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The supermode analysis of asymmetrical directional 
couplers (ADC) based on SOI technology for strip and 
ridge structures at 1550 nm is herein reported targeting 
to reduce ADC device fabrication requirements. The 
reported analysis based on supermodes permits to assess 
the sensitivity of the ADC coupling efficiency by 
calculating the index difference between even and odd 
supermodes. Optimum designs have been found for 
100 nm and 400 nm gaps, respectively, capable of 
converting and (de) multiplexing both TE0 and TE1 modes 
taking into account the width, gap, height and slab 
thickness variations produced with respect to the 
nominal design. © 2018 Optical Society of America 

OCIS codes: (060.1810) Buffers, couplers, routers, switches, and 
multiplexers; (060.4230) Multiplexing; (130.3120) Integrated optics 
devices; (230.7400) Waveguides, slab. 

 

Data traffic demand is nowadays increasing dramatically due to the 
introduction of new telecommunication services like machine-to-
machine communications in the internet-of-things (IoT) paradigm, 
and the continuous increase of video consumption in high bitrate-
demanding formats as 4K [1]. Optical fiber capacity is increasing at 
approximately one order of magnitude per year [2]. If current 
growth rate continues, the commercial capacity may reach its upper 
limit within the next decade. In order to accommodate future data 
traffic growth, the space-dimension must be considered in the data 
multiplexing scheme [3]. 

Spatial-Division multiplexing (SDM), both in multicore-fiber [4], 
or in few-mode fibers supporting mode-division multiplexing 
(MDM), has been appointed as promising technique to avoid this 
capacity crunch [5-15]. Silicon on insulator (SOI) or planar 
lightwave circuit (PLC) processing technologies are optimal 
candidates to produce cost-effective optical devices for modal 
multiplexing in MDM transmission systems [8-17]. In such systems, 
mode (de)multiplexers are the key devices. Several mode 

(de)multiplexers based on Asymmetric Directional Couplers 
(ADCs) [8], Y junction [10] or in multimode interference (MMI) [13] 
have been reported in the literature. 

These devices are typically fabricated in PLC technology, which 
offers several advantages such as low insertion loss, high yield rate 
and mass productivity; especially as the mode number increases 
[11,12]. However, higher sizes and long bending radii are usually 
required (exceeding 5 cm in some cases [14]). However, SOI 
technology offers a reduced size and shorter bending radii, which 
clearly improve the capability to integrate several functions [15]. 

ADC devices based on SOI technology with strip structure offer 
an excellent performance as mode (de)multiplexer but they require 
a precise phase-matching of the different optical modes and 
therefore they are inherently sensitive to fabrication errors [8,9,15]. 
In order to ease tolerances in the fabrication process, the analysis of 
the effective refractive indexes of the even and odd supermodes 
have been recently used to study the performance and the structure 
of different integrated devices based on coupling waveguides 
[16,17]. This method has been used to analyze the tolerance against 
variations in width, height and gap for strip and ridge directional 
couplers (DC), demonstrating that the DC ridge design is 4 times 
more robust [17]. 

This letter address the design of an ADC in SOI technology to 
convert between TE0 and TE1 modes with the objective of 
maximizing the tolerance against dimensional variations due to the 
fabrication process. The ADC coupling efficiency is expressed in 
terms of the effective index difference between even and odd 
supermodes and an analysis of the sensitivity of the coupling 
efficiency to variations on the width, height, gap or etching depth 
dimensions has been carried out for both strip and ridge ADCs. 
Design guidelines to maximize the device tolerance are given and 
the best design is selected. 

Asymmetrical Directional Coupler model 

Figure 1 depicts the scheme of a MDM link. At the transmitter, two 
directly modulated lasers emit at 1550 nm propagating the LP01 
modes in their respective single-mode fibers (SMFs). One LP01  
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Fig. 1. Scheme for mode-division multiplexing (MDM) at 1550 nm 
with two-mode fiber (TMF) optical transmission media. 

 

Fig. 2. Mode converter and (de)multiplexer based on SOI technology 
for two structure types. (a) Strip and (b) ridge. 

mode must be converted to a higher mode (LP11) and multiplexed 
with the other LP01 mode. In our case, an ADC based on SOI 
technology has been selected as mode converter and multiplexer. 
Both LP01 modes will be coupled to the SOI ADC through input 
grating couplers converting the signals to TE0 modes. One of the TE0 
modes (corresponding to the upper branch in Fig. 1) will be 
converted to the TE1 and multiplexed to a common waveguide. 
Finally, both modes will be coupled to the two-mode fiber (TMF) 
through an output grating coupler, propagating now the LP01 and 
LP11 modes. At the receiver side, the same ADC is used to 
demultiplex each mode to the corresponding photodiode. 

