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(54) Title: OPTICAL BRANCHING COMPONENT WITH LOW POLARISATION SENSITIVITY

(57) Abstract: An optical branching component particularly suitable for use as a tap device is described. The component has two
optical waveguides in proximity with one another in at least two regions so as to form at least two adjacent directional couplers, and
between the two directional couplers there is an effective optical path length difference between the two waveguides. The coupling
strength of each of the two adjacent directional couplers monotonically decreases with increasing wavelength in the operational
wavelength region of the component. This means couplers with relatively large coupling strength and relatively low polarisation
dependent loss can be used in the component, giving low polarisation dependent variation in the tap ratio, particularly for small tap

ratios.
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OPTICAL BRANCHING COMPONENT WITH LOW POLARISATION SENSITIVITY

The present invention relates to optical branching
devices, in particular optical branching devices provided in
5 planar lightguide circuits (PLCs). More specifically, though
not exclusively, the invention concerns an optical branching
device having low polarisation dependent loss (PDL) for use
as a tap device.
Optical branching components, also known as optical
10 couplers, are well known and used in PLC technology.
Different types of optical couplers exist, including
directional couplers (such as shown in Fig.6) and Y-branch
couplers. Directional couplers tend to have lower power loss
than Y-branch couplers, but have higher wavelength dependency
15 i.e. variation in the coupling strength with different input
signal wavelengths.

US 5,044,715 describes an improved optical branching
component, based on a Mach-Zender interferometer arrangement
and which is designed to have low wavelength dependency.

20 Fig.l illustrates this component which comprises two
waveguides which are brought into proximity with each other
in two regions so as to form two directional couplers, there
being an effective optical path length difference between the
two waveguides where they extend between the two directional
25 couplers. This effective optical path length difference is
arranged to be less than the shortest operating wavelength of
the branching component, and the directional couplers are
each designed so that the coupling strength, C (where C =
sin?@, as described hereinbelow), of each directional coupler
30 monotonically increases with increasing wavelength in the
operational wavelength region of the component, as
illustrated in the graph in Fig.2. Such a design is proposed
to have low wavelength dependency and is sometimes referred

to as a Wavelength Insensitive Coupler or WINC.
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A desired application of a branching device like that

described in US 5,044,715 is as an optical tap, to tap off a
desired portion of the power in an optical signal input to
the branching device. One disadvantage of using such a
component as a tap i1s that the coupling strength of the
individual directional couplers needs to be quite small for
small tap ratios (where the tap ratio = Piap / (PtaptPexpress) s
where Pisp 1s the output power in the tap path, and Pexp the
output power in the express path). A big disadvantage of
small coupling strengths is that a parameter which we refer
to as the Relative Birefringence Error (RBE) becomes large,
in particular where the PLC chip is fabricated in silica-on-
silicon technology (which is a common technology platform for
PILCs). A large RBE gives a large polarization dependence in
the split ratio (where the “split ratio, Pgpit” of an
individual coupler is defined as Pgp1ir = P1/ (P1 + P2) where Py
and P, are the power in the two output arms of the coupler
respectively). When two couplers are combined in a Mach-
zender configuration this manifests itself as a high
polarisation dependent deviation (>*0.2%) in the tap ratio.
This polarization dependence in the tap ratio we shall refer
to as the Polarization Dependent Loss or PDL of the tap
channel, but it will be understood that strictly speaking the
total power in the component is conserved, it is simply that
the power in the tap channel is polarisation dependent.

This can cause significant problems for systems
designers who wish to design such tap components into their
systems. Component designers are continually trying to
improve the performance specifications of PLC components,
especially PDL in such components.

It is an aim of the present invention to avoid or
minimise one or more of the foregoing disadvantages.

According to the invention there is provided an optical

branching component comprising two optical waveguides which
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are in proximity with one another in at least two regions so

as to form at least two adjacent directional couplers,
wherein between said two directional couplers there is an
effective optical path length difference between the two
waveguides, and wherein the coupling strength of each of said
two directional couplers monotonically decreases with
increasing wavelength in the operational wavelength region of
the component.

