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1 Introduction

Abstract. Based on formulas presented, optimization design is per-
formed and the effects of manufacturing tolerances on transmission
characteristics are analyzed for a polymer microring resonant wave-
length multiplexer around the central wavelength of 1.550918 um with
wavelength spacing 1.6 nm. Modeling results show that the insertion loss
is less than 0.55 dB and crosstalk is less than —21 dB for each of eight
vertical output channels of the designed device without tolerances.
Some manufacturing tolerances result in a shift of the transmission spec-
trum and lead to increases of the inserted loss and crosstalk over the
design case without tolerances. © 2005 Society of Photo-Optical Instrumentation
Engineers. [DOI: 10.1117/1.1842777]

Subject terms: microring resonance; wavelength multiplexer; manufacturing tol-
erance; transmission spectrum; insertion loss; crosstalk.
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simpler structures, easier fabrication, and greater

As the basic elements of optoelectronic devices, microring C0mpactness.The wavelength multiplexer composed of
resonators have many promising applications, such asmicroring resonators is a novel kind of device in wave-

filters2 modulators lasers, and othefs® due to their  length division multiplexing(WDM) optical system&:*
This kind of microring resonant wavelength multiplexer

(MRRWM), fabricated from polymer materiafspossess
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Fig. 1 Schematic diagram of a MRRWM, where the insert shows the cross sections and refractive
index profiles of the channel and microring, and where A=1.550918 pum, n,=1.6278, n,=1.465, n,
=1.

some excellent features, including lower insertion loss, Let N signals with different wavelengths; =X+ (i
smaller crosstalk, easier integration, better thermal stability —1)A\ resonate irN respective microrings with different
and temperature dependence, smaller birefringence, andagii R,=R,+(i—1)AR, wherei=1,2,..N, and where
easEer CI(I)ntrOII\/Iclg ér\ﬁ '\;efractl\:je lndedx. AN and AR are the wavelength spacing and radius differ-
xcellent S are dependent on accurate Stuc- oo of adjacent microrings, respectively. Lt be the

twral design and fine technology. However, manufacturing resonant order, and, be the mode effective refractive in-
tolerances are hard to avoid in the fabrication of the de- ' c :
dex. From the microring resonant equationmRn,

vices. Therefore, parameter optimization and manufactur- : : Sille
ing tolerance analysis are very important in the design and =Mi\i, We can derive the expressions for the microring

fabrication of MRRWMIs. radiusR;, radius differenceAR;, the corresponding free
This paper is organized as follows. First, in Sec. 2, we spectral range FSR and the maximum numbeX,,, of
report in detail the parameter optimization of &8 poly- vertical output channels in F$RS, respectively,
mer MRRWM around the central wavelength of 1.550918
pum with a wavelength spacing of 1.6 nm. The optimized m\;
parameters include the core thickness and core width of theR; by (1
T o - . . N
channels and microrings, microring radii, radius difference
of adjacent microrings, resonant order, free spectral range
(FSR, and number of vertical output channels. Then, in \p _ 1 ()\_ Am-+ mingm\) %)
. : i i ’
Sec. 3, effects of manufacturing tolerances on the transmis- 27N, c
sion spectrum, inserted loss, and crosstalk are investigated.
Finally, conclusions are summarized in Sec. 4. \iNg
FSR= ; ()
2 Optimization Design MiNg
A schematic diagram of the MRRWM investigated in this FSR
paper is shown in Fig. 1, in which a horizontal main input Nmaxzint(—), (4)
channel is crossed ovétvertical output channels. In every Ar