We propose two different designs, strip and ridge, for the ADC, as 
is depicted in Fig. 2. In both cases, the waveguide widths are not 
equal and the device operation depends on achieving the 
phase-matching condition, where the effective index of the TE0 
mode in the waveguide A (wA) must match the effective index of the 
TE1 mode in the waveguide B (wB). Besides the waveguide widths, 
the main parameters used in the device optimization are the gap 
between waveguides, g, the coupling length, L, the height, h, and the 
slab thickness, t (t=0 for the strip structure). 

Considering that the power is launched only into mode a at z=0 
(initial conditions A(0)≠0 and B(0)=0), the mode expansion 
coefficients in the two coupled waveguides (A(z) mode a in 
waveguide A and B(z) mode b in waveguide B) as a function of the 
propagation distance are given by [18] 

 �̃�(𝑧) = �̃�(0) (𝑐𝑜𝑠(𝛽𝑐𝑧) −
𝑖𝛿

𝛽𝑐
𝑠𝑖𝑛(𝛽𝑐𝑧)) 𝑒

𝑖𝛿𝑧  (1) 

 �̃�(𝑧) = �̃�(0) (
𝑖𝜅𝑏𝑎

𝛽𝑐
𝑠𝑖𝑛(𝛽𝑐𝑧)) 𝑒

−𝑖𝛿𝑧  (2) 

 𝐴(𝑧) = �̃�(𝑧)𝑒𝑖𝜅𝑎𝑎𝑧 (3) 

 𝐵(𝑧) = �̃�(𝑧)𝑒𝑖𝜅𝑏𝑏𝑧 (4) 

where aa and bb are the self-coupling coefficients that take into 
account the variation in the propagation constant of each mode 
due to the perturbation caused by the other waveguide, ab and ba 
are the mutual coupling coefficients between both modes which 
depend on the waveguide separation, g. Finally, c and δ, the phase 
mismatch, can be expressed as 

 2𝛿 = (𝛽𝑏 + 𝜅𝑏𝑏) − (𝛽𝑎 + 𝜅𝑎𝑎) (5) 

 

Fig. 3. Normalized Hy field of even and odd supermodes in the ADC 
for TE0 and TE1 modes. (a) Even and (b) odd supermodes in strip 
structure (c) Even and (d) odd supermodes in ridge structure. 

 𝛽𝑐 = √𝜅𝑎𝑏𝜅𝑏𝑎 + 𝛿 (6) 

where a and b are the propagation constants of modes a and b 
at their respective unperturbed waveguides. The complete field 
profile across the directional coupler can be obtained as a 
combination of the two mode fields as 

 𝑬(𝑟) = �̃�(0)(Ɛ𝟏(𝑥, 𝑦)𝑒
𝑖𝛽1𝑧 + Ɛ𝟐(𝑥, 𝑦)𝑒

𝑖𝛽2𝑧) (7) 

taking into account that 

 Ɛ𝟏(𝑥, 𝑦) =
(𝛽𝑐−𝛿)Ɛ̂𝒂(𝑥,𝑦)+𝜅𝑏𝑎Ɛ̂𝒃(𝑥,𝑦)

2𝛽𝑐
 (8) 

 Ɛ𝟐(𝑥, 𝑦) =
(𝛽𝑐+𝛿)Ɛ̂𝒂(𝑥,𝑦)−𝜅𝑏𝑎Ɛ̂𝒃(𝑥,𝑦)

2𝛽𝑐
 (9) 

where Ɛ̂a(x,y) and Ɛ̂b(x,y) are the normalized mode profiles of 
both modes in their respective isolated waveguides and 

 𝛽1 = �̅� + 𝛽𝑐  (10) 

 𝛽2 = �̅� − 𝛽𝑐  (11) 

 2�̅� = (𝛽𝑏 + 𝜅𝑏𝑏) + (𝛽𝑎 + 𝜅𝑎𝑎) (12) 

The total field in the coupler is a linear combination of two 
independent patterns Ɛ1(x,y) and Ɛ2(x,y) propagating with different 
propagation constants β1 and β2. These modes of the 
two-waveguide structure of the directional coupler are known as 
the supermodes of the structure and an example of their profile are 
shown in Fig. 3 for both strip and ridge structures. In this figure, the 
magnitude of the field profile of the even and odd supermodes in the 
center of the guides (y=0) along the x-direction are shown with a 
blue solid line. The main characteristics of the supermodes depend 
on δ, κab and κba. 

