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We present the first unique design of a polarization-independent dual-wavelength splitter for wavelengths around 1.3 μm and
1.55 μm that is potentially of great interest to passive optical network (PON) applications. The filter design is simple compared
with the other architectures and is based on ridge-type lateral directional couplers that can be readily integrated with other planar
waveguide devices. Two design examples, based on InP/InGaAsP and Si/SiGe waveguides, are given. This polarization-independent
wavelength splitting is achieved by exploiting the polarization dependence of the waveguides to produce coupling lengths that are
sensitive to polarization and wavelength. We show that, to split the wavelengths without splitting the polarizations, the coupling
lengths must be suﬃciently diﬀerent for TE and TM and for the diﬀerent wavelengths in order to give the correct required ratios
between the TE and TM coupling lengths for the two wavelengths of interest. We also show that the same approach can be applied
to the design of a polarization splitter. The crosstalk, optical bandwidth, and fabrication sensitivity for the wavelength filter are
evaluated.

1. Introduction
Wavelength splitting (demultiplexing) and combining (multiplexing) are important functions in many optical applications. An important example is fiber-to-the-home (FTTH)
application, where 1.3 μm and 1.5 μm wavelength regions
may be used to carry data/voice and video, respectively [1].
Since the wavelengths are spaced far apart, a coarse WDM
(CWDM) filter would be needed to separate or combine the
wavelengths. A bidirectional and compact filter that can be
integrated with transceivers is desirable, as it would facilitate
the development of low-cost terminal units for the home.
Therefore, the filter should ideally be based on integrated
optics, be polarization independent, and have large optical
bandwidth and low crosstalk. An integrated optic realization
of the ubiquitous fused fiber coupler is the waveguide
directional coupler (DC). A dual-wavelength splitter for 1.3
and 1.55 μm, based on such a directional coupler, has been
demonstrated in SiGe/Si waveguides, but it is relatively large
in size and works only for one of the polarizations [2].
In this paper, we show theoretically that compact and
polarization-independent dual-wavelength splitters based

on a single lateral directional coupler are possible for
both the InGaAsP/InP and SiGe/Si material systems. The
design is based on strongly confined or high-index contrast
ridge waveguides, as opposed to the conventional weaklyguided, low-index contrast, rib or buried waveguides used
in most other designs. Paradoxically, the key to achieving
polarization independence is to utilize the strong waveguide birefringence inherent in these high-index-contrast
waveguides. In the next section, we will present the design
principle and constraints, from which it will become clear
why the use of ridge waveguide is essential. The design
principle can also be applied to polarization splitter. Then
in Section 3, the birefringent nature of the waveguides will
be briefly described, in Section 4, the dependence of the DC
characteristics on waveguide parameters will be discussed,
and in Section 5, the design approach will be illustrated for
both InP/InGaAsP and Si/SiGe material platforms. Finally,
in Section 6, the device performance is discussed in terms of
crosstalk, optical bandwidth, and sensitivity, which was not
discussed in [3].
It should be noted that the requirements and design
of this CWDM waveguide filter are very diﬀerent from
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narrowband or dense WDM (DWDM) waveguide filters,
which are relatively complex and found in various forms
based on vertical asymmetric waveguide couplers [4, 5],
arrayed waveguide gratings [6], cascaded Mach-Zehnder
interferometers [7], and many more.

λ1

λ1 + λ2

λ2
(a)

2. Design Principle of PolarizationIndependent Wavelength Splitters
The lateral directional coupler (DC) is the simplest waveguide structure that allows power transfer between two
waveguides. If the waveguides are lossless and symmetric,
then the output powers in the bar and cross waveguides are
given, respectively, by [8]


Pb = Pin cos2
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where Pin is the input power, L is the interaction length and
Lc is the coupling length, which is the distance required for a
complete power transfer. The coupling length is given by
Lc (λ, ε) =

π
λ
λ
=
≡
,
κ
2[ne (λ, ε) − no (λ, ε)] 2Δn(λ, ε)

