 dBE as discussed in Seciicn 3.5.5. Inter-

modulation level can also be reduced to below -50 dB level as discussed in Sec-

tion 3.5.6.

For a single channel integrated-optic Bragg device (1 to N diffraction),
excluding the photodetectors, the dynamic range is usually 50 dB or better, as
reported in 10 spectrum analyzer related works (Table 3-1). Since the measured
noise level includes all three major noise sources (optical scattering, sideiobes

and intermodulation), each individual noise should be considerably less than the

total noise.

The effect of the integration of multiple Bragg devices to the systern noise

mainly lie on the question of whether we have an effect of summing noise.

The fact that each frequency can be used only once, such that no single
receiving channel would simultaneously receive more than one input program,

eliminates the pessibility of summing sidelobes at same location on the fre-

quency {output) plane.
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The different frequencies applied to the transducers of separate input
channels do not intermodulate since all input channels and their corresponding
acoustic fields are isolated from one another. The worst case of intermodulation
noise occurs when all 100 receiving channels receive the same program. In this
case, all 100 frequencies are biased to the acoustic transducer of the same
input channel to diffract the same input light beam. The lowest order intermo-
dulation modes which lie within the bandwidth, are the modes with frequencies
2fn - fm (where n,m are integers and n,m < 100). For the reason that the con-
trol frequencies (f, = f, + nAf) are uniformly incremented, a considerable

number of overlapping modes do occur.

The theoretical calculation of the intensity of the intermodulating modes
relative to the source results in approximately a -50 dB intensity for the 2f, -
Sm (3rd order) modes and below -80 dB for the 3 f,, - f,» (5th order) modes, if
the diffraction efficiencies for each priﬁcipal diffracted beams are limited to
10%. The ratio of the intermodulating modes to the principal modes is thus
approximately -40 dB (Figure 3-20). Considering the situation where ten over-
lapping (2 f, - fm) modes occur, the total noise to signal ratio would be -30 dB.
However, this intermodulation overlap exists also in the integrated-optical spec-
trum analyzer, which typically could have well over 500 instantaneous parallel

RF detection channels.

Theoretically, we can conclude that the noise level and the dynamic range
of the integrated-optical AC network switch should be similar to those observed

in the integrated-optical AO spectrum analyzers, as listed in table 3-1.
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3.5.8 Coupling Efficiency - Material Considerations

Most integrated-optical acousto-optic devices studied to date are single ele-
ment devices consisting of a SAW transducer fabricated on a Ti-indiffused LiNbOg
planar waveguide. Higher optical diffraction efficiency in these devices are
achieved by increasing the rf driving power applied on the SAW transducer.

Power coupling efficiency is generally disregarded.

When integration of an array of devices on a single substrate is needed,
such as in our case, the power coupling efficiency becomes very important. The
two pecwer coupling efficiency aspects in the acousto-optic diffraction, piezoelec-
tric and acousto-optic, are unfortunately mismatched from the standpoint of

material properties.

Piezoelectricity

The conversion efficiency from electric power to acoustic power of a
piezoelectric material can be measured in terms of Avg/v,, the fractional
change in the phase velocity of a surface wave due to the piezoelectricity, pro-

duced by shorting out the surface potentiall” with a conducting layer:

Ava/v = (Ushort - Ua.)/'va
Out of the commonly known piezo-electric materials liNb O3 has the highest
Mg /v value (Table 3-2). However, the acousto-cptic coupling efficiency of

liNb O3 is fair at the best when compared to other acousto-optic materials (Table

3-3).
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Acousto-Optic Diffraction Efiiciency
The acousto-optic diffraction efficiency /, at Bragg regime is determined by:

1 i P,

L
= ain? 2 V%
71 = sin i-\/§ Ao €OS Y, (e H y*1H

where P, is the acoustic power, L/H is the accustic aspect ratio, L, is the accus-
tic beam width and H is the beam height, #, is the acousto-optic figure of merit.

¥ is the Bragg angle, A, is the optical wavelength, H is the effective overlapping

factor of the acoustic wave and optical wave.
Material constants determine the acousto-optic figure of merit Hs:
Mz = (nfplaspvd)

where n is the refractive index, p is the opto-eleciric coefficient, & is the density

of the material, v, is the acoustic velocity. Table 3-3 show

)

the accusto-optic
figure of merit of various materials. Crystalline a-HgS and arncrphous 45,85
show the highest M, values among those materials listed. More extensive list-

ings can be found in references 18 and 189.

LiNbO3, though has the highest piezoelectric coupling ccefficient and the
lowest acoustic loss, its acousto-optic figure of merit Mz is only 7.0 compared to
104 of GaAs, 433 of As,Sg and 960 of a-HgS crystal. it is thus mogt desirable to
grow a-HgS crystal layer or deposit 45,53 film on a LiNb O3 subsirate to chbtain

better overall power efficiency. The latter is technically more feasible. However

witﬁ_advanci_ng thin film crystal growth technique it may be possible to grow

HgS crystal on LiNbOg substrate in the future. Another possibility is to grow

thin strip of LiNbOj crystal as transducer material on a glass substrate and

deposit As,S; film as AQ medium.

Table 3-4 lists some power data extracted from previous acousto-optic

experiments reported by several research laboratories.
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3.5.9 Gain Switching

The AOQ Bragg diffraction will not amplify the input optical signal. If gain
swilching is required, a repeater array will te needed. This repeater array could

consist of photodetectors, heterojunction bipolar transistors, and injection

lasers.

Silicon-based photodetector array has been successfully employved in
integrated-optic AO spectrum anaiyzers. GaAs based photodetectors are
actively pursued in many laboratories for optical fiber communications applica-
tion.

Monolithic integration of GaAs/GaAldAs MESFET with injection laser was
g / J

reported recentiy®! 3,

Monolithic integration of an injectien laser with a
heterojunction bipelar trensistor on an n+ GaAs substrafe®, and a monolithi-
cally integrated repeater, consisting of three MESFETs and one laser diode, was
also reported®’. When the technology and fabrication processes for an indivi-
dual element are established, the array integration does not involve a major
difficulty. Work is currently under development at Bell Laboratories and Cal
Tech on integrating an array of lasers on a single substrate. The prospect of

monolithically integrated repeater array on GaAs substrate is promising from

the current state-of-the-art and the trend in GaAl As zlectiro-optics research.

For longer wavelength operations, GalnAsP/InP lasers and GalnAs/InP pho-
todetectors have been extensively studied for several years {see Chapter 5).

However, no integration has been atternpted to date.
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Table 31

INTEGRATED-OPTICAL SPECTRUM ANALYZER PARAMETERS AND PERFORMANCE

10SA Device Parameters

RF Signal Bandwidth
Center Frequency
Frequency Resolution
(Detector Width &
Spacing Limited)
Optical Aperture
Lens Focal Length

Acoustic Transit Time

SAW Transducer

Diffraction Efficiency
Substrate Material
Detector Period
Detector Width
Number of Detectors

Dynamic Range

Optical Cross Talk

Detector Type

Westinghouse
400 MHz
600 MHz

4 MHz

0.22 cm

0.8 usec

2 Element
Interdigital
Tilted Array

50 to 100%/Watt
Ti: LiNb Og

12 um

140

42dB Demonstrated
50 dB Expected
(Detector Amplifi-
cation Circuitry
Limited)

Self Scanned
Silicon
Photodiode Array

Hughes
500 MHz
1 GHz

4 MHz

0.74 cm
1.88 cm
R usec

Modified Chirp

5%

Ti: IiNb Oy

8 um

41.5dB Demonstrated
50dB Expected
{Detector Amplifi-
cation Circuitry
Limited)

-28dB

Polysilicon
MOS

Rockwell
230 MHz
365 MHz

0.76 MHz

l.4cm
1.5cm
4 usec
3 Element
Interdigital
Tilted Array
20%
Silicon
4 um
2 um
863
35dB
{Optical

Scattering
Limited)

Silicon
p-i-n
Photodiode Array
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Table 3-2 Piezoelectricily: AV./V of Vericus Materials

Material -AV/V (x1079)

Zn0 4.5

LiNb Og 24-28

GaAs .03

Quartz 0.58-1.0

B GO 8.8

Te D, 0.2
Table 3-3

ACQUSTOC-OPTIC FIGURE OF MERIT #, OF VARIOUS MATERIALS

Matericl

LiNbO,
(Crystalline)

GaAs
(Crystaliine)

Te 02
{Crystailine)

o-HgS
{Cry=ztalline)

AspSg
(Glass)

I' (dB/cmGHz?)

