
Photonic switching devices 
By Yaron Silberberg 

L ight signals travel in opt ical fibers over hundreds of 
kilometers and are still detected. Th is extraordinary 
transmission phenomena turned optical communi 

cations into a successful technology in a very short time. 
W h y is light so good for transmission? The fundamental 
reason has to do w i th the fact that light is not perturbed 
easily: a photon is a very inert particle. It is not easy to 
deflect a photon f rom its course. Un l ike electrons it w i l l 
not be affected by charges or by the presence of other pho
tons. On ly the interaction of light w i th matter can affect its 
propagation. By a proper choice and careful preparat ion, 
very transparent materials can be made. Moreover , pho
tons are relatively easy to generate and detect using ab
sorbing transitions. (Neutrinos could propagate wi th even 
less loss, but alas, they are very difficult to create and de
tect!) 

A n extensive l ightwave communicat ions network is a l 
ready in place and it carries much informat ion over great 
d is tances. H o w e v e r , i n a c loser l o o k , we f i nd that 
lightwave technology today is where telegraphy was 100 
years ago: it is exclusively used in point-to-point commu
nications! Light propagates only f rom one end of the fiber 
to the other. To manipulate the signal in any way, we must 
first convert it to an electronic signal, wh ich we k n o w wel l 
how to handle. N o w surely we can do better than that— 
we should be able to find ways to route and modulate 
light signals just as we do wi th electrical signals. Wha t 
might accomplish this goal is a photonic switch. 

Photonic switching is not only a key to a more elegant 
network. The hope is that the abil ity to route light signals 
directly w i l l open many possibi l i t ies in new ne twork 
schemes that eventually could translate into new services. 
Photonic switches are often transparent to the optical sig
nal ; the data rate and format are set by the network termi
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nals. This means that even s low devices could be interest
ing for some applications: they may be slow to switch, but 
they can still carry high bit-rate signals. However , much 
research is directed into devices that are able to reconfi
gure in times comparable to the transmission rate. 

Photonic switching has been investigated, under various 
names, for almost two decades. Clear ly this art is more 
difficult than expected at first glance. This is because we 
have, in a way, trapped ourselves: l ightwave communica
t ion is what it is because photons are so inert, and we 
should not be surprised to find them hard to manipulate! 
Photons can only be affected indirectly, through the medi
u m they propagate in . A photonic switch must therefore 
affect the optical medium. We should remember, then, that 
photonic switching is inherently difficult and that wide
spread success is stil l far f rom being assured! Wha t fol lows 
is not a detailed review, but rather a subjective report, re
flecting my o w n interests w i th a l imited set of examples 
that result main ly f rom our wo rk at Bellcore. (For more 
aspects of photonic switching see, for example, papers in 
Ref. 1.) 

Photonic switches come in many varieties. M o s t devices 
considered for opt ical communicat ions applications are 
waveguide based. In these devices, the signal is manipulat
ed as it travels in a single-mode waveguide structure. M o s t 
of our discussion w i l l concentrate o n waveguide devices. A 
different approach, mostly discussed in the context of opt i
cal comput ing, but wh ich may eventually also be appl ica
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ble to communication, involves two-dimensional arrays of 
elements that operate on many channels, or pixels, in par
allel. We will discuss such devices only briefly. 

Photonic switching options 

The most straightforward switches are mechanical. This 
is, after all, the simplest way to affect an optical medium: 
move it! Mechanical switches physically move fibers and 
form new connections. They are reliable and suitable for 
various specific applications. However, their limitations 
are clear: they are slow, expensive, and bound to be limit
ed to the most simple configurations. 

Much more research has been directed at electro-optical 
devices. In these, an electrical signal controls the propaga
tion of light. Two material parameters affect the propaga
tion of light: absorption and refractive index. Both can be 
modulated in some materials by an electric field. Electro-
absorption devices are used mainly in parallel (two-dimen
sional) devices because electro-absorption effects are usu
ally accompanied by some unavoidable background ab
sorption that limits the possible propagation distance in 
the medium. Short propagation lengths are well suited for 
two-dimensional arrays, which can also accept the rela
tively low contrast that they display. 