(2)

where κ is the coupling coeﬃcient, and ne and no are
the eﬀective indices of the even and odd supermodes,
respectively. The coupling length is in general polarization
(ε) and wavelength (λ) dependent.
The periodic nature of the output power (as a function
of distance) and the dependence of the coupling length on
wavelength and polarization provide the mechanism for the
DC to serve as a CWDM filter. This is because any two
wavelengths, λ1 and λ2 , assuming λ2 > λ1 , can be separated
at the bar and cross ports if the interaction length L of the
directional coupler satisfies the condition




L = mLc (λ1 ) = m + p Lc (λ2 ),

λ1,TE + λ1,TM

λ1,TE + λ1,TM

(3)

where m and p are integers and p is odd. Note that Lc (λ1 ) >
Lc (λ2 ) because the coupling coeﬃcient (κ) between two
waveguides always increases with increasing wavelength.
According to (3), L could be an even multiple of Lc (λ1 )
at λ1 and an odd multiple of Lc (λ2 ) at λ2 , as illustrated
in Figure 1(a) for m = 2 and p = 1. We shall call the
integer ratio L/Lc the order. Clearly both orders (at the two
wavelengths) should be small, since the smaller the orders
and the Lc , the shorter the device will be. More importantly,
it can be shown, as in Section 6, that the smaller the order, the
more robust the design will be. On the other hand, for both
orders to be small, Lc must be very sensitive to wavelength.
For instance, if m = p = 1, then Lc (λ1 ) = 2Lc (λ2 ), that is, Lc
has to change by a factor of 2 in going from λ1 to λ2 . Such
behavior may be possible only for certain types of waveguide
and only for λ1 and λ2 that are suﬃciently far apart.
The design is further constrained by the need to make
the wavelength splitter polarization independent, such that
both the TE and TM polarizations of a given wavelength
exit the same port together. This requirement is diﬃcult
to meet. In general, it is not possible to satisfy (3) and at

(b)

Figure 1: Illustration of input with (a) diﬀerent wavelengths exiting
at diﬀerent ports (wavelength splitting) and (b) diﬀerent polarizations for a single wavelength exiting at the same port.

the same time to have identical coupling length for both
TE and TM. However, it is possible to be polarization
independent if the coupling lengths for TE and for TM satisfy

TM
the condition: L = m LTE
c (λ) = (m + q)Lc (λ) (where q is
an even integer), that is, the orders for TE and TM diﬀer by
an even integer, as illustrated in Figure 1(b). This condition
assumes that the TE coupling length is larger than the TM,
which we will see is true for directional couplers based on
deep ridge waveguides. Altogether, for the directional coupler
to split two wavelengths without splitting the polarizations,
it must satisfy the multiple conditions:




TM
L = mLTE
c (λ1 ) = m + q Lc (λ1 )




 TM

= m + p LTE
c (λ2 ) = m + p + q Lc (λ2 ),

(4)

where p is odd and q and q are even. As an example
that will be elaborated in Section 5, we consider the loworder combination (m, p, q, q) = (1, 3, 2, 4), which implies
TE
TE
TE
that LTE
c (λ1 )/Lc (λ1 ) = 3, Lc (λ2 )/Lc (λ2 ) = 2, and
TE
TE
Lc (λ1 )/Lc (λ2 ) = 4. These relatively large ratios can be
achieved only if the coupling lengths are strongly dependent
on polarization and wavelength. This strong polarization and
wavelength dependence is found only in directional coupler
based on strongly guiding ridge waveguides in the singlemode regime. The properties of these ridge waveguides will
be discussed in the next section. For other waveguides with
small birefringence and wavelength dependence (such as
the multimode interferometer [9]), the same method may
be applied but the design might involve very high orders
making the device very large. For this reason, we will only
consider directional couplers based on single-mode ridge
waveguides. For this type of wavelength filter, the general
design procedure may be summarized as follows.
(1) For prespecified values of λ1 and λ2 , we calculate
the even and odd normal modes (for TE and TM),
from which we obtain the coupling lengths, of the
directional coupler at the two wavelengths.
(2) Repeat for various possible waveguide structures to
identify the optimum zone.
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(3) From the various coupling length ratios obtained,
determine the specific structure that yields a consistent set of (m, p, q, p) that satisfies (4).