0.15

30

15

28.5

170

1i:(1071%s%/g)

7.0

104

34.5

960

433

1-11

0.35-5

I'is the acoustic propagation loss.

A is the oplical wavelength.
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Tahle 3-4

-3

—~

-3 DO 13 1

———

-

P

DATA AVAILABLE FROM THE PREVIOUS EXFLEIMEN

»ﬂ
[

Material

Jje:éectﬁc Pa:;:ustic Pcffeciiuc asoustic Lﬁi:’;bﬁ?‘bi; Y
Ohmachi?Y As,Sy 152 mW 27 mW 1.4 mW 100%
on [iNbQOq
Tsoil® Ti-diffused 50 mW 70%
LiNB Oy
Tsal Ti-diffused 200 mW 507
LiNBOg
Tsai Ti-diffused 86 mW 3.5 W 507
LiNbOg
Phase Array
Feasible AsoS 20 W 1.4 mVW 1I0A

on LiNbOg

~1
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Isotropic Bragg Diffraction:

The AO medium is isotropic (n, = n, = n). The incident angle ¥, is
equal to the Bragg angle @3. The diffraction angle is approximately
equal to the incident angle. No polsrization change tzles place.
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Figure 3-2

Anisotropic Bragg Diffraction:

The AO medium is anisotropic i.e., n, # n,. The polarizaticn of the
diffracted beam is orthogonal to the polarization of the inciden
beam.

s

(a) Non-collinear

Y; # Yy, thus the incident and difiraclted beams are spatially
separated.

{b) Coliincar

The incident and the diffracled oplical Leamms both iravel
parallel to the acoustic waves.
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Incident angle versus acoustic frequency characteris
tropic Bragg diffraction.

tics of aniso-
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Collinear acousto-optic tunable filter,

Non-collinear acousto-optic tunable filter.
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Figure 3-6 Image plane color filtering.
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Figure 3-7 Image plane noise filtering.
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Acousto-optical Tunable Filter (AQTF).
(a) Multiple transducer AOTF.

The spectral tuning range can be increased by using multiple
transducers with different central frequencies and partially
overlapping bandwidth.

(b) AOTF spectral tuning range using 2 iransducers.

The "x"s are measured tuning fre uencies.
S



(b)

(a)

-711f

ACOUSTIC TERMINATION

SIS IS II PSP IS I

ACOUSTIC FREQUENCY (MH2)

J L

d e e T L

3y

g

180 »

10

TRANSDUCER ARRAY

i

i

e, Y n PO

05 06

o8 1 15 2 2% 2
OFTICAL WAVELENGTH (umi)

L

3

SELECTED
LIGHT

APERTURE



-3 O 3

— —

PRI |

B |

-3 3 3

Figure 3-9

- 112 -

Bulk and integrated optic AO specirum analyzer.

The rf =signals enter the amplification and fil'ering circuits.
output elcctrical signals drive the seoustic trensd
surface acoustic waves. The colilmated and trunc er
enters the acoustic field and is diffiracted. The positions and inten-
sities of diffracted beams correspond to those of the rf com-
ponents.

(a) Bulk AQ spectrum analyzer.

(b) Integrated-optical AQ spectrum analyzer.
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Figure 3-10 High-bandwidih transducer configurations.

Two examples of many possible configurations of high bandwidth
SAW transducers.

(a) Tilted acoustic transducers.

(b) Phased array acoustic transducers.



e

-3 3 33

3 22 1

—3 =3

=3 3

- 116 -

/Z(cl Ax1S

Input Prism—

Coupler
) Bragg Diffracted
incident vt Light Beam
Ligre
Beam

Ouvpuv Prism
Coupier

y ;
’ AR

/ /,./ ’\T\I / /

[/ < . /7 undiffracted

Light Beam

/ /
Transducer ¥i & Transducer #2

om D.ffused
Y-Clut LINDG, Pia‘e

(a)

firacwa Lagnr

Reswitant Aceustu
Pevetront

-r vneSsraced Lyt
[y pa— OY
oy, - e W———
—a ey - ,....—-c"'
g o —— —_—
—— —_— -
ry — USRI e
A oo FO——T —_—
o o SW—— rr—
§ ot -—
——— m— I
h‘- ........... ——— p—
' |
4 4 f——y—i—y

Four- fiomont Stepped arrey Trersducer

(b)



B |

-

B |

=3 O3 O 0 0 3 3 132 43 1

- |

33 3

- 117 -

Figure 3-11 Block diagram of an acousto-optic radio frequency receiver.
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Figure 3-12 Time integrating correlator.

An AQ time-integrating correiator using hybrid optical waveguide
structure.

Figure 3-13 Two beam time integrating correlator.

An AQ two beam time integrating correlator using two acoustic
sources and one optical source.
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Figure 3-14 The AO triple product correlator using the AQ effect. SCN,'s are
laser scurces and A(t) and B(t) are the two acoustic scurces.
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Figure 3-16 Symmetric Bragg diff
ers.

raction using symmetric acoustic transduc-

(a) Symmetric tilted transducers.

(b) Symmetric phased-array transducers.
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Figure 3-17 AO network switcher.
(a) Oneinput to 100 (multiple) output switch.
(b) Minput to N output switch.

¢) Hybridation of multiple substrates to achieve a lerge number
. P
of available input channels.
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Figure 3-18 Selection of oscillators for the AO network switeh control.

13

(a) 100 oscillators are needed for an "N to 100" switching capa-
city.

(b) Only half as many oscillators are needed when symmetric
transducers are employed.
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Figure 3-19 Sidelobe level and the mainlobe halfwidth versus the truncaticn
ratio T.

(a) The retio of the sidelobe intensity to the mainiebe intensity in
dB versus the truncation ratio T at 0 dB and 12 dB acoustic
losses.

(b) Relative mainlobe halfwidth versus truncetion ration T at 0 4B
and 12 dB acoustic losses. We can see that the sidelcbe level
can be depressed at the cost of increased mainiobe width.
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Figure 3-20 Intermodulation of multiple Bragg diffraciions.
(a) Intermocdulation modes.

(b) Inlensity of the intermodulation modes.
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CHAPTRK 4

THE ELECTRO-OPTIC APPLICATIONS

4.1 Introduction

The electro-optic (EQ) effect is a manifestation of the change of refractive
index n in an acentric crystal induced by an appiied electric field. At its linear
region, it is usually called Pokels effect. The material respense time cof the
index change corresponds to the electronic lattice relaxation time, which ranges
between 107'% to 107!* sec. Thus, for practical spplications, the material fre-

quency response of the linear electro-optic effect needs hardly be considerad.

The magnitude of the index change per unit aprlied electric field depends on the

LiNbQjg, LiTa0Ogz, GaAs, Zn0, ete. (Table 1).

The applications of electro-optic effect in the manipulation of light waves
are generally in terms of introducing a phase change to the propagating light
waves by the application of an electric field. The most often used generic 5-0
components are: switched directional couplers!®, branched guide interferome-

ter mocdulators® and interdigitated phase graling? All three types h

ave sub-

nanosecond switching time (limited by the EC time constant of the electrodes).

The power requirement is mainly the capacitive displacement power needed.
general, approximately 0.7 mW/MHz electrical power is required for comzl

mipiete

switching or optimal modulation.

Very high speed switching and modulation can be achieved by using travel-

ing wave operation®® wherc the elecirica driving signal is propagated through



3 3 3 1

-3 T 3 13 2

—
-

-0 O 3

-2 3

-

-3 T3 O

- 143 -

the length of the electrodes in the manner of a traveling wave. The switching
time is not limited by the RC time constant in this case. Bandwidths up to 15
GHz have been reported”. Velocity matching {synchkronization) of the traveling
microwave and the light wave can further increase the gate speed3. Pulses with

pulse width shorter than 0.1 picosecond can be generated by this approach.

4.1.1 Switchad Directional Couplers

Switched directional couplers use an electrical voltage applied to the elec-
trodes adjacent to or on top of the coupled-mode parallei-guide directional
couplers (see section 2.4), to introduce a phase mismatch to the propagating
light waves. This electric-field-induced phase mismatch provides externally con-
trollable switching of the light waves propagaticn between the two porallel

waveguides.

