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Accurate Analysis of the Mode (de)multiplexer
Using Asymmetric Directional Coupler

C. Pan, and B. M. A. Rahmarellow, IEEE

Abstract—Design optimizations of asymmetric directional
couplers for the fundamental quasi-TE (TM) mode with the
higher order quasi-TE (TM) modes (de)multiplexer including
the HZ! (H2'), H3' (H}'), Hj (Hz'), and H;! (H3!) modes are
studied by a full-vectorial H-field finite element method. Phase
matching of non-identical nanowires are more critical and
accuracy of the numerical method for the design is tested here.
The effect of possible fabrication tolerance is also discussed
thoroughly. These results show that a narrow separation of 100
nm or similar value should be employed for the quasi-TE mode
splitters, but for the quasi-TM modes, aréatively wide separation
of ~ 500 nm can be used. The fabrication of the single mode
nanowire should be strictly accurate within +5 nm of the design
values.

Index Terms—Silicon photonics, mode (de)multiplexer,
asymmetric directional coupler, finite element analysis.

I. INTRODUCTION

more attractive and convenient for design, because the
conversion between higher order modes and the fundamental
mode could be realized through the coupling between close
planar guides, and several solutions are proposed to solve the
insertion issues between Silicon planar integrated circuit (PIC)
and fiber [19-22]. SOl mode (de)multiplexers using
asymmetric Y junctionor tapered asymmetrical directional
couplers (ADCs) based on mode evolution have been
demonstrated [12-16]. However, their fabrication is a big
problem because a smooth tapered structure is still difficult to
achieve precisely now. Alternatively, ADC based mode
(de)multiplexer [17-18] can be low-loss, low-crosstalk and
high scalability for more mode channels. The channel can be
added through direct cascade. Although an 8-channel mode
multiplexer based on asymmetric directional coupler has been
fabricated and tested experimentally [18], the design
optimization of the parameters and performance analysis of
fabrication tolerance of thADC section using more accurate
numerical method are still missing.

In this paper, design optimization of the ADC for SOI mode

Aseries of technological breakthroughs such as WDMge)multiplexer is presented by usiagull-vectorial H-field
advanced coding technique had allowed the capacity detite element method (FEM). The width of multi-mode
fiber to be increased around ten fold every four years iranowire is optimized following the phase matching condition

the past [1]. However,

communication systems based on these

the capacity of the opticahs a result, the fundamental mode of access single mode
transmissioanowire (SMNW) can be converted to higher order mode and

technologies is going to be saturated and will not be able ¢oupled to the multi-mode nanowire (SMNW). Separation

keep up with the exponential growth of the Internet traffic. It ibetween these two nanowires is determined through tolerance
possible that the bandwidth bottleneck may be effectiveBnalysis which is simulated by the least-squares boundary
alleviated by the mode-division multiplexing (MDM) residual (LSBR) method. The influence of fabrioati
technique with the introduction of few-mode fibers [2-4]. Earlyolerances is also discussed thoroughly in this paper. The result
study has shown a transmission capacity of 960 Gb/s pows that the narrow separation of 100 nm should be
wavelength through three LP modes with a few-mode fiber [4¢mployed and the fabrication of the SIM/ should be strictly
Especially, in comparison with WDM system, MDM system isiccurate with the error of less than +5 nm as the structure is
relatively cheap and compatible solution of opticalery sensitive to the change of nanowire (NW) width.
interconnects for parallel chip multiprocessors [5]. One laser

diode is needed in MDM system, so it contributes less to the

power consumption of electric chips which are power sensitive. [I. THEORY

Mode (dejmultiplexer is one of the ke_y device_s in _MDM The number of guided modes and the propagation constants
system. Several types of mode (de)multiplexer with differenf; yheqe modes increase as the width of the@lincreases.