Upper cladding
Core
Lower cladding

3. High-Index-Contrast Ridge Waveguides
Conventional optical waveguide devices are relatively large
because the waveguides used are weakly guiding and do
not allow routing of photons around sharp bends and
corners. Such waveguides are therefore not suitable for even
modest levels of device integration. In a drive towards
high-density photonic integration, waveguides with strong
lateral confinement, such as the ridge waveguide shown
in Figure 2, have been developed in recent years because
they permit sharper waveguide bends and smaller devices.
Such waveguides also have diﬀerent optical properties from
conventional rib waveguides [3].
The lateral confinement in a ridge waveguide is strongly
dependent on the waveguide width. Figure 3(a) shows the
eﬀective indices (neﬀ ) of all the guided optical modes as a
function of the waveguide width, based on the InP/InGaAsP
material system. The eﬀective indexes are calculated for the
optical wavelength of 1.55 μm using a 3D finite-diﬀerence
mode solver (Apollo APSS). Note that the width is less than
about 0.8 μm for a single-mode waveguide. In the singlemode region, the highly asymmetric mode profile gives rise
to strong waveguide birefringence, with the TM eﬀective
index significantly larger than the TE. These eﬀective indices
change rapidly with the waveguide width. As the width is
increased, the eﬀective indexes approach each other and
become equal at a critical width (wc ). Above the critical
width, the TE eﬀective index becomes larger than of TM, as
is the case for rib and slab-like waveguides. The rapid change
of neﬀ with width in the single-mode regime also implies
that the single-mode waveguides are the most sensitive to
wavelength, as shown in Figure 3(b). These features will be
utilized in our design of a polarization-insensitive CWDM
filter.

4. Structural Dependence
We first consider directional couplers made of InP/InGaAsP
ridge waveguides of width w and separated by a gap size g.
To maximize the wavelength and polarization dependence, w
should be in the single-mode regime (which is appropriate,
as the directional coupler is a single-mode device), and the
gap between the waveguides should be as deep as possible. To
minimize the coupling length, the gap should be reasonably
small but not too small as to pose fabrication diﬃculty.
The eﬀective indices of the supermodes in this directional
coupler are calculated using the finite-diﬀerence mode solver,
taking into account the wavelength dependence of the core
refractive index [10]. Figure 4(a) shows the eﬀective indices
of TE and TM polarizations for w = 0.4 μm, g = 0.1, and
0.3 μm. From this data, the coupling lengths are calculated
using (2), and displayed in Figure 4(b). The eﬀective indexes
of the odd and even modes are calculated for the optical
wavelength of 1.55 μm using a 3D finite-diﬀerence mode
solver (Apollo APSS). From the figures, we see that the

Substrate
(a)

(b)

Figure 2: (a) Schematic and (b) SEM photo of the cross-section
for a typical high-index-contrast ridge waveguide. High index
contrast exists in the lateral direction at the core-air interfaces. The
core could be InGaAsP or SiGe, and the claddings are InP or Si,
respectively.

coupling lengths (i) are fairly small (a few hundred μm);
(ii) are always larger for the TE polarization (this is true
for deeply etched waveguides); (iii) decrease with increasing
wavelength irrespective of the gap size; (iv) are more sensitive
to wavelength for the larger gap size; note that from λ1 =
1.31 μm to λ2 = 1.54 μm, the TE coupling length changes by
a factor of 4 for the case of g = 0.3 μm.
The ratio of the TE and TM coupling lengths are plotted
in Figure 5 as a function of wavelength, and for two values
TM can span a wide range
of w. We see that the ratio LTE
c /Lc
of values; in particular, for w = 0.4 μm and g = 0.3 μm, we
TM ∼ 3 at λ = 1.31 μm and 2 at λ = 1.54 μm,
note that LTE
c /Lc
which match two of the ratios required. Furthermore, as
TE
mentioned earlier, LTE
c (1.31 μm)/ Lc (1.54 μm) ≈ 4 as can
be seen from Figure 4(b). This structure, therefore, satisfies
approximately all the requirements for a CWDM wavelength
filter as specified by (4). By fine-tuning the waveguide
parameters around these values, near perfect match to the
requirements can be obtained, as will be shown in the next
section.