Iigure 4-1 shows a classical switched directional coupler scheme. The dis-
tance between and the interaction length of a pair of matched parallel guides
are chosen such that a complete crossover of light from one guide to the other
.is' achieved without an applied electric field. A phase mismatch Af produced by
an applied electric field offsets the mode coupling between the two parallel
guides. When an appropriate electric field is applied, the propagation of light
can be switched from a complete crossover state to a straight through state.
FHowever, as is shown in Figure 4-1, the cross-over ceupling at zero electric field
is nol complete. The reascn for this is the device fabrication which is very
difficult. The width, interaction length and spacing of the two parallsl guides

have to be extremely accurate.

Figure 4-2 shows an improved version of the switched directional couplers,

which uses a stepped alternating phase mismatch?® The alternatirg phase

T



~

r

= 3

- 144 -

mismatch gives added dimension of freedom to compensale the mode coupling
between the two parallel guides. The stringent geomelrical requirements on
fabrication are thus eased. Although the alternating phase device shown in Fig-
ure 4-2 has an identical waveguide structure as the device shown in Figure 4-1,

the switching characteristics are superior.

4.1.2 Branched Guide Interferometer

This scheme uses a voltage applied to electrodes adjacent to the branches
of a branched waveguide to electro-optically introduce a relative phase shift
between the light beams propagaiing in the two arms of the branched guideg.
The recombination of the arms results to cptical interference and causes inten-
sity modulation of the output beam. The voltage needed for the first extincticn
to occur depends on the EO interaction length and the material constants. For a
17 mm interaction length in LiNbQg, 3 volis (1.2 volts) is needed for 7 radian

phase shift of TM (TE) polarized light.

Figure 4-3 illustrates the waveguide structure and the intensity of the out-
put beam versus the applied voltage. This structure is widely used in integrated

optical logic circuits!® and optical analog to digital conversion 12,

4.1.3 Interdigitated Phase Grating

A phase alternating electric fleld is applied to a ferro-electric thin film
waveguide by applying a voltage to a pair of interdigitated grating electrodes.
This periodic electric field results in a periodic index variation. The periodic

index variation then csuses the guided ontical waves to experience an electro-
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cptical Bragg diffraction. Intensity modulation of the undifiracted and
diffracted beams can be controlled by varying the amplitude of the applied vol-

tage. Total diffraction can be achieved at approximately 10 volts.

The distinction between the AO Bragg diffraction described in Chapter 3 and
the EQ Bragg diffraction described here is that the spatial periodicity of the
index variation in the AO Bragg diffraction can be varied within a certain
bandwidth by varying the rf frequency applied to the acoustic transducer. In EO
Bragg diffraction it is fixed by the interdigitated grating electrodes. Further-
more, the applied voltage in the EO case is DC, thus no multiple diffraction as
that in the A0 Bragg diffraction occurs. The EQ Bragg diffraction is virtually a
beam splitter rather than a beam scanner like the AQ Bragg diffraction. The
switching speed of the EOQ Bragg diffraction {(~nsec) is several magnitudes faster

than the AO Bragg diffraction {~usec).

Figure 4-4 shows the structure and the diffracted/incident beam intensity

ratio versus applied voltage of a LiNb, Ta,_, O5 on LiTa0; grating modulator®.

4.1.4 Traveling-Wave Devices and Velocity Matched Gates

The device structure of the electro-optic traveling-wave devices (TVD) and
velocity matched gates (VMG) are eventually similar to those lumped devices
described previously (4.1.1 - 4.1.3). Except that the electrodes have to be very
thick to minimize microwave loss. This imposes a serious fabrication difficulty,
for (1) the electrode width has to be comparable to the optical waveguide width,
which is in the order of a few micrometers, and (2) the lengths of the electrodes

often are in the millimeter range.

In typical thin-film and photolithographic processing, we are usually dealing

with films of a few hundred Angstroms thickness. A 2 um thick high quality
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metal film could take hours to deposit, and is too thick for etching of micron-
size features. Devices have been successfully built nevertheless in research

facilitiesS:6:7,

4.2 Optical A/D Conversion (Conventional Application I)

4.2.1 Device Configuration

The periodic dependence of output intensity of a branched guide inter-
ferometer on the applied voltage can be used to perform analog to digital

conversion of an electrical signal using light intensity as a coder.

An example of an E-O A/D converter''!? is iliustrated in figure 4.5. The
least significant bit has the longest EOQ interaction length since the output inten-

sity variation is the most sensitive to the input voltage variation.

4.2.2 Performance

The performance limitation on the conversion rate and number of bits is
governed by the RC tirﬁe constant of the electrodes of the least significant bit
(LSB). For example, with LiNb O3, an electrode length (i.e., EO interaction
length) of 3.4 cm at the LSB results in 28 pF capacitance, and is capable of 6 bit
accuracy at 1G-sample/sec conversion rates. Increased clectrode length would
resuit in higher accuracy or more bits of resolutior. However, the conversion
rate would decrease. The electrical power requirement is also an important
parameter. The power is directly proportional to the electrode capacitance and
device bandwidth. Assuming a 300 MHz maximal signal freguency for example

being ccnverted at 1 GHz conversion rate and 8 hits accuracy, requires that the
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device bandwidth be higher than the maximal signal frequency, say approxi-

mately 400 MHz. In this case, the device power dissipation would Le 1.5 Walts.

The conversion rale and bits of accuracy can be greatly improved if a
traveling-wave approach is employed. The power requirement can be decreased

by improving the impedance of the device electrodes.

4.2.3 Systems Considerations

Other components which influence the total system performance is alsc
limited by the photodetector and comparator bandwidtiis, and the sample and
hold circuit. Siiicon avalanche photodindes have cutoff freguencies of approxi-
mately 1.5 GHz. Silicon PIN diodes could achieve switching time of tens of
picosecond, depending on the active area of the device. GaAs based avalanche
photodiodes have achieved 3 GHz speed. Silicon emitter-coupled logic compara-
tors are limited in speed to about 500 MHz. However, GaAs comparators can

operate at well over GHz rate.

A unique feature of the EO A/D converter is that the sample and hold cir-
cuit can be eliminated by using a mode-locked laser source. A mode-locked
semiconductor laser (using external cavity) could provide 20 psec optical pulses
for signal sampling. Faster sampling can potentially be .achieved by using velo-
city matched gates. This is an important feature, because the sample and hold
circuit is usually the limiting factor of conventional high speed solid state A/D
devices. However, the recent development in strobe comparator technique
could give aperture time as low as 10 psec, this development may put the

benefit of the coptical systermn in question.
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Another advantage of the E-O A/D converters is the drastic reduction of the
number of comparalors needed. In conventional solid-state A/D devices, for an
N-bit converter, 2¥-1 comparator are needed. In E-O A/D converters, it takes
only N comparators. For a 8-bit device, this is a reduction from 83 comparators
to 8. However, ways of effecting this reduction also exist in electrical high speed

A/D conversion schemes.

My opinion is that unless the traveling wave approach is used in this type of
optical A/D conversion methods to enable much higher conversion rate and a
greater number of bits of accuracy, the benefits of an optical system is not

significant.

4.3 Vector Subtraction (Conventional Application II)

4.3.1 Intreduction

In situations where handling of massive amounts of data is encountered, it
is desirable to be able to compress, to selectively store and process the incom-
ing data. A data comparison technique, such as vector subtraction, where
incoming data sets are seguentizlly compared to reference sets, zould contri-

bute significantly to the processing time and system economics.

A typical example is earth resource surveying, where extensive digital sig-
nal filtering is used. Incoming data from surveying sensors are compared to
sets of signature references which indicate possibilities of the presence of
resources, or the presence of an undesired signal environment such as clear sea
water or an excessive cloud cover. Intelligent decisicns need to be made up

front to decrease unnccessary data storage and processing loads.
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Lmother conceivable application is "computer vision,” in computer aided
manufacturing where the shape, position and orientation of objects on a con-
veyor belt is determined by a computer to assist manufacturing automation.
Often, only the information pertaining to the outline of the object is necessary
for such computer vision. This "outline" of the object can be conveniently indi-
cated by a sudden change of optical intensity detected by optical scanners. A
hardware sequential vector subtraction technique could significantly shorten the

computing time, which is often important in the feedback-control functions of

automated manufacturing.

4.3.2 Device Description

Two integrated optical devices which address vector subtraction techniques
have been under development by Battelle Columbus Laboratories. The first uses

a holographic formation technique!3, the other uses branched waveguide

interferometry !4,

Heolographic Formation

Figure 4-6 illustrates the holographic formation technique. A laser beam is
end-fired or grating coupled into a film waveguide. A phase-grating beam
splitter splits the laser beam into two branches. Data electrodes and reference
electrodes are placed along one branch and phase-controlling electrodes are
placed on the other. The voltage across the phase-controlling electrodes are
first adjusted such that a null is formed at the intersecting region of the iwo
beams. The reference sét and the data set are then biased on the data elec-

trodes. The level of the departure of incoming data sets from tha reference sets
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could be detected by the departure from null of Lheir helogram formation with

the phase controlled beam.