materials and structures have begn proposed [6-18]. Cqmpgg} symmetric directional coupler, the width of the waveguides
mode (de)multiplexer based on Silicontinsulator (SOI) is are identical, and as a result, power may transfer from one

waveguide to the other naturally. It should be noted that for
identical coupler, power cannot be exchanged between two
different modes. For an ADC, power between the two guides
can transfer only when teemodes are phase matched and this

possible when these guides are of nonidentical widths. Based
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on this phenomem, mode (de)multiplexer can be realized by
ADC structure. For the mode (de)multiplexer, the fundamental



mode in a SMNW will be converted into the higher order modguasiTE, H}!, mode with the number of mesh divisidis< N
and coupled into a SMNW when their propagation constaniged to represent the half structure is shown in Fig.1 by a solid
equal to each other or very close. Therefore, an accur@li@e line. The refractive indices of Silicon and Silica are taken
numerical approach is needed to obtain the precise mogle 3.4754752 and 1.4440236 at the operating wavelength of
condition of these two NWs for the design. On the other hantis50nm, respectively. The waveguide under consideration has
as to all practical optical waveguide with 2D confinement, thigs width and height, W=400 nm, H=22@n, respectively. It is
eigen modes are classified as quasi-TE and quasi-TM modebvious that g increases rapidly at first and then reaches a
and all the contain six components of EhandH fields. Thus, constant value asymptotically as N increases. The accuracy of
a full-vectorial numerical method should be used to fingd, rises to 4 decimal place when using a mesh size of
accurate eigen modes in these NWs. - 600x@0. Aitken’s procedure extrapolation [27] has been used

The full-vectorial numerical method used here idHafield  to assess the precision of the modal solution for this structure,
based FEM, one of the most accurate and numerically efficiaphich extrapolates from three successive values,piith a
approaches. The formulation is based on the minimization fi¢ed geometric mesh division ratio in both the transverse
the full H-field energy functional [23], dimensions of a waveguide:

JI(VxH) &% (VxH)+p(V-H) (V-H)]dxdy

ITH" - aiHdxdy
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. . —_— neﬂ(i+l) _zneff(i) + 1y (i-
where H is the full-vectorial magnetic field, * denotes a . N
complex conjugate and transpos@js the eigenvaluaxy(being The extrapolated values afj, is also plotted in Fig.1 by a
the angular frequency), p is a weighting factor for penalty terfﬁd soj|d line. For instance, according to Eq. (3), we calculate
to eliminate spurious modes af@ndji are permittivity and Aitken’s value from three ney values of 2.104272.10867
permeability tensors, respectively. This full-vectorial FEM i€-10987 for mestN=250, 500 and 1000, respectively. The
also used to determine the coupling length between tﬁétrapolated'value is 2.1‘1032 from thes_e ther_e values. The
fundamental mode and the higher order modes throu@ﬁvantage of introducing Aitken’s extrapolation is illustrated
calculating the propagation constants of the even and ofl§arly in Fig.1.

supermodes. a5 T
The beam propagation method (BPM) [24] is a useful : __,,f_:,“i,,,_,mm.\ﬂ,,,,p,(,,,,m,n
approach to study the evolution of optical waves along 2.110 -
z-variant optical structures and calculate the power transfer
during modal conversion. However, for an ADC, composed of e
two butt-coupled uniformNWs with only two discrete 5 _ \-1550 nm
interfaces, a junction analysis approach would be numerically s Sl L
more suitable. The least-squares boundary residual (LSBR) ' i I'HZ"""-
method is more accurate than the other available techniques for 5i0,
the analysis of power transfer characteristics in practical iy
guided-wave problems [25]. The LSBR method looks for
stationary solution to satisfy the continuity conditions of the 2,090

tangentialE and H fields in a least squares sense over the o e T R
Number of Mesh, NxN

interface by minimizing the error energy functional, J, as giveﬁig. 1. Variation of g of the fundamental quasi-TH,' mode with the mes
[26] number (The structure of the SBW is shown as an inset).

2 2

J=l[E-E[+aZ|H-H[ @ () TABLE |
where % is the free-space wave impedance ands the EFFECTIVE INDICES OFTHE H};* MODE IN SOINW (W=400 NM) USING VARIOUS
dimensionless weighting factor to balance the electric a NUMERICAL APPROACHES
magnetic components of the error functional. The integration  H_pep FEMZ® COMSOL Lumerical
carried out at the junction interfade, between the access and
asymmetric SilicorNWs. For the structure with one junctjon
this method would be more efficient and rigorous than that .
the BPM.

