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LOW CROSSTALK DEVICES FOR WAVELENGTH-ROUTED NETWORKS.

M.J. Holmes* (now *), F.P. Payne”, P. Dainty*, T.J. Hall® and W.A. Crossland”.

Abstract: Over the last year, homodyne beat noise and bandwidth nmarrowing due to filter concatenation have been
identified as major problems for large wavelength-routed networks. These problems will become wore acute and will
interact at the design stage, as wavelength channel spacings are decreased and as the channel bit rate is increased,
leading to the requirement for devices with high fractional bandwidth per channel and with very low (<-50 dB)
crosstalk. We explore the fundamental limits to crosstalk in optical routing components, and propose new design
concepts for wavelength demultiplexers/multiplexers and space switches that have the potential to meet these strict

performance requirements.
1 Introduction.

Wavelength division multiplexing (WDM) is an attractive
technique for providing the high aggregate capacities
into optical routing nodes because, with appropriate
network design, the routing can be tramsparent to the
bit-rate per chanmel and to the transport mechanism
(PDH/SDH/ATH), and the routing does not require any forn
of synchronisation between channels [1]. In the next
section we outline two of the current major problems in
wavelength-routed networks, and describe how these
problems lead to the demand for wavelength-routing
devices with high fractional bandwidth per channel and
very low crosstalk, typically - 50 dB. The purpose of
the work presented in this paper was to investigate the
design of wavelength-routing components with such
properties.

It is an aim of the POETS project to investigate free-space
implementations of optical routing, based on the use of
fixed and dynamic holographic cowponents. In the context
of a colloquium on quided-wave devices, we were interested
in answering the following questions: what sort of
crosstalk (and bandwidth) performance might we be able
to achieve with holographic (free-space) optical
components, how does the likely crosstalk performance
of the holographic devices compare with that of
quided-wave devices, and how can we take advantage of
recent advances in microengineering techniques {2], and
exploit the potential for 2-D fan-out with free-space
optics, in order to design compact devices.

In section 3 we discuss how the various choices made
during the design of a space-switch will influence the
final crosstalk, and compare the fundamental limits to
the crosstalk in quided-wave and free-space optical
switching: we predict that for semiconductor integrated
quided-wave devices there is a ‘background’ level of
crosstalk, induced by scattering from surface roughness,

even for switches with infinite extinction ratio. Por
‘free-space’ optical switching we show that the
’background’ crosstalk may be suppressed by exploiting
the coupling bebaviour of Gaussian beams into single-mode
fibres.

In section 4 we present a new holographic implementation
for optical switching with spatial light modulators,
that has been designed to eliminate the crosstalk from
higher diffraction orders. In section 5 we show that
quided-wave wavelength demultiplexing and remultiplexing
devices are unlikely to provide the combination of high
fractional bandwidth and low crosstalk that will be
required in wavelength-routed networks. We also discuss
the problems that arise for a blazed-grating wavelength
demultiplexer when narrow channel spacings are required.
Finally, insection 6 we present a new design of wavelength
demultiplexer, designed to overcome the problems of a
blazed grating approach.

2 Current probless in wavelength-routed networks.

One of the first applications of optical routing is
likely to be an evolutionary one: not a fully transparent
optical network but a transparent optical tramsport
layer, overlaid on the electronic transport layer [3,4].
The function of the optical crosscomnects would be to
route high capacity tandem traffic, bypassing the
electronics, and ‘adding (dropping)’ the lower capacity
channels and the originating (terminating) traffic from
{to) an electronic cross-connect. The function of a WDH
crossconnect is to set up semi-permanent routes for each
wavelength channel: this may be achieved with three
optical stages: a wavelength demultiplexer on every input
fibre, followed by a reconfigurable space-switch,
followed by a wavelength multiplexer on everv mm--
fibre (figure 1).