The processing speed of the device is limited by the capacitance of the
electrode structure. For one hundred data channels, 100 MHz rates are feasi-

ble. A higher processing speed could be achieved for less data channels.

Branched-Guide Interferometry

Figure 4-7 illustrates the concept of a 16 dimensional vectcr subtraction
using branched-guide interferometry. The width of the optical beam at each
branch starts at 800 um and is further divided into sixteen 50 um wide chan-
nels. A horn structure then reduces each channei to 7 um width. The 32 elec-
trode pads on each branch represent the inputl ports for the two 15 dimensional
vectors. The result of the subtraction is represented by the light level at the
recombination of the two arms. 10nsec response time and 8 levels of light
intensity resolution are expected for this 168 channel device. The fabrication,

however, is not trivial. The symmetry of the two arms and the uniformity of

channel lengths are critical for successful performance.

Relevance to Tektronix‘

These devices could be useful to motion detection in video processin

Ga

However, in video moticon detection, we compare Lhe current frame information
to the previous frame stored in memory. Reading the previous frame cut from
memory could be a cumbersome operation. However, the integrated optical
vector subtraction technique used in conjunction with a high speed coptical-disk

mass memory could conceivably be a practical video processing hardware.
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4.4 The Optical Logic Operations
(Conventional Application HI)

4. 4.1 Introduction

Logic operations can be performed using integrated linear electro-optic

10

devices”, such as branched guide interferometers or switched directional

couplers. The power dissipation is one to two orders of magnitudes lower than

the optical logic operations using non-linear optical effects.

The propagation delay per gate is in the order of 20 psec to 30 psec. How-
ever, RC load of the data electrodes and the photodetector respense time tend
to be the limiting factors. The concept is thus more or less academic. However,
if traveling-wave cperation or velocity matched gates are used in integrated-
optical logic circuits, the real speed advantage may be realizable. Propositions
of optical logic devices have been made, but neither implementation nor experi-
mentation have been published. The substrate area and the length in particular
occupied by an optical logic gate are enormous when compared to either a sili-
con or a IlI-V semicenductor device. This factor may indicate that integrated
optical logic gates will not be in direct competition with silicon devices. How-

ever, there will be specific applications where no large scale integration is

needed.

4.4.2 Gate Descriptions

Figure 4-8 illustrates the concept of operation of some fundamental optical
logic gates. In the branched-guide devices, voitage level V,, which causes a =

radian phase shift, represents logic level "1"; 0 volt represents logic level "0". In
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switched directional coupler devices, the voltage level, which causes complete

switching, represents logic level ""1"; 0 volt represents logic level "0".

4.5 The Electro-Optic Netwerk Cross-Point Swilch,
Application at Tekironix

4.5.1 Introducticn

A network cross-point switch for optical digital video routing switch applica-
tion, as mentioned in Chapter 3, cculd conceivably be implemented electro-

optically.

The problem in the electro-optic cross-point switching network 71819 ig
that the loss and crosstalk is proportional to the number of switching stages,
which in turn is proportional to the number of ports. The resulting loss and
crosstalk is so large for network sizes larger than 10x?0 (Figure 4-9) that it is

usually impractical to construct electrc-optically.

Typically, a 2x2 clectre-optic switching unit has & 0.8% (-21 dB) bending loss

and 0.18% (-28 dB) crosstalk. For an NxN network switch, this means:

N switching stages
N{N-1)/2 switch units
Nx0.8% bending loss
NxD.16% cross talk
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In our application, where N = 100, this ccrresponds to:

160 switching stages

4950 switch units
80% bending loss
18% cross talk

The total device size would be approximately 12 ecm, since approximately 1.2

mm interaction lengih is typically needed for single stage electro-optic devices.

1

An 807% crosstalk an

=

a 16% bending loss is not an acceptable performance. A 12

cm device length is not feasible from the practical stendpoint.

A scheme Lo lmprove these parameters significantly is presented in the fol-

lowing subsection.

4. 5.2 An Alternative

The key innovation is a reduction of the number of switching stages while

maintaining the network size.

Figure 4-10 shows a concept of composing a 100x100 network switch by
using 20 ul.'iits of 10x10 switches in 2 stages. The tota! number of switching
stages would be reduced to 20 from 100, and the total number of switches would
be reduced to 900 (45 on each module) from 4950. The total bending loss would

be 168% or bettar, and the crosstalk would be 5%.
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Number of modules 20
Number of switch/module 45

Total switching stage 20
Bending loss 16%

Cross talk 5%

Module length ~1.2cm
Integration length ~2.4 cm

4.5.3 Advantages and Difficulties

The major advantage of this approach compared to the AQ diffraction
method (Chapter 3.5) is the simplicity of the voltage controlled switching versus
the frequency controlled switching as in the AO approach (3.5). The easec of
modular fabricalion, the elimination of thin-film lenses {(required in the AOQ
approach), and the faster switching speed are additional attractions. The per-
formance, in terms of noise and crosstalk is, however, inferior to the AQ

approach.

The coupling between the two 10x10 stages could provoke potentially series
problems. If the two stages are fabricated on separate substrates and ccupled
together by optical fibers, a 15% to 50% loss could occur on each fiber-to-
substrate joint. If the entire network is fabricated on one single substrate, the
geometry and layocut of the 100 channeled waveguides connecting the two 10x10
stages would not be trivial. However, based on the knowledge that two crossing
optical beams do not affect each other before and after crossing (except a small
perturbation), this device fabricated on one single substrate should achieve high
performance. A vital experiment to perform for the feasibility of this device is
the measurement of the crosstalk between two crossing channeled

waveguides®?,
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4.6 Cpto-Glectric Testing of Electronic Circuits

o
(Apptication at Tekironix)

2

4.6.1 Introduction

The presznt semiconductor IC and PC Board testing hardware has a number

of shoricomings:

1.  Siow clecking rates (~20 MHz) caused by various reasons, most severe of all

i1g the time dispersion of the maszive coaxial cables and connectors.

2. Cumberscme and slow mechanical probes, such as mechanically manipu-
lated pogo pins and probe tips.
3. Labor intensive, fime consuming connecting schemes,

]

Except for IDD, most Tek products acquire and display signals, for testing
or measurements. Signal acqguisition has become more interactive, and now

often requires stimulus injection and response inspection. In such interactive

acquisitions probing hardware is the first functional element involved.

Leon Orchard of Laboratory Instrument Division is especially keen in
removing the above-mentioned inflictions of the present IC and PC board proh-
ing methods. In our discussions, he has emphasized the importance of increas-
ing the testing clock rate to above 200 MHz, and to computerize. the testing. In
this section we will propese a new circuit probing and testing concept (method)
utilizing optical injection of stimuli and cptical inspection of respenses. This
method provides high speed (>200 MHz), high isomorphism, isotrepism and flexi-
bility. It eliminates mechanical probes and error prone human operations, and

makes true automation of probing and testing a possibility.
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4.6.2 Opticai Injection of the Electrical Stimuli and
Optical inspaztion of the Responses

The key of this proposed method is to keep the lengths of elecirical
transmission to a minimum. The electrical stimuli are converted to opticzl sig-
nals as close to the generation equipment as possible. The transmissicn to the
circuit under test (CUT) is implemented optically. The optical stimuli are recon-
verted into electrical signais as close as possible to the CUT. The elecirical
responses of the CUT are converted to optical signals as close as possible to the
CUT. The transmission to the diagnostic equipment is again implemented opti-
cally. The cptical to elecirical conversion of the response signais is performed
as clcse as possible to the diagnostic equipment. This approach alleviates the
pulse dispersion problem in coaxial electrical transmission of conventional
probing and thus greatly enhances the bandwidth. The extraordinarily large
bandwidth of the optical transmission and the electro-optical devices employed

allows high speed dynamic tests or time-multiplexed lower speed dynamic tests.

The conversion from electrical stimuli to optical stimuli can be achieved
either by directly modulating semiconductor laser sources, or by an electrically
controlled optical switch/modulator external to a laser source. The conversion
of the optical replica back to the electrical signals can be executed by photo-

diodes or photo-trigates.

The response signals can either bz electrically inspected and diagnosed

iag , or

can be converted to optical signals either by directly driving a semiconductor
laser array or by driving an integrated-optical phase mecdulator. The optical sig-
nal is then transmitted by optical fibers to the diagnostic equipment and then

converted to electrical signals for inspection.

