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Snapshot: The application of LiNbO 3 

integrated optical devices in the areas of 

telecommunications, cable television signal 

distribution, antenna remoting, and fiber optic 

gyroscopes is reviewed. Emphasis will be 

placed on significant new devices and device 

improvements which are presently in 

commercial and advanced development. 
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Lithium niobate (L iNb03) integrated optical devices 
enable the optical system designer to separate the light 
generation function from the optical switching/modu
lation function. Thus, a light source can be selected 
based strictly on its optical power, noise, and spectral 
properties. The resulting externally-modulated system 
will substantially out-perform directly-modulated sys
tems in terms of wavelength stability, optical power, 
distortion products, and signal-to-noise ratio (SNR). 
This performance advantage is a result of the system 
designer being free to select a light source based strictly 
on its power, noise, and spectral properties, rather than 
on its ability to be directly modulated. 

L i N b O 3 integrated optical (IO) devices have become 
enabling components in a variety of technologies over 
the past several years 1 and are available from several 
manufacturers worldwide. IO modulators are key com
ponents in C A T V d is t r ibut ion systems, long -hau l 
telecommunication links, RF analog transmission sys
tems, and fiber optic gyroscopes. 

As the volume of IO components in the field rapidly 
increases, improvements are continually being made in 
device re l iabi l i ty , r e p r o d u c i b i l i t y , and stabi l i ty. 
Additionally, several manufacturers offer an ASIC-like 
capability (i.e., Application-specific Integrated Circuit), 
where custom L i N b O 3 IO devices are designed and 
constructed to meet customer's unique requirements. 

External modulators based on semiconductors and non
linear polymers have also been demonstrated in labora
tory environments; however, they have not reached the 
level of maturity, in terms of performance or reliability, 
to be considered for actual field deployment. 

A diagram of some of the many applications of 
external modulators in various telecommunication sys
tems is shown in Figure 1. In the broadband area, IO 
modulators are being deployed in C A T V headends 
(where various satellite channels, local channels, and 
local signal contact are formatted and mixed together 
for transmission) and remote nodes. In the digital 
telecommunications area, IO modulators are used for 
signal transmission and switches. In the cellular and 
wireless area, IO modulators transmit data directly, 
without downconverting (i.e., without converting to 
baseband or an intermediate frequency for subsequent 
transmission on the optical fiber), from the antennas to 
base stations. Additionally, externally modulated signals 
are transmitted between base stations and the telecom 
network. IO modulators and switches are also being 
deployed within the telecommunications network itself, 
as external modulators in high-bit-rate systems as well 
as for redundancy switching. 

Telecommunications systems 
Historically, long-haul transoceanic telecommunica-10
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tions systems have taken advantage 
of external modulation. Systems 
that are currently being deployed 
transmit at rates up to 5 Gbit/sec, 
operate at 1550 nm, and use optical 
amplifiers. IO modulators do not 
introduce chirp into the encoding 
of the data stream and hence are 
key to meeting system level require
ments on long distance routes. Next 
generation 10 Gbit/sec systems may 
use dispersion compensation tech
niques which are integrated into 
external modulator designs. IO 
modulators have been incorporated 
into wavelength division multi
plexed (WDM) communication 
systems where frequency control 
and transmission without chirp are 
essential to system performance. 
Newly available acousto-optic tun
able filters (AOTFs) for wavelength-
selective switching combine optical 
waveguide and surface acoustic 
wave technologies on LiNbO3. High 
performance wavelength switching 
products are currently being devel
oped for telecommunications appli
cations. High-speed 2 X 2 switches 
are currently available and impres
sive laboratory results have been 
reported for switches up to 32 X 
32.2 Multiple switch array modules 
have been combined to form a 16 X 
16 strictly non-blocking generalized 
shuffle network.3 