filter element* a microring is placed on the top of the main ) o
channel and the corresponding vertical channel; betweenwhereng=n.—A\ dn./d\ is the group refractive index, and
them a coupling layer exists. The insert shows the crossAm=m;,;—m; is the resonant order difference of the ad-
sections and refractive index profiles of the channel and jacent microrings. In the following calculations, we take the
microring. Leta, andb, be the width and thickness of the central resonant wavelength to hg=1.550918um, the
channels, and, andb, be those of the microrings. Assume refractive index of the polymer cores of the channels and
that the channel and microring have the same core refrac-microrings to ben;=1.6278, that of the claddings of the
tive indexn,, but have different cladding refractive indices channels to ben,=1.465 [that is, the relative refractive
n, and ng, respectively, and assume tha also is the index difference isAn=(n;—n,)/n,;=0.1], and that of the
refractive index of the coupling layer. claddings of the microrings to b&,=1.0. The values of the
Let the total length of the main channel bé& 2 (N parameters used in the calculation are given in the corre-
—1)L,, wherel, is the distance from the input or output sponding figure captions.
port of the main channel to the adjacent coupling point, and By solving the mode eigenvalue equation of the rectan-
L, is that between adjacent coupling points on the main gular optical waveguidé, the curves of the mode effective
channel, and let;;=L,— (i —1)AR be the distance from refractive indexn. versus the core thicknessbs and b,
the output port of théth vertical channel to the adjacent are plotted in Fig. 2. We find that when we chocsg
coupling point. Assume that, is sufficiently large so that ~ =b;=1.48um, a,=2.01um, andb,=1.576um, only the
the coupling between the vertical output channel and the fundamental modes can propagate in the device. Further-
next microring can be neglected. Denote dy, b,y the ~ more, B, (dashed curvesand E), (solid curves of chan-
signal amplitudes at the input and output ports of the main nels have the same mode propagation congast those of
channel, respectively, and Hoy; that at the output port of  Ej5 (dashed curvesand B (solid curves of microrings.
theith vertical channel. This means that the mode birefringence is already elimi-
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Fig. 2 Curves of n; versus b, and b,, where a;=1.48 um, a,
=2.01 um, E;q (dashed curves) and E%q (solid curves) correspond
to the channels, and E,; (dashed curves) and E_} (solid curves) ] o
correspond to the microrings. large bending loss. On the contrarymif is too large, FSR

andNax Will be too small, making it difficult to realize the
demultiplexing of the device. On the other handAin is

taken to be zero, theARg has to be about 16.45 nm for
g15=105, and it is very difficult to realize such a small

nated, and the polarization independence of the device is
realized. Therefore, in the following analysis we assume
that all the channels and microrings possess the same mod
propagation constarg.

Figure 3 shows the curves of the mode effective refrac- ) .
tive indexn. versus the operating wavelength It can be and the practical structure of the device, we Sem
seen that the operating wavelengthshould be limited ~ — 2 @ndms=105 for the central wavelengths. In this
within the range of 1.54 to 1.56m to maintain the single-  CaS€ARs can be increased to 338.21 nm, which will be of

the device. Considering the conditions of our laboratory

distance between adjacent microrings in the fabrication of

lengths\ ; to \g are covered in this wavelength range, and the FSR is about 13.58 nm, so eight resonant wavelengths

the mode birefringence is very small, and hence the polar- €an be inserted in a FSR around the central wavelength

ization dependence is very weak. whereas in the design presented in Refs. 8 and 9, the eight
Figure 4 shows the dependence on the resonant argler resonant wavelengths were inserted in three consecutive

of the microring radiusRs, the radius differencé\Rs,
FSR;, and the maximum numbeN ., for the central
wavelength 5. We find that asng increasesRs andARg
increase, while FSRandN,,, decrease. It is known from
Fig. 4 thatmg and Am need to be selected properly.nfs
is too small,Rs will be too small, which will bring about

demultiplexing.