The programmable connection of the CUT to the stimulus znd respcense

opto-eleciric probes can either be achieved by using a programmsble mizro-
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mechanical svitch array, or a novel input/cutput dual-funciion oapin-oi civic
device proposed at the end of Section 4.6.3 (bi-directional stimulus-response

probe).

4.6.3. Probe Descriptions

In this secticon, two approaches are described. The first apnroach emplovs a

P k
stimulus prebe, a response probe and a micromechanical switch array to couple
the two prcbes to the CUT. The second approach incorpcrates a novel duaal-

function cpioeliectric device to achieve bi-directionality.
Sitmulus Probe

Figures 4-11 to 4-12 describe possible optical stimulus probes. A CW laser
source {or muitiple sources) is coupled into an optical fiber bundle. The optical
fibers are coupled to an integrated array of guided wave optical switches (Fig.
4-11a) or modulators (Fig. 4-11b). Each element of the integrated guided-wave
switch/modulator array is capable of impressing a pre-programmed electrical
test stimulus onto the light beam traveling through the switch or modulator.
The modulated optical beams are then ccupled into an optical fiber bundle
again, and transmitted to the immediate vicinity of the CUT. lThe ends of the
fibers are aligned by a honeycomb and coupled to an integraled array of opto-
electric converters (Figure 4-12a, b). The modulated optical beams are then
converted to =lectric signals, buffered and injected into the stimulus poris of

<

the CUT.
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Kesponse Probe

the CUT can be buffered and used to drive an cpticel interferome
4-13). The principal C.W. laser beams brought to the interferometer arvay by
iy

the optical fiber bundle are imprinted with the response signals from the CUT by
id P =

the interferometric modulator. Another fiber-bundle then carries the response

el

signals in optical form, to the immediate vicinity of the diagnostic equipment.

The fiber ends are aligned and coupled to an integrated array of convertional

phetodiodes. The photodiode array converts the optical response signa
electrical signals for inspection and analysis by the diagnostic eguipment.

Integrated electro-optic devices other than the interferometric type can also be

used.

The CUT-to-Probe interface -- Micromechanical Swiich Array

Tek Technology Group is currently developing a current controlled ther-

mally actuated and a voltage controlied static-charge actuated programmable

micromechanical switch®! array. These types of switch arrays can be utilized to

configure and reconfigure the connection between CUT and the optical probes.

Figure 4-14 is a conceplual description of the proposed coupling

between the CUT, the probes, the stimulus gener

neration eauipment and the

- response diagnostic equipment.

The switching time of the micromechanical switching devicos {usec-msec),

however, is not fast enough for bi-directional bus applications, in which a

specific pin of the CUT may be a stimulus pin at one clock cycle and a response

pin at the next clock cycle.
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Bidirectional Stini:ius/Response Probe

The key to this approach is that each channel can be preogrammed to be a
stimulus (input) or response (output) channel without, any mechanical switching.

The channel configuration can be altered at very high speeds. This capakility is

provided by an opte-electric circuitry® employing a photediode and an optical

gate (Figure 4-15). When the optical beam addressing the photo-dicde D, is

"high” (low), the electrical pulse at the test point would be low (high), thus

reconstructing the inverse of the electrical stimulus. This electrical stimulus
bit stream is injected into the CUT and at the same time amplified by a buffer Gg

to drive another integrated-optical modulator array (Figure 4-16), which allows

opiical transmission to the diagnostic equipment.

When the tri-state pin of G, is addressed (when the optical beam stimulat-

ing G, is "high"), the test point is effectively disconnected from the input. The
response of the CUT is then amplified by buffer Gz, which drives the integrated-
optical modulator (Figure 4-17) and converts the electrical siginals to optical

pulses to be transmitted to the diagnostic equipment by optical fibers.

Figure 4-16 shows the integrated-optical phase modulator array addressing

the opto-electric circuitry shown in Figure 4-15. A pair of independently pro-

grammable phase modulators a and b address the photo-diode D, and the opti-

cally triggered gafe G, correspondingly. This unit forms the stimulus injection

side of one dual-function stimulus/response channel.

Figure 4-17 shows the integrated-optical phase modulator array ariven by

the output Vgg, of buffer G,,. This phase modulator array converis the electri-

cal response signals from the CUT or the electrical stimull injected into CUT to

oplical signals again and optically transmits them to the immediale vicinity of

the diagnostic equipment.
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Figure 4-18 shows the conceptual system schematics. The interfacing of
the integrated-optical modulator array to the integrated opto-electric conver-
sion circuitry can be achieved by using a multilayer ceramic hybrid appreach as
suggested in figure 4-19. The connection of the probe test points to the CUT can
be achieved by integrating currently available high speed IC connector tech-

niques into the multilayer hybrid package.

4.6.4 Other Optical Approaches in IC Testing

Texas Instruments, Lincoln Laboratories and IBM are pursuing processed IC
wafer testing using E-beam. Siemens, Philips and some universities are develop-
ing processed IC wafer and die testing using SEM (voltage contrast measure-
ments). Hughes Aircraft Company is developing a photoexcitation scheme using

a galvanometer scanned HeNe laser.

Our approach is far superior to the above-mentioned methods for applica-
tion of field testing ICs on PC boards. For example, a high vacuum chamber is
needed for the E-beam and SEM schemes, and two {x,y) slow galvanometers are
needed in the Hughes approach. Hughes approach is not capable of high speed

dynamic testing.

Distinct advantages can also be rationalized in our approach for testing
individual ICs whether packaged or on the wafer. Parallelism, dynamic capabil-
ity and very high speed nature are the most important features. System cost is

also conceivably lower.
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4.6.5 Other Advantages

1)

2)

3)

5)

6)

7)

8)

Leapfrogging competlitions.
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The "fixture” naturc of this subsysiem rc

tional ICs and PC board circuitries.
All electrical testing algorithms can be adapted.

A direct modular adaptation of this probe into the present testing hardware
is conceivable, while the ultimate fit is aimed toward the testing equipment

of the future.

The capability of the technology leaves a very large margin for future speed
improvements above 200 MHz. The integrated-optical components have
potential for 20 GHz operation when traveling microwave or velocity match-
ing schemes are employed.

The method is capable of parallel processing while providing nigh bandwicdth
for possible time-multiplexed serial processing.

This system provides high specd bidirectional, programmable input/cutput
channel configuration which is also applicable to conventional electrical
probing.

An unspecified number of channels for different testing purposes and

environments is possible.

The concept can be applied to almost all testing purposes and environments

by slight modiiications.

10) Ample patenl prolection.
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4.6.6 Major Technological Difficuilties

Electro-optic coefficients differ along different crystal axes of the electro-
optic material. The effect of an applied electric field on propagating light is thus
polarization dependent. Optical fibers (especially multimode fibers) tend to
depolarize the originally polarized guided light. Single mode fibers with good
mode purity do not depolarize, but do rotate the polarization of the guided light
instead. The resultant polarization of the light at the fiber-to-modulator junction
depends on the length of the fiber. For practical purposes, the resultant polari-
zation direction is unknown. However, considerable efforts have been reported
on ribbon fibers consisting of asymmetric single mode fibers maintaining the
polarization of the guided light. It is also possible to design a diffraction grating
on the integrated optic waveguide to repolarize the incident light. Successful
efforts in fabricating polarization independent integrated-optic devices and

2

active polarization switchers are also taking place at Bell Laboratories®?® and

Japanese groups. Their results have been presented at the 3rd International
Conference on Integrated Optics and Optical Fiber Communication during April

1981 in San Francisco?%25.26,

The coupling of light from optical fibers to the integrated-optic device is
another problem. No extensive development effort has been devoted to this par-
ticular problem to date yet. Integrated-optic research groups, on the other
hand, have not been motivated to solve peripheral problems of this nature. A
loss of anywhere between 15% to 50% can be expected at each fiber-substrate
junction. Fortunately in this application, the power loss is not detrimental. We
could compensate the loss by increasing the power output of the external laser

source, or by using multiple sources.
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4.7 Data Transmission

Optical wavelength division multiplexing technigue could dreasiicall

~

increase the information carrying capacity of fiber optical transmission systems
without resorting to higher frequency components. Narrow-band (wavelength)
optical filters with minimum dispersion are essential for this technique.

Integrated optical filters fabricated on LiNb O3 offer superior performance than

geometric filters.