An advantage of the inventive component, especially
where the branching component is to be used as a tap, is that
couplers with larger coupling strength can be used in the
inventive component than in the WINC component of US
5,044,715, for a given tap ratio. These larger coupling
strength couplers can be fabricated in silica-on-silicon
technology to have a lower RBE than the prior art WINC, as
will be later described, which in turn enables lower PDL to
be achieved.

The coupling strength of each DC is preferably chosen sc
that a desired minimum PDL is achieved for each DC. The
effective optical path length difference between the DCs may
then also be optimised by the component designer, if desired,
SO as té minimise any wavelength sensitivity of the device ir
a given operational wavelength window of the device. For
example, the effective optical path length difference, at a
given operating wavelength (e.g. the lowest operating
wavelength, or the central operating wavelength), may be
chosen so that the wavelength sensitivity of the DCs is
substantially offset by the wavelength sensitivity of the
optical path length difference, over the operating wavelengtl
window of the device.

Further inventive features of the invention are set out

in the claims dependent from claim 1.
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Preferred embodiments of the invention will now be
described by way of example only and with reference to the
accompanying drawings in which:

Fig.l is a schematic plan view of a prior art WINC
component, on a PLC;

Fig.2 is a graph illustrating the variation in the
coupling strength of each directional coupler in the prior
art WINC component of Fig.l, with variation in wavelength;

Fig.3 is a schematic plan view of an optical branching
component according to the present invention;

Fig.4 is a perspective view of a portion of a waveguide
in the component of Fig.3;

Fig.5 is a graph illustrating the variation in the
coupling strength of each directional coupler in the
inventive component of Fig.3;

Fig.6 is a plan schematic view of a directional coupler
device;

Fig.7 shows three graphs plotting the RBE as a function
of Gap, G, between the two waveguides of the straight section
of each directional coupler in a Power Tap device of the
Mach-Zender interferometer type shown in Figs 1 and 3, for
three different waveguide core widths, based on modal and
stress calculations;

Fig.8 is a graph plotting the PDL as a function of the
RBE in a Power Tap device of the Mach-Zender interferometer
type;

Fig.9 is a graph illustrating the variation in PDL with
wavelength, for one embodiment of a PINC component according
to the invention;

Fig.10 is a graph illustrating the variation in PDL with
wavelength, for a prior art type WINC component like that of
Figs.l and 2;
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Fig.1l is a graph illustrating the variation in the tap

ratio with input signal wavelength, for the same PINC
component as the Fig.9 graph; and
Fig.12 is a schematic plan view of a switching element

according to another embodiment of the invention.

Fig.3 illustrates an optical branching component (or
“optical coupler”) according to the invention. In physical
appearance, the component looks similar to the prior art WINC
device of Fig.l, namely comprising two waveguides 10,12 which
are brought into proximity with each other in two regions
13,14 so as to form two directional couplers (DCs). In the
embodiment of Fig.3 the two waveguides have the same
geometrical structure (i.e. dimensions of the core) and are
made of identical materials. Like in the WINC device of

Fig.l, there is an effective optical path length difference,
nAL, between the two waveguides where they extend between the

two directional couplers, where AL is the physical length
difference between the two waveguides and n is the
(effective) refractive index of each waveguide. However, in
contrast to the WINC device of Fig.l, in the device according
to the present invention the DCs are designed so that the
(power) coupling strength of each of the two DCs decreases
monotonically with increasing wavelength, in the operating
wavelength region of the device, as illustrated in Fig.5 and
as will be later explained in detail.

The optical waveguides are silica-based waveguides
formed on a silicon substrate using silica-on-silicon
technology. Fig. 4 shows a portion (along the length) of suct
a waveguide comprising a core 15 etched from a core layer of
silica-based material deposited on a silicon substrate 16
using Flame Hydrolysis Deposition. An undercladding layer 17
is commonly provided on the silicon substrate, prior to

deposition of the core layer, and may be in the from of an



WO 2004/017112 PCT/GB2003/001071

10

15

20

25

30

6
oxide layer or a layer of silica-based material. An upper

cladding layer 18 covers and embeds the waveguide core and is
formed using Flame Hydrolysis Deposition. In the preferred
embodiment the core 15 is square in cross-section, having a
core width, w (in the x and y-directions in Fig.4)

It can be shown that a quantity which we refer to as
Relative Birefringence Error (RBE) heavily influences the
performance of an optical coupler based on a Mach-Zender
interferometer arrangement incorporating two directional
couplers, like the devices illustrated in Figs. 1 and 3.
The RBE can be used as a convenient indicator of the
Polarisation Dependent Loss (PDL) of a component and we

define the RBE as follows.

