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Abstract

It is shown that in potential the capacity of optical fiber is virtually unlimited. 
However, the electronic bottle-neck and fiber dispersion prevent die use of diis 
capacity to its full extent. A description is given of different wavelengdi multiplex 
devices to be used in wavelength division multiplex networks. Subsequently, 
broadcast and select networks are dealt widi. In order to provide the optical 
networks widi flexibility, wavelength routing networks are introduced. Moreover, 
diese networks are more efficient widi respect to power and number of 
wavelengths.

1 Introduction

The bandwiddi of optical fiber is enormous. When taking the 
derivative of the relation

C = f .  À

we arrive at the static bandwiddi

Using this equation it is easily revealed diat for wavelengths 
of die order of 1 mm and a wavelengdi span of 100 nm die 
fiber shows a bandwiddi of 3 '1013 Hz. This is the 
equivalence of a frequency-multiplexed bandwiddi of diree 
million television channels. Due to fiber dispersion and 
limitations of die processing electronics (electronic bottle
neck) only a small part of diis bandwiddi can effectively be 
used for each channel [1]. A more efficient use is enabled by 
die application of wavelengdi division multiplexing (WDM). 
This technique can serve two goals:
• to increase die transmission capacity of point-to-point 
connections;
• to enhance die aggregate capacity and flexibility of fiber 
optic networks.

In WDM systems die fiber is illuminated by a number of 
lasers at die same time, each laser having its own wavelengdi 
and information-carrying signal (see figure 1).
In point-to point connections at die receiving end die

Figure 1. Loss characteristic o f silica fiber with a few WDM
channels

receivers select their respective signal by means of optical 
filters, which form die demultiplexer (figure 2). The number 
of channels diat can be liandled in diis way depends on die 
wavelengdi stability of die lasers, die selectivity of die 
multiplexers, and die cross-talk diat can be permitted.

Figure 2. Diagram of wavelength division multiplexing fiber
optic system
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Since wavelength demultiplexers are reciprocal passive 
optical devices, they can be used in the opposite direction,
1. e. as multiplexers. A description of die (de)multiplex 
devices will be given in Section 2. The enhancement of 
capacity and flexibility offered by WDM to optical 
communication networks will be dealt with in section 3, 
which is devoted to Broadcast and Select Networks and 
Section 4, which describes Wavelength Routing Networks. 
Conclusions are given in Section 5.

2. Wavelength demultiplexer devices

A wavelength demultiplexer must have an optical 
component that can separate the different wavelengths 
spatially; the following devices can serve this purpose:
• a prism;
• optical coupler;
• a Fabry-Perot resonator;
• Jti interference filter;
• a grating;
• a phased array;
• a Mach-Zehnder interferometer;
• the acousto-optic filter.

Due to their low selectivity and incompatibility with 
fibers, prisms are not used as demultiplexers. Couplers 
show a low selectivity as well, but as far as fiber 
implementations concern, have the advantages of 
compatibility with transmission fibers and low insertion 
loss. They are used in applications where selectivity is not 
a major issue. Moreover, fiber couplers are extensively 
used as optical power splitters or wave combiners.

The basics of almost all (de)multiplexers is the splitting 
of the incoming wave in two or more parts. These different 
waves are subject to different optical path lengths before 
being recombined. In recombining the waves can interfere 
constructively or destructively, depending on the path 
length difference and, what is more important, the 
wavelength. The selectivity, i.e. die channel distance, can 
be as small as a few tendi of a nanometer in die region of 
1520 - 1555 iim, which is one of die regions of interest for 
communication purposes.

where c is the speed of light, ƒ  is the optical frequency, L is 
the distance between die mirrors and n is die refractive 
index of die material in between die mirrors. Bodi from 
diis equation and figure 3 it follows diat the FP filter shows 
a periodical resonance.

