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Abstract

Novel formulas of transmission functions are presented, some parameters are optimized, and transmission characteristics are
analyzed for a polymer microring resonant wavelength multiplexer around the central wavelength of 1.55 um with the wavelength
spacing of 5.6 nm and with eight vertical output channels. The computed results show that the designed device possesses some
excellent features including the 3 dB bandwidth of 0.25 pm, weaker background light of 3.8 x 10~*, smaller inserted loss of less than
0.6 dB, and lower crosstalk below —20 dB for every vertical output channel.

© 2004 Elsevier Ltd. All rights reserved.
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1. Introduction

The wavelength multiplexer composed of some micror-
ing resonator elements is a novel device in optical
telecommunication systems. In the last decade, various
kinds of microring resonators [1-5] for integrated optics
have received considerable attention because of some
excellent features, such as lower inserted loss, smaller
crosstalk, and easier integration of fabrication. Recently,
some researchers have designed and fabricated some
microring resonant wavelength multiplexer which exhib-
ited good wavelength demultiplexing in experiments [6,7].

Electro-optic polymers can also be used to fabricate
wavelength multiplexers, which possess better thermal
stability and temperature dependence, smaller birefrin-
gence, and ecasier control of the refractive index.
Therefore, polymers are promising materials for fabri-
cating multiplexers including arrayed waveguide grat-
ings (AWG) and microring resonators (MRR).
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In this paper, in order to obtain better wavelength
demultiplexing, first we perform the optimization for the
parameters of a polymer microring resonant wavelength
multiplexer. Then we present novel formulas of trans-
mission functions, and use them to analyze the
transmission characteristics of this kind of device
around the central wavelength of 1.55 um with the
wavelength spacing of 5.6 nm and with 8 vertical output
channels. Finally, we reach some conclusions on the
basis of the analysis and discussion.

2. Parameter optimization

In order to obtain the better wavelength demultiplex-
ing, in this section, the values of some parameters of the
polymer microring resonant wavelength multiplexer for
the £, mode are optimized.

2.1. Structure of the device

Fig. 1(a) shows the schematic diagram of a polymer
microring resonant wavelength multiplexer with eight
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Fig. 1. (a) Schematic diagram of a microring resonant wavelength multiplexer, (b) that of a basic filter element, and (c) cross sections and refractive

index profiles of the channel and the microring.

vertical output channels. Every polymer microring is
placed on the top of the main polymer channel and the
corresponding polymer vertical output channel which
are buried in another polymer cladding on the Si
substrate. Assume that the total length of the main
channel is 2L} + (N — 1)L,, where L; is the distance
from the input or output port of the main channel to the
adjacent coupling point, and L, is that of the adjacent
coupling points on the main channel, Ly; is that from the
output port of the ith vertical channel to the adjacent
coupling point. Fig. 1(b) shows a basic filter element,
and Fig. 1(c) shows the cross sections and the refractive
index profiles of the channel and the microring, which
have the same core width ¢ and different core thickness
b and b@, and have the same core refractive index n
and different cladding indices n; and n3, respectively.
Selecting the proper values of the material and
structural parameters, we can control the channels and
the microrings to have the same mode propagation
constant.

In the following analysis, the values of parameters
used in the calculation are given in the relative figure
captions.

2.2. Size of the vertical channels and rings

Fig. 2 presents the curves of the effective refractive
indices n. versus the core thickness 5 and 5@ of the
channel and the microring, respectively, which are
solved from the eigenvalue equations of the Ej, mode
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Fig. 2. Curves of n. versus b1 (dashed lines) and »? (solid lines) for
Erf mode, where a=2pm, A= 1.550918 pm, n; = 1.6278,n;, =
1.465,n3 = 1.

of the rectangular optical waveguide [8]. We can find
that when we select the core width and thicknesses of
channels and microrings to be a=2.0pum, bV =
1.07 pm and 5@ = 1.5 pum, respectively, the single mode
propagation is realized in the device, and both the
channel and the microring have the same propagation
constant.

Fig. 3 presents the curves of the effective refractive
indices n. versus the propagating wavelength A for the
channel and the microring, respectively. We can also
find that the device has also realized single mode
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propagation in the range of 1.53 to 1.58 um, which has
covered all the eight resonant wavelengths of the device.

2.3. Amplitude coupling ratio

Fig. 4 shows the relation between the amplitude
coupling ratio k and the thickness d of the coupling
layer between the microring and the channel, which is
calculated from the mode coupling theory [9]. It can be
seen that the amplitude coupling ratio x can be limited
in the range 0.1-0.3 when the thickness of the coupling
layer d is varied form 0.85 to 0.4 um.

