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Abstract The tapered asymmetric directional coupler has the potential to realize high fabrication tolerance
and high transmission efficiency on-chip mode multiplexer. However, the geometry parameter selection of
tapered structure remains empirical. In this paper, we propose a design method for the tapered structure
based on genetic algorithm. Combined with the adjusted coupling equations and interpolation method, low-
time-cost optimization can be realized. Three mode multiplexers (TEq&TE1, TEo&TE2 and TEq&TEs5)
are designed by our method. According to simulation results, the insertion loss of the designed devices is
lower than 1.8 dB and the crosstalk is lower than —15 dB when the fabrication error is within required range
(£10 nm for TEq&TE2 and TEq&TEs, and +20 nm for TEg&TE1) in the bandwidth of 1.5-1.6 um. In
addition, the entire optimization process takes only 2 h for each device, which is around the time cost of a

single 3D simulation.
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1 Introduction

On-chip optical interconnection is a promising technical solution to overcome the bandwidth bottlenecks
in inter-chip connection [1]. Different multiplexing technologies, such as wavelength division multiplex-
ing [2], polarization division multiplexing [3,4] and mode division multiplexing [5, 6], have been proposed
to increase the capacity of single link for on-chip optical interconnection. Among them, mode division
multiplexing provides a new dimension for the increase of link-capacity by utilizing various modes as
channels [7,8]. Mode multiplexer, which is a critical component of mode division multiplexing system,
has been widely studied. Various mode multiplexers have been designed based on multimode interferome-
ters [9,10], Y-junctions [11,12], asymmetric directional couplers (ADC) [13,14] or ring resonators [15,16].
Among them, ADC has attracted much attention owing to its simple structure and design flow. However,
this structure has a defect that it is sensitive to the width of waveguides which leads to relatively low fab-
rication error tolerance. As in [17], the fabrication error should be limited to 5 nm. Previous researches
showed that the tapered structure, such as tapered [18], taper-etched [19] and non-planar tapered [20]
structure can refine the fabrication tolerance characteristic. However, in those studies, the selection of
optimal structural needed the traversal parameter analysis with 3D simulation, in which the time cost
can be tremendous.
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Figure 1 (Color online) (a) Schematic of the ADC based mode multiplexer; (b) detailed geometry parameters of the
coupling region in a non-tapered ADC; (c) detailed geometry parameters of the coupling region in a tapered ADC.

In this paper, we propose a design method for tapered-ADC based high fabrication tolerance mode
multiplexer, which focuses on how to select the geometry parameters of tapered structure proposed in [18].
With the combination of genetic algorithm and theoretical model based on the coupled mode theory
(CMT), quick and accurate optimization of geometry parameters can be realized for required fabrication
tolerance. To verify our method, a TEq&TE, a TEG&TE; and a TEG&TEs; mode multiplexer are
designed with 20 nm, 10 nm and 10 nm fabrication tolerance respectively, whose insertion loss is lower
than 1.8 dB in the bandwidth of 1.5-1.6 pm. Moreover, the time cost of the optimization process is close
to that of a single 3D simulation, which means lower time cost compared with conventional methods.

2 Theoretical model

The ADC based mode multiplexer is a three-port device with two input ports (I1, I12) and one output port
(01), as shown in Figure 1(a). Two signal lights (D1, D2) will be input into the device through I1 and
12 respectively in fundamental mode. At the coupling region, D1 will be partly coupled into the bottom
waveguide in higher order mode while the D2 will be confined in the bottom waveguide in fundamental
mode. In this way, the signals carried in different modes can propagate through the same waveguide. The
bottom waveguide can be seen as bus waveguide and the top one can be seen as assistance waveguide.
Figure 1(b) shows the conventional non-tapered ADC and Figure 1(c) shows the tapered ADC used in
this paper.

For the non-tapered ADC, the coupling process can be solved by CMT, while for the tapered ADC,
the coupling process is usually solved by 3D simulation. Here, we derive the adjusted coupling equations
based on previous CMT [21] to calculate the coupling process of tapered ADC.

According to CMT, the field of the whole tapered structure could be written as the sum of egien-modes
in different waveguides:

E = A(2)E) + B(2)Es, W
H = A(z)H, + B(z)Ha,

where A(z), B(z) represent the amplitudes of the selected eigen-mode field in the assistance (bus) waveg-
uide. E, and H, (p = 1,2) are electric field intensity and magnetic field intensity of selected modes in
relative waveguides. Unlike classical CMT, the two modes in the tapered structure are expressed as
{ By = By(z) exp [~ [ By(z)d2] @

H, = Hy(z)exp [~ [ Bp(z)dz],

where 3, (p = 1,2) represents propagation constant of the selected eigen mode. Similar to the derivation
of coupled mode theory (Appendix A), by combining (1) with Maxwell’s equations, we can get the
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adjusted coupling equations for tapered structure:

(3)

{ %(ZZ) = —jr12(2)B(z) exp [—j [ (B2(2) — B1(z)) dz],
dgiz) = —jk21(2)A(z) exp [—i—j J (Ba(z) — 61(,7;))(1,2}7

where £, ((p,q) = (1,2),(2,1)) is the coupling index of the coupling system which can be calculated by

weo [[g AcEy - Eqdady
Kpg = +oo ptoo ~ ~ ~ ~ ;
Jo 0 S us - (B x Hy + B, x H)dzdy

(4)

where w is the circular frequency of the input light. &g is the permittivity of vacuum and Ae is the
difference of relative dielectric constants between the waveguide and the substrate. S (S2) is the region
of assistance (bus) waveguide. The field distribution function and the propagation constant can be
calculated by 2D simulation of a single waveguide.

Giving the structure and the initial amplitudes A(0) and B(0), A(z) and B(z) can be calculated using
(3). This method avoids 3D simulation and only needs 2D simulation, which can decrease the time
consumption greatly.

3 Design method

This section will introduce how to optimize the three key design parameters (Wpys, Wi, L) in a tapered
ADC, taking TE(&TE; multiplexer on SOT (silicon on insulator) for instance, to realize high coupling
efficiency and required fabrication tolerance. Of all the parameters, the widths of waveguides have the
greatest effect on performance [18,22]. Thus, we only consider the effect of the width deviation AW.

For the tapered ADC based mode multiplexer, the design flow of the previous research includes three
steps [18].

Stepl. For a giving width of assistance waveguide, the width of bus waveguide is set to W, as the
original parameter, which makes the coupling system meet the phase matching condition.

Step2. Let the width of bus waveguide gradually change from (W, — AW,.) to (W, + AW,).

Step3. Get the coupling region length L. based on 3D simulation.

There are two main problems for the previous method. For one thing, owing to the large range of L.,
many times of 3D simulation should be calculated to get the proper value which leads to high time cost.
For another thing, the selection of AW, is not clear or it is hard to know whether the selected AW, can
meet the required tolerance. To solve these problems, in this paper, genetic algorithm [23] is employed
to optimize the geometry parameters of tapered ADC for required fabrication tolerance.

3.1 The optimization variates

To simplify the optimization question, some parameters are set to common values. Here, we set the height
of waveguides H to 220 nm, the gap between the two waveguides g to 200 nm, the width of assistance
waveguide W, to 400 nm and the wavelength A to 1550 nm. Giving (Whs, Whe, L), the performance can
be determined, where W;, and Wy, represent the starting and ending width of the tapered waveguide
respectively and L. represents the length of coupling region.

Therefore, (Wys, Whe, L.) are selected as optimization variates. Utilizing the genetic algorithm, the
range of variates should be given as the scan range. As mentioned in previous research [18], the fabrication
tolerance will be better if the (W, — Wps) is larger, at the expense of longer L.. The range of L. is
determined based on requirement. The range of Wjs and Wy, or the range of the width of bus waveguide
Wy, should ensure high coupling efficiency between selected modes and low coupling efficiency between
undesired modes.

Figure 2(a) gives the relationship between effective refractive index and waveguide width for different
modes. The coupling efficiency will be lower if the phase mismatching is larger. The phase mismatching
 is equal to (B2 — f1)/2. Thanks to large mode polarization dispersion of silicon-based rectangular
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Figure 2 (Color online) (a) Relationship between effective refractive index and waveguide width for different modes;
(b) relationship between the maximum transmission ratio and width of bus waveguide W}, for different Wj,.

waveguide, the phase mismatching between the TE( in the bus waveguide and any modes in the assistance
waveguide is large when W}, is around W, which means D2 will be almost completely confined in the
bus waveguide in fundamental mode. Thus, we can consider the case where only D1 is input. The
transmission ratio 7" is defined to quantify coupling efficiency,

Prg1(Le)
Prio(0) ’

where Prg; = Prgi(z) represents the power of TE; in the bus waveguide converted by TEq in the
assistance waveguide, which is a function of the propagation distance z. Prgg = Prgo(z) represents

T (Waa WbSa Wbea Lc) = (5)

the power of TEj in the assitance waveguide. To determine the range of Wj, the relationship between
the coupling efficiency and the width of bus waveguide for different modes and different W, is given
in Figure 2(b). The maximum transmission ratio Ty,ax between TE( in the assistance waveguide and
different modes in non-tapered bus waveguide is selected as characterization. Ti,ax can be calculated
based on CMT, ,
= 5.
L+ ()
According to Figure 2, we set the range of W}, to (W, — 200 nm, W, + 200 nm), where the transmission
ratio remains higher enough for different W, while the crosstalk is weak.