Definition of RBE

The performance of a directional coupler (DC) is determined
by the overall phase thickness of the coupler. In the case of
a symmetrical coupler comprising a continuously varying
waveguide structure (in terms of the gap between the two
waveguides, and core width of the waveguides), for example
the DC shown in Fig.6, this phase thickness can be defined as
half the phase shift between the fundamental and the first
order modes in the coupler. This can also be expressed

mathematically as:

L2

o= [(G(z)|-dz with |K|=k0ﬂ§ko)_‘”l_(@_
-L/2 2

where

k is the coupling coefficient at location z in the coupler
(as defined in “Optical Integrated Circuits” edited by
Nishihara et al., page 42, and on page 60-61, edited by

Donelley & Sons company);

ko =2n/A is the wave-number in vacuum;
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L is the length over which coupling contributes to the

overall phase-thickness of the coupler ;

np is the refractive index of the fundamental mode (of the
optical signal beam field );

n; is the refractive index of the first order mode (of the
optical signal beam field); and

G(z) is a function defining the width of the gap between the
waveguides, as a function of z.

So if the polarization dependence of no — m is known as a
function of the gap and the core width, then the polarization
dependence of the phase thickness can be determined from the

following:

| = el =l = 2 0 = ¥ = =)

k,

M, : , : , : :
_:__i.(ng'M,geo + AR — TEaeo + AnEe __(anM g0 4 AT _ e +An1TE0'))

(o (o)

where

A%1 is the difference between the magnitude of the coupling
coefficient for the TM polarisation (MLM) and the magnitude

of the coupling coefficient for the TE polarisation (MLE);

and

B# =n™° _p™°, which is the birefringence of the ith mode due

to the geometrical structure (i.e. the dimensions) of the
waveguides, and
BZ =An™° —An™°, which is the birefringence of the ith mode

due to stresses in the waveguides.

Assuming the polarization dependent effect to be small
compared to the difference in propagation constant [i.e. kol
of the fundamental and first order mode, a convenient

relative quantity can de defined as:
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Using this definition we obtain an integrated measure of the

5 polarization dependence of the phase-thickness of the

coupler:
*|AKk(G T
r I%{%é%.k(g(z))ydz [ RBE(G(2))-|<(G(2))| - dz
4 ie(G -z Jle(G -z
10 where

Ap is the difference in phase thickness of the directional

coupler, for the two different polarisation modes TM, TE

In fact Ap will also vary depending on whether the waveguide:
15 in the directional coupler are straight or are bent. As shown
in Fig.6, typically the waveguides in a DC bend away from one
either on either side of a middle portion 20 of the DC in
which the two waveguides are straight and parallel. The
waveguides will remain optically coupled in the bent region
20 as they diverge away from one another until they diverge
beyond a certain distance apart, d, at which they will no
longer be optically coupled. In the bent sections of the

coupler, the gap, G(z), is given by the following equation:

25 G(z):go-ZR(Jl—(z/R)z —1), where R = bend radius

Other Important Definitions include:

Coupling length L.
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;7.
2

Phase thickness due to the bend sections

R
¢Bend =2 J.K(G(Z), W )’ dz
0

Coupling length, Ls, of bend section

¢bld
L :_&.L
B 72_/2 c

Fig.7 is a graph illustrating the variation in the RBE with
the Gap, G, between the two waveguides, for a DC of a Power
Tap device of the Mach-Zender interferometer type, in the

straight section, Ls, of the coupler. Three graphs are shown

for three different waveguide core widths, w = 4,5,6 um,
respectively. These graphs are all based on mode and stress
computer simulations. From this it can clearly be seen that
the larger the gap, the larger the RBE becomes, and therefore
the higher the PDL. This is the case for all three core
widths, w. The RBE is also higher, the greater the core
width. Our goal is to achieve as low a value of RBE as
possible in each DC. We further propose that in fact it is
possible to use the different RBE values for the straight and
bend sections of each DC to compensate one another, where the
RBE in the straight section (RBEg) and the total RBE from the
bend sections (RBE,) are of opposite sign. For example, we ma
achieve a total RBEr of zero for the DC where:

RBE; = RBE; + RBE = 0.

