
ded in an optical waveguide. The development of M B E 
and M O C V D materials growth technologies has made 
possible the growth of high quality thin layers on the order 
of 5 nm having interfaces that are abrupt and smooth on 
an atomic level. When such a layer is sandwiched between 
material having a larger bandgap, electrons and holes are 
confined in a potential well due to the bandgap disconti
nuity. The resulting quantum confinement in the direction 
normal to the interfaces leads to a number of interesting 
properties that have been used advantageously in semicon
ductor lasers, photodetectors, high speed electronic de
vices, and optical modulators. Electroabsorption optical 
modulators using the quantum-confined Stark effect have 
resulted in effective devices with performance comparable 
to lumped circuit electro-optic modulators. 6 - 8 Electroab
sorption is enhanced by about 50 times in quantum wells 
compared to the bulk semiconductor. 

Use of waveguide configurations allow longer interac
tion lengths, resulting in effective modulation at reason
able voltages. Insertion loss, including residual absorption, 
has been brought down to a reasonable level. More effi
cient design would seem to allow shorter and faster de
vices to be realized. Problems still exist regarding accom
panying phase modulation, sensitivity of the optimum 
wavelength of operation, and optoelectronic integration, 
but there continues to be considerable research activity in 
this area. 

High-speed optical switching 

High-speed optical switching can be performed using 
modulator structures. For this application, the multiple 
quantum well devices may be more desirable because of 
their potential for these devices to have much shorter 
lengths than electro-optic devices, implying that a higher 
device density could be achieved. Waveguiding effects in 
multiple quantum well structures also play a role in some 

of the all-optical two-dimensional switching arrays being 
developed for optical computing.9 

Compound semiconductor structures have also been 
used recently to integrate optical waveguides and photo-
detectors to perform demultiplexing. In one example, 
wavelength selectivity is achieved by using the quantum-
confined Stark effect in multiple quantum well photode
tectors. 1 0 More recently, grating-coupled InGaAsP/InP 
photodetectors were used to achieve wavelength selectiv
ity. 1 1 

Significant progress has been made in compound semi
conductor integrated optics, but the potential advantages 
of optoelectronic integration have not yet been realized. 
Some examples of limited optoelectronic integration have 
been reported and more in this regard is expected in the 
upcoming conference and special i ssue . 1 - 2 However, sig
nificant optoelectronic integration will require further de
velopment of material growth technology to allow local
ized growth and doping of crystalline layers on selected 
portions of a substrate. 
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Ti:LiNbO3 Integrated optics for 
high-speed fiber communication 
STEVEN K. KOROTKY 
AT&T BELL LABORATORIES 
HOLMDEL, N.J. 

N ame how you would like to alter the characteris
tics of an optical wave and chances are you can 
design a Ti :L iNbO 3 integrated optic device to do 

it. Furthermore, it has probably already been demonstrat
ed. This assertion dramatizes that the Ti :L iNbO 3 integrat
ed-optic technology is both versatile and mature. These 
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attributes by themselves, however, do not guarantee un
equivocal commercial success. Indeed, most existing fiber 
communication systems are basic in nature and tend to 
evolve smoothly from one generation to the next. Only 
when established technologies reach their limits of perfor
mance, the incremental cost of improvement becomes pro
hibitive, and the emerging technology out-performs them 
with the same standard of reliability, will the latter gain 
acceptance. The paper in this issue by Jackel shows that 
impressive performance figures-of-merit for T i :L iNbO 3 

devices have been established, and the focus of many labo
ratories around the world has now turned to the issues of 
stability, manufacturability, and reliability, as Becker and 
Sellers and Sriram note. Researchers and developers are 
confident the remaining problems are soluble. Here, we 
consider some of the applications in the primary and de
manding areas of fiber communications where T i : L iNbO 3 

devices offer advantages over extensions of conventional 
approaches. 

One of the most common fiber-optic systems is a com
munication link consisting of a laser diode light source 
transmitter, a fiber span, and a photodiode receiver. The 
majority of such systems encode information by optical 
intensity modulation—via direct current injection to the 
laser diode—and demodulate the signal using direct 
square-law detection. The information signal may be digi
tal or analog in format at the optical carrier level depend
ing on the application. For example, the majority of long 
haul fiber links for telecommunications are digital, where
as shorter spans that replace dedicated microwave links 
treat the signal as an analog waveform. The latter systems, 
which can easily discriminate among microwave subcar
riers using conventional techniques, may also play an im
portant role in bringing broadband fiber-optic services 
closer to the local loop of telecommunication networks.1 

Al l of these systems have in common the requirement that 
the optical transmitter respond to electrical signals into the 
microwave, and in some cases millimeter, frequency re
gime, and it is here that Ti:LiNbO 3 waveguide modulators 
external to the laser light source offer competition to direct 
high-speed modulation of the laser. 