As a result of recent demonstrator projec

+ Canbridge University Engineering Dept., Trumpington Street, Cambridge B2 1P%, England. .
# Department of Electronic and Electrical Engineering, Ring’s College, The Strand, London WC2R 2LS. \

/1

Find authenticated court documents without watermarks at docketalarm.com.



https://www.docketalarm.com/

©
L

CKET
M

A R

wavelength-routing nodes [5)}, two major problems have
been discovered to afflict wavelength-routing networks.
The problems are bandwidth narrowing and homodyne beat
noise, and they interact at the design stage. Wavelength
routing necessarily involves a wavelength selection
process (in the demux stage and perhaps the wux stage):
every wavelength selection process has a finite filter
bandwidth, and each subsequent filtering operation leads
to a narrowing of the net bandwidth perceived by a routed
channel. For a large wavelengtb-routed network the net
end-to-end bandwidth can becowe very narrow, leading to
the demand for tight control on the tramsmitter
wavelengths: good wavelength stability can be achieved
with fibre gratings [6]. In a large network we would
then have wany transmitter lasers at almost (within the
wavelength referencing tolerance) the same wavelength.
As a signal traverses the network, crosstalk in the
routing optics will lead to the accumulation of in-band
crosstalk, originating from other tramsmitters at the
same (nominal) system wavelength. Because the receiver
is a square-law device, the crosstalk will beat with the
signal. If the frequency difference between the signal
and crosstalk is within the receiver bandwidth, the
crosstalk will corrupt the data.

Riqure 1: Transparent Optical Cross—Connect
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Even without tight wavelength referencing, homodyne beat
noise will still arise due to crosstalk originating from
the same transmitter as the signal itself: this occurs
Que to non-perfect wavelength demultiplexing and
remultiplexing [7], and depends on the routing con-
figuration.

The net crosstalk amplitude can be reduced by making the
multiplexer wavelength dependent [8], but this requires
an extra filtering operation per routing node, and so
will exacerbate the bandwidth narrowing problen. Reducing
the device crosstalk will very often lead to a reduction
in the allowed filter bandwidth, again making the
bandwidth narrowing worse. A narrower end-to-end
bandwidth requires tighter wavelength referemcing,
leading to worse homodyne beat noise.

The conclusion from this cycle, is that for the wavelength
filtering devices we should seek to maxinise the bandwidth
we cap achieve for a given crosstalk, and for the
space-switches we should seek to minimise the crosstalk.

We have used a statistical approach to simulate the
accumulation of beat-noise terms for an optical transport
network with as many nodes as the current UK inner-core
network, and have found that (for a maximum receiver
penalty of 2 dB at error rates of 1 in 10%), the crosstalk
requirements vary between -43 dB and -50 dB, depending
on the network architecture.

3 Space switch design for low crosstalk.

For wavelength-routing the space-switches need reason-
able fan-out, e.g. 4 or 8, rather than fast switching
speed: for example the reconfiguration time for an
electronic {SDH) crossconnect is 20 S [9]. The routing
confiquration is controlled by electronic signals sent
by the local element management centre: all-optical
switching is not necessary. Therefore very fast nonlinear
‘all-optical’ switches are outside the scope of this
study, although they may have otber roles to play in WDM
networks for use as wavelength converters, for example.

The design of a space~switching component breaks down
into 3 stages: the first is the choice of a process or
method for performing a space-switching function; the
second is the choice of a particular architecture or
arrangesent of the sub-switch components; the third stage
is the choice of a particular implementation: that is
the device technology and the details of the device
design. Decisions made at all 3 stages of the design
process have implications for the final crosstalk levels.

3.1 Svitch method.

(i) Gujded-wave gyitches: Guided-wave switches fall into
two classes: those based on interferometers, and those
perforning a more digital, ‘gating’ function. The
interferometer-based switches are operated by adjusting
the effective indices of parallel wavequides. This
process will inevitably be prome to high crosstalk,
because small changes in the effective index of one quide
can lead to large changes in the power coupled across.
Possibly the best crosstalk results that have been
obtained with an interferometer method are - 24 dB
crosstalk in a 4 by 4 watrix switch using electro-optic
effects in a directional coupler [10].

The ‘gating’ class of quided-wave switches is less
crosstalk-prone: one method involves splitting the input
power so as to take several ‘copies’ of the input signal.
The passage of one copy of the signal in a particular
direction is controlled by turning gain blocks on and
off: in the ’on’ state the gain compensates for the
splitting loss, and in the ‘off’ state the signal is
blocked by the attenuation of the qain block. Both
semiconductor laser asplifiers and rare-earth doped fibre
amplifiers have been used as gain blocks to perfora
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a switching function. Another ‘gating’ switch is based
on the ‘digital optical’ Y switch. The crosstalk for
this class of switch depends on the extinction ratio of
cach individual switch element. For ‘gating’ switches
inmplemented into inteqrated semiconductor devices,
reported extinction ratios for the SLA are 40 dB [11],
and for the Y-switch are 40 dB [12].