N=500 Aitken’s Coarse Finer 5 8
2.10867 2.11032 2.10852 2.11069 2.11515 2.11225

We also compared our VFEM results with two commercial
. RESULTS AND DISCUSSION software (COMSOL and Lumerical), which are given in Table
. . I. For commercial software often the mesh sizes are classified
Design accuracy depends on the solution accueauy for . to different levels. In COMSOL, mesh sizes are classified by
any numerical method that depends on the nume”‘?@éarser, coarse, normal, fine, and finer. In Lumerical, the mesh
parameters used. For the FEM modal solution of SOl nanpwi ~es are divided to Level 1 to Level 8. and the Level 8 is the
accuracy depends on the finite number of elements applied fafost one. With the increase of the mesh size, the effective
characterization, and this is tested first. The propagatiqﬂdices calculated by our method and COMSOL’ increase to a
constaniﬁ(w) obtained from the F'.E modal solution, and th(?:onstant value asymptotically, but the effective index
effective index, g, of the nanowire can be calculated by.,icyjated by Lumerical decreases to a constant value. It can be

Nesr = AB(w)/2m, whered is the operating wavelength. ghserved from Table | that when using the best mesh size
Variation of the effective index, ¢ of the fundamental



possible, the effective index values from the VFEM andsed, next accuracy of phase matching is also studied. W
COMSOL are within 0.02% of each other, but effective indegalculated the effect of mesh size on defining the width of the
value by Lumerical is about 0.08% higher than that of the twdM NW for phase matching with a access SMNW. Variation of
FEM values. the width of MMNW when itsH2' mode is phase matched with
theH}' mode of the SMW with the width of 400 nm, along
Next, the effect of NW width on the phase matching conditioghe mesh size usedid improvement by Aitken’s extrapolation
is studied. Variations of the effective indiceg; af the eigen e shown in Fig.4, as an example. For mesh siz0®k
modes including fundamental quasi-TEI,' mode, 200, the propagation constant of the EM is 8.51799um™?,
fundamental quasiM, H;', modeand higher ordei;!, H3',  shown by green horizontal line and it suggests skould be
HZ!, H3!, modes with the width of an isolated S®W with 827 nm, shown by green slanted line. On the other hand, as the
height of 220 nm are shown in Fig.2. It can be observed that tinesh size increased 460 x 400, the propagation constant of
effective indices of the all the quasi-TE and quasi-TM modeke SMNW incerases to 8.5445gm™!, and new phase
increase rapidly at first and then asymptotically reach thainatching condition sugget that thai\hould be equal to 815
stable values whenetmanowire width increases. The effectivenm, a shift of 12 nm from the former one, shownablglue
index of the quasi-E mode is bigger than that of the quasitT slanted line. When the mesh size is increased further to
mode of the same order when the width of the nanowire 890 x 800, the red solid line in Fig.4 shows that the
bigger than its height. The effective indices of any quasi-TE @fopagation constant of the SMNW is 8.5518d~ !, the
quasi-TM modes of one guide may be made equal to anothetjuired phase matching width of the NMIW is now811nm,

2.8
2.6
2.4

S

S 224

=
2.0

1.8 4

2=1550 nm
H=220 nm

with a further shift of 4 nm. We calculatédtken’s value of the
propagation constant from three values above as thesh
division ratios are identical, plotted by black slanted line. The
propagation constant of SMNW is 8.554pm ™, and the
phase matchingMNW width needs to b&10 nm, reduced
further but by only 1 nm. It can be seen that the phase-matching
width decreases as the mesh size increases and the difference
between the value dfFEM approach with low mesh size of

