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Abstract. Optical bidirectional WDM transceiver is a key 
component of the Passive Optical Network of the Fiber to 
the Home topology. Essential parts of such transceivers 
are filters that combine multiplexing and demultiplexing 
function of optical signal (triplexing filters). In this paper 
we report about a design of a new planar optical multi-
wavelength selective system triplexing filter, which com-
bines a multimode interference filter with directional cou-
pler based on the epoxy polymer SU-8 on Si/SiO2 sub-
strate. The optical triplexing filter was designed using the 
Beam Propagation Method. The aim of this project was to 
optimize the triplexing filter optical parameters and to 
minimize the planar optical wavelength selective system 
dimensions. The multimode interference filter was used for 
separation of downstream optical signal in designed opto-
electronic integrated WDM transceiver. The directional 
coupler was used for adding of upstream optical signal. 
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1. Introduction 
During last twenty years photonics structures have 

played a key role in optical communication networks and 
optical sensor systems. Due to the rapid widespread of the 
optical communication equipment in the Fiber-to-the-
Home (FTTH) networks a new planar photonics devices 
are strongly required [1-4]. Triplexing filter (triplexer) is 
generally used on the customer premise, which is capable 
to upload the data through 1310 nm channel, download 
internet data and voice data through the 1490 nm channel 
and to receive video signals through the 1550 nm channel, 
which are the wavelengths that are used according to the 
international TDM-PON ITU-T G.983 and G.984 stan-
dards. Principle of the triplexer structure is shown in 
Fig. 1. 

Several papers dealing with optical triplexer fabri-
cated by various design concept and different materials 
have appeared recently in the literature [5-10]. Reported 
devices were usually based on semiconductor or glass 

materials and accordingly the cost of them was higher. 
Therefore there is a strong demand to develop new 
approach to realize such elements using new materials but 
the same time assuring the properties comparable with the 
reported ones [5-10]. It means easy fabrication process, 
which would allow mass production and low cost of the 
required devices. 

 
Fig. 1. Principle of the triplexer structure. 

For the thought purpose new polymers have lot of 
interesting properties such as temporal and temperature 
stability, high transparency from visible to infra-red wave-
lengths, well-controlled refractive indices, low optical 
losses, easy fabrication process etc. [11-14]. 

Planar optical wavelength selective systems with the 
triplex filter are intended to be used for WDM transceiver 
application in Passive Optical Network- Fiber to the x 
(PON-FTTx) topology [15]. Recent deployments of Fiber 
to the Home (FTTH) technology represent the fastest 
growing sector of the telecommunication industry. Fiber to 
the Home (FTTH) and Fiber to the Premise (FTTP) have 
growing opportunity for the world optical telecom market, 
bringing substantial gains in bandwidth directly to the end 
user.  

In this paper we are going to describe already existing 
and new design solutions of the planar optical triplex filters 
for PON-FTTx application. 

The triplex filter, which connects the direction cou-
pler and arrayed waveguide grating (DC-AWG) [16], was 
made by deposition on Si/SiO2. This material has very 
good wavelength selectivity and crosstalk, but it also suf-
fers of higher insertion losses and lithographic difficulties 
requiring very accurate dimensions of coupling sections in 
AWG. Similar technological difficulties can be also found 
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in the case of a triplex filter with polarization insensitive 
two directional couplers (DC-DC), based on submicron 
silicon rib waveguides [17]. Total device length is about 
400 m, which is much shorter than already existing tri-
plexers based on arrayed waveguide gratings (12 mm). 
Both triplex filters have dimensions of their channel optical 
waveguides below 1 m, which come from high contrast 
index of refraction for used materials.  

Planar triplex filters using thin-film filters (TFF) [15] 
are localized as optical taps filters along the optical planar 
waveguides in hybrid WDM transceiver. The hybrid design 
based on Si/SiO2 means high demands on accuracy of 
technology and precision of construction.  

Polymer optical cascade-step-size multimode interfer-
ence filter (CSS-MMI filter) [18] is created by two- graded 
interference spaces on polymer 6701A and 5202A (from 
Rohm and Haas).  

