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Abstract

The design, construction techniques and results of
evaluation of two types of optical fibre multiplexing and

demultiplexing devices are given.

The first type of device 1is a three channel optical
multiplexer/demultiplexer opefating in the 750 to 900 am band.
This device allows the simultaneous transmission of 3 different
wavelengths through the same optical fibre. It employs a dif-
fraction grating, in the Littrow configuration, as the wavelength
selective element. The device is compact and rugged due to the
use of a gradient index lens to which the other assemblies are
cemented. The wavelength channels have centre wavelengths of
790, 830 and 870 nm and are nominally 30 nm wide at the -1 d3
points. The loss is 2.2 to 2.5 dB when used as a demultiplexer
and 7 to 8 dB when used as a multiplexer. Crosstalk is less than

-30 dB at the channel centres.

The other device is a two channel multiplexer—demultiplexer
which allows a bidirectional system to be constructed. This
device has a short wavelength channel from 770 to 890 nm and a
long wavelength channel from 1100 to 1400 nm. It employs an
interference filter as the wavelength selective element. The
filter is cemented between two gradient index lenses to form a
compact rugged device. The loss is 1.5 dB for the 770 to 890 nm
wavelength channel and 3.5 dB for the 1100 to 1400 nm wavelength

channel.
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Combining the two and three channel devices results in a
four channel bidirectional system for use in integrated

distribution services.

Suggestions for improvements in the design and construction

of the devices are also given.
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CHAPTER 1

INTRCDUCTION

There is a great deal of interest in the use of fibre
optical communications systems. This is shown by the number of
completed installations currently being field tested. Since
installation of cables, optical or électrical, requires a large
investment communications systems are normally designed to fully
utilize the available bandwidth of the installed medium. At
present fibreoptic systems are limited by the combined frequency
responses of the source, detector and fibre (limited by disper-
sion) and do not approach the information carrving capacity of
the optical carrier. One method of utilizing more of the
information capacity is to multiplex several optical wavelengths
over a single fibre. This technique is known as Wavelength

Division Multiplexing (WDM).

WDM is not necessarily restricted tc use in new systems.
It could also be used to upgrade an installed system by
increasing its bandwidth and versatility by assigning different
data streams to different wavelengths. This allows the system
bandwidth to grow as demand grows. WDM is also an obvious method
for implementing bidirectional transmission since different
optical wavelengths could carry data in different directions

simultaneously with no mutual interference.
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A WDM system requires the development of new devices to
multiplex and demultiplex the optical signals. While these
devices are not yet commercially available, the potential
benefits of WDM systems have created much interest in such
devices (see references 1 through 5). The devices proposed and
demonstrated by various authors will be discussed in more detail

in the next chapter.

The purpose of this project was to construct and test the
devices required for a four channel WDM system (discussed in
Chapter 2). This system has three short wavelength channels
situated between 790 and 870 nm and a long wavelength channel
situated between 1100 and 1400 nm. The multiplexers and demulti-
plexers for the short wavelength channel can be used without the

long wavelength devices to implement a three channel WDM system.

The short wavelength multiplexer and demultiplexer have
losses of approximately 10.5 and 2.5 dB respectively. The long
wavelength device has a loss of 3.5 dB for the long wavelength
channel and 1.5 dB for each of the short wavelength channels.

The devices required by a four channel system would have an
insertion loss of 13 dB for the short wavelength channels and 7
dB for the long wavelength channel, excluding connection losses.
The crosstalk into adjacent channels is less than =30 dB from the

channel centre and less than —10 dB from the channel edge.



The short wavelength multiplexer and demultiplexer were
later used with laser diode source and pin diode receivers to

demonstrate analog video transmission over 1 km of fibre.

The remainder of this report is divided into four chapters.
WDM system design is discussed in Chapter 2. The design and
construction of the short wavelength devices is given in
Chapter 3 and the design and construction of the long wavelength
device is given in Chapter 4. The results and possible

improvements are discussed in Chapter 5.



CEHAPTER 2

WDM SYSTEM DESIGN

A potential four channel WDM system is shown in Figure 2.1.
Three of the channels, called the short wavelength channels,
carry information from the central office to the subscriber and
the fourth, called the long wavelength channel, carries informa-—
tion from the subscriber to the central office. All of the

information is carried over a single "trunk" fibre.

System Constraints

The wavelength bands allocated to the channels are shown in
Figure 2.2. The short wavelength channels are intended for use
with laser diode sources. The channel centre wavelengths were
chosen in the wavelength region (790 to 870 nm) where optical
fibres having low (on the order of 3 dB/km) attenuation are
available. The 30 nm channel widths were chosen to accommodate

laser diode characteristics. The breakdown of the 30 nm is:

1) laser centre wavelength temperature 16 nm
shift (0 to 50°C)

2) laser centre wavelength manufacturing 10 nm
tolerance
3) laser spectral width 4 nm
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There is a 10 nm guard band between the channels to reduce the

crosstalk.

The long wavelength channel is intended to be used with LED
sources in the 1100 to 1300 om region. It is very wide (300 nm)
compared to the spectral width of an LED (typically 4C nm) to
allow use of a variety of LED wavelengths. Since optical fibres
‘have very low attenuation (1 dB/km or less) in the region of the
long wavelength channel (ie. near 1300 nm) this channel can be
used with lower power leds over similar distances to those
possible with higher power lasers emitting in the short wave-
length region. If required the long wavelength channel could
also be broken up in a similar fashion to the short wavelength

channel.

As shown in Figure 2-1 the multiplexing and demultiplexing
at each end of the trunk fibre is performed by two devices. The
device closest to the trunk fibre, called a two channel device,
separates the long wavelength band (1100 to 1300 mm) from the
short wavelength band (790 to 870 nm). The other element, called
a three channel device, multiplexes or demultiplexes the thrae
short wavelength channels (790, 830 and 870 nm). The required
spectral characteristics of these devices are given in

Figure 2-3.

