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In this paper, we calculate three effective refractive indexes for cascaded silicon-on-insulator (SOI)
nonlinear directional coupler. For each effective refractive index, the coupling length LC , core-to-
-distance-ratio K and switching threshold power Pi, m are calculated, respectively. However,
there are some fabrication errors, which are ΔW, ΔH, ΔK in the height of Si layer and width of
Si layer and error of core-to-distance-ratio. We have analyzed the influence of power transmission
efficiency Ti, j and relative transmission efficiency error Δi, j caused by the change of ΔW, ΔH, ΔK.
Furthermore, we find the tolerance range of ΔW, ΔH, ΔK for Ti, j and Δi, j in couplers a, b, c.
The other four input pulses with different powers are switched to four different ports. Although
output pulses show some little compression and loss, the value of η is very small and output pulse
waveforms are not affected seriously. The basic switching function has been realized, so this design
is proved to be effective.

Keywords: silicon-on-insulator (SOI), vector finite element, discrete split-step multi-wavelet transfor-
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1. Introduction 
Silicon-on-insulator (SOI) waveguides [1] have attracted great attention lately because
they can be used to produce all kinds of optical devices. Owing to the significant
third-order nonlinearity and a tight mode confinement, some optical functions can
be realized at relatively low input power. Optical pulses have many applications in
the SOI waveguides, such as optical switching. 

In this paper, we propose a new design of cascaded SOI nonlinear directional
coupler, which can be used as a 1×4 optical switch. Three effective refractive indexes
are calculated for square SOI waveguide. For each effective refractive index, we adjust
the core-to-distance-ratio Ki and coupling length LCi to fabricate a nonlinear directional
coupler. However, there are some fabrication errors, which are ΔW, ΔH, ΔK in
the height of Si layer and width of Si layer and error of core-to-distance-ratio. We have
analyzed the change of power transmission efficiency Ti, j and relative transmission
efficiency error Δi, j corresponding to different ΔW, ΔH, ΔK. Finally, we obtain
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the fabrication tolerance of ΔW, ΔH, ΔK for couplers a, b, c. The other four input pulses
with different powers are switched to four different ports. Although output pulses show
some little compression and amplitude loss, the amplitude error η is very small and
output pulse waveforms do not deform seriously. The basic switching function has
been realized, thus this design is effective.

2. Theoretical mode

For symmetrical two-core SOI nonlinear directional couplers, including loss terms and
ignoring the effects of gain terms, high order dispersion and saturated gain term,
the coupled nonlinear Schrödinger equations (CNLSEs) [2] can be normalized as
follows:

(1a)

 (1b)

where u1 =  and nonlinear parameter γ = 0.7601 W/m, the initial amplitude 

(2)

in the first core t ∈ [–4096×10–15 s, 4096×10–15 s]. Input power P0 = 0.0745P1 W and
A0 = . Power loss α = 2.30 dB/km. The initial value u2 = 0 in the second core.
QD = κ0LD is the normalized linear coupling coefficient, LD = / |β2 | is the dispersion
length with β2 = –2.15×10–24 s2/m, and T0 = 0.125×10–12 s is an input pulse width.
Here, ξ = z /LD and τ = (t – z/vg)/T0 are the normalized distance and retarded time
coordinates, respectively. vg is the group velocity, wavelength λ = 1.55×10–6 m.

The power transmission efficiency Ti, j is a function of the pulse energies [3]

(3)

i = 1, 2; j = ±a, ±b, ±c, ±d, ±e, f ; a = 0.02, b = 0.04, c = 0.06, d = 0.08, e = 0.1, f = 0.
Here, a, b, c, d, e and f correspond to different values of ΔK; LC is the coupling
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length. The relative power transmission efficiency error Δi, j caused by ΔK is
Δi, j = |Ti, j – Ti, f |/Ti, f × 100%. The relative power transmission efficiency error Δ
caused by ΔW, ΔH is Δ = |Ti, ΔW, ΔH – Ti, 0, 0 |/Ti, 0, 0 × 100%; ΔW, ΔH = 0, ±0.01 μm,
±0.02 μm, ±0.03 μm.

3. Numerical method

In general, dispersion and nonlinear effects act jointly along the direction of optical
transmission. We derive an approximate result by assuming that dispersion and
nonlinear effects act at a short distance, respectively. 

Considering only dispersion effects from ξ to ξ + h/2 and from ξ + h/2 to ξ + h,
we have

(4a)

(4b)

Considering only the nonlinear effects of the whole length h, we obtain

(5a)

(5b)

We can solve them in three steps; in the fist step, from ξ to ξ + h/2, we take
the discrete split-step multi-wavelet transformation (DSSMWT) [4, 5] of Eqs. (4),

where  and  are the DSSMWT of u1 and u2, respectively. MW represents
the multi-wavelet transform operation. 