Normalized frequency shift 
A/FSR

Figure 3. Transfer function o f the Fabry-Perot filter as a 
function o f the normalized optical frequency

The distance in frequency between two successive 
resonances is called die free spectral range (FSR) and it 
follows from Eq. 3 that this can be expressed as

FSR = —  
2nL

This periodicity should be kept in mind when utilizing diis 
type of filter. Bodi die refractive index n and die distance L 
can be used for tuning purposes.

An interesting implementation is the so called fiber 
Fabry-Perot filter (FFP). The end faces of two closely 
spaced fiber ends are covered widi a reflective material, 
forming die mirrors. The spacing, i.e. die lengdi L of the 
resonator cavity, is controlled by piezo stacks, in diis way 
realizing the tunability of the device (see figure 4).

The Fabry-Perot filter
The Fabry-Perot filter (abbreviated as FP filter) consists of 
two parallel mirrors with a high reflectivity (90% or more). 
In diis way an optical resonator is created, giving low loss 
at die resonance frequency and high loss out of resonance. 
Figure 3 shows die transfer function of die filter as a 
function of die normalized optical frequency. The 
selectivity of die filter is determined by die reflectivity R of 
die mirrors. The higher diis reflectivity, die greater die 
selectivity will be.

In mathematical form the transfer function reads [21

H ( f )  =
(1 -

InfnL (3)
(1 -  R Y  + 4R  s in 2 (------- )

Figure 4. Configuration o f the fiber Fabry-Perot (FFP)
tunable filter

Interference filters
Interference filters are based on die reflection of certain 
wavelengdis by a stack of diin dielectric layers and the
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transmission of other wavelengths through the stack [3,4]. 
The layers are produced to have alternating a relatively 
high and a low refractive index. Figure 5 shows a 
demultiplexer based on this principle. The arrangement of 
the layers must differ from one fiber to another in order to 
select different wavelengths.

filters

Gratings
In grating (de)multiplexers the path length difference is 
achieved by the various facets of a reflecting grating, for 
instance. This type of demultiplexer often uses Littrow 
mounting [4]. This means diat a single (composite) lens 
provides both collimating and decollimating of the light 
bundle emitted from the input fiber towards the grating, so 
that it is selectively reflected to the output fibers (see figure 
6).

Figure 6. A grating (de)multiplexer with Littrow mounting

Figure 7 shows a possible loss characteristic as a function 
of the wavelength for the different channels. This example 
has channels separated by 20 nm; a separation of 2 nm lias 
been reported. Well designed grating demultiplexers can 
have insertion losses as low as 1.5 dB.

Figure 7. Loss characteristic o f a grating wavelength
demultiplexer

Pased array
Next device is, just like the grating and the FP filter, based 
on the interference of various waves originating from the 
same input wave. The implementation given here, 
however, is more suited for integrated optic realization. It 
is called the phased array demultiplexer (see figure 8).

Curved
section

Figure 8. Schematic representation o f a phased array
demultiplexer

The power of an incoming wave is devided over various 
waveguides [5]. All these waveguides have a different 
length. So, die waves emanating from these waveguides all 
show a different phase. At some distance from die outputs 
die waves interfere, but die positions of constructive and 
destructive interference depend on the wavelength. By 
putting waveguides at die focus points of die phased array 
the power belonging to different wavelengths is collected in 
different output waveguides.

The phased array demultiplexer can serve a somewhat 
different goal, namely it can operate as a so-called 
add/drop multiplexer (ADM). This device can extract (drop 
function) a specific wavelength from a set of wavelengths 
in a WDM system. Moreover, at die same time it can 
insert information diat is modulated at the same wavelengdi 
(die add function). In general, die phased array itself is a 
symmetric device, which means diat besides different 
output waveguides it can be provided with different input 
waveguides. These waveguides at either side of the array 
behave symmetrically widi respect to wavelengdi (see 
figure 9). This enables the add/drop function.