In the area of terrestrial telecom
munications, large numbers of 2.5 
Gbit/sec systems have been 
deployed worldwide over the past 
several years. The latest hardware 
operates at 1550 nm and uses 
LiNbO3 IO modulators. Operation 
at the longer wavelength results in a 
reduction of optical fiber loss (from 
0.4 dB/km at 1300 nm to 0.2 dB/km 
at 1550 nm) and also allows the use 
of erbium-doped fiber amplifiers 
(EDFAs). The result of this is that 
the repeater spacing in a typical sys
tem may be increased from approx
imately 40 km to several hundred 
kilometers for a dispersion shifted 
fiber system. In many existing 
installations, however, the optical 
fiber is not dispersion shifted for 
1550 nm operation. Furthermore, 
EDFAs are not compatible with 
chirped transmission signals. 
External IO modulators allow exist

ing fiber networks to support opti
cal transmission at 1550 nm. This 
results in savings to the long-haul 
carriers due to a manyfold reduc
tion in the number of repeaters 
required along a route as well as 
reduced maintenance expense. 

As more and more LiNbO3 IO 
devices are deployed in telecommu
nication systems, long-term device 
reliability, stability, and device 
packaging are improving. In addi
tion to meeting the reliability speci
fications set forth by such organiza
tions as Bellcore, long-term bias 
point stability is also required. Early 
approaches to eliminating bias 
point drift incorporated electronic 
feedback techniques; however, an 
alternate approach, in which 
devices are passively biased to the 
correct operating point during 
manufacture, eliminate the need for 
this circuit.4 As shown in Figure 2, 

on/off extinction ratios in excess of 
20 dB are maintained over 0 to 50° 
C in static temperature environ
ments and during thermal cycling 
rates to 5° C/min. 

Cable television systems 
IO modulators driven by diode 
pumped Nd:YAG lasers have been 
used as CATV transmitters for sev
eral years. These transmitters oper
ate at optical power levels in excess 
of 100 mW. These systems fit one 
of two general scenarios: 1) one 
high-power externally modulated 
transmitter can be used to feed 
many nodes in a densely populated 
area, or 2) one high-power exter
nally-modulated transmitter can be 
used to increase the maximum dis
tance of a point-to-point link by at 
least a factor of two over the dis
tance that can be achieved with a 
directly-modulated DFB laser. In 

Figure 1. Telecommunications applications for LiNbO3 integrated 
optic modulators. 

Figure 2. On/off extinction ratio greater than 20 dB (upper) is main
tained as passively biased 2.5 Gbit/sec modulator is cycled 

over 0° to 50° C at 5°/min (lower). 
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LiNbO3 Integrated Optic Modulator: Principle of Operation 
Integrated optic modulators use waveguides which 

are formed in LiNbO 3 crystals. Typically, these 
waveguides are formed by one of two processes: 

Annealed Proton Exchange (APE™) and Ti indiffusion. 
Since LiNbO 3 is a piezoelectric material, application of 
a voltage across a section of the crystal will change the 
index of refraction in that section. If a waveguide has 
been formed in the section of the crystal where the 
voltage is being applied, the index of refraction of the 
waveguide will change and a phase shift will be induced 
in the optical beam traveling through the waveguide. 

A diagram of a phase modulator is shown in Figure 
1. When a voltage is applied between the two electrodes, 
a phase shift is introduced in the light passing through 
the waveguide. This phase shift may be written as 

where Δn is the voltage induced index change (Δn is 
proportional to the applied voltage) L is the active 
length of the device, and λ is the optical wavelength. 
The voltage at which the phase shift Δφ is π radians is 
termed the "half-wave voltage" or Vπ. As can be seen 
from Eq. 1 above, for a longer device active length L, a 
smaller index change Δn will be required to achieve a 
given phase shift. An additional factor determining the 
length of the device is the RF bandwidth required. 

A Mach-Zehnder intensity modulator may be con
structed as shown in Figure 2. In this case, two wave
guide phase modulators, as discussed above are 
arranged as an interferometer with Y-branches at their 
input and output. Two sets of electrodes are provided: a 
dc bias electrode and an RF signal electrode. The polar
ity of these electrodes is arranged such that the device 
operates in a push-pull fashion, i.e., the phase shift in 
the two arms is cumulative. The variation of the optical 
intensity at the output of the device as a function of 
phase shift is shown in Figure 3. The curve in Figure 3 
is described by the equation 

where I0 is the input optical intensity, ξ is the optical 
insertion loss, and f is the total optical phase shift 
induced in the interferometer. 