Fig.8 Shows a graph illustrating the linear relationship
between PDL and RBE in a Power Tap of the Mach-Zender
interferometer type, where it has been assumed for simplicity

that the two DCs have identical RBE. The slope of the graph
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will depend on the tap ratio and the choice of other device

parameters. This graph is again based on mode and stress
computer simulations. It can clearly be seen that the PDL

increases linearly with increasing RBE.

In the WINC coupler described in US5,044,715 it 1s the case
that in order to achieve a low tap ratio, say only a few
percent or less, it is necessary to use directional couplers
(DCs) with very small coupling strength. This is due to the
requirement (for the WINC) that the coupling strength of the
DCs must increase monotonically with increasing wavelength.
The big disadvantage of DCs having small coupling strengths
is that the RBE of such couplers becomes large. Particularly
where the waveguides are fabricated in low index contrast
technology, such as silica-on-silicon waveguides, the PDL of
such WINCs will be large, typically 0.5dB or higher depending
on the gap size. This is largely because to achieve the
necessary “monotonically increasing” condition (to give the
proposed wavelength insensitivity) the gap, G, between the
waveguides in each DC has to be relatively large, typically
greater than 3um), and so does the width of the waveguide
cores, typically a width above the maximum width for a
monomode waveguide. As shown above, greater gap sizes, G,

and/or greater core width, w, gives larger RBE.

In contrast, in the optical branching device of the present
invention, illustrated in Fig.3, each DC has a coupling
strength which decreases monotonically with increasing
wavelength, in the operating wavelength region of the device.
The advantage of this is that even where a small tap ratio 1s
desired (say a few percent or less), the coupling strength of
the DCs will be larger than in the WINC device. This means
that we can design our DCs to have a smaller gap,G, between

the waveguides and/or a smaller waveguide core width, w.
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Decreasing the gap size and/or the core width increases the

coupling strength of the couplers, but as a higher coupling
strength is tolerable in our couplers (to achieve a given low
tap ratio) this is acceptable. As above-explained, lower gap
width G and/or lower waveguide core width, w, will give lower
RBE, and hence lower PDL.

The way in which we design the DCs to have a coupling
strength which decreases monotonically with wavelength will
now be described. The term “coupling strength” with respect
to a directional coupler will herein be understood to mean
the power coupling strength, C, of the DC, where C is defined
as:

C = sin?w, where ¢ is the phase thickness of the DC, as
already defined above.

In fact, the branching devices of Figs.l and 3 are
defined by three parameters:

The phase delay, 20, between the (two waveguides between the)
two DCs;

The phase thickness, ¢i, of the first coupler;

The phase thickness, @2, of the second coupler.

The phase delay is related to the effective optical path
length difference, nAL, between the two DCs, by the
following equation:

20 = 2n .nAL /A

By choosing an appropriate value of O it is possible to try
to compensate the wavelength dependence of each DC by the
wavelength dependence of the phased delay 20. This can be
best explained by looking at the situation where two
identical DCs of phase-thickness ¢ are used. The power
coupling strength Cpr of the entire Mach-Zender interferometer
type branching component is given by:

Cyp = sin2(2@) . (1 + cos20)/2 , where two identical DCs are

used in the device.
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With the required conditions on the WINC device of Fig.l,

that the coupling strength of each DC increases monotonically

with increasing wavelength, this sets the possible ranges of
values for ¢ (e.g. 0 < @ < 90° or 180° < ¢ < 270°) . The
value of O can then be optimised so that the wavelength
dependence of the sin?(2¢) term is cancelled by the wavelengtt!
dependence of the (1 + cos20) /2 term, so that the total
coupling strength, Cr, of the WINC device is wavelength
insensitive. For example, where 0 < ¢ < 45° the sin2(2¢) term
is increasing with increasing wavelength, so one needs to
have 90° < 0 < 180° so that the

(1 + cos20)/2 term decreases with wavelength. US 5, 044,715

proposes that 0 is set close to, but slightly under, 180° at

the shortest operating wavelength of the device.