The most important parameters of the two and three channel
devices are the loss and crosstalk. The loss added by a set of

WDM devices (ie. two each of the two channel and 3 channel
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devices) should be kept as low as possible and should be uniform
for the three short wavelength channels. Since the short wave-
length light must pass through all four devices, as opposed to
two devices for the long wavelength light, the short wavelength
channel of the two channel device should have the lower loss.
The crosstalk between channels should be held to a maximum of
-30 dB optical (60 dB electrical) except for crosstalk from the
long wavelength channel to the short wavelength channel which is
unimportant since the silicon detectors used for the short
wavelength light are insensitive to wavelengths longer than

1100 nm.

The other parameters and constraints which were placed on

the two and three channel devices are:

1) they must be passive (ie. no electronics)

2) they must be constructed of readily available
components (less than three months was available to
purchase components and assemble the first devices)

3) the devices must operate from O to +50°C

4) the trunk fibre and the fibre connecting the two
channel device to the three channel device must have a
50 um core, 125 um outside diameter (0OD) and a
numerical aperature (NA) of 0.15.

3) they should be useable for multiplexing or
demultiplexing by changing only the fibres.

6) the components used should be manufacturable in large

quantities at reasonable cost.
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Before presenting the design of the devices reported the

various approaches to making WDM devices will be discussed.

Types of WDM Devices

The multiplexing and demultiplexing devices reported in the
literature, which seem suitable considering the parameters listed
above, can be divided into two groups(l) by the component
used to give the wavelength selective propertv. One group
employs angularly dispersive elements whereas the other group
employs optical filters (which have wavelength—dependent
reflectivity and transmission). Non wavelength selective devices
violate requirement 5 above since they cannot be used as demulti-
plexers. Many configurations are possible for the Qevices in
either group and no attempt will be made here to review the
possible configurations. Only the major features of each group

will be given with references to more extensive articies.

The angularly dispersive devices reported employ either
gratingslr2’3 or prismsls4 as the dispersive element.
The operation of the grating and prism devices is very similar.
The light from the input fibre, of wavelengths say Al and A2, is
collimated by a lens and is incident on the grating or prism
which diffracts or refracts Al and A2 at different angles. If a
transmission grating or transmission prism is employed a second
lens is required to convert the angular dispersion into a spatial
dispersion (in the focal plane). This is shown in Figure 2-4A.
If a reflection grating or Littrow (reflection) prism is employed
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the input collimating lens also serves to convert the angular
dispersion to a spatial dispersion. A reflection grating device
is shown in Figure 2-4B. Optical fibres are arranged in the.
focal plane to collect the required wavelengths. Detectors could
also be placed in the focal plare for use in a repeater, but only
fibres will be considered in this report.

Filter devicesl,> employ multilayer dielectric filters,
which absorb very little in the spectral regicn of interest, to
provide wavelength selectivity as shown in Figure 2-4C. The
light from the input fibre consisting of wavelengths Al and A2 is
collimated by the first lens and is incident on the filter. One
wavelength, say Al, is reflected by the filter and is focussed by
the same lens onto output fibre A. A2 which is transmittad by

the filter is focussed by the second lens onto output fibre 3.

The major difference between the angularly dispersive
devices and the filter devices is the method of determinin: the
wavelengths which are passed to the output(s). The spectral
content of the output(s) of a filter device are determined by the
filter characteristics whereas the size and location of th2 out-
put fibre(s) determine the spectral content of the output{s) of
the dispersive device. The filter device is therefore limited to
two channels per filter (one reflected and one transmitted)
whereas the dispersive device can have many channels. Filter
devices can be cascaded to add extra channels with a corres-

ponding increase in loss. Which device has the best performance

depends on the characteristics of the input or output wavelength



channels, ie. how wide the channel is and how close it is to the
next channel. In general the filter type devices are preferred
for applications where two wide bands ara required (using long
wavelength or short wavelength pass filters) or where one very
narrow channel is required (using a bandpass filter) and disper—
sive devices are 1ndigated when many relatively narrow channels

are required.

Design of the WDM Devices

A grating design was chosen for the three channel device
which multiplexes or demultiplexes the three short wavelength
channels. The grating design satisfied all of the requirements
listed above and can be designed to give channels with the
nominal widths and spacings shown in Figure 2-3. A prism design
was not used because prisms, even when fabricated from materials
such as arsenic trisulphide which have absorption edges near
900 nm, have lower angular dispersion than gratings and would
require very long focal length lenses. For example a 1200 1/mm
grating has angular dispersion of approximately 70 x 10~3 deg/nm
whereas an arsenic trisulphide prism has an angular dispersion on
the order of .2 x 1073 deg/nm. A loag focal length would
increase the size of the device and is not available in the most
suitable lens type (gradient index). A filter design could not
be used since filters with the channel widths required as well as
low crosstalk and low loss were not available and apparently

cannot be fabricated using current technology.
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A filter design was chesen for the two channel device which
separates the long and short wavelength channels. A grating
device would tend to have high loss over such a large spectral
rénge and a prism device while it would have reasonable loss
would be more expensive and more difficult to fabricate. The
filters for the two channel device can be easily and inexpen-
sively constructed using current filter technology. A long
wavelength pass filter was chosen over a short wavelength pass
filter for the reasons given in Chapter 4. A bandpass filter was

not used as the channels are too wide.

The design, construction and testing of a three channel
device and a two channel device are described in Chapters 3 and 4

respectively.