Comparison of insertion losses and crosstalk of the 
planar triplex filters together with the parameters of 
microoptical VHGT (Volume Holographic Grating Tri-
plexer) element for optical bandwidth from 1310 nm to 
1550 nm is given in Tab. 1. Obviously, VHGT has rela-
tively low insertion losses associated with high diffraction 
efficiency and high diffraction angle, which imply short 
dimension of WDM transceiver, but the optical crosstalk is 
rather higher. 
 

Triplex filter 
DC-

AWG 
TFF 

CSS-
MMI 

VHGT 

Insertion loss  
(dB) 

0.15 - 5 0.9 0.15-1.5 0.3 - 1.3 

Crosstalk  
(dB) 

35 - 45 18 - 22 15 -18.5 12.4 -18 

Tab. 1. Insertion losses and crosstalk of different types of 
triplex filters. 

In this paper we are going to report about a design of 
a novel planar polymer triplex filter consisting of a multi-
mode interference (MMI) filter optically bound to a direc-
tional coupler (DC). For the construction of the optical 
MMI-DC triplex filter, we used planar optical integrated 
approach based on epoxy polymer NANOTM SU-8 2000 
(SU8) supported by Micro Chem Corp. placed on the Si 
substrate with SiO2 isolation layer and covered by Poly-
methylmetacrylate (PMMA). SU8 is epoxy-based photore-
sist designed for micromachining and other microelectronic 
and micro-optical applications, where a chemical and 
thermal stability is required. Film thickness from 0.5 μm to 
200 μm can be achieved. The SU8 polymer has good opti-
cal and mechanical properties; the optical losses are less 
than 1 dB/cm for 1300/1550 nm wavelengths. The pro-
posed triplex filter structure is schematically shown in 
Fig. 2.  

The optical MMI-DC triplex filter was used for sepa-
ration of downstream and upstream optical radiation in our 
designed planar hybrid integrated WDM transceiver (see 
later). The triplex filter separates two downstream optical 
signals with wavelengths λ1 = 1490 nm and λ2 = 1550 nm, 

which propagate from PORT1 to PORT3 and PORT4, (see 
Fig. 2). Simultaneously the upstream optical signal λ3 = 
1310 nm is routed in the reverse direction from PORT2 to 
PORT1. Triplex filter was designed using Beam Propa-
gation Method (BMP) by Beam PROPTM software from 
Rsoft Design Group Inc. 

 
Fig. 2. The schematic configuration of designed MMI-DC 

triplex filter. 

2. Theory 
In this part of the paper we are going to derive for-

mulas for estimation of interference length Li and interfer-
ence width Wi of MMI section. BMP program simulation 
procedure makes possible to optimize insertion losses and 
selectivity of the DC and MMI parts of MMI-DC triplex 
filter as well as a shape of the waveguides connection. 

MMI device can be used as optical power splitter, 
power coupler or wavelength multiplexer. Actual operation 
of optical MMI devices is based on the self-imaging prin-
ciple of the input optical field periodically recurring itself 
at beat lengths Lπ in single or multiple images [19], [20]. 

Assuming two-dimensional representation in a lateral 
axis x, the condition of phase resonance can be described 
by the dispersion equation (1): 
 

effmxm nkk 2
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22    (1)
 

where kxm  is the lateral wavenumber, βm is the propagation 
constant, and neff is effective refractive index. Conse-
quently, from (1) βm is expressed as: 
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where the “effective” width We, takes into account the 
(polarization-dependent) lateral penetration depth of each 
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mode field, associated with the Goos-Hahnchen shifts at 
the ridge boundaries. 

By using the binomial expression of (2) under condi-
tion (3), the propagation constant βm can be deduced as 
approximation (4)  
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The length scale over which the multimode interfer-
ence occurs is known as Lπ, the beat length of the MMI 
region. By defining Lπ as the beat length between the first 
two modes with phase difference π 
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The propagation constants spacing can be written as 
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The field profile at the distance L is therefore  
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It can be seen from (7), that the original input can be 
completely reproduced (self-imaged), when the exponent 
term equals to one. This condition is satisfied with interfer-
ence length LI (8), where p is any integer parameter. When 
p is even, the image will be a direct one, when p is odd, the 
image will be mirrored. 
 