Conventional laser modulation 
To understand why external modulators may be desir

able, if not critical, for high-speed fiber communication, it 
is useful to examine the performance issues of convention
al laser modulation. It is quite natural when pushing the 
data rate to the limits imposed by the bandwidth of the 
components that the fraction of the time spent in transi
tions between the on and off levels substantially increases 
in relation to the time spent in the on and off states. Con

sequently, the light emitted from even single-frequency la
sers, such as distributed feedback lasers, is not of the same 
quality as that emitted under cw operation. As the modu
lation current density in the laser changes, so does the in
dex of refraction of the laser material and thereby the 
wavelength of the laser emission. This wavelength chirp
ing combined with fiber dispersion gives rise to inter-sym
bol interference and system penalties. 

To reduce the magnitude of laser chirp penalties, it is 
necessary that the laser not be fully turned off for the "off" 
bits. However, even under conditions of ~ 4:1 on/off ra
tios, the wavelength spreading can be several Angstroms 
wide—with the combination of dispersion, extinction ra
tio, and excess receiver noise penalties mounting to values 
in the neighborhood of 5 dB out of a total power budget 
of perhaps 25 dB. In addition, the high off level compli
cates the circuits that monitor laser performance and may 
also lead to accelerated aging. Finally, the higher off level 
necessitates a higher on level, and efficiently delivering the 
power microwave signal to the low impedance (~1 Ω) 
active region becomes an issue. 

Using integrated optic modulators 
Many of the above difficulties can be avoided by using 

integrated-optic modulators external to the laser that op
erate based on changes of the real rather than imaginary 
part of the index of refraction. Examples of these are the 
waveguide electro-optic Y-branch interferometric modula
tor and directional coupler switch. 2 A schematic diagram 
of the latter is illustrated in Fig. 5. The device uses the 

FIGURE 5. Schematic diagram of a high-speed Ti:LiNbO3 

directional coupler switch/modulator. 
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linear electro-optic effect to change the index of refraction 
within the waveguides by an amount proportional to the 
applied voltage, and uses the controlled interference be
tween the two modes of the coupler to determine in which 
of the two output ports the light exits. (The behavior is 
analogous to the exchange of mechanical energy between 
a pair of coupled pendula for which the lengths of the 
pendula can be adjusted.) 

Thus, when used to modulate a cw single-frequency la
ser, the output spectrum is virtually that associated with 
the inherent frequency content of the drive signal.3 In ad
dition, extinction ratios of greater that 20:1 are typical, 
and use of external modulation frees the laser to be opti
mized for output power. It has been shown that these ad
vantages more than compensate for the disadvantage of 
the insertion loss of an additional system component. At 
present, single T i : L iNbO 3 external modulators have been 
used to transmit information via single-mode optical fiber 
at data rates as high as 8 Gb/second.4 At 8 Gb/s, the signal 
was transmitted over a fiber for a distance of 68 km before 
regeneration was required. T i :L iNbO 3 devices also cur
rently play a central role as phase and amplitude modula
tors in experimental communication systems based on co
herent optical techniques.5 

External modulation using T i : L iNbO 3 devices can also 
have advantages in the analog microwave links mentioned 
earlier. In those systems the information is first impressed 
on a microwave sub-carrier and then the signal is used to 
modulate an optical wave. There, inter-signal distortion 
caused by small nonlinear responses of system compo
nents is a consideration.6 This distortion can be significant 
for direct laser modulation for frequencies near the laser 
relaxation oscillation frequency, which is near the 3 dB 
modulation bandwidth. (This oscillation is a resonance 
caused by the coupling of the electron and photon densi
ties in the laser volume.) Consequently, the usable laser 
bandwidth can be significantly less than the 3 dB band
width. For Y-branch and directional coupler modulators, 
the distortion is relatively small and is virtually indepen
dent of frequency for a given modulation depth. In addi
tion, T i : L iNbO 3 modulators have the potential of work
ing at very high frequencies. At present, their operation 
has been demonstrated for frequencies as high as 40 
G H z . 7 