The reason for the separate bias and signal electrodes is 
now readily apparent. To maximize the linearity of the 
optical intensity modulation, it is desirable to bias the 
device at the point where the transfer function is the most 
linear. At this point (actually there are many of these 
points, located p radians or Vπ. volts apart) the small sig
nal response is linear. Mathematically, the small signal 
response at this point may be expressed by writing sinφ as 
a Taylor series expansion and keeping only the first term as 

Some important points may be inferred from the 
above discussion. First, the intensity modulator has 
both arms of its interferometer contributing to the total 
phase shift as opposed to the phase modulator which 
only has the single waveguide; thus the half-wave volt
age of this device will be half that of a phase modulator 
with the same frequency response. A second important 
point is that for larger amplitude optical intensity mod
ulation (larger phase shifts in the interferometer), the 
relation shown in Eq. 3 no longer holds and nonlineari
ties may appear in the optical output. 

A second configuration for an optical intensity mod
ulator is the Y-fed Balanced Bridge Modulator (YBBM) 
shown in Figure 4. This device is similar to the Mach-
Zehnder Modulator of Figure 2 with the exception that 
the YBBM has two complementary optical outputs. The 
optical intensities in the two outputs may be described 
for a dc bias such that the device is operating in the lin
ear region and for small signals as 

Figure 1. Schemat ic d iagram of p h a s e modulator. 

Figure 2. S c h e m a t i c d iagram of a Mach-Zehnder intensity 
modulator. 

Figure 3. Variation of output opt ical intensity a s a function 
of p h a s e shift in an intensity modulator. 

Figure 4. Integrated optic modulator with c o m p l e m e n t a r y opt ical 
outputs . 
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these cases, the externally modulated solution offers 
an economic advantage, particularly if both outputs of 
a balanced bridge modulator are used (see sidebar, 
page 28). 

Long distance transmission of high power optical 
signals is limited by the onset of stimulated Brillouin 
scattering (SBS).5 At power levels well below the satu
ration of transmitted optical power, the nonlinearities 
associated with SBS result in the generation of inter-
modulation products and increased noise in the detect
ed signal. Since SBS is a coherent effect, it can be mini
mized by broadening the linewidth of the source. Phase 
modulation of the optical signal is one way to achieve 
this linewidth broadening. In addition to the intensity 
modulator required for signal transmission, many IO 
modulator products intended for CATV applications 
contain a phase modulator that provides the necessary 
line broadening without increasing the number of 
optical components or the insertion loss of the optical 
path. An IO chip designed specifically for cable televi
sion transmitters is shown in Figure 3. 

To meet CATV transmission requirements, the 
transmitter components must have a flat frequency 
response over the signal passband. Current U.S. sys
tems operate to 750 MHz, while European systems 
generally operate up to 860 MHz. As additional ser
vices are added, it is expected that the required 
bandwidth for all systems will increase to 1 GHz. 
The frequency response of these modulators must 
also be repeatable from device to device. A plot of 
the frequency response of 14 Annealed Proton 
Exchange (APE) CATV modulators is shown in 
Figure 4. This plot shows a device to device variation 
of less than 0.2 dB over the entire operational fre
quency band. 

CATV systems generally operate with 40 to 80 or 
more signals at composite modulation indices greater 
than 25%. If there are slight deviations from linearity 
in the CATV modulator, distortion products are gener
ated that are discernible in the television picture. To 
control the even order distortion, bias control circuitry 
is used to maintain the operating point of the modula
tor at exactly the half intensity point. Odd order distor
tion are minimized using either electronic predistor
tion or optical linearization. Second and third order 
intermodulation products are maintained at levels less 
than —65 dBc using these techniques. 

Microwave transmission systems 
Optical microwave transmission systems using IO 
modulators have been demonstrated in the field at fre
quencies up to 20 GHz. Laboratory demonstrations 
have shown operation over optical bandwidths up to 
75 GHz.6 External modulation using IO devices is 
attractive for microwave transmission systems because 
it is possible to physically separate the laser source 
from the modulator. This feature may be used to 
reduce heat dissipation in the modulator or to allow a 
single laser source to power multiple modulators. 