Tijdschrift van het Nederlands Elektronica- en Radiogenootschap deel 61-nr.2-1996 75



A,1 +^2+A<3
—► PHASED

ARRAY

A,i

a,2
-J-A«2"EA<3

------- »

ADD X3 DROP Jt3

Figure 9. The phased array used as an add/drop
multiplexer

Mach-Zehnder interferometer
The next type of demultiplexer to be dealt with is based on 
the Mach-Zehnder interferometer (MZI). This 
interferometer consists of optical circuits in which an 
incoming wave is split into two waves that are recombined 
after a certain optical path length (see figure 10 for an 
integrated version).

v = 0 v = + V

Figure 10. Integrated version o f the Mach-Zehnder
interferometer

When the difference in path length is AL, die transfer 
function from the input to output 1’ is written as [6]

Figure 11. Demultiplexing characteristic o f a Mach-
Zehnder interferometer

The MZI presented is provided with electrodes. When 
the proper material is used for the substrate, e.g. LiNb03 
the filter is made tunable by means of the electro-optic 
effect. Moreover, when operated at a fixed wavelengdi the 
MZI can serve as an optical modulator or switch. If in this 
latter case the input splitter and output combiner consist of 
couplers as shown in figure 10 a cross/bar switch results. 
This is readily seen from Equations (5) and (6); it follows 
that the outputs 1’ and T  are in anti-phase.

The acousto-optic filter
Many optic materials show acousto-optic effects, i.e. their 
optic properties change under the influence of an acoustic 
wave. In particular, for an anisotropic material die 
refractive index of two different polarizations can differ. 
Materials whose birefringence depend on local compression 
have the property diat, upon this acousto-optic effect, die 
indices of the so-called ordinary and extraordinary wave 
will be different

Hu (A  0;  = sin2 ( ^  M )  (5)
A 0

and the transfer from the input to output 2’ reads 

H2i(A o) = cos^ ( ti A L) (6)
A  o

n 0 - n e = An ( 7 )

where die subscript o and e refer to die linearly polarized 
ordinary and extraordinary wave, respectively. In order to 
realize efficient interaction between the optical wave and 
the acoustical wave die difference of the optical 
wavenumbers.

In these expressions n is the refractive index in the optical 
padis and Zq is die wavelength in vacuum. These transfer 
functions have been plotted in figure 11 for a certain 
configuration. The remarkable characteristics of this type 
of demultiplexer are die closeness of die channels (as close 
as 10 GHz) and the gradual fall of die transfer functions. 
The pass band can be flattened by means of a cascade of 
different interferometers. In this way, die demultiplexer has 
more outputs, and becomes a multichannel demultiplexer
m .

2 n
A on 0

should match the acoustical wavenumber

_  2 K
A~

where A is die acoustic wavelength. This results into die 
equality
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X 0= A .A n ( 10)

At periodic spaced intervals along the medium, called the 
beat length, two waves interfere constructively or 
destructively. In a material whose photo-elastic properties 
are of the proper kind (e.g. PbMo04 ), the beat length is 
such that it can be matched by the acoustic wavelength, i.e. 
Equation (10) is satisfied in that material for wavelengths of 
interest.

The split up of the incoming wave into two orthogonal 
waves is accomplished by a polarization splitter, while for 
the combination of the two waves a second polarization 
splitter is used. Tuning facility is provided via die 
frequency of die RF acoustical wave. Since various RF 
waves can be applied at the same time, different 
wavelengths can be selected simultaneously.
Figure 12 shows the integrated acousto-optic tunable filter 
(AOTF). Figure 13. Broadcast and select network

^ ------------ Polarization splitter---------------- ,
/  ? Reiected

/  r wavelength (s)

Figure 12. Surface wave acousto-optic tunable filter

The transfer function is given by [6]

H O 0  =
sin

(

? n . An. L
( ----1----- )_____ A. Q

k .An .L  2
-----------------

To }

where L is die interaction lengdi of die optical and die 
acoustical wave.