Switching and rerouting high-speed optical 
signals 

A second area where the Ti:LiNbO 3 integrated-optic 
technology compares favorably with the competition—in 
this case state-of-the-art electronics—is the switching and 
rerouting of high-speed optical signals. For example, the 

ability to crossconnect high-speed fiber-optic lines in both 
local area and long distance network environments— 
which in the near future will likely be carrying data at 
rates of hundreds of Mb/sec and several Gb/sec, respec
tively—will be desirable. The integrated-optic crosspoints 
(such as the directional coupler, Fig. 5) are virtually data 
rate transparent; consequently, they handle the highest 
rates with unparalleled ease. Using specially designed 
crossconnect architectures that avoid the accumulation of 
crosstalk, such as dilated networks8, the interconnect ca
pability of T i : L iNbO 3 optical switches is limited mainly by 
the loss budget imposed by the optical transmitter output 
and the receiver sensitivity. Since the latter is a function of 
the data rate, so is the line size of a T i :L iNbO 3 switch. It is 
estimated, for example, that non-blocking crossconnects 
as large as 1024x1024 are possible within the loss budget 
of a system operating at a line rate of 565 Mb/sec 9 by 
interconnecting modules comparable in size to those al
ready realized. 1 0 

Slightly further along in the evolution of optical com
munication, high-speed optical switches may also play a 
role in extending data rates beyond those that can be 
achieved by electronic time-multiplexing. This is made 
possible by taking advantage of two other unique phe
nomena available with optics. One is a mode-locked semi
conductor laser source, which can provide optical pulse 
streams at high repetition rates when driven sinusoidally. 
The other is the capability of the directional coupler 
switch to multiplex/demultiplex modulated high-speed 
pulse streams, also using sinusoidal drive. Using these de
vices and techniques, the first experimental fiber transmis
sion system of any kind operating at 16 Gb/sec was recent
ly demonstrated.11 The widest electronic bandwidth re
quired in that optical time-division multiplexed system 
was only ~2.5 GHz . 

There are several applications in the area of optical 
communication where T i : L iNbO 3 integrated optic devices 
not only perform novel functions, but offer viable and ex
pandable alternatives to extensions of other technologies. 
These applications include high-speed optical modulation 
and switching. The acceptance of the T i : L iNbO 3 technol
ogy by system designers awaits substantiated demonstra
tion of high standards of stability and reliability, which is 
now the focal point of many laboratories worldwide. 
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Integrated optical sensors 
in lithium niobate 
CATHERINE H. BULMER 
NAVAL RESEARCH LABORATORY 
WASHINGTON, D.C. 

Basic sensor operation 

Optical guided-wave devices are of interest as sensors 
because the active device can be small and nonperturbing. 
An integrated optical modulator can form a compact elec
tric field detector and has no long, electrically-conductive 
leads that can be perturbing. A channel waveguide device, 
with small dimensions and closely spaced electrodes, is 
much more sensitive than a bulk device and is therefore 
more useful where small physical parameters are to be de
tected. Lithium niobate (LiNbO3) is a suitable material in 
which to form a sensor; it has large electro-optic coeffi
cients, which make it responsive to small fields, and low 
optical loss. 

One device suitable for voltage or electric field sensing is 
a Mach-Zehnder interferometric modulator, as shown in 
Fig. 6. The input and output channel waveguides are sin
gle-mode and the waveguide branches operate as power 
dividers. The ratio of output to input power (PO/PIN) is then 
a function of the total phase difference between the arms. 
Electrodes are placed along the arms so when voltage is 
applied the LiNbO 3 refractive index changes, resulting in 

a change in the phase of the modes propagating along the 
two arms. If the modes in each arm are in phase at the 
output branch, they add to give the lowest order mode, 
which is transmitted along the single-mode output chan
nel. If the modes are 180° out of phase, they form the next 
higher order mode, which is radiated from the branch into 
the substrate. Thus the output power varies sinusoidally 
and is modulated with applied voltage V; this voltage can 
be induced from a dipole antenna connected to the elec
trodes so that electric field is detected. To obtain linear 
modulation, an intrinsic phase bias Φo = 90° is intro
duced.1 

The 90° biasing can be achieved passively by making 
one arm wider than the other, by using an overlay on one 
arm or by lengthening one arm with respect to the other.1 

The last case is shown in Fig. 6 where electrodes are placed 
symmetrically on either side of the channels. The arm 
length difference required, L, is one-quarter guide wave
length, e.g. L 150nm at wavelength λ = 1.3 µm. Fig
ure 7 shows a corresponding experimental plot of interfer
ometer output as a function of DC voltage. At O V one is 
at quadrature on the sinusoidal curve, so for small volt-
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