200 x 200 and that of more accuratdtken’s extrapolation is
about 17 nm. It is clear from this that the accurary of the
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numerical approach used is very important. As the performance
of any ADC critically depends on the accuracy of the phase
matching, later on, it will be shown the effect of the solution or

fabrication accuracy on the performance. Design by a less

0 1 2 3 4 5 3
Width of SOI Nanowire (um)
Fig. 2. Variations of the effective indices of eigandes with the SQNIW

width. accurate methord or less accurate mesh may not be able to
W;s Wy achieve expected performance, and a viable design.
+«—> +— »
8.58 4 /
/ W,_=400 nm
8.57 4 .
MM, N=800
/
8.561 sm, itken’s ,
._‘_ SM, N=800
8.55 - 30
~ / ._J SM, N=400 o
. . gamy L e ;
Fig. 3. Diagram of an ADC for mode (de)multiplexer. a il “‘“/‘~ R // Phase Matching Point MM, N=200
) i . / MM, N=400 i /
mode of a second guide when the value of the effective index P 7 o g SM. =200
value is low, as shown bgblack dotted line. However when il J /
the value of the effective index is larger enough, for example, .
) . . . 8.50 - T T T T T
bigger than 2.0pnly quasi-TE modes of SOI nanowire with 805 810 815 820 825 830 835

different specific widths may have the same effective index, Fadte of MM Nawowics fue)

indicated bya black dashed line. The second order qUaSi- Fig. 4. Variation of the phase-matching point betwtberH2' andH,' mode

H2! mode approaches its cutoff when the width is lower thamth the mesh number.

600 nm for H=220 nm. Based on above result, the schematicThe phase-matching widths fahe H3!, H;l , and H35,1
cross section of ADC for mode (de)multiplexer is shown ipyodes with théi1! mode,and H2! , H3', H! and HE' modes

Fig.3, consisting pf two Silicon nanowire with unequal Wldth_ ith theH.! mode are also calculatdy using the Aitken’s
but of equal height, H. All the parameters can be easi

. . L trapolati d sh in Tables Il and lll. The ph
controlled by mask design, so it wilke easy for fabrication. art?:%?nzl(\)/f/lid?r? Ogglo:nvgdg] Ml\e/IIN\?\i is 18228 nm wﬁerﬁ) tﬁze
The width of the SMNW which is used for access is identifieg\:idth of the SMNWji’s taken a€l06 nm. For the SMNW with
by W5, while the width of the MNW is identified by W,. The . : . )

the width of 379 nm, the necessary phase matching width of the

separation between two waveguides is take®.as 1 ! .
Accuracy of a design critically depends on the solutioffy Mode MMNW is 1551 nm. The result discussed above

accuracy. As we have identifieg; depends on the mesh shows phase matching for isolated guide. When two identical



guides are coupled, they always remain phase matchgdp between tle two effective indices near the phase
However, for two nonidentical but phase matched guides, thematching is larger and the phase matching width shifts to
phase matching condition changes with their separation duevi;,=818 nm. It is known that for identical coupled guides, the
unequal loading. phase matching width remains constant when the separation is
An ADC as shown in Fig.3 is considered to achieve phashanged. However, for nonidentical coupled guides, the phase
matching between higher order qua&-or quasiTM modes matching width varies as the mutual loadings of the two guides
and the fundamental quaBE or quasiTM mode. First, We are different for different separations. The phase matching
consider phase matching betwe#ft mode in MMNW and  widths for theH3', Hy', H}', with the Hy11 mode and HZ?,
H}* mode in SMN\W as an example. Variations of the effectivei3!, H2!, H3' modes with the k" mode are shown in Tables
indices of the even and odd supermodes with the width of MM and Ill. We can also observe from Table Il and Il that the

TABLE || width of phase-matching MM nanowire will increase with the
PHASE MATCHING WIDTHS AND COUPLING LENGTHS FORDIFFERENTHIGHER  reduction of the separation for both polarization modes. In
ORDER Hy, MODES ANDSEPARATIONS comparasion with the similar work of another group[17][18],
Separati MobE H3! Hy! Hy! H3! their designs show the phase matching MMNW widths for the
paratlon
Ws(nm) 400 406 379 H;' mode, théi}' mode, and thél;' mode cases are 835 nm,
100 Wy (nm) 818 1250 1572 2058 - :
Mo Cqum) 13773 18.044 14553 20187 1238 nm, 1631 nm, respectively, and the width of SMNW for
Wi (nm) 811 1240 1554 each case is the same as ours. It can be observed that the phase
200nm ) (um)  31.732  41.702  31.853 matching MMNW width used in their designs is significantly
% VLVM (”";) 810 1238 1551 2043 larger than ours, particularly for titE:* mode case. According
o (um to our study shown above, low separation and low mesh size for
TABLE Il the FEM may cause the increase of the phase matching