Polarization independent filter having a 5 A bandwidth, 75% peak fiiter
efficiency was successfully demonstrated recently®® (Figure 4-20). At such nar-
row bandwidth, a large number of wavelength channels can be multiplexed, and
the information carrying capacity of the fiber-optical transmission system
economically utilized. Several (N) of the filters like the one shown in Figure 4-20
can be fabricated in sequence on one single substrate, forming an N channel
filter. When applied to the fiber-optical transmission system as a multiplexer/
demultiplexer, the information carrying capacity is increased by N-fold.
Another interesting application of this type of filters is in very high frequency
systems where narrow spectral width source is required. An inexpensive LED

could be used in conjunction with the filter instead of resolving to more expen-

sive lasers.

A less ambitious multiplexing scheme could be implemented by TE/TM

mode multiplexing, using integrated-optical mode splitter??, However, this

scheme provides only a two fold increase on the irformation carrying capacity.

Increasing the frequency capability of the optical transmission system

ire-

7
{
quency division multiplexing) is though less desirable, nevertheless another nos-

sibility. Traveling wave integrated-optical modulators and gates™?? are capable

of generating optical pulses up to tens of GHz frequency from a CW laser source.
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However, this approach is much more costly since high frequency elecirical

components and photodetectors are required.
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Table 4-1

SOME TYPICAL ELECTRO-OPTIC COETFICIENTS AND REFRACTIVE: INDEX

Felative
Diclectric
Constant
28

12.3

8.2

CHANGES FOR APPLIED FIELDS OF 10,00C V/cm

Material Aum] n’ r 1107 Bm s V] %7210”:1//cm
LiNbOs  0.6326 2.203(n,) 30{rsg) 1.6x107*
GaAs 0.9 3.6{(n) 1.2(7r14) 2.8x107°
7Zn0 0.6328 2.015(n,) 2.6(rgs) 1.1x107°

Vs

Tl
2t Vi

Values of n, r, and ¢ from L.P. Kaminow, "Linear Electrooptical Materials,”

CRCH

andbook of Lasers, Ed. R.J. Pressley, p. 447.
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A conventional switched directional coupler and its output light

intensity versus applied voltage. The waveguide geometry is ot
optimized for mode coupling due to the stringent geometric
requirements.

Alternating phase mismatch switched directional coupler and its
output light intensity versus applizd veltage.

The waveguide geometry is identical to that of the device shown in
Figure 4-1. However, the switching characteristics are far supe-
rior.
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Branched guide interferometric phase modulator an

light intensity versus applied voltage for T {upper pict

(lower picture) polarized light.

d its ocutput
ure) and TM
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Interdigitated Phase Grating (EO Bragg Diffraction) and the
diffracted light intensity versus applied voltage.
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Integrated optical anzlog to digital converter using branched guide
interferometric phase modulators. The least significant bit has the
longest electrodes and thus the longest interaction length.
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Figure 4-8 Integrated Optical Digital Comparator.

A phase grating beam splitter splits the laser beam into two

branches. Data electrodes and reference electrodes are placed
along one tranch, and phase—controlling electredes on the oihsi.
The voltage across the phase-controiling electrodes are first
adjusted such that a null is formed at the intersecting region of the
two beams. The reference set and the reverse of the data set are
then biased on the reference and data electrodes. The level of the
departure of the data set from the reference set could be detzcted
by the departure from null of their hologram formeation with the

phase controlied bear.
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Integrated optical digital data comparator using multi-channel
branched guide interferometric phase modulators. The 18 pairs of
electrodes on each arm correspond to a 16 dimensicnal vector {or
a 168 bit word). The resultant output light ievel directly
corresponds to the result of the subtraction of the two vectors.
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Some basic integrated-optical logic gates:

(a)

(c)
(d)
(e)

Schematic diagram of an optical logic device.

Interferometric phase modulator used as a three input
exclusive or gate.

Switched directional coupler used as an exclusive or gate.
Some basic fundamental logic gates.

A device for computing the carry bit k, and sum bit C, for the
nth stage of a binary adder.
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(b)



- 181 -

| i e 4
wyi@ aA —b |

ﬁ

(c)



- 182 -

(e)

OO C s



J

——
——

=) J3a 3

3} T3 3

Figure 4-9

- 183 -

Schematic diagram of a conventional approach to a 10x10 network
switch.
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A two-stage 100x100 network switch composed of 20 units of 10x10
network switches.

The nth output channel of the mth unit in the left-hand column is
connected to the mth input channel of the nth unit in the right-
hand column.
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Figure 4-11 Integrated-optic Stimulus Probes.

(a)

(b)

Integrated array of switched directional couplers: The culput
channels are aligned and coupled, via optical fibers to the
corresponding pairs of photodiodes in the integrated opto-
electric converter array shown in Figure 4-12 {(a). BEach
switched directional coupler can switch the light beam from
either one of the two output channel waveguides to the other,
thus activating either photodiode in each corresponding pair.

Integrated array of interferometric phase modulalors:
Depending on the voltage applied on the electrodes, the output
light intensity could be either high or low. Tach cutput pertis
aligned and coupled to the corresponding photodiode in the
integrated opto-electric converter array shown in Tigure 4-12

(b).
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Figure 4-12 Optc-electric Converters.

(a)

(b)

Dual Diode Approach.

When photodiode D; is activated, the output voltage level
would be "high". When diode D, is activated, the output would
be at "ground" level, or lew. The buffer serves to clean up the
pulses and to boost the output current level to suit the logic
family of the circuit under test {(CUT). The honeycomb
configuration is also indicated in the lower half.

Single Diode Approach.

When the light level addressing D, is "high" the output voliage
level of the circuit is at "V", or "high". When the addressing
light level is "low", the output voltage level is at "grocund".
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Figure 4-13 Integrated-optic Response Probe.
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The response signals Vg, from the circuit under test (CUT) drive
the interferometric phase modulator array to create an opticsl
replica of the response signals of the CUT. Optical fibers carry this
replica to a conventional photodiode array near the diagnosti
equipment. There the optical signals are reconverted to electrizal
signals.
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Figure 4-14 The system schematic diagram of the optical stirnulus-response
probe using micromechenical switch array as a vehicle fcr probe
configuration and reconfiguration.
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ure 4-15 The schematic diagram of an input/outpul bidirectional opto-

electric conversion circuitry. Each channel reguires two indepen-
dently programmable light beams. The stimulus data Lo the CUT is
detected by G,, buffered by G, and injected into CUT. When the
dicde D, is activated, it forces G; inte a floating output state,
effectively disconnecting &, from the CUT. In this case, a response
signal from the CUT is buffered by Gg, which in turn drives the
corresponding optical modulator in Figure 4-17.

When G, is not in the floating output state, the injected voltage to
the CUT by G, is also buffered by Gg, converted to cpticel signal
and transmitted to diagnostic equipment.



—4 -

3 O O 3121 13 a2 1

- 198 -

/TEST POINT

— IR

< >
: &, Vga,, TO DRIVE THE
INTEGRATED-OPTICAL
STIMULUS/RESPONSE
CONVERSION ARRAY

A

a2 T 1 A

—

-1 A

GROUND
TEST POINTS
ll\lllll]lllllll_ﬂ
~wEOOOOOd
- O D ]
- 00 :
- [ ]
G‘_‘ .
NENREENEEEEE N
TEST POINTS



-2 a3 a2 1

- 199 -

Figure 4-18 An integrated-optical modulator array addressing the bidirecticnal
opto-electric converter array shown in Figure 4-15. A two-siage
switched directional coupler could achieve the same functionality
as a pair of interferometric phase modulators shown in this figure.
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Figure 4-17 The Stimulus/Response Feedback Integrated-Optical Modulator
Array.

The ouiput voltage Vggn, of gates Gg, from Figure 4-15 drive these
modulators to obtain an optical replica of signals at the test points
whether stimuli or responses. The optical replica are then
transmitted to the diagnostic equipment and converted to electri-
cal signals by a photodiode array.
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Figure 4-18 The Conceptual System diagram of the bidiresctional stimulus/
response probe,.
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Figure 4-18 The interfacing of the integrated-optical components, the opto-
electric component and the circuit under test.

This multilayer ceramic hybrid circuit in conjunction with the

avallable high frequency connector techniques used in high fre-
quency Tek products is a proposed solution.
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SOURCES AND BETECTORS

Optical sources and photodetectors are two vast fields by theimselves. 1t is
quite impossible to cover all the aspects of these subjects. This chapter is not
intended to be a comprehensive survey, but rather an overview from the appli-

cations standpoint.