(6)

max
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Figure 3 Relationship between the coupling index x and the width of bus waveguide W}, when W, = 400 nm.

3.2 The objective function

The transmission ratio 7' is defined to quantify coupling efficiency in Subsection 3.1. Taking the AW
into account, the objective function is defined as

F (Wbs; Wbe; Lc) = HT (Wa + AW@; Wbs + AW'L’; Wbe + AWu Lc) ) (7)
%

where AW, are several values that taken at equal intervals from the range of AW. For every parameter
group generated by genetic algorithm, F' can be calculated by using adjusted coupling equations. Giving
W, and (Wys, Whe, L), setting A(0) = 1 and B(0) = 0, the B(L.) can be calculated and

B2(Le)
200) )

T (Wa; Wbs; Wbe; Lc) =

k and [ can be given by using 2D simulation as motioned in Section 2. As shown in Figures 3 and
2(a), k and S are functions of the waveguide width, where n.g is the effective refractive index and equals

to % We can calculate k and S for different (W,, W}) before the optimization. Any x and S values

required during the calculation process can be obtained by interpolating. In this way, the number of
2D simulations required will be greatly reduced, which further decreases the time cost of the whole
optimization process.

3.3 The genetic algorithm

According to the discussion above, the optimization problem can be expressed as

max F (Wys, Wie, L)

st.  Wiys € (W, — 200 nm, W, + 200 nm),
Whe € (W, — 200 nm, W, + 200 nm),
Lc € (0, Lemax)-

(9)

This problem can be solved by genetic algorithm. Figure 4 shows the flow chart of the genetic algorithm
used in this paper, where Gen and GenMax represent the present and max number of generations. At
the beginning, several groups of optimization variates (Wps, Whe, L.) will be generated and coded to
binary values and the Gen will be set to 1. A group of (Wys, Wy, L) is named as an individual and
several individuals form a population. The value of F' for every individual will be calculated as the
fitness function. At the selecting process, individuals with higher F' will tend to be copied to form a
new population by the roulette wheel selection technique [23]. Individuals will form different pairs and a
crossover operation will take place with probability Perossover- 1f selected, the present pair of individuals
will be changed by exchanging the randomly selected parts of the original chromosomes as shown in
Figure 5(b). With probability 1 — Peyossover, the pair will go directly to the mutation operator. At the
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Figure 4 The flow chart of the typical genetic algorithm.
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Figure 5 (Color online) Schematic diagram of (a) coding, (b) crossover and (c) mutation operations.

mutation section, for each gen of each individual, it will become the opposite with a low probability
Puutation as shown in Figure 5(c).

After selecting, crossing and mutating, the evolution of the old population is completed and the new
one is generated. The evolution process will continue until Gen > MaxGen and the parameter group
with the maximum F' is the required one.

Using the method above, an optimized tapered ADC structure can be obtained. If necessary, the
optimized parameters can be fine-tuned based on 3D simulation.

4 Results and discussion

Based on the method above, a TEq&TE; mode multiplexer with 20 nm fabrication tolerance, a TEq&TE,
mode multiplexer with 10 nm fabrication tolerance and a TEq&TE5 mode multiplexer with 10 nm
fabrication tolerance on silicon-on-insulator (SOI) platform are designed. The W, of the TEq&TEy,
the TEq&TEs and the TE(&TEs mode multiplexers are set to 400, 400 and 355 nm, respectively. The
geometry parameters (Wys, Wy, L) are shown in Table 1.

Figure 6 gives the coupling processes of the designed TEo&TE; mode multiplexer calculated by the
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Table 1 The geometric parameters of designed devices

Wps (nm) Wpe (nm) Le (um)
TEe&TE; 761 879 54.08
TE&TE, 1222 1318 51.54
TEe&TEs 2208 2428 58.23
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Figure 6 (Color online) The coupling power variations along with the propagation length calculated by (a) the adjusted
coupling equations and (b) 3D FDTD.

adjusted coupling equations mentioned in Section 2 and 3D FDTD (finite-difference time-domain method)
for different AW. The normalized power of TE; in bus waveguides at the end of devices is 0.9531 (0.9659),
0.9073 (0.9462) and 0.8358 (0.8949), respectively for AW = —20 nm, 0 nm and 20 nm calculated by 3D
FDTD (adjusted coupling equation). The results calculated by our method are slightly different from
that calculated by 3D FDTD. The deviation is partly owing to the coupling equation which is derived
based on a series of assumptions. Besides, our method only considers the structure shown in Figure 1(c),
while the coupling processes have occurred before reaching the ADC region. Despite the deviation, it can
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Figure 7 (Color online) (a) The comparison of insertion loss between a non-tapered ADC for TEo&TE;, whose
(Whss Whe, Le) is (836 nm, 836 nm, 20 um), and the designed tapered ADCs when AW varies, at the wavelength of
1.55 pm, calculated by our methods. The insertion loss of designed devices as a function of the gap between (b) two
waveguides g and (c) the height of waveguides H at the wavelength of 1.55 um, calculated by our methods.

be seen that the coupling processes calculated by (3) is quite close to the one calculated by 3D FDTD.