CHAPTER 3

THE THREE CHANNEL MULTIPLEXER/DEMULTIPLEXER

The three channel device is required to multiplex and
demultiplex the three short wavelength channels. It is shown
schematically in Figure 3-1. This configuration, suggested by
Tomlinsonl, is compact and rugged as the entire unit is
cemented together with no air spaces. A "Selfoc" lens, produced
by the Nippon Sheet Glass Company is important to the design. A
"quarter period” Selfoc lens, the type used, has its focal point
on the end of the lens (Appendix A gives more information about
Selfoc lenses). Since the end of the lens is flat and coincident
with the focal plane, the lens will ccliimate light from a fibre
which is cemented to the end of the lens. All four of the fibres
in the three channel device are mounted in a fibreholder,
positioned and cemented to the lens. This contributes to the
compactness and ruggedness of the device. A prism, which is
glued to the other end of the lens to hold the grating in the
correct orientation, also contributes to the compactness and
ruggedness of the device. The grating, a gold coated replica, is

replicated on a microscope slide and cemented to the prism.

Principle of Operation

The operation of the device is explained below for the case
where it is used as a demultiplexer, i.e. light is incident from

the trunk fibre. The other three fibres are thus the outputs.

15
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Spectrally the outputs are 30 nm wide and centered at 750, 830
and 870 nm (see Figure 2-2). Operation as a multiplexer is

exactly the reverse process.

Let monochromatic light be incident from a point on the
trunk fibre. Then, neglecting diffraction effects and aberration
in the lens, the light is collimated by the lens, passes through
the prism with negligible dispersion and is incident on the
reflection grating. The diffraction of the grating causes the
light to travel back towards the lens at an angle, A, with res-
pect to the input. This is shown in Figure 3-2. "A" is given
by:

A=6-9 (1)

where: 6 - is the angle between the grating normal and the
input light
@ - is the angle between the grating normal and the
diffracted light

"0" and "P" are related by the first order grating equation
since the grating used is blazed for the first order, i.=2.:

A =n (sin(8) + sin(9))/c (2)

where: X - vacuum wavelength of the light

n — index of refraction of the epoxy filling the grooves
of the grating

¢ - number of grooves in the grating per unit length.
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The angular relationship of the iight rays and the grating

grooves is shown in Figure 3-3.

The diffracted light travels back through the prism and
lens and is focussed to a point on the end of the lems. This
point is centered a distance, dS, from the input point source

given approximately by:

ds = f.A (3)

where: f - focal length of the lemns.

Using a 1200 1/mm grating with & = 16.5°, f = 2.15 nm and
A = 790 nm results in dS = 110 um.

When diffractior and aberrations are considered, the light
is seen to focus not to a point but to a finite spot called the
"blur spot”. Every point on the input (trunk) fibre will then
focus to a blur spot @ distance dS away on the end of the lens.
Thus an image is formed which is the convolution of the trunk
fibre output and the blur spot of the lens/prism/grating
assembly. This image is circular but has a larger diameter than
the core of the trunk fibre (by approximately 10%). If the
wavelength of the input light was the centre wavelength of one of
the channels then the image of this light would fall on the
centre of ocne of the “output”™ fibres. Only the light which falls
on the core of an output fibre is collected by the output fibre.
The remainder, which falls on the output fibre cladding or which
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is in the epoxy between fibres, is lost. As the wavelength
varies, the image would move across the face of the output fibre
as shown in Figure 3-4A. The resulting spectral output is shown

in Figure 3-4B.

The spectral width of the demultiplexer outputs are there-
fore determined by the ratio of the diameter of the image of the
trunk fibre to the diameter of the "output" fibre. The centre
wavelength of each output channel depends on the spacing between

the centre of the trunk fibre and the centre of the output fibre.

The "shape" of the output channels would ideally be the
square shape shown in Fig. 2-3 however, the response of a channel
may in practise extend into the space between two channels with-
out causing crosstalk. Thus, the sloped sides on the spectral
responses shown in Figure 3-4B are not a problem unless the slope
overlaps an adjacent channel. It is however desireable that the
top of the spectral response be flat (within 3 dB) over a 30 om
region. The output fibres for a demultiplexer are always larger
than the trunk fibre since this determines the output spectral
width. It also ensures that the device is relatively efficient.

The same device is also used as a multiplexer. It can be
seen that when the three channel device is used as a multiplexer
the (3) input fibres are larger than the trunk fibre. The
channel spectral shape will not change but there will be a large
loss since the image of the input fibre will be much larger than
the trunk fibre. While using a smaller fibre for the input would
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reduce the loss, experiments indicate that a compemnsating loss
would be suffered when coupliing the input fibre to the laser
diode. This type of multiplexer is an inherently lossy device
however it has the advantage of filteriﬁg the inputs of unwanted
wavelengths present in the source which would ctherwise appear as
crosstalk. Other multiplexers are discussed in more detail in

Chapter 5.

Detailed Design

The design of the 3 channel device follows from equations
1, 2 and 3 if dS in equation 3 is the centre to centre spacing of
the fibres since all of the fibres have the same outside diameter
and are placed side by side to form a "ribbon". The device is
designed ‘to have the trunk fibre on the optical axis. This is
done because the first devices, which did not have the trumnk

fibre on axis, had crosstalk problems.

The spacing of the channel wavelengths is 40 mm and the
first channel has a centre wavelength of 790 nm thus light of
wavelength 750 nm should return to the trunk fibre. Referring to
Figure 3-3 it is clear that © = P for light at 750 nm and
therefore the grating is being operated in the Littrow config-
uration at this wavelength. The Littrow configuration minimizes
the aberrations caused by the grating but to achieve maximum
efficiency the grating must be operated at the "blaze" wave-
length5. The blaze wavelength is the wavelength of light for

which the diffracted light follows the same path as a specular
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reflection from the longer face of the grating grooves. The
blaze wavelength is dependent on the angle of the groove face
with respect to the grating plane (called the blaze angle) and
the angle of incidence of the light with respect tc the grating
normal (6). Since 8 = P at 750 nm a grating should be

chosen such that the tooth face is perpendicular to the incoming
(and outgoing) light, ie. the blaze angle "2" (see Figure 3-3)
must be equal to 6 (or 9).