)3( LpLI  . (8)
 

Multiples (N-fold) images are then projected at length of 

 )3( L
N

p
LI  . (9) 

According to the above-mentioned MMI self-imaging 
theory, an input field in the MMI device can be reproduced 
along the MMI coupler at certain periodic intervals: 
2p(kLπ) (bar state/direct image), and (2p+1)(kLπ) (cross 
state/mirror image), respectively. In other words, because 
an MMI device can operate as a bar coupler for one wave-
length and a cross coupler for the other wavelength, it can 
perform the signal separation between two wavelengths λ1 

and λ2. Therefore, the total length of the MMI device meets 
the following equation: 

 )3()3(
21 ,,  LqLlLI   (10) 

where l is even constant, q is odd constant and k is 3 for the 
general coupler and 1 for the restricted coupler. 

Using the coefficients l and q it is possible to express re-
duction parameter kMMI indicating the least common multi-
ple, by which it is possible to multiply beat distances L so 
that the interference length is equal for both wavelengths 
(11). 
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3. Design and Simulation Results 
The insertion attenuations are specified by (12) and 

crosstalk attenuation by (13). The equations respect the 
signal propagation directions. 
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where A1(x) in dB are insertion attenuations and A2(x)  in 
dB are crosstalk attenuations for wavelength x, where x = 
1, 2, 3 and 1 = 1490 nm, 2 = 1550 nm and 3 = 1310 nm. 
Pz is input optical power, where z = PORT 1, PORT 2 or 
PORT M, Py is output optical power, where y = PORT 1, 
PORT M, PORT 3 or PORT 4 (see Fig. 1). 

The design of DC coupler was made having in mind 
to minimize the crosstalk below 10 %. The calculations and 
simulations determined the parameters of DC coupler, 
which are listed in Tabs. 2 and 3. The calculations were 
done for refractive indices given in Tab. 4.  
 

Insertion loss A1 
Output PORT 
Input PORT 

A1 
PORT 1 
PORT 2 
(1310 nm) 

A1 
PORT M 
PORT 1 

(1490 nm) 

A1 
PORT M 
PORT 1 

(1550 nm) 
DC coupler  

[d] 
0.36 0.43 0.32 

Tab. 2. Insertion losses A1 of the planar DC coupler for 
1310 nm, 1490 nm and 1550 nm. 

 

Crosstalk A2 
Output PORT 
Input PORT 

A2 
PORT 2 
PORT 1 

(1490 nm) 

A2 
PORT 2 
PORT 1  

(1550 nm) 
DC coupler 

[dB] 
14.5 11.35 

Tab. 3.  Crosstalk attenuation of the planar DC coupler for 
1490 nm and 1550 nm to PORT 2. 

 

Refraction indices 
Wavelength 

[nm] ns 
[-] 

nf 
[-] 

nc 
[-] 

1550 1.456 1.581 1.477 
1490 1.456 1.581 1.477 
1310 1.456 1.581 1.477 

Tab. 4. Refraction indices for simulated polymer MMI-DC 
triplex filter, where ns is refractive index of isolation 
layer, nf is refractive index of waveguide layer, nc is 
refractive index of cover layer. 
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Based on the results of the simulations the optimal 
offset value Lo= 6.5 μm to minimize crosstalk between 
PORT 2, PORT 3 and PORT 4 was set. Schematic view of 
DC (directional coupler) topology is shown in Fig. 3. 

 
Fig. 3. Schematic view of DC (directional coupler), Lc is 

coupling gap, Ld is length of coupling, Lo is offset, Lv 
is separation distance, where PORT 1 is input for 
1490 nm and 1550 nm and output for 1310 nm, PORT 
2 is input for 1310 nm, and M-PORT is output for 
1490 nm and 1550 nm. 

 
Fig. 4. Schematic view of MMI-interference filter, Li is length 

of interference section, Wi is width of interference 
section, where M - PORT is input for 1490 nm and 
1550 nm, PORT 3 is output for 1550 nm, PORT 4 is 
output for 1490 nm. 