2.4. Resonant order, radii of microrings, radius difference
of adjacent rings, free spectrum range (FSR), and the
maximum number of channels in a FSR

Assume that the wavelengths of the N signals input
from the input port of the main channel are 4; =
A+ (i — 1)AA, where A, is the initial wavelength and A1

1.56
e E,

1.54 =
:0
3
- 152}
&
[}
2
g 150}
=
w

148}

1.50 1.52 1.5 1.56 1.58 1.60
Wavelength 4 (um)

Fig. 3. Curves of n. versus A for qu mode, where the values of
parameters are the same as those of Fig. 2, solid lines are for the
channel, dashed line is for the microring.
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Fig. 4. Curves of k; versus d for Ej, mode, where the values of
parameters are the same as those of Fig. 2.

is the wavelength spacing, and the relative resonant radii
of the N microrings are R; = R + (i — 1)AR, where R
is the initial radius, and AR is the radius difference of
adjacent microrings. Let m be the resonant order,
according to the following resonant equation of the
microring [10-12].

2nRin. = mi;, (1)

the equations of the resonant radius of the central
microring R, group refractive index n,, radius difference
of adjacent microrings AR, free spectral range FSR, and
the maximum number of the vertical output channels in
a FSR is

mA

R= e &)
Hg = Ne — /1%, 3)
AR = C(ll—fm — ;’:;gz A, 4)
FSR = ’;Zg (5)
Nonax = int <FAS;> — int <m1/1 :—g> (6)

Fig. 5 shows the relations between the resonant order
m and R, AR, FSR and N.«. It is found that a proper
value should be elected for m. If m is too large, FSR and
Nmax Would be too small, it would be uneasy to realize
the demultiplexing of the device. On the other hand, if m
is too small, R and AR would be too small, this would
cause larger bent loss of the microrings, and it would be
difficult to fabricate the device. A larger wavelength
spacing A/ leads to a larger radius difference AR,
therefore, we had to choose a larger wavelength spacing
AA to produce a larger radius difference AR, which
would benefit the fabrication of this kind of wavelength
multiplexer. Considering the conditions of our labora-
tory and the practical structure of the device, for the
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Fig. 5. Curves of R,AR, FSR and Ny.x versus m, where a=
2.0 um, b® =1.5um, A= 1.550918 pm, A/ =5.6nm, n; = 1.6278,
n = 1465, ny = 1.
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Table 1

Optimum values of parameters of the polymer device for the £j, mode
Central wavelength A =1.550918 pm
Wavelength spacing A/ = 5.6 nm
Refractive index of polymer core of channels np = 1.6278

and microrings

Refractive index of polymer claddings of ny = 1.465
channels

Refractive index of air claddings of microrings ny =1

Core width of channels and microrings a=2pm

Core thickness of channels b =1.07 um
Core thickness of microrings b = 1.5 um

Thickness of the coupling layer between
channels and microrings

0.4<d<0.85 pm

Amplitude coupling ratio 0.3>1%;>0.1
Resonant order m=179
Microring radius for central wavelength R =12.65 um
Radius difference of adjacent microrings AR = 50.0 nm
Free spectral range FSR = 18.0 nm
Maximum number of vertical output channels in Nmax = 3

a FSR

Total number of vertical output channels N =38

central wavelength of 1.550918 um, we select m = 79
and AA=5.6nm to achieve a resonant radius of
12.645 pm, a radius increment of 50 nm, and a FSR of
18 nm. In the design, eight wavelengths are inserted in
three adjacent FSRs.

The optimum values of parameters of the device are
listed in Table 1.

3. Characteristic analysis

In this section, the characteristics of the polymer
microring resonant wavelength multiplexer designed
above are analyzed, which include the bent loss of the
microrings, leakage loss caused by the substrate with
higher refractive index, transmission spectrum, inserted
loss and crosstalk of every vertical output channel.

3.1. Bent loss of the microring

The inserted loss of the device includes the mode
scatter loss mainly caused by the roughness of the
interfaces of the waveguides, bent loss of the microrings,
leakage loss resulted from the high refractive index
substrate, and propagation loss due to the absorption of
the materials of the device. The mode scatter loss can be
disregarded by dint of the improvement of fabrication
technology. Therefore, we only care about the effects of
the above bent loss, leakage loss and propagation loss
on the transmission characteristics of the device.