Only standard gratings could be used dve to the time avail-
able for construction. Gratings are specified by the blaze wave-
lengths and the number of lines per mm. The angular dispersion
of a grating increases with an increase in the number of lines
per mm whereas the efficiency decreases with an increase in the
number of lines per mm. Therefore efficisncy must be traded off
against angular dispersion when selecting a grating. The most
suitable standard gratings were the 12C0 1/mm gratings. To
obtain the maximum efficiency from the grating it must also have
the proper blaze angle as discussed above. The blaze angle ais
calculated by setting & = ¢ in equation 2 with A = 750 nm,
¢ = 1200 mm~! and n = 1.55, then solving for 8. This gives
e

13

16.9°, therefore the blaze angle should be 16.9°. Fortu-
‘nately standard gratings blazed for 500 nm have a blaze angie of
16.6°. Gratings blazed for 750 nm are not as suitable because
they have blaze angles of approximately 26.5°. The 750 nm blazed
gratings would be best if the grating was in air instead of being
cemented to the prism with epoxy (index 1.55).
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The prism must hold the grating at the angle required by
the Littrow configuration therefore the prism apex angle (see
Figure 3-2) must also be equal to "6". For the 1200 1/mm
grating the prism apex angle should therefore be approximately
166" «

The gratings and Selfoc lenses were stock items. The
fibres were chosen for the proper core size and were etched to
reduce their outside diameter. To determine the fibre diameter
the grating and lens parameters are entered into equations 1, 2
and 3 (with © being equal to the prism apex angle) and
A = 790 nm. Solving these equations gives a value for dS which
is equal to the required fibre cutside diameter. This must be
less than or equal to an available fibre diameter. For example
if a 1200 1/mm grating blazed for 500 nm and a lens of focal
length 2.15 mm are chosen then the required fibre outside

diameter is 110 um.

The diameter of the core of the trunk fibre is 50 pm. The
diameter of the cores of the other fibres is determined by the
channel shape requirements. Since the channel width (30 nm) is
+75 of the channel spacing (40 nm), the core of the fibre should
be approximately .75 times the fibre outside diameter (110 um) or

approximately 83 uym. The nearest available fibre had a core of
95 ym.
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Construction

The following paragraphs discuss the construction and

packaging of the three channel devices.

The first steps in construction are to cement together the
lens and prism grating assembly and to etch the fibres to the
correct diameter (110 um). The fibres are then cleaved and
inserted into the fibreholder, such that their ends are flush
with the end of the fibreholder and in a straight line. This is
shown in Figure 3-5. The fibres are then cemented in place in
the fibreholder. The fibreholder is then positioned on the
surface of the lens such that the channels are centered at the
correct wavelengths and have the best obtainable shape (ie. flat
tops and steep sides). Positioning of the fibreholder is
critical and requires an accuracy on the order of 5 um which can
be obtained from differential screw type translation stages.
When properly positioned the fibre holder is cemented in place.

The assembly can then be installed in a package.

The package should protect the device against handling
damage but it must not strain the device either during the
packaging process or during temperature cycling. Potting of one
device in epoxy resulted in approximately .5 dB increase in loss
which is believed to be the result of shrinkage of the epoxy
during curing. The package must also prevent bending of the
fibres where they emerge from the hardened epoxy since they are
prone to breakage at such places. Flexible tubing can be used

for strain relief.
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The package made for the device reported consists of a
milled brass box and cover plate. The device is cemented into
the box. All fibres are contained in a piece of flexible tubing
which exits from one end of the box. The tubing is secured to a

flange on the fibreholder and cemented to the inside of the box.

Sources of Loss

The largest single source of loss, excluding manufacturing
errors, when the three channel devices are used as demultiplexers
is expected to be the grating. Gratings with 1200 1/mm typically
diffract 75% to 807% of the incident light into the first order at
the blaze wavelength. The efficiency drops to approximately 407
at 0.5 and 1.5 times the blaze wavelength. Since the three
channel devices are werking with wavelengths ranging from the
blaze wavelength to 1.2 times the blaze wavelength the grating
can be expected to cause a loss of approximately 1.0 dB for the
first channel and less than 2.0 dB for the third channel (assum—

ing that the epoxy has no effect on the grating's efficiency).

The only other major loss is in the lenses. While the
transmission of light from a small core fibre through two lenses
into a large core fibre, with all adjoining surfaces close to
being perfectly index matched, should be greater than 297 it was
found to be =907 (0.5 dB loss) in other experiments. It is
believed that this loss is due to scattering in the lens.
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The minimum loss for the first channel of the device is
then approximately 1.5 dB due to the available grating and lens.
The other channels will suffer additional losses as they are
further from the optimum wavelength and focus further from the
.optical axis of the lens where absrratiions are worse. Errors
such as improper positioning of the fibres or fibreholder and

poorly cleaved or dirty fibres wiil increase the 1loss.
When used as a multiplexer the three channel device will
experience a large loss due to the iInput fibres being larger than

the outputs. This loss can be estimated as:

L = SG - 20 log[NA, . DO/(NAI - D] (&)

where NAp numerical aperture of the image of the input fibre
NAg — numerical aperture of the output fibre

Dy - diameter of the image of the core of the imput fibre
Dg = core diameter of the output fibre

SG = loss caused by going from a step index fibre to a

graded index fibre (approximately 3 dB)(S)

The loss is approximately 7 to 8 dB for the fibres used in
the three channel device (discussed later in this chapter). This
loss is inevitable in this multiplexer configuration since the
different fibre sizes are required to obtain the specified

spectral characteristics.
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Evaluation

The first three channel devices constructed were designed
to have the optical axis between the second and third channel
fibres, not centred on the trunk fibre. This was done to
minimize the effects of lens aberrations by keeping the light as
close to the cptical axis as possibla. However, these devices
had added crosstalk from channel three into channei one. It is
believed that this crosstalk is the result of a reflection inside
the device. A device constructed with the trunk fibre on the
optical axis (prism apex angle of 16.6°) did not show any extra
crosstalk from channel three into channel one. The components
used to build the later device are listed in Table 3-1. Detailed

test results for this device are given and discussed below.