PHASE MATCHING WIDTHS AND COUPLING LENGTHS FORDIFFERENTHIGHER

ORDER H, MODES ANDSEPARATIONS MMNW width. Although the waveguide seperations in their

designs are not given, but it is most likely that a low mesh

_ MODE HZ H3 HA HS! _ : _
Separation Ws (nm) 400 400 400 400 refmement may have been used Whlch can explaln the reason
Wy (nm) 1100 1754 2442 3088 for their required phase martching width being wider than ours.
500nm ) Cum) 18622 22215 24772 27.30 On the other hand, as to the fundamental quasi-TM mode and
700 nm  Wm(hm) 1094 1746 2433 3077 the higher order quasi-TM mode (de)multiplexer, their designs
Le(um) — 37.585 43843 47.655 51497 show the phase matching MMNW widths for #&' mode, the

o Wy (nm) 1089 1739 2424 3073

Lc (um) H3! mode, and th&l}' mode cases ar&035nm, 1695 nm,

2363nm, respectively which are much narrower than our result,
and the width of SMNWh each case is also the same as ours. It

2184 H=220 nm -

Wg=400 nm T i was observed that the phase matching widths for isolated

216 Mosh Size: 800600  _ _ - -7 _ -~ quaisi-TM modes increases as the finer mesh is used.

R T . The 2D H, field contours of the two supermodes in the
— T ] ADC are given as insets in Fig.6, when Hj mode in the
I e MMNW is phase matching to théi! mode in the SMNW. In

Lt this case the width of SMNW #00nm and for separatioof

2.8 100 nm the phase matching width of th&dMNW is 818 nm.

2,061 —— Odd Mode, $=100 nm The left and right guides in both the insets are SM and MM

20a] T OdaMods, S-200mm

- Ever: Mode, s=zog nm ; - 109 H=220 nm
0.79 0.80 0.81““ (um)O.BZ 0.83 0.84 0.8 3:51:‘00:"’:’“ A / AY |
0.6+ Wy=818 nm [ =T

Fig. 5. Variations of the effective indices of two supodes (a) with the wid
of MMNW, Wy, for two different separations, S.

Even Mode
0.4 -

0.2+
waveguide are plotted in Fig.5 for two different separations.

The width of the SMNW is fixed at 400 nm. It is shown that the
effective indices of all the modes are increasing with the

0.0

0.2 4

Normalized H_Field

increase of theMNW width. Although the effective index G

curves of even and odd supermodes do not cross each other, 0.6

transformation fromH}' mode toH;' mode can take place 08 i

near the interaction region, where two supermodes show the 00 05 10 15 20 25 30 35

i 11 21 H H X (um)
mixture Ony n;(l)de and—ly n_]Ode’_ as. shown in Fig.6. qu Fig. 6. Normalized Lifield of even and odd supermodes in the ADCHgt
S=200 nm, thél;* mode of this guide is phase matched with,oqe andi* mode (de)multiplexer.

theH}' mode of the SM nanowire wheny#811nmas shown

by red lines However, when the separation is reduced to 100 . ) ) .
nm as shown by blue lines, the interactions betweerHihe guides, respectively. The inset in the lower left shows the odd

mode and thé2! mode are more intense. and as a result thsgpermode field profile, where sign of field is inverted at the
y ’ ' “interface when thél}' and the' modes merge. The even



supermode field profile is shown in the upper right inset, arid. with the width of theH2' mode guide for different
the sign of the field remains the same at the interface. In ordgiparations, which is not shown here. For thendde casea

to show the magnitude of the field clearly, field profile of thevider separation of 500 nm can be adopted. Table sl and Il list
even and odd supermodes in the center of the guides alongtthe coupling lengths for different higher order modes and
X-direction (Width-direction) are shown byblue solid line separations when satisfying the phase matching condition.
and a red dashed line, respectively. For phase matching after calculating the widths of MM guides necessary for
cqndmon, the power in each guide must be very swmlar. As t%ase matching, together with the coupling length for the
width of MMNW is bigger than that of SMNW, it can beapcs, the LSBR method is applied to calculate the power

Fig. 7. Variations of the coupling length¢lwith the width of MMNW, W, for
two different separations, S, in tH8" mode andi;* mode (de)multiplexin

case.

observed that the peak of tHé! part of the field of the two
supermodes is smaller than that of Hj¢ peak in the left

guide.