In many applications one does not want to lose photons 
by absorbing them. Regenerating photons is expensive, 
and it would be nice if we could redirect them instead of 
wasting them by absorption. This is particularly true for 
communications applications. Most integrated optics de
vices attempt to control light through modulation of the 
refractive index in relatively transparent media. A change 
of refractive index affects only the optical phase, and 
many ingenious schemes have been developed to convert 
the phase change into a switching and routing operation. 
We will describe some of these briefly in the next section. 

While electro-optic switches are being developed, some 
investigations have been aiming at a more distant target: 
all-optical switching. In these photonic devices, light con
trols light. This is done through nonlinear optical effects. 
The motivation behind these works is to use the capabili
ties of optics to produce and handle ultrashort pulses; 
such ultrafast devices will not be limited by the physical 
constraints that affect electronic (and electro-optic) de
vices. We will discuss all-optical devices, their promise and 
limitation in the last section. 

Electro-optic devices 

As explained above, electro-optic devices can be gener
ally divided into two categories, serial and parallel. A l 
though we are going to concentrate on serial devices, the 
intensive effort in parallel arrays should be noted. These 

devices, sometimes called light-valves or spatial-light-mod
ulators, were developed for applications in displays and 
image processing, but are considered now as a possible 
form of a photonic switch. The addressing of the many 
elements, or pixels, can be done either electronically or 
optically. Light valves based of liquid crystals are commer
cially available; their main problem is their slow (millisec
onds) speed. New materials with improved response, such 
are ferroelectric liquid crystals,2 are being developed now. 

Another promising technology for parallel switch arrays 
is the SEED approach, developed primarily at A T & T Bell 
Laboratories.3 The SEEDs—self electro-optic effect de
vices—are made by semiconductor technology and are 
compatible with and integrated with electronic compo
nents. SEEDs use the absorption changes that are associat
ed with electrical biasing quantum well structures.3 Using 
the same structure as a detector, these devices can operate 
through optical biases, alleviating the difficulty of address
ing and biasing the individual pixels. 

These and other parallel devices in photonic switching 
call for new thinking about photonic systems and their 
architecture. Much of this work is done within the field of 
optical computing. In a way, switching of optical signals is 
one form of an optical computer. The serial approach in 
comparison seems to be less demanding since it is based 
on simple one-dimensional signals flowing in waveguides, 
much like an electrical signal transmitted in a wire. 

Serial photonic switching has been studied for years in 
the field of integrated optics. Waveguides in electro-optic 
materials, lithium niobate in particular, are perturbed by 
electric field to control light signal propagation.4 To un
derstand the difficulty facing the developers of this tech
nology, consider this: in an electronic switch, one can redi
rect the electric current by changing the conductivity of 
some circuit elements; the conductivity can be modulated 
by orders of magnitude, and thereby some pathway can be 
blocked and another opened to route the signal. More
over, the signal can be easily amplified to any level needed. 
Compare this with the physical constraints of an electro-
optic device: The signal is a light wave that cannot be easi
ly replenished; therefore, care should be taken to minimize 
optical loses. Switching should be accomplished through 
small refractive index changes obtained through the Pock-
els effect; in lithium niobate, the maximum safe electrical 

In a way, switching of optical signals is 
one form of an optical computer. 
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field induces an index change of about 5 x 1 0 - 4 : above 
this, breakdown is likely. 

Ideally, we would like to use this control over the refrac
tive index to define a pathway for the light by forming 
new waveguide patterns. However, the index changes are 
too small to permit a complete redefinition of the optical 
pathways in a device. What can be done at most is to 
perturb the phase of the guided mode as it propagates in 
an existing waveguide. Since only the optical phase is af
fected, most guided-wave devices are actually miniature 
interferometers that transform the phase change into dif
ferent interference patterns, and thereby affect the flow of 
the signals. From the index change, we can also conclude 
that these devices must be at least a few millimeters long to 
generate a useful phase shift of order π. This, of course, 
has direct implications on the level of integration possible 
with such elements. 

In spite of these limitations, integrated optics switches 
have been developed and continuous progress is made in 
improving their performance.4 Research has been directed 
at both the switching element and at the incorporation of 
many elements into switching arrays. Many photonic de
vices have been demonstrated in integrated optics and 
some could have important implications for the success of 
photonic switching. For example, Fig. 1 shows the struc
ture of several four-port switching elements that have been 
demonstrated in lithium niobate technology. 5 - 7 Four-port 
(or 2x2) switches are not only a basic building block for 
larger switch arrays, but can also be applied as simple am
plitude modulators and 1x2 switches. Most of these de
vices, as mentioned before, are miniature interferometers. 
Each of the input ports excites a mixture of two normal 
modes in the interaction zone. By affecting the relative 
phase between these modes through the electro-optic in
dex change, we can control the interference pattern, and 
thereby direct all the light to any of the output ports. 