From Eq. (2) the coupling efficiency from waveguide A to 
waveguide B in the ADC can be expressed as 

 𝐾 =
|𝜅𝑏𝑎|

2

𝛽𝑐
2 sin2 (

𝜋𝛥𝑛

𝜆
𝐿) (13) 

where Δn is the effective index difference between the even 
and odd supermodes; λ is the wavelength; and L is the length 
of the coupler. 
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If the modes to be coupled are phase-matched, then =0 
and 𝜅𝑎𝑏 = 𝜅𝑏𝑎

∗  and the coupling efficiency is maximized, 

 𝐾 = sin2 (
𝜋𝛥𝑛

𝜆
𝐿) (14) 

In this case, if we consider α as an arbitrary geometric 
parameter (i.e., α can be replaced by w, g, h, or t), for the 
minimum coupling length, L, in order to achieve K=1, the 
sensitivity of the coupling efficiency to this parameter can be 
expressed as [17] 

 
𝜕𝐾

𝜕𝛼
= 2sin−1(√𝐾)√𝐾(1 − 𝐾)

1

𝛥𝑛

𝜕𝛥𝑛

𝜕𝛼
 (15) 

Sensitivity analysis 

The sensitivity of the coupling efficiency is directly determined 
by the sensitivity parameter (∂n/∂α)/n. A robust ADC design 
should consider the fabrication tolerances in the different device 
dimensions in order to optimize the fabrication process yield. 

The common material used in the investigation of several 
integrated applications is the silicon-on-insulator wafer with a 
220 nm silicon thickness [19]. The refractive indices of Si and SiO2 
at 1550 nm are nSi= 3.4764 and nSiO2=1.4440, respectively, and the 
eigenmodes’ effective indexes in the waveguides will be calculated 
with the three-dimensional (3D) beam propagation method (3D-
BPM). For this height, the TE polarization is usually preferred for 
its lower bending losses [19]. 

Two structure types will be considered in the ADC coupler 
design, strip and ridge. In the strip structure a typical width for a 
single-mode waveguide is wA=450 nm with an effective index 
value of neff_TE0=2.4111 at the wavelength design, 1550 nm. The 
width of the two-mode waveguide must be selected to obtain a 
similar value for the effective index of the TE1 mode (wB=962 nm 
for an unperturbed waveguide) so the phase-matched condition 
is fulfilled. The effective index value for the ridge (t=150 nm) 
single-mode waveguide is neff_TE0=2.6689 when wA=450 nm and 
the corresponding width for the two-mode waveguide should be 
wB=1227 nm if an isolated waveguide is considered. 

Supermodes permit to analyze the sensitivity of the ADC 
coupling efficiency by calculating the Δn between the even and 
odd supermodes. The effective indexes of the even and odd 
supermodes have been also calculated with the 3D-BPM method. 

Different designs have been considered (wA from 430 nm to 
470 nm and g=100 nm, 200 nm, 300 nm and 400 nm (only for the 
ridge design)) and for each case the two-mode width, wB, has been 

selected in order to fulfill the phase-matched condition, =0, when 
the influence of both waveguides are taken into account (Eq. (5)). 
Small variations of all parameters (w, g, h and t) have been 

introduced in the simulations in order to analyze the robustness 
of the ADC against fabrication tolerances. 

If the waveguide width is increased, the modes would be more 
confined in the center of the waveguide, which would reduce Δn. 
However, Δn is also dependent on the gap between waveguides; 
therefore, a decrease in the gap, g, increases the mode overlap 
between the two waveguides and consequently Δn. If the 
variations in the waveguide widths are perfectly anti-correlated 
with the gap variations, that is to say, the width variations are 
supposed to be symmetric with respect to their centerlines, a 
robust coupler design must fulfilled 

 
𝜕𝛥𝑛

𝜕𝑤
−

𝜕𝛥𝑛

𝜕𝑔
≈ 0 (16) 

expression that was used also in [17] to select the most tolerant 
dimensions of symmetric DC and where a significant 
anti-correlation between width and gaps variations was found in 
the device fabrication (correlation coefficient, =-0.6). 

Figure 4 depicts the simulated sensitivity parameter for the 
width, gap and height variations in the strip structure at 1550nm. 
From Fig. 4(a) it can be stated that in terms of sensitivity to width 
variations the 100 nm gap offers a more robust design than the 
configurations with a wider gap (200 nm and 300 nm). In fact, for 
the nominal design (wA=450 nm and wB=969 nm), the 100 nm 
gap obtains a value of –0.64·10-2nm-1. However, the 200 nm and 
300 nm gaps obtained worse values (-1.2·10-2 nm-1 and -3.3·10-

2 nm-1, respectively) for wA=450 nm, being 2 and 5 times less 
robust than the 100 nm gap. If we consider the whole simulated 
wA width range (430 nm to 470 nm), the sensitivity to variations 
in the waveguides width remains practically constant for a fixed 
gap value. However, in terms of sensitivity to the gap dimension 
(Fig. 4(b)), the sensitivity worsens slightly when the width 
increases. The difference between all gaps is quite small obtaining 
the best response for the 300 nm gap, as can be seen in Fig. 4(b). 
We have not considered smaller gaps than 100 nm due to the 
additional difficulty in the fabrication process and the increase of 
the TE0 coupling to the TMF, which may result in a higher 
crosstalk level (-23.4 dB at 1550 nm for g=100 nm [8]). 