30 H=220 nm the HY' and H,' Mode Case

Wg=400 nm

25

= 8$=100 nm, Aitken's
—— §=200 nm, Aitken's

10_/_\

0.79 0.80 0.81 0.82 0.83 0.84
Wiy (um)

transmission of the structure and to evaluate the effect of
possible fabrication tolerances. This approach vyields the
transmitted modal coefficient of the even supermodeafd

the odd supermode, ,Cexcited in the SMNW and ADC
interface to satisfy the continuity of the tangential Electric and
Magnetic fields. The ADC section &f,' mode andi;' mode
(de)multiplexer is considered next, as example. Variation of
these twasupermodes’ coefficients with the SMW width for
different separations;S100 nm, $=200 nm are shown in Fig).

(a). The phase matching widthof the MMNW for each
separation are used in these cases. It can be observed that the
coefficient of the even mode increases, and the coefficient of
the odd mode decreases, when theN$Wiwidens. For $200

nm, the values of ¢ C, are 0.69927 and 0.70730, respectively,
at phase matching and are very closel{/2 when both the
supermodes carry half power, ideal values for weak coupling.
In this case, 99.5% power can be transferred from NW to the
ADC. For S=100nm, the values of ¢ C, are decreased a little

to 0.69616 and 0.68406, respectively, at phase matching, and
99% power can be transferred from NW to the ADC. It can be

The coupling lengthfrom the propagation constants of theobserved that, for larger separation, more power will be
two supermodes are also calculated. Variations of the couplitignsferred. However, it is clear that for smaller separatign, C
length L¢ with the width of thed2! mode guide for S=200 nm Co is less sensitive to the change of the SMNW width. Both of
and S=100 nm are shown in Fig.7. It can be observed that figSe two aspects should be considered for a practical design.

coupling length readsits peak at the phase matching width

1.0

because the difference between the effective indices of the two =

supermodes are minimum there. The coupling leigtbnger

and its variation with the width of the MMNW, \Wbecomes
sharper when the separation is incesbsTherefore, for
narrower separation, not only the coupling length is shorter, but
it would be also less sensitive to the changes in theNVIM
width. We also calculated the variations of the coupling lengtt

CT (dB)
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Fig. 9. Variations of the crosstalk, CT and the poafethe H2* mode in th
MMNW, Py with the MMNW width changep W), for the fixed and unfixe
Ws cases.

Wg (um)

Fig. 8 Variations of the transimitted modal coefficients G, (a) and

variations of the normalized output power in the MW, P, and crosstall
CT (b) with the width of SNNW, Ws for two different separation$s,, S.



Setting the coupling length,clL as the length of the ADC
section, Z, two excited supermodes would be out of phase ¢
this distance. As a result, the,' mode field in the SMNW will
disappear, and instead, the phase-matching higher order mo
field in the MMNW will be added up, as a result of vector
addition of these two supermodes. The power in each NW ca

MMNW Width (nm)
2 2 = 8
2 3 s 8

2
5

2
S

- 1.00

e e

- 0.94

CT (dB)

20 4 - -uii - 0.92

- 0.90

H=220 nm, Wg=400 nm,S=100 nm,
Wy=818 nm, Z=13.773 e

-08

=407

CT (dB)