Design of the MMI filter was made again having in 
mind to minimize the crosstalk at least below 5 %. Sche-
matic view of MMI filter topology is shown in Fig. 4. The 
calculations and simulations determined the parameters of 
the MMI filter. Design of the polymer wavelength splitter 

1310 nm/1550 nm based on multimode interferences have 
been already presented in [21]. Parameters of the MMI 
filter are listed in Tabs. 5 and 6.  
 

Insertion loss A1 
Output PORT 
Input PORT 

A1 
PORT 4  
PORT M  
(1490 nm) 

A1 
PORT 3  
PORT M 
(1550 nm) 

MMI filter  
[d] 

2.59 2.88 

Tab. 5. Insertion losses of the planar MMI filter for 1490 nm 
and 1550 nm. 

 

Crosstalk A2 
Output PORT 
Input PORT 

 

A2 
PORT 3 
PORT M 
(1490nm) 

A2 
PORT 4 
PORT M 
(1550 nm) 

MMI filter  
[dB] 

14.81 16.3 

Tab. 6. Crosstalk attenuation of the separated planar MMI 
filter for 1490 nm and 1550 nm. 

The first step of the designing the thought direct cou-
pler was using the parameters of the separated DC and 
MMI filter given in Tabs. 2, 3, 5 and 6 to approximate the 
idealized direct connection of both devices. The second 
step was minimizing of insertion losses and crosstalk by 
connecting of MMI and DC triplex filter and optimized the 
offset length Lc, which is half distance between MMI filter 
outputs for 1490 nm and 1550 nm and DC input for 
1310 nm.  

Schematic view of MMI-DC triplex filter topology is 
shown in Fig. 5.  

 
Fig. 5. Schematic view of MMI-DC triplex filter, where 

PORT 1 is input for 1490 nm and 1550 nm, and output 
for 1310 nm, PORT 2 is  input for 1310 nm, PORT 3 is 
output for 1550 nm, PORT 4 is output for 1490 nm. 

In the down stream the wavelengths 1490 nm and 
1550 nm are routed from PORT 1 across DC and inter-
connecting waveguide to PORT 4 and PORT 3 of MMI 
filter. In the reverse direction the wavelength 1310 nm is 
connected from PORT 2 of DC to PORT 1.  

For the real structure of MMI-DC triplex filter we 
used the epoxy polymer SU8 optical ridge waveguides, 
which were deposited by spin coating method on Si/SiO2 
substrate. As a cover we used PMMA polymer (for the 
pertinent refraction indices see Tab. 4). High contrast of 
refraction indices implies low optical attenuation in a band 
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of optical waveguides. XY contour map cross-section 
profile of the polymer waveguide is shown in Fig. 6.  

 
Fig. 6. XY contour map of the refraction index cross section 

for ridge optical polymer waveguides MMI-DC 
triplexer, where W is width and H is height of the 
waveguide core. 

The optical radiation propagates along the planar 
polymer waveguide SU8 core layer with the refractive 
index nf = 1.581. The substrate isolation layer of SiO2 with 
ns= 1.456 provides isolation of the core from Si substrate. 
The cover layer of PMMA with refractive index nc= 1.477 
prevents core layer and drop contrast of refraction indices 
(see Tab. 4).  

The shape and dimensions of curve radius wave-
guides were set up to find optimal topology of MMI-DC 
triplex filter for 1310 nm, 1490 nm and 1550 nm. This 
way, optical insertion losses, crosstalk and spectrum selec-
tivity were minimized by simulation in BMP software from 
RSoft. The 2D space distribution of the optical wave elec-
trical field Ey for wavelength 1490 nm and monitor value 
Ey in the pathway is shown in Fig. 7. The left side shows 
the distribution of the electrical field in the XZ plane and 
the right side shows the relative amplitude of Ey for path 
way from PORT 1 to PORT 4 The insertion optical power 
transmission of MMI-DC triplex filter at 1490 nm corre-
sponding to 52% was calculated. 

 
Fig. 7. 2D space distribution of the electrical field Ey for 

triplex filter in the plane XZ for 1490 nm (left side) 
and monitor value of Ey in the pathway from INPUT1 
to OUTPUT4 (right side). 