An ideal switching element will be small in size, require 
low voltage to switch, and will handle any incoming light 
signal. The switches in Fig. 1 can reasonably meet the first 
two requirements; however, being interferometric in na
ture, they can usually switch only one wavelength compo
nent and one polarization component of light. The polar
ization sensitivity comes from the anisotropy of the lithi
um niobate crystal. 

Several demonstrations of polarization insensitive 
switching have been made recently. 8 , 9 This is of particular 
importance, since it is unlikely that polarization maintain
ing fibers will be employed in the field in a massive way. 
Figure 2 shows the structure and the experimental result 
of a Digital Optical Switch, 1 0 a device that enables not 
only polarization but also wavelength insensitive switch
ing by using a noninterferometric switching principle. The 
switch uses the modal properties of asymmetric waveguide 

FIGURE 1. Four-port switching elements in integrated op
tics, (a) Directional coupler.7 (b) BOA switch6. (c)X-
switch5 (d) Mach-Zehnder. All these devices switch 
through interference between normal modes. 

FIGURE 2. The digital optical switch:10 a four-port wave
length- and polarization-independent switch. (a) The 
switch layout. (b) Measured output intensities through 
ports 3 and 4 vs. applied voltage. The input into port 1 
is a mixture of 1.30 and 1.52 micrometer sources with 
arbitrary polarizations. 
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junctions. The electrode pattern is designed to induce an 
index change that breaks the symmetry of the output 
waveguide junction, guiding the light from input port 1 to 
the higher index output port. The useful digital switching 
curve is obtained at the price of increased length and 
switching voltage. 

The two main thrusts of research in integrated optics 
have been into: 1) integration of many elements into a 
complex devices, and 2) the development of very high 
speed elements. The most complex devices made in lithi
um niobate technology are 8 x 8 switch arrays made of 
64 cross-point directional coupler switches.1 1 These de
vices are pushing the fabrication technology to the limit in 
terms of size and connectivity, and also demonstrate the 
difficulties in the electronic control of such devices. A 
4 x 4 device has been installed in a long-term system ex
periment for more than a year with significant success.12 

However, much more sizable integrated optics matrix 
switches on a single substrate are hard to imagine using 
today's technology. 

In the high speed end, multigigahertz switches have 
been demonstrated and applied in system experiments. 
Operation of up to 40 G H z has been reported, 1 3 and vari
ous schemes to improve the bandwidth of these devices 
have been demonstrated.14 A recent experiment1 5 demon
strated the potential of high-speed switches in pushing 
high bit-rate capabilities. A multiplexed 16 Gbit/sec 
stream is demultiplexed into four 4 Gbit channels using 
three high-speed directional coupler switches. The lower 
bit rate is compatible with current detection systems. 

Clearly, electro-optic switches, and lithium niobate 
based devices in particular, have been developed to the 
extent that they can be tested in real applications. It is true 
that some material problems still exist, but it is very possi
ble that the identification of important applications will 
provide the impetus for solving these problems. It is also 
very likely that the next push in this field will come from 
the system side, with the identification of suitable applica
tions for electro-optic switches. 

Some hope that larger scale integration will be possible 
with the improvement of semiconductor-based integrated 

Some hope that larger scale integration 
will be possible with the improvement of 
semiconductor-based integrated optical 

devices. 
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optical devices. One advantage is the demonstrated ability 
to generate large index changes, as much as 0.01, through 
the control of carrier density. 1 6 It is hoped that this will 
lead to shorter devices and dense integration. Moreover, 
semiconductor based technology will be compatible with 
electronic devices as well as with lasers and detectors. Such 
optoelectronic integrated circuits (OEICs) may eventually 
combine the strength of electronics with the advantages of 
photonics. 

All-optical devices 
It may be somewhat misleading to discuss electro-opti

cal and all-optical devices on equal footing. Electro-optic 
devices are here today, and their problems are technologi
cal in nature; all-optical switching is still a dream. That is 
not to say that there are no demonstrations and even some 
primitive system concepts, but there are still many missing 
links and unanswered problems. 