3
o

- 06
—405

-04

be calculated from the modal coefficients, phase difference an
their full vectorial mode profiles. Variations of the power of the 05
H;!' mode in the SMNW and that of th&' mode in the r b
MMNW with the change of the SNW width for different %
separation Sand S, are shown in Fig.8 (b). The device length T o w0
and the MM waveguide width here are kept fixed to the ' i
idealized design for each separation. It is shown that the M
maximum normalized power of th&" mode, R, in MMNW o
which indicates the normalized mode conversion power, drawi i
by red solid and dashed lines are about 0.990 and 0.995 fc
S;=100 nm, and £200 nm, respectively. It means more than |
99% power of the input;,' mode wave in SIMW is converted
to theH;' mode wave in MNNW successfully. The minimm
amount of the normalized unconvertéf mode power in the
SMNW which would be defined as crosstalk, CT, plotted by %o -
blue solid and dashed lines, and these are about -20.01 dB a Fig. 10. Variations of the power 8;* mode in the MM waveguide P
-23.52 dB for $=100 nm, and £200 nm, respectively. It can (a) and the crosstalk, CT (b) with the width of SMNWH MMNW.
also be observed that the variation of the SMNW width away
from the ideal phasing matching width will cause a significant T H=220 nm, Wg=400 nm, $=100 nm,
deterioration of the performance, especially for a wide Wyy=818 nm, Z=13.773 ym
separation. For %0 nm fabrication error, § will reduce to
0.611 and 0.009 for,;§100 nm, and $200 nm, respectively.
Therefore, the structure with the narrow separation should be {096
chosen for design, as its performance is less sensitive than that
of the one with a wider separation. It is clear that when the
fabrication error of the SM guide is less thannb, the Ry
value is reduced by only ~ 10%, while CT increases to -9.7dB.
Here, it should be noted the importance of the design accuracy. —aleT —a—Pyy (@)
If the numerical method suggest a design which is inaccurate by 38 . ‘ '
10 nm, even when fabrication was perfect, the performance will 200 210 - nf)m 230 240
be deteriorated as illustrated here. 0
Variations of the crosstalk, CT and the power of Hijé
mode in the MMNW, R, with the MMNW width changep 5]
WM for the fixed and unfixed \Wcases. Here, the separation is
taken as 100 nm for the two cases. The length of the ADC
section is fixed at the coupling lengtti phase matching
condition, Z=13.773 um. It can be observed that the decrease of
P is less than 12%, while CT rises to about -9.4 dB when the 49
width is changed by 10 nm for the fixeds\Wase. For the
unfixed case, with the 10 nm width variation of SMNW and 20 —=—cCT
MMNW, P,, decreases to 0.86, and CT increases to -8.4 dB. It = mpn = = e
can be also observed that the value gfdhd CT for the two A (um)
cases are almost the same when the width of MMNW are largétg. 11. Variations of the crosstalk, CT and the poofét;! mode in the MA
than the optimal value. However, as to the negative change, tﬁ@velgu'dteﬁ F’?)W”h the height of the waveguides, H (a) and thaaipeg
deterioration are more terrible for the unfixed Wdse, and the wavelength (b).
difference of the {5 and CT for the two cases enlarges whefhe variations of the power of tihE! mode in the MMNW, R,
the absolute value of the width error increases. Compared Wifhy the crosstalk, CT of the ADC with the width change of
the performance deterioration caused by the width variation 8f,nwW and MMNW within +10nm respectively, which give
SMNW shown in Fig.8, it is less terrible when SMNW andy s resylt for all possible combination of SMNW and MMNW
MMNW have the same width change. _width changeslt can be observed that with the increase of
Next, in order to evaluate the influence of random NW widtly\inw width, the SMNW width at which | reaches its
change, Two 2-D contours, Fig.10 (a) and (b) are used to show



maximum value and CT reaches its minimum value alsiB in a ~ 50 nm wavelength bandwidth.

increases, but with smaller width value. Here, the variatiorin order to show the effect of fabrication error more clearly,
range of NW width within which thelis bigger than ~ 0.9 we plotted the shape of thH, | field at the output sides of the
and the CT is less than ~ -10 dB is defined as the efficieADC section with the optimaand the worst parameters in

efficient variation range of MMNW increases at first, and thegp, 5| residual field in the SMNW is also visible. However, for a

decreases after reaching its peak value (~ 20 nm) at the Optirﬂé‘ésible change in Wby 10 nm, which could be due to

value (W=400 nm). It can be also observed that the contours iy, eation error, the converted mode profile is shown by a blue
both the figures are oval which also indicates that the Structyjie,  Ater that. the converted mode profile is also shown by a
is more sensitive to the change of SMNW width. green line when Wis changed by 10 nm. It can be observed