Fig. 6 plots the curves of the bent loss coefficient 20,
versus the bent radius R, which is calculated from the
formula presented in Ref. [13]. It is found that the bent
loss coefficient 2o, decreases as the bent radius R

increases. To be precise, 2ay is dropped down to 2.0 x
1073 /cm for the bent radius R being 12.65 pm, which is
much smaller compared to the propagation loss
coefficient 2a;, which is taken to be 0.1/cm.

3.2. Leakage loss caused by the substrate

The channels and the microrings are formed on the Si
substrate which possesses a higher refractive index of
ngy = 3.45 compared with that of the guide core of n; =
1.6278.

Fig. 7 plots the curves of the leakage loss coefficient
20y versus the thickness / of the confined layer between
the guide core and the substrate, which is calculated
from the formula presented in Ref. [14]. It is found that
the leakage loss coefficient 2o decreases as the confined
layer thickness / increases. To be precise, 2¢; is dropped
down below 10~ /cm when the confined layer thickness
h is larger than 6 pm, which is so small and can be
neglected. Therefore, in the following analysis we only
take account of the bent loss of the microrings and the
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Fig. 6. Curves of 2ay, versus R, where the values of parameters are the
same as those of Fig. 5.
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Fig. 7. Leakage loss of substrate 20 versus 4, where a = 2.0 um, b =
1.07 pm, 4 = 1.550918 pum, n; = 1.6278, n, = 1.465, ny = 3.45.
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propagation loss in the channels and the microrings, and
take 2o, to be 0.1/cm.

3.3. Transmission spectra

The transmission spectrum, inserted loss and cross-
talk are important characteristics, which can judge the
quality of a microring resonant multiplexer. In order to
analyze these characteristics, we derive the transmission
functions from the input port to the output port of the
main channel By and that to the output port of the ith
vertical channel D; as follows, respectively (see the
appendix)

2

N
|By|* = ‘(H Ui) exp[—J(N — Dy ]exp(=j2¢y)| . (7)
i=1

i—1
IDi = (H Uk> Vi exp[—i(i — 1]
k=1
x expl—iW +y)lF G =1,2,...,N), ®)
with
Ui = ti{1 — exp[—j(¢y; + P21} ©)

1 — 17 exp[—j(¢; + p2)]

K7 exp(—iy)
V= - . g 10
1 — 27 exp[—i(dy; + $2)] o

Yy = Li(f —jor), Yy = Lu(f — jor), (11)

Yy = La(B — jor), (12)

¢1; = 3nRi(f — jori)/2, ¢y = nR(B — jori)/2, (13)

where, x; is the amplitude coupling ratio, #; = (1 —
K?)l/ 2, B is the propagation constant of the channels and
the microrings, oy = o, is the propagation loss coeffi-
cient of the channels, agr; = o + op is that of the ith
microring which includes the bent loss and the
propagation loss.

Fig. 8 shows (a) the transmission spectra in the range
of more than two FSRs, and (b) those around the eight
resonant wavelengths. Because this device is designed
without periodicity, only those resonant wavelength
labeled by 4; (i=1,2,...,8) in Fig. 8(a) can be output
from the relative vertical channels, and the wavelength
demultiplexing is realized in the device. The FSR of
every filter element determined by the transmission
function is consistent with that calculated by Eq. (5). We
insert eight resonant wavelengths in three adjacent FSRs
in the design of the device. We find that as the amplitude
coupling ratio k; increases, the resonant peaks become
wide, while the background light becomes strong. When

we take x; = 0.1,0.2,0.3, the relative 3 dB bandwidth of
the resonant peak is about 0.07, 0.25, 0.56 nm, and the
relative minimum background light is dropped down to
23 %1073, 3.8 x 1074, 2.1 x 1073, respectively.

3.4. Inserted loss

The inserted loss of every vertical output channel is
defined as

LO(dB) = —101log,o(|ID;]*), (i =1,2,...,N). (14)

Fig. 9 shows the inserted loss of 8 vertical output
channels. We find that as the resonant wavelength /;
increases, the inserted loss also increases. When we take
k; = 0.1,0.2,0.3, the inserted loss of every vertical
output channel is dropped below 0.77, 0.57, 0.77 dB,
respectively.

3.5. Crosstalk

The crosstalk of every vertical output channel is
defined as

N 2
SN DR
Lct(4:)(dB) = 10logy, <—j¢u1 il )>,

ID;*(%)
(=12, .. N) (15)

Fig. 10 shows the crosstalk of 8 vertical output
channels. We find that as the resonant wavelength /;
increases, the crosstalk also increases. Additionally,
larger power coupling ratio would cause larger cross
talk. When we take x; = 0.1,0.2,0.3, the crosstalk of
every vertical output channel is dropped below —30,
—20, —10.5 dB, respectively.