The demultiplexing capability of the three channel devices

was tested by injecting nearly monochromatic light (filtered by a
monochromator) into the trunk fibre and measuring the output from
each of the three channel fibres as a function of wavelength.

The input power to the trunk fibre was measurad (after the 3
outputs) by breaking the trunk fibre 0.5 m from the monochromator
and measuring the output from the short piece of trunk fibre.

The output power was recorded on both linear and log scales to

produce accurate loss and crosstalk values.

A typical linear output graph is given in Figure 3-6. Only
channel 2 has a flat top, the other two channels both have peaked
tops. This is the result of positioning the fibre holder while
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TABLE 3-1

3 Channel Device Components

Grating gold coated replica, 1200 1/mm, blazed for
500 nm.

Lens focal length 2.15 mm, 2 mm diameter (SLW 2.0 -
.25)

Prism apex angle 16.6"

Trunk Fibre BNR graded index, 125 um OD*, 50 um core with
NA = .16 ‘

Chammel Fibre BNR step index 140 um OD*, 95 ym core with
NA = .24

* gtched to 110 ym
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monitoring only the number two channel fibre which was approxi-
mately 25 ym out of line with the rest of the fibres. The losses
of channels 1 through 3 are 2.2, 2.2 and 2.5 dB. The channels
centre wavelengths match their nominal values within the limit-
ations of the monochromator wavelength drive. The log of the
output of the same device is given in Figure 3-7. The crosstalk,
taken from Figure 3-7, is less than -10 dB at the channel edges
and less than =30 dB at the channel centres. Crosstalk is
measured with respect to the interfering channels peak output.
The channel width of channel 2 is about 25 nm at the —1 dB points
and 33 nm at the -3 dB points. The channels are wider than
intended because a 95 um core fibre was used instead of an 83 um
fibre. The crosstalk at the channel edges would be considerably
reduced if the channel width was 30 nm, not 33 nm. Other devices
tested as demultiplexers has losses ranging from 2.0 to 3.0 dB,
the latter value only occuring on the device which was potted in

epoxy.

The multiplexing performance of the three channel device
was tested by injecting light into the channel fibres and
measuring the output from the trunk fibre. The loss wvalues
ranged from 10 to 11 dB. The loss due to the mismatch between
the high NA, large diameter input fibres and the low NA, small
diameter trunk fibre is between 7 and 8 dB (see equaticn 4)
depending on the diameter and NA assumed for the image of the
input fibre. The remainder of the 10 dB loss (3 dB) can be

accounted for by the lens, grating and any manufacturiag errors.
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Experiments indicate that approximately 3 dB extra light is

captured by the large fibre therefore the net loss is on the
order of 7 to 8 dB.

Temperature tests have not yet been performed on the three

channel devices.



CHAPTER 4

TWO CHANNEL MULTIPLEXER/DEMULTIPLEXER

The two channel multiplexer/demultiplexer is required to
separate the short wavelength band (750 to 900 nm) from the long
wavelength band (1100 ﬁo 1400 nm). It is shown schematically in
Figure 4-1. The short wavelength infcrmation is always travel-
ling in the opposite direction to the long wavelength information
thus the two channel device is in a sense bidirectiénal. How—
ever, the device used at the subscriber end will be different to
that used at the Central Office end to optimize performance as

explained later.

Principle of Operation

The operation of the two channel device is similar to the
filter device described briefly in Chapter 2. The operation will
be explained here, in more detail,vfor the Central Office version
of the device. The subscriber device rfunctions similarly except
that the signals flow in opposite directions. The two types of

two channel devices are shown in Figures 4-2A and 4-2B.

In the Central Office device the short wavelength channel
is an input and the long wavelength channel is an output. Short
wavelength information entering via the short wavelength channel
fibre is collimated by the Selfoc lens, reflects from the filter

and is imaged onto the trunk fibre. Long wavelength light enters

36
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FIGURE 4-2
A CENTRAL OFFICE DEVICE
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wavelength channel fibre on the Central Office version (marked with
an *) which is a large core step index fibre.
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from the trunk fibre and is collimated by the first lemns. It is
transmitted by the filter and imaged onto the long wavelangth

channel fibre by the second lens.

The two channel device has no dispersive elements therefore
the filter totally controls the device's spectral characteristics
assuming that there are no noticeable absorption bands in 2ny of

the components.

Detailed Design

The most important element in the two channel device is the
filter. The ideal filter characteristics, shown in Figure 4-3,
are 1007 transmission in the long wavelength band, 1007 reflec-
tion in the short wavelength band and a very narrow transition
region. Available filters have characteristics similar to those
shown in Figure 4-4. 1In general the "ripples” in the trans-—
mission band become larger as the transition region is narrowed
and long wavelength filters have smaller ripples for a given
slope thaa do short wavelength filters(9). 1t is also genan—
ally true that the reflectivity of the filter in the stopband can
be made larger than it's transmission in the passband(g).

Thus the longpass filter gives the lowest loss for the short
wavelength channel and lowest crosstalk in the long wavelength

channel as required by the system considerations of Chapter 2.