5. Design Examples
As an exemplary study, Figure 6 shows the simulated power
distribution along a 596 μm long directional coupler, with w
= 0.395 μm and g = 0.30 μm. With perfect order-matching, it
can be seen that the two wavelengths are divided at the crossport and the bar port, respectively, with negligible crosstalk
and polarization dependence. Simulation was performed
with 3D beam propagation method using RSoft BeamPROP
to verify the results obtained from (2) and the mode solver,
and they are found to be similar. The simulations neglect
any coupling at the input and output waveguides outside
the interaction region, a good approximation since the total
coupling here is found to be less than 2% if sharp bends
with practical radius of 5 μm are used to separate the access
waveguides rapidly (this is possible because the waveguides
are strongly confined). The coupling lengths obtained by
TM
simulation are LTE
c (1.31 μm) = 596 μm, Lc (1.31 μm) =
TE
TE
199 μm, Lc (1.54 μm) = 149 μm, and Lc (1.54 μm) =
TM
75 μm. Hence, at λ1 = 1.31 μm, L = LTE
c (λ1 ) = 3Lc (λ1 ),
TE
TM
and at λ2 = 1.54 μm, L = 4Lc (λ2 ) = 8Lc (λ2 ). These orders
match the combination (1, 3, 2, 4) that satisfies (4).
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Figure 3: Eﬀective indexes of InP/InGaAsP ridge waveguides for TE and TM polarizations as a function of (a) waveguide width and (b)
operation wavelength. The InGaAsP core index is 3.5 while the InP cladding index is 3.17. All core thicknesses are 0.65 μm.

We will further show that it is possible to apply the same
approach to the Si-SiGe-based ridge waveguides. Silicon is
attractive for passive photonic device applications due to
its low cost and matured fabrication technology. For the
SiGe core material, the material refractive index for TM is
slightly larger than TE due to the lattice mismatch (strain)
between SiGe and Si [11]. This material birefringence will
reinforce the waveguide birefringence in the single-mode

regime, resulting in a larger overall birefringence compared
with the InP-based waveguides, and therefore, the coupling
length ratios achievable are generally higher than the InP
design. In our design example, we assume a waveguide
with Si0.9 Ge0.1 as the core material and Si as the cladding.
This will give us the indexes summarized in Table 1 [11].
The core thickness is assumed to be 0.5 μm in order not
to exceed the critical thickness for strain relaxation [12].
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Figure 4: InP-based directional couplers: (a) eﬀective indices (for even and odd supermodes) and (b) coupling lengths, for both TE and TM
as a function of gap size g (in μm), with w = 0.4 μm. Inset shows a schematic of the directional coupler.

Table 1: Refractive index of Si0.9 Ge0.1 and Si materials for TE and
TM modes of λ = 1.31 μm and 1.55 μm.

8
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Figure 5: The ratio between TE and TM coupling lengths as a
function of wavelength, for various waveguide widths and gap sizes.

The DC wavelength filter is characterized by the combination
TM
(m, p, q, q) = (1, 3, 4, 12) (i.e., L = LTE
c (λ1 ) = 5Lc (λ1 ) =
TE
TM
4Lc (λ2 ) = 16Lc (λ2 )), which satisfies (4) for λ1 = 1.30 μm,
λ2 = 1.56 μm. The waveguide parameters are L = 2829 μm, w
= 0.495 μm, and g = 0.30 μm. By contrast, the only reported
case of a SiGe/Si DC dual-wavelength splitter [2] based on a
rib waveguide structure has a length in excess of 5000 μm, but
works only for the TE polarization (based on orders 4 and 5,
TE
i.e., L = 4LTE
c (λ1 ) = 5Lc (λ2 )).
Finally, we also note that our method based on matching
diﬀerent orders can be applied to the design of polarization
splitter, which is another important component in integrated
optics. This can be seen from the simulation result in
Figure 6(b), where at z = 150 μm the diﬀerent polarizations
of λ = 1.54 μm have been separated to distinct ports.