Fiber optic gyroscopes 
Multi-function LiNbO3 IO circuits are key to achieving 
the 0.1 - 1°/hr drift specifications required in closed 
loop fiber optic gyroscope (FOG) applications. FOGs 
are attractive in navigation systems because they have 
no moving parts, are compact, and have high dynamic 
range. To date, most commercial FOG applications 
have been for low accuracy, open loop devices that offer 
adequate and cost-effective performance in avionic and 
automobile applications. Significant numbers of IO 
FOG chips have been delivered to systems integrators 
and hundreds of closed loop FOGs have been built for 
extensive flight and field testing. Presently, there are 
major efforts underway to reduce the costs associated 

Figure 3. IO chip for CATV transmitter includes a phase modulator for SBS suppres
sion, a flat response intensity modulator, and complementary optical outputs. 
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F i g u r e 4 . Plot of the frequency response of 14 APE CATV modulators. 

F i g u r e 5. 13-component LiNbO 3 IO chip that incorporates optical 
functions for a closed loop phase nulling gyro and an optical beat 
detection circuit. 

with the IO component, the fiber optic pigtailing 
process, and assembly techniques for these devices. If 
these efforts are successful, FOG hardware will be cost 
competitive with the mechanical systems currently in 
use. Environmental studies completed on pigtailed IO 
FOG chips show that the devices have excellent perfor
mance from —65 to 125° C as well as minimal sensitivi
ty to shock and vibration.7 

Custom devices 
Custom design services are available from several 
LiNbO3 IO device vendors, giving optical engineers 
access to application specific devices. IO devices operat

ing at custom optical wavelengths, devices with 
improved performance over customer specified fre
quency bands, and multifunction chips that minimize 
overall system cost and complexity are routinely deliv
ered. By using an approach based on design rules and 
standard cells, custom IO devices are designed and built 
with a high degree of confidence in their first perfor
mance. An example of a multifunction chip that incor
porates optical functions for a closed loop phase 
nulling fiber optic gyro and an optical beat detection 
circuit is shown in Figure 5. 

Summary 
In 1995, several thousand LiNbO3 integrated optical 
circuits will be used in long-haul multi-gigabit telecom
munication and CATV signal distribution systems. This 
volume is expected to increase by at least one order of 
magnitude over the next two years. As the volume 
increases, device performance and reliability will con
tinue to improve while the component pricing will 
decrease by at least a factor of two. As these compo
nents become better understood, clever device manu
facturers and systems designers will develop new device 
designs and system architectures to make better use of 
the technology. 
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Glossary 

Acousto-optic tunable fitter: A wavelength-sensitive LiNbO3 device that makes use 
of the acousto-optic effect in LiNbO3 to rotate the polarization of the light that is 
being transmitted through the LiNbO3 waveguide. The polarization is only rotated for 
a very specific wavelength, depending on the frequency of the RF signal that is applied 
to the device. 

Annealed proton exchange: A method for fabricating optical waveguides in 
LiNbO3, which involves locally substituting lithium ions with hydrogen ions 
(protons). 

ASCI: Application-specific integrated circuit (typically in silicon). 

Bias point stability: A measure of the change in bias voltage applied to an 
interferometric modulator to keep it biased at the point of maximum linearity. 

Chirp: The wavelength of the laser varies as it is directly modulated (as the drive 
current of the laser varies, the wavelength varies). 

Composite modulation indices: A measure of the effective drive level of the 
modulator where 100% represents driving the modulator full on to off. 

Dispersion-shifted fiber: Single mode optical fiber in which the properties have 
been modified so that the minimum dispersion point is at 1550 nm. 

Downconverting: Converting high-frequency narrow-band signal to either base band 
or a lower intermediate frequency. 

Headends: The location where the CATV systems operator combines and formats 
various television signals including those transmitted by satellite and those 
transmitted locally by antennae. 

Intermodulation products: Undesired RF signals that result when more than one 
RF signal is transmitted through a nonlinear medium. 

Ti indiffusion: A method for fabricating optical waveguides in LiNbO3 which 
involves locally diffusing titanium into the LiNbO3 crystal. 
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