Figure 5 plots the curves of the bending loss coefficient
2« versus the microring radiuR for the fundamental
modes By and By, which is calculated from the formula
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Fig. 3 Curves of n. versus \, where a;=b;=1.48 um, a, Fig. 5 Curves of 2ay, versus R for the Egj and Egf fundamental
=2.01 um, b,=1.576 um. modes, where a,=2.01 um, b,=1.576 um.
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10° pm for the coupling deviatioh=0. When we takec to be
0.2, the coupling layer thickneskis about 0.55um.
¢ In summary, the optimized values of the parameters of
% the polymer MRRWM are listed in Table 1.
R !
“g‘, 10 ;
3 ; : 3 Manufacturing Tolerance Analysis
§ E In terms of the mode coupling thedfyand the transfer
g 02 ; matrix techniqué?>*® we can derive the transfer function
2 ] ; : from the input port to the output port of the main channel
E’- ; i |By|? and that from the input port of the main channel to
< : the output port of théth vertical channelD;|? as, respec-
: E tively,
10-3. P PR U S SR | e d a0
0.0 05 1.0 1.5 20 ) N
. . b
Coupling Layer Thickness d (um) IBy|2= % :‘(Hl Ui)exp[—j(N—l)wz]
Fig. 6 Curves of «; versus d for, where a;=b;=148 um, a, 1 a
=2.01 um, b,=1.576 um, R=16.77 um, and the deviation A=0, 2
0.5 um. Xexp(—j2¢)| , 5
efficient 2w, decreases as the microring radRigcreases. byl 2 -1
2_ 1 _ P
When we takeR to be 16.77um, 2ay, drops to about 1.1 |Dil*= P —‘(kl U |Viexd —j(i—1)¢,]
X 10 "/em and 6.X 10 ’/cm for the B and B funda- H
mental modes, respectively, which is much smaller than the _ 2
propagation loss coefficienta2,=0.1/cm. xXexgd —j(¢+o)]| (6)
By means of controlling the variation of the thickneks
of the coupling layer and the deviatianbetween the chan- .
nel and the microring, we can enable the amplitude cou- With
pling ratios of all the filter elements to have the same value
K. t{1—exd —j(pqit+ doi
Figure 6 shows the relation between the amplitude cou- U;= { P i j,(qsl' ¢2')]},
pling ratio x and the coupling layer thickness between 1-texd —j( o1+ ¢ai) ]
channels and microrings, which is calculated from the
mode coupling theor} It can be seen that the amplitude K2 exp(—j doi)
coupling ratiox can be limited to the range 0.3 to 0.1 when V,=-— : (7)

the coupling layer thickness is varied from 0.38 to 0.84 1-t2exd — (o + dai)]’

Table 1 Optimized values of parameters of a polymer MRRWM for the fundamental mode.

Central wavelength A5=1.550918 um

Wavelength spacing AN=1.6 nm

Refractive index of polymer cores of channels and microrings n,=1.6278
Refractive index of polymer claddings of channels n,=1.465
Refractive index of air claddings of microrings n;=1.0

Relative refractive index difference
Core width and thickness of channels

An=(n;—n,)/n;=0.1
a;=b;=1.48 um

Core width of microrings a,=2.01 um
Core thickness of microrings b,=1.576 um
Resonant order for central microring ms=105
Resonant order difference of adjacent microrings Am=2
Central microring radius R5=16.768 um
Radius difference of adjacent microrings AR=0.338 um
Free spectral range FSRs=13.58 nm
Number of vertical output channels Niax=8
Distance L,=4000 um
Distance L,=250 um
Optical Engineering 025005-4 February 2005/Vol. 44(2)
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r=Li(B—jar), Y=Lu(B—jay), 10°
po=La(B—]ay), (8a) "§ 10"
. . ol
$1i=37TR(B—jar)l2, ¢=mRi(B—jar))2, (8b) B
& 10°
wheret=(1-x?2 a, =a,, and ag;= ay+a, are the 5
propagation loss coefficients of the channels andithe 2
microring, respectively, which includes the bending loss ;E', 10° , l’ ‘
ap; and the propagation loss,. The insertion loss and & PA ' 2N ’ S
crosstalk of every vertical channel are defined as, respec- +
tively, 10.‘ :- 1 1 L 1 It L
L0 (dB)=—10log(|D;[) © 1.544 1546 1548 1550 1.552 1554 1.556
Gl [Dil), Wavelength A (um)
N (@
LEMN) <dB>:10Iongg=l |Dj<m>|2/ D)2, 10
(10 o
Q 08
wherei=1,2,...N. £
In the following calculation, we take account of the g 06
propagation loss of channels and microrings whose coeffi- g ™
cient 2« is about 0.1/cm, and the bending loss of micror- “:’
ings whose coefficient @g; is about 1. 10™ //cm for the 8 04 ; ;
central microring radiuRs=16.768um. 2
Using the formulas given, first the transmission spectra £ 4, : 1
of the eight vertical output channels are plotted in Fig,7 ,g
and that around the central resonant wavelengtis plot- : '

ted in Fig. 7b). It can be seen from Fig.(a that the eight O %506 15507 15508 18505 15510 18511 18512
resonant wavelengths with wavelength spacing 1.6 nm in a