5.1 Sources

Semiconductor light emitting diodes (LED) and laser diodes are the pre-

ferred light sources for fiber optical systems because of their comipaciness and

[
6]

cost effectiveness. The laser diodes are the practical choice for integrated-
optical systems and other high data rate applications because of their much

narrower spectrum spread and higher modulation bandwidth.

Because of the transmission loss characteristics of optical fibers, lcnger
wavelength scurces (1.3 um and 1.5 um) are preferred, especially in long dis-
tance optical fiber systems. In short distance data transmission and signal pro-

cessing applications the wavelength is not a major factor.

The lifetime of both LED and lasers have made great progress during the
past 3 years. The measured lifetime now exceeds 40,000 hours. Many manufac-
turers of laser dicdes are now specifying 100,000 hours of CW lifetime. When
modulated, the lifetime was observed to be shoriter. However, definitive dala is

not yet available.
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5.1.1 1FD versus Laser Diodes
1AM

Fabrication of LED is a more mature technology. LED kas higher consirue-
ticn tolerances and thus is cheaper. Its optical output power is approximeately
linear with the driving current. The temperature dependence of ils power/
current characteristics is relatively small, requiring no temperature regulation

circuitry.

However, the emission spectrum of LED is broad (300 ~ 500 ?—‘x) resulting in
a larger pulse dispersion. The modulation capability is imited by the carrier
lifetime (100 MHz - 200 MHz). The radiance energy is low, because of the rela-
tively large beam divergence {120° x 40°), resuiting in a low coupﬁng efficiency

to waveguides ( <10% ).

Laser Diodes

Laser diodes have more critical construction tolerances and thus are more
expensive than LED. Their threshold current and quantum efficiency vary with
temperature, thus requiring temperature regulation circuitry. Their linearity of

output power vs. current characteristics depends on the operating conditions.

However, when biased with DC at threshold, laser diodes can be modulated
at above 1 GHz rate. The emission linewidth is narrow { <20 A )}, resulting to
much smaller pulse dispersion. The relatively high radiance power /45° ¢ 10°

beam divergence) enables a higher coupling efficiency (~80%) to waveguidss.

Conclusion

-

LED is preferred for its lower cost in lower bit rate { <100 ¥MHz), short dis-
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tance applications. Laser diode is the only praclical choice for higher bit rate

(>200 MHz) and long distance applications.

5.1.2 Short Wavelength Sources versus Longwave Length Sources

Short wavelength (0.8 ~ 0.9 um) sources are typically based on GaAlAs/
GaAs technology, which is more mature when compared to the (InGa) (AsP)/InP

technology for longer wavelength (1.1 ~ 1.85 um) sources.

To match the fiber properties, 1.3 um and 1.5 um are the most attractive
wavelengths. Various buried heterostructure (InGa) {(AsP)/InP devices at these

wavelengths have been extensively studied for several years!™".

Performances of various LEDs are listed in Table 5-1. The power vs. current
characteristics of a typical GaAlAs/GaAs LED and a typical InGa AsP/InP LED are

illustrated in Figures 5-1 and 5-2.

The power vs. current characteristics at various temperatures of a typical
GaAlAs/GaAs double heterostructure (DH) laser diode and a typical (InGa)

(AsP)/InP to DH to laser diode are illustrated in Figures 5-3 and 5-4.

5.1.3 Power Efficiency

The power efficiency of LED and laser diodes are influenced by the internal
quantum efficiency, the crystalline structure, the recombination region, the

threshold current (for laser diodes) and the operating temperature and current.

The differential quantum efficiency N4iry Can be calculated as follows:

gy = A/ R)
Mars =M T in (1R

where 7, is the internal quantum efficiency, R is the facet reflectivity and « is
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the cavity absorption coefficient and L is the cavily length.
The optical power P emitted by a laser diode can be calculated as follows:

po by

- (I =~ Ln) Massr .

where J is the operating current, Itn, is the threshold current, Naify 1S the

differential quantum efficiency, and hv is the photon energy which is equivalent

to the band gap energy Egq.

The power efficiency is then:

P
PR, + I hy/e

Tp =
where K is the junction resistivity.

The power efficiency of LED can be similarly calculated. For both LED and

laser dicde the power efficiencies range typically from a few percent to approxi-

mately 10%.

The quantum efficiencies of various LEDs are listed in Table 5-1. The guan-
tum efficiency and threshold current of laser diodes are both temperature

dependent, typically as shown in Figure 5-5.

5.2 Detectors

The most important parameters of a photodetector are its quantum

efficiency, noise, responsivity {Amp/Watt), and its response time.

The gquantum efficiency determines the responsivity of the device. The
responsivity and noise determine the signal to noise ratio of the device. Thé
response time determines the frequency bandwidth of the device. The quantum
efficiency and responsivity are both spectral dependent. The detector noise is

often represented in combination with the responsivity as "noise equivalent
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power" (NEP), defined as lhe bandwidth normalized optival fiux ingul which

resulls in a signal to noise ratio of 1.

5.2.1 Quantum Efficiency and Responsivity

Quantum efficiency is defined as the ratio of the number of useful pho-

toelectrons released to the number of incident photons, i.e.,

_ # of photoelectrons
# incident photons

e
Quantum efficiency can be related to the responsivity, the Ampere current gen-

erated per Watt incident optical power as follows:

_ (PO'S)/Q _ hec
me = Py,/hu ex,

)

Where is the incident optical pewer,

P

S is the responsivity in Amp /Watt,
e isthe electron charge,

h is Planck's constant,

v is the optical frequency,

Ao 1is the optical wavelength.

For assumed values of quantum efficiency, the spectral responsivity can be

calculated as illustrated in Figure 5-6.

The quantum efficiency of a photodetector can be determined at each
wavelength by plotting the measured responsivity at each wavelength on Figure
6-6. As an example, the spectral responsivity and associated quantum efficiency

of a Mitsubishi Electric avalanche photodiode {PD1000) is illustrated in Figure

5-7.
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Antireflection Coating

For a photodiode of only moderate quality, the internal quantum eflficiency
for the photons absorbed in the semiconductor is nearly 100%. However, a
significant fraction of the photon flux is reflected at the device surface because
of the discontinuity in the index of refraction. The reflection coefficient for nor-
mal incidence at the boundary of air, n=1, and the semiconductor, n*3.5, is:

_ (n, —np)?

R =
(n, +ny)?

R 307%.

An anti-reflection coating of thickness i of the interested wavelength, wilh
refractive index between that of the air and the semiconductor is used to optim-

ize the effective quantum efficiency.

For silicon devices, an 80% effective quantum efficiency is quite common.

GaAs based devices normally have 60% to 70% quantum efficiency.

5.2.2 Response Time

The response time of a photodetector is determined by the larger of the
carrier transit time across the depletion region, or the product of the diode load
resistance and capacitance. The transit time in most direct-gap photodiodes is
épproximately 10 psec. Thus, the response time is RC limited. The capacitance
of a photodiode with 100 um diameter is typically 1 pf. The RC limited risetime
is approximately 100 psec. Faster devices can be made by reducing the device
active area. However, the optical flux would decrease correspondingly unless
focusing optics is implemented. The load resistance R is also closely tied to the
signal to noise ratio of the device. A balance has to be reached between optimiz-

ing the response time and the signal to noise ratio.
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5.2.3 Signal to Noise Ratio

The sources of noise in a photodetection system are: 1) shot noise in the
optical signal, 2) shot noise and thermal noise in the photodetector, and 3)
excess noise generated in the detector by avalanche gain and 4) the external

amplifier noise.

The photocurrent generated by the incident optical power P, can be

expressed as:

Fo
I, =2— mnge

hv
Associated with the average photocurrent 7, is a mean square shot noise
i2 = 2el, B
sp pe

where B is the modulation frequency (i.e., post-detection bandwidth).

A reasonably good semiconductor laser has a shot noise {background)

power 50 dB below its signal power:
Pp r107°pP,,
This generates an additional noise current in the photodetector

I, =222
B = ey e

and a mean square shot noise

?jg = 22[35.

The shot noise caused by the dark current /p in the photodetector is:

ig = 2elpB.
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For devices with avalanche gain the mean square noise in the amplified

current can then be written as follows:
ie=2e(l, + Ip + Ig) B- M F(M)

where M is the multiplication gain and F(M) is the excess ncise factor caused by

the multiplication.