{ij) Pree-space switches: ’Shadow-routing’ switches are
the free-space equivalent of the semiconductor laser
amplifier quided-wave switch, except that the sha-
dow-routing uses attenuation instead of gain to control
the routing. For the shadow-routing, a fixed bologram
acts as a splitter to take many copies of the inmput
signal. All but the chosen copy are blocked with an
(amplitude) spatial light modulator: at present typical
nodulator contrast ratios are in the range 150 to 200,
but experimental studies indicate that an order of
wagnitude increase in the conmtrast ratio is possible
with refined substrate properties. The shadow routing
switches can have very high fam-out: for example a 64
by 64 crossbar switch has been demonstrated as part of
the OCPM project [13]. However, to achieve such high
fan-out requires the use of multinode fibre in the output
plane, and this would preclude the use of such switches
in a transparent optical network.

The second free-space switching method for performing a
switching function is to ‘beam-steer’ the input signal
to the required output waveguide. This method is perhaps
the least prone to crosstalk out of all four
(quided-wavetfree-space) methods discussed in this
paper: assuming we have steered the beam to the correct
output, the resulting crosstalk will come from the
evanescent tails of beams steered to an adjacent output
port. For Gaussian output beams of spot size ‘x’, matched
into output waveguides spaced distance ’s’ apart, the
theoretical crosstalk is - 4.34 (s/x)* (using [14]). For
‘standard’ type telecomms fibres spaced 250 um apart,
and planar silica wavequides spaced 50 um apart, this
theoretical crosstalk is only -10,400 dB and - 940 dB,
respectively (!). This is far too small to be measured
and would not contribute to homodyne beat noise problems
in even the largest of networks. Examples of beam-steering
switches include ‘Start’ fibres, acousto-optic beam
deflectors and liquid-crystal holograss.

3.2 Switch architecture.

It is well-known that dilated switch architectures will
reduce the net crosstalk for a space-switch. For example,
a logical N by N (crossbar) switch can be formed from a
1:§ switch at every imput port, fibre ‘wired’ to N:l
switches at every outport port. For this architecture,
2 ‘crosstalk events’ must occur for crosstalk to appear
at the output. Hence the net crosstalk is second-order:

a net crosstalk of -60 dB for a space-switching stage
can be achieved with 1:N and N:1 switches with crosstalk
between ports of -30 dB.

A secondary advantage of a dilated architecture is that
it is easily upgraded: a dilated ¥ by N switch can be
progressively upgraded to a MN by MK switch by placing
1:M switches at each of the o/p’s of the 1:N switch.

3.3 Switch implementation.

The choice of device technology can also influence the
crosstalk.

(i) Guided wave switches: The lowest crosstalk quided-
wave switches are those using semiconductor ‘gating’
elements. These are integrated into a planar
semiconductor device, with connection between the
gain/loss blocks in waveguide form. The semiconductor
device fabrication process can introduce imperfections
in the waveguide walls. The typical feature size for
these imperfections is close to the carrier wavelength
for optical signals. We were interested to see whether
scattering from these surfaces would lead to a significant
’background’ level to the crosstalk, that would occur
even for switch elements with infinite extinction ratio.

In this technology, significant attemuation in the
waveguides occurs as a result of mode coupling from the
fundamental wavequide mode(s) to radiation and substrate
modes, where the mode coupling is excited by the surface
roughness of the wavequide walls. Typical loss coeffi-
cients for this scattering mechanism are between 3 cn™*
and 5 ca™*. The coupling can be interpreted as being
equivalent to a given probability (per unit length) of
a photon being coupled out of the wavequide. On reaching
an adjacent wavequide, the photon will have the same
probability of being coupled into this wavequide. Hence
the mode coupling will lead to a ‘backqround’ level of
crosstalk, even for switch blocks with infinite
extinction ratios. Earlier theory developed to calculate
the attenuation due to this surface roughness [15], has
been adapted to calculate the crosstalk. It was found
that the ratio of the (absolute) crosstalk, C, to the
square of the loss coefficient due to this scattering
mechanisa is given by:

C/a?x12/D ()

where L is the length of parallel wavequides, D their
separation, and the constant of proportionality depends
strongly on the correlation length of the surface
roughness, but is insensitive to all other parameters.
The maximum crosstalk occurs at short correlatjon lengths
of the order of 0.05 ue: with a loss coefficient of 5
cn™*, and a 1 mm length of parallel wavequides separated
by 250 um, we estimate the crosstalk to be - 50 dB.
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(ii) Free-space switches: Reflections in a free-space
optical system can lead to two distinct crosstalk
mechanisms: reflection into the wrong ofp port (not the
intended o/p), leading to a crosstalk of say, -C dB per
switch, can be reduced to a net crosstalk level of - 2C
a8, given a dilated switch architecture. However,
coherent (unwanted) reflections into the intended o/p
port, cannot be removed with a dilated architecture. The
coherent scattering should therefore be less than - 50
@8, while the adjacent channel crosstalk can be -25 dB
with a dilated architecture. Unwanted diffraction orders
in a holographic system can also lead to crosstalk.

In a free-space holographic optical system, unwanted
reflections will ocour from the input and output lenses,
the hologram surfaces, the cleaved fibre ends, and the
fibre wounts. Righ-quality commercial AR coatings on the
lens surfaces will bring these reflectances down to less
than 0.12 % (equivalent to - 29 dB) over & 40 na window
[16]. For Fresnel reflection off the fibre end we assume
an effective fibre index of 1.445, giving a net
reflectance of 3.3 § or -14.8 dB. One side of the hologran
will be rough, due to the devices/pizels used to form
the hologram: it would be difficult to AR coat this
surface so we assume a reflectance of around 4 % (- 14
dB). The other side of the hologram could be AR coated
with a reflectance of - 29 dB {as for the lens surfaces).

Hologram used in transmission.

[ — —
output fibre

input lens hologromoutput lens
f f f f

Por a holographic system used in transmission (fiqure
2), two reflections must occur for coherent scattering
or crosstalk to be coupled into the o/p fibres, so that
the net effect is a second-order function of the
reflection from a single surface. In order to maximise
transnitted power and minimise spherical aberrations we
assume the use of precision-moulded plano-aspheric lenses
for the i/p lenses, with the planar surfaces closest to
the fibre ends. We bave estimated the size of the
reflections frow each possible pair of surfaces.
Single-mode fibres will only accept light from i/p beams
that are well-focused, at near-normal incidence, and
with a bean centre close to the fibre core: we have also
estimated how wuch of the reflected power is coupled
into the imput and output fibres, using the standard
formulae [14] for the coupling efficiency of Gaussian
bears into standard telecomms fibres.

Beams reflecting frow a Jens surface will diffract and
be defocused on the fibre ends: the resulting phase-front

curvature leads to very weak coupling into the fibre,
therefore most reflection pairs including a reflection
fron a lens surface will cause negligible coherent
scattering. The strongest event in this set occurs for
light that is initially reflected from the cleaved end
of the output fibre, then again reflected from the near
surface of the output lens. After reflection from a
plane lens surface and coupling back into the o/p fibre,
the net crosstalk level is estimated to be - 80 dB, for
a lens surface 5 mu from the fibre end.

Beans reflecting from the rough hologram surface: normal
reflections from the hologran surfaces will be refocused
by the lenses and can therefore be strongly coupled into
the i/p and o/p fibres. We assume that the rough surface
of the hologram is facing towards the i/p fibre.
Reflection from this hologram surface, followed by
transmission through the ifp lems, will lead to a
significant back-reflection into the i/p fibre. In a
dilated switch architecture, two such scattering events
will lead to coheremt scattering levels of - 28 4B or
nore, depending on the roughness of the hologram surface,
leading to significant beat-noise. Reflection from the
rough hologram surface, followed by reflection from the
cleaved end of the input fibre would also lead to - 28
dB coherent scattering in the output fibre. However, we
can avoid these crosstalk mechanisms by placing the i/p
fibre slightly off-axis (figure 3). Por an ifp fibre
offset by ‘o’ um, the reflected beam would be offset by
2’0’ um, and the fraction of backscattered power coupled
into the i/p fibre would be -4.343(20/x)* dB [14] : an
offset of 11 um is sufficient to suppress the
backscattered power by 80 dB.

Reflected beam paths with angle~polished fibre ends

and i/p beam in off-normal incidence to the hologram.

output fibres

- — g
e —
e -
input fibre ( —

input lens hologramoutput lens
f f f f

Beams reflecting from the cleaved end of both fibres:
the estimated crosstalk for this mechanism would be -
50 dB. This effect can be suppressed by polishing the
face of the input fibre: an angle of 8 degrees is known
to give the best compromise between (out)coupling loss
and suppression of backscatter.