4. Conclusion

On the basis of the above analysis and discussion of
the polymer microring resonant wavelength multiplexer
designed in this paper, some conclusion are reached as
follows.

1. The resonant order of 79 and the wavelength
spacing of 5.6 nm for the central wavelength about
1.55um 1is used to achieve a resonant radius of
12.645 pm and a radius increment of 50 nm, and lead
to a FSR of 18 nm. The bent loss coefficient results from
this radius of 12.645 um is about 6 x 107> /cm, and it is
smaller. Therefore, the inserted loss of the device is
mainly caused by the propagation loss. Also, the radius
increment of 50 nm can be realized in the fabrication of
the device by the technology of our laboratory. The FSR
of 18 nm contains three resonant wavelengths, so the 8
resonant wavelengths designed is inserted in three
adjacent FSRs.
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Fig. 8. (a) Transmission spectra in more than 2 FSRs, and (b) those around resonant wavelengths of eight vertical output channels, where
AJ. = 5.6 nm, 4 = 1.534118 pum, 4, = 1.539718 pum, A3 = 1.545318 pm, A4 = 1.550918 um, 15 = 1.556518 pm, A = 1.562118 um, /7 = 1.567718 pm,
Ay = 1.573318 pm; AR = 50.0 nm, R; = 12.50 um, R; =12.55 um, R3; = 12.60 pm, R4 = 12.65 um, Rs=12.70 pm, Rs = 12.75pum, R; =
12.80 pm, Rg = 12.85 pm; L; = 4000 pm, L, = 100 um, 20, = 0.1/cm, x; = 0.1,0.2,0.3 corresponds to the three curves from the bottom to the
top in every figure, the values of other parameters are the same as those of Fig. 5.

2. The analytical results by using the formulas of the demultiplexing in theory. In addition, taking the
transmission functions presented in this paper shows amplitude coupling ratio of 0.2, this device possesses
that the device designed has realized better wavelength some excellent features, such as the 3 dB bandwidth of
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0.25 um, the weaker background light of 3.8 x 1074,
smaller inserted loss less than 0.6 dB, and lower cross-
talk below —20 dB for every output channel.

We think that this work would also be suitable and
helpful for the design of some other similar microring
resonant wavelength multiplexer. Currently this kind of
polymer microring resonant wavelength multiplexer is
being fabricated in our laboratory.
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Appendix

Let ay;, b1, aoi, bi, a3i, b3i, asiy by be the input and
output amplitudes of the ith wavelength passing through

the interfaces Sj; and S,; in the ith filter element as
shown in Fig. 1(b). By using a» = b3; exp(—j¢,;) and
as; = by exp(—j¢,;), the following coupling equations
can be obtained:

by = tiay; — jKiax = tiay; — jK;bz; exp(—joy;), (A.1)

by = fj;cial,- + tiar; = 7jKiCl1i + t,'b3i CXp(fj(bli), (A2)
bsyi = tiaz; = t;b; exp(—jy;), (A.3)

by = —jiaz; = —jKiby exp(—j¢y;), (A4)
where the expressions of ¢, and ¢,, are given by
Eq. (13). Solving Eqgs. (A.1)~(A.4), we have

by = Uiy, bsi = Viay, (A.5)
where the expressions of U; and V; are given by Egs. (9)
and(10), respectively. Substituting a;; = by ;1 exp(—jy¥/,)

into Eq. (A.5), we can derive the recurrence relations
between amplitudes ay; and by;, bs; as follows

b = Uiayy, by = Viau, (A.6)

bii = Uibyi—1 exp(=]i»), bai = Viby i1 exp(=jr»),

(i=23..,N) (A.7)
From Egs. (A.6) and (A.7) we obtain
b
a‘lf <H U) exp[—j(V — D], (A8)

by; =
afl = (H ) Viexp[—j(i — D],
(i=12,...,N). (A.9)

By using aj; = aiiexp(iyy) and by = by exp(—jy,),
By and Dy can be expressed as, respectively

b b .
By = [ = |2 exp(—j2y))], (A.10)
ap an
b, ba; .
D; = |- = | ™ exp[ iy,
an an
(i=12,...,N). (A.11)

Substituting Eq. (A.8) into Eq. (A.10), Eq.(7) is ob-
tained. Similarly, substituting Eq. (A.9) into Eq. (A.11),
Eq. (8) is obtained.
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