The two DCs need not be identical, they may each have a
different phase thickness ¢1 , ©2 in which case the total
coupling strength, Cr, of the WINC is given by:

Cr = sin®(@1 + @2) . (1 + cos20)/2 + sin®(@1 - @2) . (1 -
cos20) /2

In one embodiment of a branching device according to the
present invention, we set the phase thickness of each DC so
that:

90° < @1 < 180°
90° £ ¢, < 180°
In this case, the coupling strength, C =sin?¢, of each DC
decreases monotonically with increasing wavelength in the
operating wavelength region of the component, as illustrated
in Fig.5. With these values of ¢; and ¢2 , we have found
that the RBE becomes small, namely less than 1%, possibly

close to zero, for both the bend and straight sections of the
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DCs, especially if the gap, G, between the DC waveguides is

reduced to about lpm, and the waveguide width, w, of the D
waveguide cores is reduced to about 4pm. The small RBE means
that the PDL will be low. In order to minimise any wavelength
sensitivity, the value of 0 is then also chosen so that
again the wavelength sensitivity of the DCs is substantially
compensated for by the wavelength sensitivity of the optical
path length difference, by using the appropriate above
equation defining the total coupling strength Cr of the
overall branching device (depending on whether both DCs have

identical phase thickness, or not). For example, where both
DCs have the same phase thickness, and this phase thickness ¢
is between 90° and 135°, we would make 90° < 6 < 180°, whereby
again the increase with wavelength of the sin®(2¢) term is
substantially compensated for by the decrease with wavelength
of the (1 + cos20)/2 term. However, where the phase
thickness ¢ is between 135° and 180° we would want to make 0°
< ® < 90°, whereby the decrease with wavelength of the
sin2(2¢) term is substantially compensated for by the increas
with wavelength of the (1 + cos20)/2 term.

In a preferred embodiment of the present invention we

have used the following values:

0 = 93.9°
@1 = 113.8°
@2 = 102.5°

This has been found to give 0.14% RBE in the straight
waveguide section of each DC, and -0.51% RBE in the bent
sections.

Fig. 9 is a graph of PDL vs. wavelength, in the wavelength
region between about 1520nm and 1570nm, for a PINC device

according to the invention, designed as a 4% power tap with ¢

gap between the waveguides of lum in the straight section 20
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of each DC, and a RBE of 0.5% in each DC of the PINC. The

lower line shows the PDL for the express signal path through
the PINC, and the upper line is for the Tap path. These
graphs were obtained from empirical (i.e. experimental) data.
It.can be clearly seen that the PDL values are very low, the
highest PDL values being in the Tap path but always less than
0.15dB. Fig.10 is a similar graph, again obtained from
empirical data, this time plotted for the express and tap

paths in a prior art WINC device also designed as a 4% tap,

with a gap of 3um between the waveguides in the straight
section of each DC of the WINC, and an RBE of 4% for each DC.
In this case it can be seen that the PDL values in the Tap
path are much higher than in the PINC device, never being
less than 0.25dB and sometimes being greater than 0.45dB,
giving a variation of about 0.2dB between the minimum and

maximum PDL values.

Fig.11l illustrates the wavelength dependency of a PINC device
according to one embodiment of the invention. It shows the
variation in the Tap ratio of the PINC as a function of
wavelength. This graph is again for a (approx.) 4% tap, gap
of 1lum, and RBE of 0.5%, same as for graph of Fig.9. The tap

ratio over the wavelength range 1520nm to 1640 nm is 3.57% %
0.05% which is relatively low variation. Thus it can be
readily seen from Figs.9 and 11 that the PINC component has
very low polarisation dependent loss (PDL) in addition to
having a tap ratio which is relatively wavelength insensitive
in at least the 1520nm to 1640nm region, which is the desired
operating wavelength region of our component.