Hence, the directional coupler terminated at this point would
represent a compact polarization splitter for λ = 1.54 μm. In
general, for a polarization splitter operating at a particular
wavelength, the directional coupler is designed such that the
orders of the coupling length for TE and TM polarizations
diﬀer by an odd integer at that wavelength. This design is
extremely compact and straightforward compared to other
guided wave-polarization splitters reported [13].

6. Performance and Sensitivity
6.1. Figure of Merit. The most important figure of merit for
a wavelength filter is the wavelength isolation or crosstalk,
which is defined as the ratio between the power at the
unwanted wavelength (λu ) and the total power at the desired
wavelength (λd ) at a specified output port, that is,


Crosstalk (dB) = 10 log10



P(λu )
.
Ptotal (λd )

(5)

In (5), P(λu ) is the power for either TE or TM mode of
the unwanted wavelength that is mixed at the output with
the desired wavelength. It is given by either Pb or Pc in
(1). Ideally, P(λu ) should be zero, giving zero crosstalk.
However, crosstalk will increase when λ, L, or any other
waveguide parameters deviate from their optimum values,
since P(λu ) will increase according to (1), and Lc is a function
of wavelength and all the waveguide parameters.
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Figure 6: Simulated power in the cross waveguide for TE and TM polarizations of (a) λ = 1.31 μm, (b) λ = 1.54 μm, and (c) the corresponding
field profiles along the directional coupler.

As an example, let us derive quantitatively the eﬀect on
the crosstalk at the bar port, where the desired output is λ2 =
1.54 μm, due to a small deviation in λu from the nominal
value of λ1 = 1.31 μm. A small deviation in wavelength, Δλ,
will cause a small deviation in coupling length, which may be
represented by a dimensionless parameter δ, such that

L (λ )
Δn(λ) λu
∂Δn 
Δλ
 ,
·
≈1+
·
1+δ = c 1 =
Lc (λ)
Δn(λu ) λ
Δn(λu )
∂λ λu

(6)

where we have used (2), and set λu /λ ∼
= 1. This gives the
relationship between δ and Δλ, which can be written as


δ=




Δλ
∂Δn 
 = 2Lc (λu ) ∂Δn  Δλ .
·

Δn(λu )
∂λ λu
∂λ λu λu

(7)

Equation (1) can be used to give the power in the bar port at
an arbitrary λ that may be diﬀerent from λ1 :








π
π
Pb (λ) = cos2 M (1 + δ) ≈ sin2 M δ ,
2
2

(8)

7

0

0
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Figure 7: The crosstalk for TE and TM polarizations at (a) λd = 1.31 μm (at the cross-port) and (b) λd = 1.54 μm (at the bar port).

where M = L/Lc (λ1 ) represents the order of coupling length
at λ1 . Substituting (8) into (5), we obtain the crosstalk as




π
Crosstalk (dB) = 10 log10 sin2 M δ
2



,

(9)

where we have assumed Ptotal (λd ) = 1. A typical acceptable
crosstalk is −20 dB. To meet this requirement, the maximum
δ that can be tolerated is
δ=

0.02
. (−20 dB crosstalk).
Mπ

(10)

Hence, we can see that the smaller the order used, the larger
will be the tolerable coupling length deviation δ. Using (7),
the wavelength tolerance Δλ = | λ − λu| is given by
Δλ
=
λu

δ



∂Δn 

2Lc (λu )·
∂λ λu

=

0.01
 .
∂Δn 

MπLc (λu )·
∂λ λu

(11)