In the second step, taking the nonlinear effects of the whole length h, the nonlinear
part is solved in the time domain by the following method
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(6a)

(6b)
IDSSMWT denotes the inverse discrete split-step multi-wavelet transformation. 

In the third step, considering only the action from ξ + h/2 to ξ + h and making
similar DSSMWT calculation to solve Eqs. (4), we have 

Finally, at the output position of ξ + h, we obtain

(7a)

(7b)

4. Design of SOI directional coupler
A cascaded SOI nonlinear directional coupler can be designed to form an optical
switch, as shown in Fig. 1. Because the cross-section of the core and cladding layer
are square, respectively, the side length of Si layer is W = H = 0.6 μm, the side length
of SiO2 layer is W1 = H1 = 1.2 μm. The relative refractive index of Si layer is 3.455,
and the relative refractive index of SiO2 layer is 1.46.

Through vector finite element method [6–8], we can easily get the effective
refractive index neff = β /k0.

Moreover, σ  is the core radius, ρ  is the distance of two cores, K = ρ /σ  [9–11].
For coupler a, neff1 = 2.508288, K1 = 4.5 and LC1 = 0.0037 m. For coupler c, neff3 =
= 2.000879, K3 = 4 and LC3 = 0.0016 m.

For coupler b, neff2 = 3.022567, K2 = 5.2 and LC2 = 0.0075 m. However, during
the production of the coupler, there are some errors in the height of Si layer and width
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of Si layer. ΔW, ΔH ∈ [–0.03 μm, 0.03 μm] corresponds to the width error and height
error of Si layer. ΔK corresponds to the error of core-to-distance-ratio. ΔK1, ΔK2, ΔK3 ∈
[–0.1, 0.1], corresponds to the error of core-to-distance-ratio for couplers a, b, c, respec-
tively. The impacts on the power transmission efficiency were analyzed by the change
of ΔK and ΔW, and ΔH, as shown in Figs. 2 and 3. 

Fig. 1. Cascaded SOI nonlinear optical switch. Optical switch structure diagram (a). Cross-section of
optical switch (b).

a

b

Fig. 2. Transmission efficiency diagrams. Power transmission efficiency corresponding to coupler c (a).
Relative transmission efficiency error corresponding to coupler c (b). Relative transmission efficiency
error corresponding to coupler a (c). Relative transmission efficiency error corresponding to coupler b (d). 

a b

c d
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The actual normalized input power threshold value Pi, m (i = 1, 2, 3) is easily
obtained. For coupler a, P1, m = 12 W; for coupler b, P2, m = 20 W; moreover,
P3, m = 6 W for coupler c. One can easily find the changes of Ti, j and Δi, j, when ΔK3
varies for coupler c, as in Figs. 2a and 2b. When ΔK3 ∈ [–0.04, 0.06], Δi, j < 0.15%.
There are few impacts on the power transmission. Similarly, Fig. 2c reflects the changes
of Δi, j with ΔK1 for coupler a. Also, there are few impacts on the power transmission.
When ΔK1 ∈ [–0.02, 0.04], Δi, j < 0.3%. Figure 2d describes the changes of Δi, j with
ΔK2 for coupler b. When ΔK2 ∈ [–0.02, 0.04], Δi, j < 0.3%. Still, there are few impacts
on the power transmission. 

The changes of Δ can be obtained, when ΔW and ΔH vary for couplers a, b, c, as
shown in Fig. 3. We can easily find that when ΔH < 0, Δ caused by ΔW ∈
[0 μm, 0.03 μm] is less than that caused by ΔW ∈ [–0.03 μm, 0 μm]; when ΔH > 0,
Δ caused by ΔW ∈ [0 μm, 0.03 μm] is more than that by ΔW ∈ [–0.03 μm, 0 μm].
When ΔW does not change, Δ increases with the absolute value of ΔH increasing. 

For coupler c, when ΔW ∈ [–0.03 μm, 0.03 μm] and ΔH ∈ [–0.02 μm, 0.03 μm],
Δ is less than 0.15%. There are few impacts on the power transmission. For coupler a,
while ΔW ∈ [–0.01 μm, 0.02 μm] and ΔH ∈ [–0.01 μm, 0.02 μm], Δ is less than 0.4%.

Fig. 3. Transmission efficiency diagrams. Relative transmission efficiency error corresponding to
coupler c (a). Relative transmission efficiency error corresponding to coupler a (b). Relative transmission
efficiency error corresponding to coupler b (c).

a b

c
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Also, there are few impacts on the power transmission. Furthermore, for coupler b,
when ΔW ∈ [–0.01 μm, 0.02 μm] and ΔH ∈ [–0.01 μm, 0.02 μm], Δ is less than 0.4%.
Still, there are few impacts on the power transmission.