FSR can be output from the eight corresponding vertical Wavelength 4 (um)

channels, and wavelength demultiplexing is realized in the (®
device. The minimum output intensity of the nonresonant _ o _ ]
|ight is about 3.% 102, It can also be seen from Fig(bZ Fig. 7 (a) Transmission spectra of eight vertical output channels,

that th t k of the t t and (b) that around the central resonant wavelength A5, where
a € resonant peak o e transmission Spectrum pos-, , p=0.1/mm, and the values of the other parameters are listed in

sesses a Lorentzian shape, and its 3-dB bandwidth is aboutrame 1.
0.18 nm when we take to be 0.2. Because of the plausible
optimization of the relative parameters, the curves of the

transmission spectra of the fundamental mod%dfe co- Figure 9 shows the effects of the tolerane®s 8.,

incident with those of the fundamental modelg, E and 5g on the insertion loss of the eight vertical output
In the fabrication of the device, it is difficult to control  channels. We find thab,, J,,, and dg result in an in-

the exact design values of some parameters, sueh/s, crease of the insertion loss, whether they are negative or

andR, so the corresponding manufacturing toleranégs positive.

San, and Sy must be accepted, and hence affect the trans-  Figure 10 shows the effects of the toleranées d,,,

mission characteristics of the device. and g on the crosstalk of the eight vertical output chan-
Figure 8 shows the effects of the tolerane®s 64, , nels. It can be seen from Fig. &) that whend, is nega-

and dr on the transmission spectra of the eight vertical tive, that is, x decreases, the crosstalk decreases. On the
output channels. We find that onl§,,, or Jg shifts the contrary, if 8, is positive, that isx increases, the crosstalk
spectrum; S, does not. Figure @ shows that whens, increases. It can also be seen from Figsbi@nd 1Gc)
varies from negative to positive, the 3-dB bandwidth of the that the effects 0#,,, and dr on the crosstalk are minor
resonant peak increases, and the minimum output nonresocompared with the design case without tolerances, except
nant intensity becomes large. When we takeo be 0, that  for the first vertical output channel.

is, k=0.2, the 3-dB bandwidth is about 0.18 nm; this is the

design case without tolerances. Figuréls) &nd 8c) show 4 Conclusions

that the resonant peaks shift to the left whey, or 6y is On the basis of the preceding optimization design and
negative, but to the right whedy, or oy is positive. When  manufacturing tolerance analysis of ax8 polymer

we take|8,,/=0.0002 or|dg|=3.5nm, the shift of the =~ MRRWM around the central wavelength of 1.550918

transmission spectrum is about 0.35 nm with respect to thewith wavelength spacing 0.8 nm, we may conclude as fol-
designed case without tolerances. lows.
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Fig. 8 Effects of (a) 6., (b) dan, and (c) g on the transmission Fig. 10 Effects of (a) &,., (b) 84, and (c) 5 on the crosstalk of the
spectra of the eight vertical output channels, where 2a,=0.1/mm, eight vertical output channels, where the values of the parameters
and the values of other parameters are listed in Table 1: (a) &, are the same as those of Fig. 8.

=—0.1 (dotted line), O (solid line), 0.1 (dashed line); (b) San

=—0.0002 (dotted line), 0 (solid line), 0.0002 (dashed line); (c) dr

=—3.5 (dotted line), O (solid line), 3.5 nm (dashed line). proper range to maintain the normal demultiplexing of the
device. Currently this kind of polymer MRRWM is being
fabricated in our laboratory.
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