3. Broadcast and select networks

In these systems die signal widi a certain wavelengdi 
transmitted by a transmitter spreads out over die entire 
network. As an example in figure 13 an N-fold star 
network is depicted (in the picture N =3). When a 
transmitted signal arrives at die star branching point, 
consisting of an optical splitter, it is divided in N equal 
power signals diat reach die N receivers. Those receivers 
are provided widi optical filters and for die time being we 
suppose that die filters select a fixed wavelengdi and reject 
others. Moreover, we suppose that the wavelengths in the

transmitters are tunable. When transmitter 1 has to send a 
message to node 2, transmitter 1 tunes its wavelength to 
being the wavelengdi the filter in receiver 2 is tuned to. 
But, when for instance transmitter 3 sends a message to 
node 2 at die same time, a collision will occur. These 
collisions can be prevented by implementing a proper 
protocol on the network.

Instead of tuning the transmitters and fix the wavelength 
the receivers are tuned to, one can imagine to tune die 
receiving filters and fix the transmitter wavelengths. This 
will result in die same performance of die network. Tuning 
bodi transmitters and receivers will give a better 
performance than tuning transmitters or receivers alone [8].

The broadcast and select method lias two great 
disadvantages. Firstly, the splitter introduces splitting loss, 
which amounts to 10 log N , and which can be substantial 
in large networks where a signal may pass various splitters 
before reaching its destination. The loss problem can be 
solved by introducing optical amplifiers in die network (see 
[6] or [8]). However, the number of amplifiers to be 
inserted is limited due to die cumulation of noise. 
Secondly, die signal from each transmitter spreads out over 
die entire network and reaches parts of die network where 
it is of no use. This means a waste of wavelengdis and 
prevents die reuse of wavelengths in distinct parts of die 
network.

4. Wavelength routing networks

Instead of applying die outputs of die demultiplexer in 
figure 2 to detectors diey can also be connected to odier 
fibers and diese fibers can carry die optical signal in 
question to odier distant nodes. In diis way die wavelengdi 
transmitted can be used to address a certain destination or 
to prescribe a certain route. When, moreover, die lasers 
and optical filters in die demultiplexer are provided widi 
tuning facilities the system will become very flexible and
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rearrangable. Together with optical switches this offers the 
possibility for routing in more complex network 
architectures. It is obvious that tuning is also a way of 
switching; so tunable demultiplexers can serve as switches.

The disadvantages mentioned at the end of the previous 
section are discarded in wavelength routing networks. 
Those networks make extensively use of the selective 
brandling and switching of the optical signals. The key 
components for those kind of networks are:
• couplers;
• (de)multiplexers;
• tunable lasers;
• tunable receivers;
• wavelength convertors;
• optical switches;
• optical amplifiers.

A first application of addressing by means of the 
wavelength is presented in figure 14.

cfniral orner

Figure 14. Fiber to the home local network with remote
wavelength router

downstream traffic on X ,, as well as for upstream traffic on 
X N+j for the same subscriber.

*1M+1

C O

N̂+l 2̂N

Figure 15 Wavelength scheme o f the demultiplexers in the
FTTH system

NODE 2
RECEIVE SEND

SEND RECEIVE 
NODE 4

RECEIVE

NODE 3

SEND

It is an example of so-called fiber to the home (FTTH), 
i.e. a local subscriber network with uninterrupted optical 
paths between the central office (CO) and the subscribers. 
Each of the N subscribers lias been allocated a fixed 
wavelength and the addressing from CO to subscriber is 
acliieved by imposing the information on the proper 
wavelength. At the CO the optical multiplexer has a free 
spectral range comprising 2N  wavelengths; X , to X N as 
inputs for downstream information flow and X N+I to X 2iV 
for information from subscriber to CO. A single fiber 
carrying 2N wavelength, N for downstream traffic and N 
for upstream traffic, leaves the CO and brings the signals 
io the residential area of the subscribers. In this area an 
optical branching point with an optical multiplexer is 
placed. This multiplexer has a free spectral range 
comprising N wavelengths; one fiber is connecting each 
multiplexer input/output with a subscriber. Every 
subscriber fiber carries two wavelengths, one for upstream 
and one for downstream. Most multiplexers show a 
periodic behaviour and in this case clever use is made of 
diis property. The periodic multiplexer lias been designed 
such that when X , corresponds to a certain output, then 
X corresponds to the same output, etc. (see figure 15). 
In this way the same multiplexer output can serve for