The short wavelength channel fibre must be the same type as

the trunk fibre since the short wavelength channel is connected



TRANSMISSION

(%)

1001

90r

80

70

60

50

40

30

20

10

T

ﬂ'

TRANSITION—3»! | lec—
|

REGION |
I
I
I
I

I
|
[
I
I
I
I
[
I
I
I
I
|
I
I
|
I
|
I
I
I
I
|

.6

B 1.0
FIGURE 4-3 1IDEAL FILTER CHARACTERISTICS

T.

2

177715
WAVELENGTH (yum)

oY



41

to the 3 channel device. The subscriber two channel device will
also have the same fibre (as the trunk) for the long wavelength
channel since it is an input. The Central Office dewice could
use a large core fibre for the long wavelength chanmel since it
is an output to a detector. Figure 4-2 shows the subscriber and
Central Office versions of the two channel device as well as the

fibre types and direction of signal flow.

Sources of Loss

The two major sources of loss in the two chanmel device,
other than manufacturing errors, are the loss in the filter and
the loss due to the lens. The latter is the major source of loss
in the short wavelength channel. It results from a combination
of the effects of lens aberration, which makes the #mage of the
trunk fibre larger than the output fibre, and the "excess loss"”
believed to be a result of scattering. The excess Ioss is also
discussed in Chapter 3. The loss due to the lens aberratioms is
expected (on the basis of other experiments) to be 0.5 to 1.0 dB.
The loss due to the filter affects mainly the long wavelength
(transmitted) channel. Multilayer dielectric filters have very
little absorption but do, in the case of a long wavelength pass
filter, have significant reflectivity in the passband. The
filter reflection loss is approximately .33 dB at the trans-—
mission peak near 950 nm (see Figure 4-4). There are also
Fresnel reflections at the gap between the filter amd lens which
appear as losses (approximately .36 dB) in the long wavelength

channel. The filter and Fresnel reflection losses could appear
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as crosstalk in the short wavelength channel if other than
silicon detectors were employed. The long wavelength channel
also has the same loss due to lenses as the short wavelength

channel.

The loss of the two channel device is wavelength dependent.
This is because the available Selfoc lenses are optimized for
830 nm and exhibit considerable chromatic aberration which causes
the focal point of a quarter period lems to be considerably off
the back surface of the lens. The long wavelength fibre can
therefore only be positioned for minimum loss at one wavelength
and other wavelengths, which focus ahead of or inside the fibre,

will suffer an additional loss.

Construction

The construction of the two channel device is relatively
simple by comparison to the three channel (grating) device. The
uncoated side of the filter substrate is cemented to a lems.

Both lenses are then cemented into the lens carrier block so that
there is a slight gap between the coated side of the filter and
the second lens. The filter is not cemented to the second lens
since it is not yet known whether the cement will change the
filter properties. The trunk and short wavelength fibres are
positioned on the face of the first lens. Light of approximately
830 nm wavelength, which is selected by a monochromator, is
transmitted down the trunk fibre. The short wavelength channel

is established by simultaneously moving the trunk fibre and the
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short wavelength fibre to maximize the short wavelength channel

output. Thé trunk and short wavelength fibres are then cemented
to the lens. The monochromator output is shifted to about

1300 nm and the long wavelength fibre is positioned to maximize

it's output. It is then cemented in place. The lens carrier is
_ then cemented into a brass holder which serves as the package

base.

Alignment of the fibres of the two channel device (during
constructiocn) is relatively simple as only the output need be
maximized; there is no adjustment of the channels spectral

characteristics as these are coatrolled by the filter.

One two channel device has been constructed. This device
was the type used at the subscriber end of the system and employs
only 50 um core graded index fibres. The lenses used were Nippon
Sheet Glass SLS 2.0 - .25. The filter characteristic is that
given in Figure 4-3. At the time of construction no germanium
detectors were available so the long wavelength channel was
aligned for 1000 nm and could only be tested to approximately
1100 am.

Evaluation

The transmission of the long wavelength and short wave-
length channels as a function of wavelength are shown in Figure
4-5. The transmission of both channels was measured by injecting

light filtered by a monochromator into the trunk fibre and
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recording the output from each channel. The ripples in the pass-—
band can clearly be seen near 1000 nm. The short wavelength
channel loss is 1.5 dB and the long wavelength channel loss is
3.5 dB. The crosstalk was not measursd. The loss in the long
wavelength channel is believed to be mostly the result of im—
proper positioning as the fibres were not properly mode stripped
during construction. It is expected that the performance of two

channel device will be improved as a result of current efforts.



CHAPTER 5

CONCLUSTIONS

The devices necessary to construct the WDM system described
in Chapter 2 have been demonstrated. The measured character—
istics of the two devices reported in Chapters 3 and 4 are
summarized in Table 5-~1. The insertion loss for two each of the
devices reported would be 7 dB for the long wavelength channel
and approximately 16 dB average for the short wavelength channels
not including splicing loss. The loss in the short wavelength
channel makes no allowance for the increase in source coupling
efficiency which would be obtained by using a large core step
index fibre to couple light from the source. Including this the
short wavelength channel could be expected to exhibit an
insertion loss of approximately 13 dB. The crosstalk for a
system of two each of the reported devices adds up to less than
=30 dB (-60 dB electrical) from the centre of any short wave-
length to any other short wavelength channel and less than -10 dB
from the edge of any short wavelength channel into any other

short wavelength channel.

The reported losses, particularly for the short wavelength
channels, are large and would limit the use of these devices to
short links or to retrofitting of installed systems where some
other components such as sources or receivers could also be
upgraded. However, these devices are the first of their type

made by the author (except for several three channel devices with
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TABLE 5-1

WDM Component Losses

Measured Predicted
Three Channel (Grating Type) (dB) (dB)
Subscriber (demultiplexer) 2.2, 2.2, 2.5 2.0
Central Office (multiplexer) 10>-11%** 10>11%%*
Two Channel (Filter Type)
Subscriber Long Wavelength 3.5 2.1
Subscriber Short Wavelength 1.5 1.5
Central Office Short Wavelength 1.5% 1.5
Centr#l Office Long Wavelength 3.5% 1.5

* Not measured but expected to have equal to or less than that

of the subscriber device.