The 2D space distribution of the crosstalk electrical 
field Ey for wavelength 1550 nm in the path way from 
PORT 1 to PORT 4 is illustrated in Fig. 8. The crosstalk 
optical power transmission of MMI-DC triplex filter corre-
sponding to 3 % was calculated. 

 
Fig. 8. 2D space distribution of the electrical field Ey for 

triplex filter in the plane XZ for 1550 nm (left side) 
and monitor value of Ey in the pathway from INPUT 1 
to OUTPUT 4 (right side). 

Spectral characteristics of MMI-DC triplex filter are 
given in Fig. 9 together with FWHM bandwidth of 15 nm 
for 1490 nm (Fig. 9a) and 16 nm for 1550 nm (Fig. 9b). 

 
Fig. 9. Spectral characteristics of MMI-DC triplexer:  

a) PORT 1 to PORT 4 for 1490 nm,  
b) PORT 1 to PORT 3 for 1550 nm..  

From optimized simulation we determined the 
optimal topology dimensions of MMI-DC triplexer (see 
Tab. 7) with assuming topological and optical field 
symmetry in the bilateral path way. The main parameters 
of direct connected and optimized MMI-DC triplex filter 
for wavelength 1310 nm, 1490 nm and 1550 nm are 
presented in Tabs. 8 - 10. 
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Topology constants W H Li Wi 
Devices dimensions [μm] 1.2 1.2 1833 8.4 

Topology constants Ld Lv Lc Lo 
Optimized triplex filter  

dimensions [μm] 
2818 6200 1.2 6.5 

Tab. 7. Optimized MMI-DC triplexer topological constants. 

Insertion losses and crosstalk of the proposed MMI-
DC triplex filter arises from optimization procedure of 
topological constants, where Lo and Li had main influence. 
The optical power transmission of MMI-DC triplex filter 
were in the range between 0.48 and 0.68 after port number 
and the crosstalk power transmission got below value 0.07 
for radiation at 1310 nm, 1490 nm and 1550 nm. 
 

Insertion loss A1 
Output PORT 
Input PORT 

PORT 1 
PORT 2 

(1310 nm) 

PORT 4 
PORT 1 

(1490 nm) 

PORT 3 
PORT 1 

(1550 nm) 
Direct MMI-DC 
connection [d] 

0.36 3.02 3.2 

Optim. triplexer 
connection [d] 

0.36 2.89 3.83 

Tab. 8. The direct connected and optimized MMI - DC triplex 
filter insertion losses for 1310 nm, 1490 nm and 
1550 nm. 

The insertion losses parameters of the MMI-DC tri-
plex filter are better for wavelength 1310 nm when com-
paring with the values at 1490 nm and 1550 nm. This is 
given by multimode function of MMI - DC elements, with 
serial connection, where optical power multipoint spreads 
in interference region.  
 
 

Crosstalk A2 
Output PORT 
Input PORT 

A2 
PORT 3 
PORT 1 

(1490 nm) 

A2 
PORT 2 
PORT 1 

(1490 nm) 

A2 
PORT 4 
PORT 1 

(1550 nm) 

A2 
PORT 2 
PORT 1 

(1550 nm) 
Direct MMI-DC 
connection [dB] 

14.81 14.5 16.3 11.35 

Optim. triplexer 
connection [d] 

15.19 17.8 14.29 11.79 

Tab. 9. Direct connected and optimized MMI-DC triplex filter 
crosstalk attenuation for 1490 and 1550 nm. 

 

Crosstalk A2 
Output PORT 
Input PORT 

A2 
PORT 3 
PORT 2  

(1310 nm) 

A2 
PORT 4 
PORT 2 

(1310 nm) 
Optim. triplexer 
connection [d] 

36.4 36.4 

Tab. 10. Optimized MMI-DC triplex filter crosstalk attenuation 
for 1310 nm. 

The calculation of the least common multiple beat 
distances L and reduction parameter kMMI from coefficients 
l and q, equation (11) are given in Tab. 11. 
 