As mentioned before, the calculation time cost of our method is lower than the traversal parameter
analysis with 3D simulation. To get the optimal result, the coupling processes of 2000 (Wps, Wi, L)
groups are calculated and only 2 h are cost, which is around the time cost of a single 3D FDTD simulation.
Figure 6 also shows that the coupling efficiency of the designed device remains high when the width of
assistance waveguide varies.

To reveal the better fabrication tolerance characteristic of designed devices, an overall analysis for
different geometric parameters is given in Figures 7 and 8, where the insertion loss IL is defined as

Figure 7(a) gives a comparison of the sensitivity to AW between the tapered structure and the non-
tapered structure. By introducing the designed tapered structure, the sensitivity to the width deviation
is eased. The insertion loss for different modes is exhibited in Figure 8. It can be seen that the crosstalk
of the designed devices is mainly caused by TEs, TE3 and TE, respectively while the crosstalk is lower
than —15 dB for required fabrication error. Figure 8 also shows that the IL of the tapered ADCs we
designed is lower than 1.8 dB, for AW varying in the required range and A varying from 1.5 to 1.6 wm.

The impact of the other three parameters is shown in Figure 7(b) and (c). The devices are not
sensitivity to the gap g and the height H. When the deviation of g and H is smaller than 30 nm, the
insertion loss is lower than 1 dB.
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Figure 8 (Color online) The relationship between the insertion loss and wavelengths for different modes of (a) the
TEo&TE; mode multiplexer, (b) the TEg&TE2 mode multiplexer, (¢) the TEg&TEs mode multiplexer when AW = 0,
calculated by FDTD. The relationship between the insertion loss and wavelengths for different modes and different AW
of (d) the TEg&TE; mode multiplexer, (e) the TEq&TE2 mode multiplexer and (f) the TEq&TEs mode multiplexer,
calculated by FDTD.

5 Conclusion

In summary, we have proposed a design method for on-chip tapered-ADC based mode multiplexer which
focuses on the selection of geometry parameters. Compared with previous methods, the adjusted coupling
equations and genetic algorithm based method give a reasonable and accuracy selection method with low
time cost. Simulation results show that the insertion loss of the designed mode multiplexers is lower than
1.8 dB for required fabrication error and the crosstalk to other modes is less than —15 dB. Moreover, the
proposed method can serve as a general procedure for the design and optimization of any other tapered
structure.
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Appendix A The derivation of the adjusted coupling equation
According to CMT, the field of the whole tapered structure could be written as the sum of egien-modes in different

waveguides:

E= A(Z)El + B(Z)EQ, (Al)
H= A(Z)]le + B(Z)HQ
Combining (A1) with Maxwell’s equations, we can get
dA  aB [T [ e (Bp x Ha+ By x A7) dedy

e de oo o, (Bf x B+ By x A7) dedy

weo [T [T°(N? — N}) By - Erdzdy

id P (A2)
ST wn - (B x Hy+ By x A7) dedy

weo [T [12°(N? — N3) Ef - Badady

+iA W2 N3 B B
S P wn - (B x By + By x A ) dedy

aB  dA ST TS us - (By x A+ Ba x 7 ) dady

ds e phoe po s (By x i+ By x A7) dedy

A wep fj;f’ fj:oo (N2 — N2) Ef - Erdady

A S (A3)
Jre e, (E; x Hy + F1 x Hf) dzdy

A JEo0 [0 (N2 — N3) Ef - Epdady
S, (E; x Hy + F1 x ﬁl*) dzdy
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For a tapered ADC structure, the eigen modes in the two waveguide are given by
Ep = Ep(2) exp {7j/ﬁp(z)dz:| ,

iy = Hy(e) exo [ [ u(a1a] .

Substituting (A4) into (A2) and (A3), the coupling equations can be expressed as

% + 012(2)(31_5 P [_j/(BQ(Z) A dz} FhaEA

+ s (5) B exp {,j JICCE &(z))dz} —o,

((ii_f + 021(2)% exp {-H/(BQ(Z) = 1(2)) dz} +ixe(2)B

+ jro1(2)Aexp |:+j / (B2(2) — Bl(z))dz} =0.

Ignoring cpq and xp, we can get the simplified coupling equations:

W = ieEBewn -1 [ (52 - pr(a ]
2 — A [+ [ (520 - pr(a) ]

(A4)

(A5)

(A6)

(AT)
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