Various modifications and variations to the above-
described embodiments are possible without departing from the
scope of the claimed invention. For example, variations in
the waveguide dimensions and materials are possible, though

may not give as good performance results in terms of the
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wavelength dependent loss (WDL) and PDL. Moreover, the

waveguides need not be made using only FHD and etching
technology — other process technologies could be used, for
example Chemical Vapour Deposition (CVD).

Furthermore, the two waveguides 24,26 need not be
identical in the invention. The power transfer in any coupler
is governed by the coupling coefficient as well as by the
phase-mismatch. In the above-described embodiment of the
current invention we have assumed two identical waveguides
thus resulting in zero phase-mismatch, thereby simplifying
the design optimization, but the same principles could also
be repeated for slightly or totally asymmetric couplers.

In other possible embodiments, one or more further
waveguides may be incorporated into the device and arranged
so that each directional coupler comprises three waveguides
located in proximity to one another, in known fashion.

Alternatively, or additionally, one or more heater
elements may be provided on the device, for varying the path
length (in response to electrical signal(s) being applied to
the heater(s)) of one or more of the waveguides so as to
actively control the signal output(s) from the branching
component, in known fashion. For example, the use of such
heaters can enable the branching component to be used ‘to
perform switching operations. Fig. 12 shows one embodiment of
a switching device incorporating two PINCs 40,42 according to
the invention, separated by two delay paths 44,46 formed by
the two waveguides of the device respectively, and with a

heater a,b provided on each delay path.
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CLAIMS

. An optical branching component comprising two optical

waveguides which are in proximity with one another in at
least two regions so as to form at least two adjacent
directional couplers, wherein between said two
directional couplers there is an effective optical path
length difference between the two waveguides, and
wherein the coupling strength of each of said two
directional couplers monotonically decreases with
increasing wavelength in the operational wavelength

region of the component.

. An optical branching component according to claim 1,

wherein each of said two directional couplers has the

same coupling strength.

. An optical branching component according to claim 1,

wherein each of said two directional couplers has a

different coupling strength.

. An optical branching component according to any

preceding claim, wherein the smallest gap between the

two waveguides in each of said two directional couplers

is less than 3pm.

. An optical branching component according to claim 4,

wherein the smallest gap between the two waveguides in

each of said two directional couplers is approximately

lpm.

. An optical branching component according to claim 5,

wherein the width of the core of each waveguide is
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approximately 4um in a straight section of each of said

two directional couplers.

. An optical branching component according to any

preceding claim, wherein the phase thickness of each of

said two directional couplers is between 90° and 180 °.

. An optical branching component according to any

preceding claim, wherein said effective optical path
length difference is less than the shortest operating

wavelength of the component.

. An o@tical branching component according to claim 2,

wherein the phase thickness of each of said two
directional couplers is between 90° and 135° and the
phase delay, 206, between the two waveguides, between
said two directional couplers, is defined by 90° < 0 <

180°.

An optical branching component according to claim 2,

wherein the phase thickness of each of said two
directional couplers is between 135° and 180 ° and the
phase delay, 20, between the two waveguides, between
said two directional couplers, is defined by 0° < 6 <

90°.

An optical branching component according to any
preceding claim, wherein the magnitude of the RBE of

each of said two directional couplers is less than 1%.

An optical branching component according to any

preceding claim, wherein the magnitude of the RBE of
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each of said two directional couplers is no greater than

0.5%.

An optical branching component according to any
preceding claim, wherein the component is a tap device

having a tap ratio of no greater than 4%.

An optical branching component according to any
preceding claim, wherein the component is a tap device
in which the variation in the tap ratio with wavelength
is less than 0.1% over the operating wavelength region

of the component.

An optical branching component according to claim 1,

further including at least one further waveguide.

An optical branching component according to claim 1,
further including heater means disposed on at least one

said waveguide.

An optical branching component according to any of
claims 1 to 16, wherein the waveguides are fabricated in

silica-on-silicon technology.

An optical switching device comprising two optical
branching components according to any of claims 1 to 15,

further including at least one heater means.

An optical switching device according to claim 18,
wherein the waveguides are fabricated in silica-on-

silicon technology.
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