** There is no allowance made here for the increase in source

coupling efficiency (see text).
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different prism apex angles). It is certain that the two channel
device suffers from misalignment resulting from improper mode
stripping of the fibre cladding and that the threze channel device
has non—-optimum performance‘as a result of the fibres being out
of line in the fibreholder. There are also improvemenis which
could be made to the design of the multiplexer and in the
construction of all of the devices. These are discussed in the

following section.

Improvements

One method which should reduce the loss and greatly reduce
the variation of loss from channel to channel of both typas of
devices would be to improve the method of aligning groups of
fibres. Currently the fibres are first cleaved and then cemented
into a fibreholder (3 channel device) or cemented side by side (2
channel device). With these processes it is difficul: to keep
the fibre ends clean and aligned. A better method would be to
form the fibres into a "ribbon”, cast them rigidly in epoxy and
then polish their ends flat. Any slight scratches left by the
polishing would be index matched by the epoxy which holds the
fibres to the lens. It is expected that by polishing the fibres
the loss of all three channels of the grating device cculd be
2.0 dB or less (as mentioned before some early devices have had
one channel with 2.0 dB loss). The two channel device should
benefit from having the trunk and short wavelength fibre
polished. However, no quantitative reduction in the loss can be

predicted.
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The loss of the long waveiength channel of the two channel
device would be reduced by at least .35 dB by cementing the
filter to the second lens. It is estimated that an improvement
of approximately C.5 dB is possible when the long wavelength
channel is properly aligned and a further 0.5 dB improvement
could be made by using a large core step index fibre for thz long

wavelength channel of the Central Office two channel device.

Table 5-1 also summarizes the losses predicted for the two
and three channel devices after improvments in the comstruction
process and optimization the performance of the two channel
device (at the central office end). The predicted insertion
losses have been reduced to 4 dB in the long wavelength channel
and to 15.5 dB in the short wavelength channels (or 12.5 dB if

3 dB is assumed for the increase in source coupling efficiency).

The bulk of the loss in the short wavelength channels is
caused by the multiplexing of the three channels at the Centrazal
Office end of the system. Approximately 6 dB of this loss is a
result of the input fibres being larger than the trunk fibre.
However, that requirement only pertains if the multiplexer must
have a spectral respomse such as that given in Figure 2-3A.
Other multiplexers which combine sources together, regardless of
the spectral content of the sources, could be expected to have
much better performance. An example of this type of device is
the twisted fibre combiner. In this device three fibres are
twisted together and fused which causes the light in the fibre
cores to mix. G. Duck® has demonstrated that this type of a
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device can multiplex three sources with a loss of 6.0 dB. It has
a minimum loss of 4.8 dB (that is at most 1/3 of the input light
will be coupled into the output fibre) if the same fibres are
used for inputs and the output. Similar devices can be con-
structed by using 3 short focal length and 1 long focal length
lens® but, do not have any advantage in performance and might
cost significantly more. The minimum loss of 4.8 dB for multi-
plexing only applies if the sources are coupled into the same

fibre type used for the multiplexer output.

A lower loss, although less easily constructed, grating
multiplexer could be fabricated by multiplexing the laser diodes
directly into a fibre and not using a fibre between the laser and
the multiplexer as shown in Figure 5-1. The inefficiency of the
grating, aberrations of the lenses and light not captured by the
lenses and fibres aue to NA mismatch would cause a loss of which
is expected to be less than 3 dB (relative to the coupling of the
laser directly to the output fibre). It retains the advantagze of
spectrally filtering the inputs. A recently reportedlo £11~
ter type multiplexer has a loss of approximately 2.0 dB but no
information on the fibre type is given. It seems likely there-
fore at a three channel multiplexer with a loss of 3 dB or less

can be fabricated.

Development of the devices reported, particularly the three
channel multiplexer is expected to allow construction of practi-
cal WDM systems in the near future. These will allow more

efficient utilization of the information carrying capacity of
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optical fibres with a consequent reduction in system cost. The
gain may be even larger when the 1.1 to 1.5 um spectral region,
where fibres have minimum loss and dispersion, is used more

extensively.



APPENDIX A

GRADIENT INDEX LENS

A gradient index lens obtains its focussing power from a
radial change in the index of refraction not from an abrupt
change of index at a curved boundary. The gradient index lens is
very similar in principle to a graded index fibre but does not
require a cladding layer. Because of the lack of a cladding,
gradient index lenses are made by ion exchange on the outside of
a rod not by soot deposition on the inside of a tube. The only
commercially available gradient index lenses known to the author
are the "Selfoc” lenses manufactured by Nippon Sheet Glass
Company. Reference 7 gives detailed information on these

lenses.

The path which a light ray follows in a Selfoc lens is
determined by the index profile of the lens. Rays entering on
axis follow the nearly sinusoidal paths shown in Figure A-1 while
off axis rays follow skewed sinusoidal paths. All rays lauched
from a point focus back to a point after passing through a
distance "L" or any integer multiple of L (see Figure A-1). The
distance 2L is a full period of the sinusoid and a piece of
gradient index rod of length 2L is known as a full period lens
while a piece of gradient index rod of lentgh L/2 is called a

quarter period lens etc.
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One of the most useful features of the Selfoc lens is that
the faces through which light enters and exits are flat. An
object can therefore be placed against either face of the lens

and cemented to the face.