Finally, when ΔW and ΔH are fixed, ΔK3 ∈ [–0.04, 0.06], Δi, j < 0.15% for
coupler c; ΔK1 ∈ [–0.02, 0.04], Δi, j < 0.3% for coupler a; ΔK2 ∈ [–0.02, 0.04],
Δi, j < 0.3% for coupler b. Then, during the tolerance of ΔKi, there are few impacts
on the power transmission. When ΔK is fixed, ΔW ∈ [–0.03 μm, 0.03 μm] and
ΔH ∈ [–0.02 μm, 0.03 μm], Δ < 0.15% for coupler c; ΔW ∈ [–0.01 μm, 0.02 μm]
and ΔH ∈ [–0.01 μm, 0.02 μm], Δ < 0.4%, for coupler a; ΔW ∈ [–0.01 μm, 0.02 μm]
and ΔH ∈ [–0.01 μm, 0.02 μm], Δ < 0.4% for coupler b. In this way, during the toler-
ance of ΔWi and ΔHi, there are few impacts on the power transmission. 

5. Results

Theoretically, when normalized input pulse power P1 < P3, m, the output pulse
exports from port 4. When P1 > P2, m, the output pulse exports from port 2. When
P3, m < P1 < P2, m, the output pulse exports from port 3. Finally, for P1, m < P1 < P2, m,
the output pulse exports from port 1. For the input pulses with different power P1 = 4,
9, 15, 24 W, we can find respective output pulses in port 4/port 2/port 3/port 1, as
shown in Figs. 4–7. We can define the amplitude error η, as follows

where AO is the amplitude of output pulse and AI is the amplitude of input pulse.
Because P1 = 4 W is low compared to the entire normalized input threshold power
value, the pulse goes through twice cross coupling and arrives at the port 4. The output
pulse has a little compression and the pulse amplitude is reduced, as shown in Fig. 4.
But we can easily find that maximum of η is lower than 0.004%, the action of
the coupler has little effect on the output pulse.

Fig. 4. Input and output pulse (P1 = 4 W) – a. Amplitude error of output pulse in port 4 – b.

a b

η
AO AI–

AI
----------------------------- 100%×=
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Similarly, for P3, m < P1 = 9 W < P1, m, the output pulse runs through a cross state
in the coupler a and bar state in the coupler c. The output pulse still has a little
compression and the pulse amplitude is reduced and arrives at the port 3, as shown
in Fig. 5. 

However, one can easily see that the maximum of η is lower than 0.008%,
the function of the coupler has hardly any effect on the output pulse.  

When P1, m < P1 = 15 W < P2, m, the output pulse goes through a bar state in
the coupler a and cross state in the coupler c. Then, it arrives at the port 1. The output

Fig. 5. Input and output pulse (P1 = 9 W) – a. Amplitude error of output pulse in port 3 – b.

a b

Fig. 6. Input and output pulse (P1 = 15 W) – a. Amplitude error of output pulse in port 1 – b.

a b

Fig. 7. Input and output pulse (P1 = 24 W) – a. Amplitude error of output pulse in port 2 – b.

a b
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pulse also has a little compression and the pulse amplitude is reduced, as described in
Fig. 6. But, one can easily see that the maximum of η is lower than 0.012%, the action
of the coupler has little effect on the output pulse. 

Similarly, when P2, m < P1 = 24 W, the output pulse runs through twice bar
coupling. Afterwards, it arrives at the port 2. The output pulse still has a little
compression and pulse amplitude is reduced, as depicted in Fig. 7. However, it can be
easily seen that the maximum of η is lower than 0.018%, the function of the coupler
has also little effect on the output pulse.

Finally, although the output pulses have some little compression and amplitudes
of pulses are reduced, the value of η is very small and the output pulse waveforms are
not affected seriously. The basic switching function has been realized, so this design
is proved to be effective.

6. Conclusions
In this paper, we have calculated three effective refractive indexes for cascaded SOI
coupler. For each effective refractive index, the coupling length LC, core-to-distance-
-ratio K and switching threshold power Pi, m are calculated, respectively. However,
when really fabricating these couplers, there are some errors, which are ΔW, ΔH, ΔK
in the height of Si layer and the width of Si layer and the error of core-to-distance-
-ratio. We have analyzed the change of power transmission efficiency Ti, j and relative
transmission efficiency error Δi, j caused by the change of ΔW, ΔH, ΔK. Furthermore,
we have found the tolerance range of ΔW, ΔH, ΔK for the Ti, j and Δi, j in the couplers
a, b, c. The four input pulses with different power are switched to four different ports.
Although the output pulses have some little compression and loss, the value of η is
very small and the output pulse waveforms are not affected seriously. The basic
switching function has been realized, so this design is effective.
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