Reflection off the cleaved end of the o/p fibre, followed
by reflection from the smooth (and AR coated) surface

of the hologram {figure 3) may lead to crosstalk into
other o/p fibres, depending on their position. With
worst-case positioning, the crosstalk would be -43 dB.
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with careful choice of the position of the o/p fibres,
this crosstalk could be reduced considerably. A 15 um
separation between the centre of the crosstalk beam, and
the nearest o/p fibre, would reduce the crosstalk to
below - 80 dB. Alternatively we could polish the end of
the output fibres to suppress the reflection.

Crosstalk from vnwanted diffractiop orders.

The crosstalk and coherent scattering due to reflections
will occur in any implementation of a beam-steering
hologran. The crosstalk from unwanted diffraction orders
depends on the specific details of the hologram technology
and desiqn.

Holographic heam-steering can be implemented with phase
modulation of a spatial light modulator (SIM) [17].
Polarisation-independent operation [18] can be achieved
with a binary phase hologran, forned from a 2-D pixellated
array of ferroelectric liquid-crystal, embedded in, and
controlled by, a VLSI silicon backplane consisting of 2
un CMOS. Binary-phase holograms are so-called because
they can induce two different values of path difference
in light passing through the pixels. The relative phases
are usually 0 and pi, and are controlled by rotating the
liquid-crystal molecules, so as to adjust the refractive
index experienced by light passing through the liquid
crystal. The fraction of incident power diffracted by
the hologram varies as sin®(2t), where t is half the
angle through which the molecule is rotated. Half-angles
of 36 degrees have recently been achieved {19}, with a
switching time of 80 us: such devices will allow
diffraction of 90 § of the power incident on the pixels.
These devices are an attractive compoment for future
telecomns networks because they are potentially very
cheap, they require only standard 10V digital supply
voltages, and the 2-D operation allows a large fan-out
per switch. Other examples of beam-steering switches are
acousto-optic beam deflectors, which require RF supply,
and ‘Start’ switches, which are 1imited to 2:2 (crossbar)
operation, although bigger switches can be made by
cascading many 2 by 2 crosshars.

An SIM is used as a beam-steerer by changing (elec-
tronically) the phase of chosen pixels in order to
construct a phase diffraction grating with a tuneable
period and pattern. For pure beam-steering we require a
perfect sawtooth phase diffraction grating: for this
case we would get diffraction into a single grating
order, and the output angle of the switched light would
then be given by:

sinB=A/Q &)
where Q is the grating (sawtooth) period. By changing

the sawtooth period we change the output angle, and
switch the output between different wavequides (fig 4).

FJ\!_i e 4: Principie of nolographic beam steering

output
fibres
SLM acts as diffraction grating with
a digitally tuneable grating period.

Por binary-phase operation we are limited to 2 discrete
phase levels, so we canmot form a sawtooth phase
variation. The closest binary-phase approximation to a
sawtooth is a ‘square wave’, as shown in fiqure 5, with
equal width stripes inducing alternate phase shifts of
0 and pi. Por this case (and with 1-D fanout) 80% of the
input power is diffracted into two (equal) main orders,
positioned symmetrically about the optical axis. The
rest of the power goes into higher-order grating modes:
the relative amplitude of each mode is shown in figure
6, where the output angle of the m’th grating order is
given by:

sin®=mA/Q (3)

Fiqure 5:
a square wave grating.

Yor a square-wave SLM, we choose the grating period such
that the light diffracted into one of the first-order
grating modes is coupled into the selected output fibre.
Unfortunately, the higher-order grating modes will then
lead to severe crosstalk whenever the light diffracted
into these orders is coupled into another (NOT selected)
output wavequide. One method to suppress this crosstalk
is to change the grating pattern: from a square wave to
a more complex (computer-optimised) structure, designed
to suppress the higher-orders. Crosstalk levels of -35
dB have been achieved by this method, but the penalty
is that a large number of pixels are required in each
period, leading to a small output angle for a fixed pixel
pitch, and consequently long devices.

Acousto-optic bear deflectors can also be used to
implement a free-space optical switch. We have not
calculated the crosstalk levels in these devices but
note that the acoustic wave is usually at around 100
MHz. Hence at room temperature we would expect 50,000
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