Figure 16. Wavelength selective branching node

Figure 16 shows a passive wavelength selective 
brandling node. When node 1 has to send a message to 
node 2, it chooses wavelength 1. In the routing node this 
wavelength is only routed to the receiving fiber of node 2. 
Addressing node 3, node 1 chooses wavelength 2 and 
addressing node 4 it chooses wavelength 3. From the figure 
it is seen that the given wavelength routing node enables 12 
simultaneous connections between the nodes involved, 
using only 3 wavelengths. Reuse of wavelengths is possible 
and extensively used in this scheme. No waste of power 
occurs and the different wavelengths are only present in 
those parts of the network where they are indispensable. 
The given routing node requires 8 (de)multiplexers.

The routing node can be provided with flexibility when 
switches are inserted in between the multiplexers. This is 
shown in figure 17. The input signal is split up in its N 
constituting wavelengths. There is a second input, named 
“added signal” , which may carry the same set of 
wavelengths, and which is split up likewise. Corresponding 
wavelengths are applied to optical cross/bar switches. In 
this way the wavelengths of the inputs can cross/bar be 
connected to the outputs. The given configuration is in fact
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Figure 17. Wavelength routing node provided with optical 
switches to form an add/drop node

an add/drop multiplexer. If a certain switch is in the bar 
state, the corresponding wavelength in the “input signal” 
is connected to the “output signal”, which will have a 
destination for a distant node in the network. If the switch 
is in the cross state the wavelength from the “input signal” 
is dropped to the “dropped signal” output and available for 
local use. Then the corresponding wavelength from the 
“added signal” input can be coupled to the “output signal” 
and inserted in the mainstream for distant destination in the 
network.

Figure 18. WDM node with multiple inputs and outputs and
space switching network

The scheme of figure 18 can be generalized to contain 
more than two input demultiplexers and more dian two 
output multiplexers. In between an optical space division

switelling network can be placed. Even more flexibility is 
introduced when in the node the signals not only are 
switched, but their wavelength can be changed as well. 
This is shown in figure 19, where wavelength convertors 
are inserted between switch and output multiplexers.

w a ve le n g th

Figure 19. WDM node with switch and wavelength
converters

WDM networks with wavelength routing nodes not only 
make efficient use of the optical power, but enable reuse of 
wavelengths as well. This is illustrated by means of figure 
20 .

□  SUBSCRIBER

r \  cross
^  CONNECT

Figure 20. WDM network with reuse o f wavelength in 
different parts o f the network

In this network a connection is given from subscriber A to 
subscriber B using T , . At the same time C is connected to 
D on wavelength \  and E widi F on . Thanks to die 
selectivity of die nodes a connection is also possible from 
G to H on the same wavelengdi ^  which is already in use 
for C to D in a different part of the network. In large 
networks widi repeated and or layered structures, 
wavelength schemes can be repeated. Only at the interfaces 
careful management of wavelength is required.

5 Conclusions

The transmission capacity of optical fiber is virtually 
unlimited. Efficient utilization of this capacity is achieved 
by wavelengdi division multiplexing. Several multiplex 
devices are available, many of diem in integrated optic

I
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versions.
The simplest form of a WDM network is the so called 

broadcast and select network. Those networks waste power 
and wavelengths, but have a very simple architecture. 
Wavelength routing networks are more efficient with 
respect to power and number of wavelengths; moreover, 
they show flexibility and are rearrangable, but require 
more components and more complicated components to 
realize the nodes.
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