In a way, all-optical switching is giving up one of the 
proclaimed advantages of photonic switching: while inte
grated optics is transparent in the sense that the switching 
operates independently of the data format and bandwidth, 
here we are reinstalling the dependence of the device on 
the signal. There are two classes of devices that are being 
considered. In one, the signal is routed according to infor
mation embedded in it—for example, according to its 
power (self-switching). A second approach is to control 
one optical signal by another. Usually both approaches 
can be accomplished using variations on the same struc
tures. 

The major motivation for all-optical switching is speed. 
Clearly, electronically driven devices are going to face 
some fundamental limits, and the hope is that all-optical 
devices will enable the progress of high bit-rate communi
cations beyond these limits. Indeed, optics has been dem
onstrating ultrafast pulse formation and manipulation for 
many years, and nonlinear optical processes can be used to 
operate on these pulses in comparable speeds. Most ideas 
involve the use of the optical Kerr effect, which is a change 
of index of refraction induced by light. The major difficul
ty is, of course, that this and other nonlinear effects are 
much more feeble than electro-optic effects, and truly 
there is only little hope that these ideas could become use
ful without major breakthroughs, particularly on the non
linear materials front. 

With these comments in mind, let us discuss some of the 
efforts in the field. Again, most attention is directed at 
waveguide devices that help in reducing the power re
quirements, and most demonstrations have used fiber de
vices. 1 7 The nonlinearity of fused silica is actually extreme
ly small—a 1 watt light signal in a typical fiber changes the 
refractive index by only about 10-9 . Therefore, high inten



One simple way to make an all-optical 
device is to let light signals at one 

wavelength control a second signal at 
another wavelength. 

sities and long propagation lengths are required to pro
duce usable phase shift of order π. What makes the fiber 
(and other glass systems) useful is the extremely low ab
sorption that enables these experiments with minimal 
thermal problems that tend to affect other material sys
tems.1 8 

Most current attention is directed at traveling wave de
vices. This is to be contrasted with resonant devices such 
as bistable etalons, in which the signal travels back-and-
forth between the device terminals. This effort is well do
cumented,1 9 and I will not dwell on it here. In a traveling 
wave device, the signal is switched as it is propagating 
from one end to the other. They operate in a pipeline 
mode; this means that while the time to perform an opera
tion is the transit time which could be long in a long de
vice, the time between consecutive operations is deter
mined only by the pulse length, the response time of the 
nonlinearity, and perhaps dispersion effects. 

One simple way to make an all-optical device is to let 
light signals at one wavelength control a second signal at 
another wavelength. This way one can easily separate the 
signal from the control using filters. One such switch is the 
optical Kerr gate, demonstrated recently in a fiber form. 2 0 

Two-wavelength operation, however, is problematic when 
the system is concerned, and most efforts are directed to
ward single-wavelength devices. 

The fastest switching operation to date was obtained in 
a two-core fiber device in which the signal was switched 
between the two cores within the pulsewidth of 100 fem
toseconds.21 The switching curve obtained is shown in Fig. 
3. This experiment clearly demonstrates the potential of 
all-optical switching, but also shows the difficulties: about 
30 K W of peak power are required to induce the switching 
in this 5mm long device! 

The above-mentioned device uses the nonlinear proper
ties of directional couplers. 2 2 All-optical switching has 
been demonstrated in a number of fiber devices using pico
second pulses. 2 3 , 2 4 Several groups have demonstrated non
linear devices in semiconductor-based waveguides that op
erated at much lower powers; 2 5 however, the above-men
tioned thermal problems have not been addressed yet. 

The future of photonic switching 

I have tried to give a flavor of the state of the art in 
photonic switching devices. It should be emphasized that 
some research directions that could turn out to be very 
important in the long run were not even mentioned. For 
example, an important trend today is the development of 
multi-wavelength networks that use wavelength control to 
affect routing in wavelength-dependent devices. This net
work requires, of course, different types of switches. Oth
er efforts are in acousto-optic and magneto-optic devices. 
Finally, an intense research effort is directed toward the 
development of OEICs. 

It can be expected that research in photonic switching 
devices will continue and spread in many directions. It will 
be useful to keep in mind, then, that photons are reluctant 
to be manipulated and that photonic switching has to fight 
a difficult uphill battle not only against physical con
straints, but also against the ever progressing electronic 
technologies. 
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