Symbol LI [µm] 3Lπ,λ1[µm] 3Lπ,λ2[µm] l q kMMI 
Values 1833.0 299.5 287.9 6.1 6.4 47.0 

Tab. 11.  Coefficients l, q and reduce coefficient kMMI for mirror 
beat lengths Lπ calculated for the MMI interference 
region. 

The interference length of MMI-DC triplex filter with 
regard to minimization of insertion losses was optimized in 

simulations, therefore the simulated interference length is 
smaller than the calculated one. The simulations revealed 
that the parameters l, q are not integers, and it is so due to 
the simplified conditions used in the derivation of the for-
mula (5). The equation including the “effective” width We, 
which takes into account the (polarization-dependent) 
lateral penetration depth of each field mode associated with 
the Goos-Hahnchen, shifts at the ridge boundaries.  

4. Application of MMI - DC Triplex 
Filter in Hybrid Integrated WDM 
Transceiver. 
Our MMI-DC triplex filter is supposed to find its 

application in a planar hybrid integrated WDM transceiver 
shown in Fig. 10. 

WDM transceiver consists of optical and optoelec-
tronic part. The optical part is created by PLC (Planar 
Lightwave Circuit) of polymer MMI-DC triplex filter and 
SM fiber focus optics. For optical coupling of SM fiber to 
PLC it will be used optical taper element or optical grating 
coupler. As a polymer we choose the NANOTM SU8-2000 
(SU8) polymer from Micro Chem Corp. for their good 
optical and mechanical properties as the polymer SU8 has 
optical attenuation less than 1 dB/cm for 1300 nm and 
1550 nm. 

 
Fig. 10. Planar hybrid integrated WDM transceiver. 

The optoelectronic part of WDM transceiver contains 
two OE receiver modules [22], with InGaAs PIN photo-
diodes (PD) and microwave amplifiers for down stream 
radiation 1490 nm and 1550 nm, optical bound at PORT 4 
and PORT 3 of MMI filter. For upstream communication 
we used WDM transceiver OE transmitter module 1310 nm 
radiation, optical bounded from facet of Fabry-Perot 
InGaAsP laser diode (LD) to PORT 2 of MMI-DC triplex 
filter. OE transmitter has a microwave modulator and opti-
cal average power feed back control electronics of LD. The 
optoelectronic modules were made by thin layer hybrid 
integration technique. The optimum distance among optical 
waveguides facet on base polymer SU8 and SM optical 
fiber, PD or LD was specified by BMP program 
simulation. 
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5. Conclusion 
To design a planar lightwave circuit MMI-DC triplex 

filter the polymer optical integrated technology was used. 
The dimensions of waveguides with inputs and outputs 
offset were set up to find optimal topology of MMI-DC 
triplex filter for 1310 nm, 1490 nm and 1550 nm. This way 
optical insertion losses, crosstalk and spectrum selectivity 
was minimized by simulation in BMP software from RSoft. 
The designed optimized insertion attenuation were A1= 
2.89 dB and 3.83 dB for 1490 nm and 1550 nm. The inser-
tion attenuation for 1310 nm was 0.36 dB and optical 
crosstalk was up to 11.8 dB. Spectral half-width character-
istics of MMI-DC triplex filter were 15 nm for 1490 nm, 
16 nm for 1550 nm and 2 nm for 1310 nm. By comparison 
of simulated parameters of separated MMI and DC ele-
ments, and farther optimization of the MMI-DC triplex 
filter, it is clear that by BMP package simulation parame-
ters converged to the same dimensions and optical con-
stants. The simulations of optical properties of MMI-DC 
triplex filters showed that MMI-DC triplex filter was sen-
sitive in the order tenth of micrometers to the interference 
length Li width Wi and the coupling distance Lc of the DC 
element. These dimensions of MMI-DC triplex filter have 
to be set with micrometer accuracy. For implementation of 
our designed MMI-DC triplex filter with 1.2 x 1.2 m 
waveguides, the SU8 polymer technology with electron 
beam lithography was considered as the best approach. The 
proposed polymer MMI-DC triplex filter will be used in 
the designed optical part of planar hybrid WDM trans-
ceiver of PON optical networks. 
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