The imaging properties of a lens depend on its length.
With a object placed against the entrance face of a full period
lens an erect, real, unit magnification image will be formed on
the exit face whereas under the same conditions a quarter period
lens forms an image at infinity, ie. it collimates the light from

a point source.

Selfoc lenses are specified by numerical operture {(NA) not
f/# as used for conventional lenses. The two specifications are

approximately related by:
£/# = 1/(2.NA) (A-1)

The NA of a Selfox lens is a function of the radial posi-
tion on the lens and falls to zero at the edge of the lens’.
Therefore only on the optical axis does a Selfoc lens have a high
NA or, equivalently, low f/#. The Selfoc lens can be modelled as
having two principal planes and a focal length in exactly the

same fashion as a conventional lemns.

The quarter period Selfoc lens was used as a collimating
element in all of the devices reported in this thesis because of
its unique combination of properties, in particular the low f/#,
small size and practicallity of cementing fibres to the lens

faces.



1)

2)

3

4)

5)

6)

7)

8)

BIBLIOGRAPHY

Tomlinson, W.J. "Wavelength Multiplexing in Multimode
Optical Fibres”, Applied Optics, 16, 2180 (1977).

Aoyama, K. and Minowa, J. "Optical Demultiplexer for a
Wavelength Division Multiplexing System”, Applied Optics,

18, 1253 (1979).

Kobayashi, K. and Seki, M. "Micro—-Optic CGrating Multi-

plexers for Fibre-Optic Communications "Prcc. Optical Fibre

Communication, March 7, 1979, Washington, DC.

Miki, T. and Ishio, H. "Viabilities of the Wavelength-
Division—Multiplexing Transmission System Over an Cptical

Fibre Cable"”, IEEE Trans. on Communications, Comm. 26,
1082 (1978).

Kobayashi, K. et al, "Micro—-optic Devices for Fibre Optic
Communications, Fibre and Integrated Optics, 2, No. 1,
Crane, Russak and Co., 1979.

Bausch and Lomb, Diffraction Grating Handbook, Jan. 1977.

Nippon Sheet Glass Co., "Selfoc"” Single Microlens, April
1977.

Duck, G., Private Communication, Bell-Northern Research.

57



58

9) Bertram, B., Private Communication, Ontario Research

Foundation.

10) Nosu, K. et al "Multireflection Optical Multi/Demultiplexer
Using Interference Filters"”, Electronics Letters, Vol. 15,

No. 14, 5 July 1979.



	Sinclair_William_J_1980_03_master0001
	Sinclair_William_J_1980_03_master0002
	Sinclair_William_J_1980_03_master0003
	Sinclair_William_J_1980_03_master0004
	Sinclair_William_J_1980_03_master0005
	Sinclair_William_J_1980_03_master0006
	Sinclair_William_J_1980_03_master0007
	Sinclair_William_J_1980_03_master0008
	Sinclair_William_J_1980_03_master0009
	Sinclair_William_J_1980_03_master0010
	Sinclair_William_J_1980_03_master0011
	Sinclair_William_J_1980_03_master0012
	Sinclair_William_J_1980_03_master0013
	Sinclair_William_J_1980_03_master0014
	Sinclair_William_J_1980_03_master0015
	Sinclair_William_J_1980_03_master0016
	Sinclair_William_J_1980_03_master0017
	Sinclair_William_J_1980_03_master0018
	Sinclair_William_J_1980_03_master0019
	Sinclair_William_J_1980_03_master0020
	Sinclair_William_J_1980_03_master0021
	Sinclair_William_J_1980_03_master0022
	Sinclair_William_J_1980_03_master0023
	Sinclair_William_J_1980_03_master0024
	Sinclair_William_J_1980_03_master0025
	Sinclair_William_J_1980_03_master0026
	Sinclair_William_J_1980_03_master0027
	Sinclair_William_J_1980_03_master0028
	Sinclair_William_J_1980_03_master0029
	Sinclair_William_J_1980_03_master0030
	Sinclair_William_J_1980_03_master0031
	Sinclair_William_J_1980_03_master0032
	Sinclair_William_J_1980_03_master0033
	Sinclair_William_J_1980_03_master0034
	Sinclair_William_J_1980_03_master0035
	Sinclair_William_J_1980_03_master0036
	Sinclair_William_J_1980_03_master0037
	Sinclair_William_J_1980_03_master0038
	Sinclair_William_J_1980_03_master0039
	Sinclair_William_J_1980_03_master0040
	Sinclair_William_J_1980_03_master0041
	Sinclair_William_J_1980_03_master0042
	Sinclair_William_J_1980_03_master0043
	Sinclair_William_J_1980_03_master0044
	Sinclair_William_J_1980_03_master0045
	Sinclair_William_J_1980_03_master0046
	Sinclair_William_J_1980_03_master0047
	Sinclair_William_J_1980_03_master0048
	Sinclair_William_J_1980_03_master0049
	Sinclair_William_J_1980_03_master0050
	Sinclair_William_J_1980_03_master0051
	Sinclair_William_J_1980_03_master0052
	Sinclair_William_J_1980_03_master0053
	Sinclair_William_J_1980_03_master0054
	Sinclair_William_J_1980_03_master0055
	Sinclair_William_J_1980_03_master0056
	Sinclair_William_J_1980_03_master0057
	Sinclair_William_J_1980_03_master0058
	Sinclair_William_J_1980_03_master0059
	Sinclair_William_J_1980_03_master0060
	Sinclair_William_J_1980_03_master0061
	Sinclair_William_J_1980_03_master0062
	Sinclair_William_J_1980_03_master0063
	Sinclair_William_J_1980_03_master0064
	Sinclair_William_J_1980_03_master0065
	Sinclair_William_J_1980_03_master0066
	Sinclair_William_J_1980_03_master0067
	Sinclair_William_J_1980_03_master0068