The .detgrioration caused Dby fabrication error of thairectly that the performance slightly deteriorates to the change
separation is also analyzed, but not shown here. The value,ptne Mm guide width, but suffers larger deterioration to the
P decreases by only 3%, and CT is better thbhdB for +10 variation of the SM guide width.
nm fabrication error. Regarding the change in the separationyy,e 4150 evaluated the performance deterioration due to
the performance of the structure is stable and insensitive to ?Abrication tolerancesf the ADC section for th&:! mode and

y

mild variation of this parameter. 31 : .
After evaluting the performance with the changes of Widthé{,y que (de)multlplexer.. Variations of the power O_f H
ode in the SM waveguide and that of Hfé mode in the

the fabrication tolerance of the ADC section height is alsd) ) _ ) -
studied. Variations of the power of crosstalk, CT, and the powM waveguide with the change of the MM waveguide width
of ther,l mode, Ry, in the MM waveguide with the change of&"€ shown in Fig.13, as an example. In this case, the width of
the height are shown is Fig.11 (a). It is shown that for the fixéﬂe SMNW and separation are takerd@s nm and100 nm,

length case, Z=13.773m, the By and CT deteriorates by |essrespectively. It is shown that the decrease of meisPabOL_Jt .
than 5% and 5 dB, fort0 nm fabrication error, respectively. 15%, and CT deteriorates to about -8.40 dB when the width is

The effect of operating wavelength variations on thghanged by 16m
performance of the ADC sectias also studied and shown in
IV. CONCLUSION
S—— The asymmetric directional coupler for SOl mode
10 nm variation of W (de)multiplexer presented here only contains two simple
Toinnesriiion ot Wiy straight Silicon nanowires, so it will be easy to be fabricated.
Multiple channel modes (de)multiplexer can be realized
through cascade of a series of asymmetric directional couplers
[18].

A detailed design optimization of asymmetric directional
sections for the fundamental quasi-TE (TM) mode and the
, higher order quasi-TE (TM) mode (de)multiplexer including
A8 .. theH2 (HZ'), H3' (H3Y), Hy' (H:Y), andH;' (H3') modes

w_ || w, | $=100 nm . . .

R T TR PR A F TR is reported. The accurate width of th(_a MMNW is found t_)y F_E
Width (um) M approach. The performance deterioration due to fabrication

Fig. 12. Normalized Hfield shape along the width axis on the inputartigwl  errors is discussed in depth by varying key NW parameters,

sides of the ADC section with the most idealized aeditbrst parameters. including the widths, separation, and height. For quasi-TE

04

Normalized Hy Field

Tiise mode, a narrow separation of 100 nm should be employed for
= e robust design, which will be less sensitive to the slight
o / | fluctuation of the separation, the width of the MMNW, and its
height, which may satisfy fabrication tolerance condition of
_aad :f::::vis‘:znm j [ +10nm. On the other hand, for gitdM mode, a relatively
g RS s wider separation of 500 nm can be adopted. It should be noted
G 16 | that the structure is significant sensitive to the change of the SM
nanowire width, as the crosstalk CT increases to -4 dB for
=0 {084 fabrication error of 30 nm. The fabrication of SM guide is
B o required to be strictly accurate, which should be less than
g ‘ ‘ ‘ o | +5nm. Itis also shown that operating bandwidth of the structure
1248 s w"-:s(im) 2% M2 1264 is wide enough and suitable for WDM applications. It_is also
Fig. 13. Variations of the crosstalk, CT and the power ofH§& mode in the Shown here, accuracy Of_ the design mus_t be tested rigorously
MM NW, Py, with the MMNW width, W, and if not careful the design may not be viable.

Fig.11 (b). It is shown that the crosstalk, CT, is better thén -
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