Detector thermal noise and the amplifier noise can be accounted for by an

added mean square noise current

4kTeffB

a3
vy =
Ry

where k is the Boltzmann’s constant, F; is the load resistance of the photodicde
and T is the effective noise temperature which includes the detector thermal
noise as well as the noise added to the system by the external amplifier. For an

FET amplifier circuit, the effective noise temperature is approximately 1000K.

The photodiode load resistance R; can be chosen as large as possible to
minimize the thermal noise, within the limit of the bandwidth requirement and

the diode capacitance:

1

b= ZTTRLC.

Finally, the signal to noise power ratio can be written as:

N Y I MR
T Re(Ip+ig+Ip) BMPF(M)+{(4kT,;; B/ Ry)

S
N

_ % (RP,ng e/hv)?
Re{(2ng e/hv) (P,+Pg) + Ip} BF(M) + (4kTyy B/ M*Ry)

The noise equivalent power (NEP) quoted in most photodiode specifications

usually disregard the external amplifier noise and the optical source shot noise.
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todiodes.

5.2.4 Devices

Device Type

Most commonly used semiconductor photodetection devices are p-n junc-
tion photodiodes, p-i-n photodiodes and avalanche photodiodes {APD), as shown
in Figures 5-8 to 5-10 respectively. Responsivities and quantum efficiences of
various high speed (70-80 psec) photodiodes are illustrated in Figure 5-11. The

responsivity versus characteristics of a typical APD is illustrated in Figure 5-12.

Wavelengths

The spectral response of silicon devices cuts off at 1.1 pum. For longer
wavelength applications, germanium or GalnAs devices are usually adapted.
Germanium devices® have an absorption edge at 1.8 pm as shown in Figure 5-13.

GalnAs devices have an absorption edge at 1.7 um as shown in Figure 5-14.

Detection Speed

Response times of 50 psec have been reported for silicon p-i-n photodiodes
and 100 psec for GaAlAs avalanche devices. Thin film amorphous silicon photo-
detectors® (Figure 5-15) have potential to achieve switching time below 40 psec.
The fabrication of such a device is very simple. However, the sensitivity is low

(~3x107* collecting efficiency).
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5.3 Intcgrated Laser Array, Translasers and inlegralcd Repeaters

When higher power optical source is required in a system application, an
integrated array of synchronous lasers can satisfy the power requirement while
retaining the compactness of the source. Bell Laboratories and Mitsubishi Elec-
tric both have achieved the integration of more than fifteen synchronous lasers
on a chip. Wide application of this type of integration is expected Iin the near

future.

It is also desirable from cost standpoint to integrate the laser together with

its driving transistor.

Amnon Yariv and his associates at Caltech have been working on this pros-
pect for several years. Both MESFET!® and bipolar!! {Figure 5-16) approaches
have been experimented with GaAlAs material. A typical common emitter

current gain of 900 and a 80 mA laser threshold current were reported.

The natural development following the translasers would be integrating the
photodetective function with the regeneration function, i.e., integrated
repeaters (Figure 5-17). This is especially useful to the optical video production
switcher (Chapter 3), where we suffer large signal attenuation due to the "1 to N"

12, However,

switching. The Caltech group has done significant work in this area
array integration has not been attempted, which is necessary for application in

large network switching systems such as our video production switcher.
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Table 5 1

COMPARATIVE LED DATA

Radiance
Highest {(W/cm -Sr) Maximum
Quantum  Emitted at Modulztion
Wavelength  Efficiency Power [current] Bandwidth
Material {pum) (%) {mW) {mA) (MHz)
GaAs (HOMO, S.E.) 0.9 ~1% - 25[300] 450%@)
InGaAs (HOMO, S.E.) 1.08 ~1% - 15[100] 150te)
InGaasP/InP 1.2 3% ~6 mW 50[1G0] 0%
(DH) {S.E.)
AlGaAs {DH, S.E.) 0.85 7.6% 14 W 100[150] S
AlGats (DH, E.B.) 0.85 ~1% G mw 1000[450 ] 20ue)
AlCaAs {DH, S.E.) 0.82 ~3% 15 mW 200[2C0] 1le)
Code: EOMO - Homojuncticn; DH - dnouble-hetersjunction; S.H. - Surface-

emitler with etched welt {Burrus typel: D.E. - Edge-emitter; {a) - 3 dB
reduction in optiical power; and (b) - 6 dB uplical power reduction.
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The output power vs. input current characteristics of an GaalAs/
GaAs LED at various operating temperatures.
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The output power vs. input current characteristics
(InGa){AsP)/InP LED at various operating temperatures.
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The output power vs. input current characteristics of a GaAlAs/
GaAs double heterostructure laser at varicus operating tempera-
tures.
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The output power vs. input current characteristics
(InGa){AsP)/InP laser at various operating temperatures.
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Temperature dependence of threshold current and external gquan-
tum efficiency of a Mitsubishi Electric GaAlAs/GaAs transverse
junction stripe laser diode.
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The responsivity vs. wavelength characteristics of photodelectors
at assumed values of quantum efficiences.
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Responsivity and associated quantum efficiency versus wavelength
characteristics of a Mitsubishi Electric silicon avalanche phoio-
diode.
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Figure 5-8 Schematic diagram of a p-n junction photodiode.
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Figure 5-9  Typical p-i-n photodiode geometry.
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Figure 5-10 Typical avalanche photodiode geometry.
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Figure 5-11 The spectral responsivity and guantum efficiency of typical high
speed p-n and p-i-n photodiodes.
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Figure 5-12 The responsivity vs. bias voltage of a typical avalanche photodiode
at various operating temperatures.
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Figure 5-13 Experimental and calculated results of internal quantum efficiency
dependence on n+ layer thickness of germanium avalanche photo-
diodes, as a function of light wavelength.
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Figure 5-14 Photoresponse of Gag4y/ngsshs, a direct bandgap photodicde with
an absorption edge at 1.7 um. The spectral response is shown for:

(a) direct incidence, and

{b) through the substrate.
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Figure 5-15 Schematic drawing of amorphous silicon photodetector geome!
The end-on electrodes formed a microstrip transmission line.

small gap in the centre was used as the active area of tha detec
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Figure 5-16 Monolithically integrated transistor-laser {transl
Be ion implantation.

(a) Schematic diagram of the device.,

(b) Cross section of the device structure.

aser) formed by



1] 0 T3 T3 3 O

Y Ty Iy T3 4

= 3 =3

)

-3

- 253 -
+6V
===
(
l
|
!
Pulse , B:
generator «—O-
ty = Insec ?43:
I
e
() h
f—-250um—n-—]
© @ O
n- GaAs
A \Jm
S0 B e
n-ALGE ASH k c ' Be
p-GaAs T
n- Alecﬁ\'s
n" Substrate
T s — s
o
@
(b)



Dol |

-3 3

} I3

—

=)

B |
-

-3

[

=3

-3

Figure 5-17

- 254 -

Monolithically integrated optical repeater.
{a) Schematic diagram of the repeater and external bias sources.

(b) Schematic view of the device structure.
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APPENDIX A

Fabrication processes of thermodiffused Ti:LiNbOg thin-film waveguide:

1) Carefully clean LiNbOs substrate, using additional "spin-scrub” procedure.

2) Evaporate 400 A thick titanium film on the polished side of the ZiNb0; sub-
strate.

3) Load the Ti-coated LiNb Q4 substrate into diffusion oven.
4) Bubble Argon through water to achieve a 50% partial pressure.
5) Adjust gas flow to approximately 2 to 3 liters/minute.

8) Ramp oven temperature up slowly to 980° C. (at approximately 200° C./hr.
rate). If oven has no ramping capability, slowly push the sample into the
oven at intervals, allowing substrate to warm up gradually. It is important
that the increase of the substrate temperature be gradual. Gtherwise, the
thermo stress would shatter the LiNbOg4 crystal.

7) Thermodiffuse Ti into LiNbOs at 280° C. in argon/water vapor {1:1) atmo-
sphere for 5 hours.

8) Cool gradually in oxygen/water vapor (1:1) atmosphere.

9) If channel waveguides are desired, pattern the Ti film with lithographic
technique before thermodiffusion.

10) After waveguide is fabricated, electrodes could be depocsited for electro-
optic applications; or SAW transducers could be fabricated on top of the
waveguide.

Bob Miller (extension 5362) is familiar with the substrate cleaning procedures
and the electrode and SAW transducer processes.

Bob Zimmerman (extension 6392) and Bob Beckman are familiar with the A
Titanium deposition procedure.

Dick Osterman (extension 5237) is familiar with the thermo diffusion procedure.

It is important to avoid contaminants, especially during the sample handling in
between the processes.