In Fig. 4(c), the simultaneous anti-correlated variations in the 
width and gap parameters for the purpose of fulfilling Eq. (16) 
remark that the 100 nm gap achieves the optimum result with a 
value of – 0.074·10-2 nm-1 for wA=450 nm. However, the 200 nm 
and 300 nm gaps obtain a value of -0.66·10-2 nm-1 
and -2.8·10-2 nm-1 being 9 and 38 times less robust than the 
100 nm gap. As it happened with the widths variations, the 
sensitivity to anti-correlated variations in width and gap 
dimensions remain almost constant when a design with different 
wA is considered (±20 nm respect to wA=450 nm). Therefore, the  

 

Fig. 4. Fractional change in Δn for strip structure with respect to (a) waveguide width, w, (b) waveguide gap, g, (c) correlated changes in w and g, 
and (d) waveguide height, h.
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Fig. 5. Fractional change in Δn for ridge structure with respect to (a) correlated changes in w and g, (b) waveguide height, h and (c) slab thickness, t. 

selection of the wA parameter is not critical. In Fig. 4(d) the 
sensitivity to height variations is depicted and the best response 
is again achieved for the 100 nm gap. The magnitude order of the 
sensitivity parameter is in the range of 10- 3 nm-1 (as it happens 
with gap variations), whilst it is an order of magnitude higher in 
the case of the width and gap variations. Consequently, more 
attention must be paid to the width and gap dimension tolerances 
during the design process. 

The ADC with ridge structure was simulated considering the 
same parameters that were used in the strip simulations, but now 
including a new parameter, the slab thickness, t. In Fig. 5(a), the 
sensitivity to the anti-correlated width and gap variations is 
shown. The best response was obtained for the highest gap 
(400 nm) with a value of 0.14·10-3 nm-1 (wA=450 nm and 
wB=1223 nm). For the rest of gaps, the different values were 
0.55·10-3 nm-1, 1·10-3 nm-1 and 1.3·10-3 nm-1 being 4, 7 and 10 
times less robust than the 400 nm gap, respectively. If we consider 
a range of ±20 nm around the nominal design widths, the 
sensitivity parameter of all gaps remain practically constant with 
small variations. The difference between all gaps has significantly 
decreased in comparison with the strip structure. However, as 
shown in Fig. 5(b), the sensitivity to height variation presents the 
opposite behavior and the smallest gap (100 nm) has the best 
sensitivity parameter with a value of -0.1·10-3 nm-1 in the nominal 
design. In both SOI structures (strip and ridge) the optimum result 
is achieved for the minimum gap. 

In Fig. 5(c), the simulated sensitivity parameter for the slab 
thickness variation is shown. The optimum gap is achieved 
between two different gaps (200 nm and 300 nm) depending on 
the wA width. When the nominal design is considered, the 
optimum gap is 300 nm with a value of 0.7·10-3 nm-1 unlike the 
200 nm gap that obtained a value of -0.9·10-3 nm-1. For wA widths 
lower than 450 nm is better to choose the 300 nm gap whilst for 
broader widths, it is better to select the 200 nm gap. 

From the results obtained in Fig. 5, it can be stated that the 
optimum gap is the 400 nm considering the anti-correlated 
changes in width and gap, the 100 nm gap for changes in height 
and 300 nm (when wA is 450 nm) for changes in the slab 
thickness. However, in SOI fabrication process, the most critical 
parameter is the width and gap variation [20], therefore, the 
optimum ridge design is achieved when the 400 nm gap is 
selected. According to the trend shown in Fig. 5(a), a 500 nm gap 
would obtain similar values of the sensitivity parameter module 
against w and g variations but offering a lesser compact design. 
Furthermore, the sensitivity will be worst against h and t 
variations following the trend shown in Fig. 5(b) and Fig. 5(c). 

The proposed designs (100 nm gap for the strip structure and 
400 nm gap for the ridge structure) for the ADCs are optimum in 
order to convert and (de)multiplex the TE0 mode into the TE1 
mode taking into account the width and gap variations produced 
in the nominal design due to the fabrication tolerances. However, 
the ridge structure is more tolerant than the strip structure by a 
factor of 6 (0.14·10-3 nm-1 by - 0.074·10-2 nm-1, respectively), a 
similar performance as the obtained for the symmetric directional 
couplers [17]. 

Funding. Ministerio de Economía y Competitividad (MINECO) 
(TEC2015-70858-C2-1-R, RTC-2014-2232-3). 
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