Hence, to maximize Δλ, it is desirable to make M and Lc as
small as possible. Δλ represents the optical bandwidth for a
given crosstalk, that is, the range of wavelengths for which
the specified crosstalk is satisfied. It is an important measure
of the wavelength sensitivity of the filter. For the CWDM
application considered here, the optical bandwidth should be
as large as possible so that no temperature stabilization of the
laser wavelength is needed.
The same analysis can be applied to the cross-port to
either wavelengths, and to either TE or TM. In addition to
λ, the coupling length is also dependent on the waveguide
structure, namely the gap size and the waveguide width.
Similar analysis can be used to derive the degradations in
crosstalk due to variations in these dimensions, thereby
giving the sensitivity of the device performance to these
parameters.

So far, we have not considered the propagation loss in
the waveguides. An important parameter is the polarizationdependent loss (PDL), which is not insignificant for singlemode ridge waveguides. The PDL is very sensitive to the
waveguide width. For the InP waveguide with w = 0.4 μm,
previously reported results at λ = 1.54 μm are about 9 dB/cm
and 7 dB/cm for TE and TM, respectively [3]. The PDL is not
excessive if the device is suﬃciently short, which is another
reason to keep L small. For the design example above where
L ∼600 μm, the PDL is about 0.1 dB. However, PDL should
be included when considering the crosstalk for diﬀerent
polarizations.
6.2. Sensitivity. For the InP example discussed above, the
crosstalk at the cross-port (λd = 1.31 μm) and the bar port
(λd = 1.54 μm) as a function of wavelength deviation for different polarizations are given in Figure 7. The polarizationdependent loss mentioned above has been included in
calculating the crosstalk for diﬀerent polarizations. Note
that the crosstalk and the optical bandwidth (for a specified
crosstalk) are diﬀerent for diﬀerent polarizations and for
diﬀerent wavelengths (ports). In the case of λd = 1.3 μm,
the bandwidth is about 20 nm for TE and 10 nm for TM.
In the case of 1.54 μm, the optical bandwidths are 7 and
5 nm for TE and TM, respectively. These results reflect the
order dependence of (11): the lower the order, the larger the
bandwidth.
Similarly, Figure 8 shows the eﬀects of dimensional
variations in the waveguide width and the gap separation
on crosstalk for the InP design example. It can be seen
that, to meet a typical crosstalk requirement of −20 dB, the
waveguide width must be controlled to within ±5 nm and
the gap size to within ±4 nm. These requirements will in
general depend also on the order of the output functions. In
the Si/SiGe case, for example, the sensitivity will be worse
because of the higher orders involved.
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Figure 8: TE and TM crosstalks at the bar port and the cross-port of the CWDM directional coupler for various (a) waveguide widths and
(b) gap sizes. All dimensions are in μm.

7. Conclusion
We have shown, theoretically, that it is possible to design
directional couplers that can split two wavelengths spaced
very far apart in a polarization-insensitive manner. We
have considered the wavelength components around 1.3 μm
and 1.5 μm regions, where this type of CWDM filter is
potentially of great interest to passive optical networks
(PON) technology. Although the design principle, based
on matching the orders of coupling length, is well known,
no feasible theoretical and practical designs have been
demonstrated so far, primarily because they have been
based on conventional weakly guiding waveguides. In this
paper, we show for the first time theoretical designs for
polarization-independent dual-wavelength splitters, for both
InP- and Si-based materials. The key to the design is to
exploit the highly polarization-dependent feature of strongly
confined ridge waveguides. Only these waveguides make
possible directional couplers with coupling lengths that
span over the large range required to achieve polarizationindependent wavelength splitting. The particular design for
InP discussed above occurs in the single-mode regime with
strong birefringence, where the birefringence (and coupling
length) is very sensitive to the wavelength, as well as the
waveguide width and other structural parameters. Hence,
the fabrication requirement is very stringent, but may be
achieved with advanced nanofabrication technology. Finally,
we have also shown that our design approach can be
generalized to the design of very compact polarization mode
splitters.
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