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1. Introduction

Waveguide directional couplers are important elements in 
integrated optics, with applications in power transfer between 
waveguides [1], mode conversion [2], polarization rotation 
[3], quantum communication [4] and many other practical 
fields [5]. The electric field propagation in coupled wave-
guides can be accurately described within the coupled-mode 
theory (CMT) [6] and recently, it was shown that the spatial 
dynamics of coupled waveguides is analogous to the tem-
poral dynamics of quantum optical systems driven by external 
electro magnetic fields [7, 8]. Building on this analogy between 
quantum mechanics and wave optics, many optical systems to 
manipulate the propagation [9] and polarization [10] of light 
were proposed based on quantum optical techniques.

The most widely used quantum optical method in designing 
directional waveguide couplers is adiabatic evolution. Several 
adiabatic techniques such as stimulated Raman adiabatic 
passage (STIRAP) [11] and rapid adiabatic passage (RAP) 
[12, 13] were used to achieve robust optical power switching 
between two, three and even an array of coupled waveguides 
[14–16]. Most recently, some elegant experimental papers 
showed an implementation of the optical waveguide coupler 
by using adiabatic following [17, 18]. The main advantage of 
these waveguide couplers is their robustness to parameter var-
iations while maintaining the efficiency of power transfer at 
100%. However, adiabatic evolution requires slow change in 
the coupling parameters and overall dynamics, which neces-
sitates an impractically long device length due to the adiaba-
ticity condition.

Journal of Physics D: Applied Physics

Shortcut to adiabatic light transfer  
in waveguide couplers with a sign flip  
in the phase mismatch

Wei Huang1 , Lay-Kee Ang2 and Elica Kyoseva3

1 Guangxi Key Laboratory of Optoelectronic Information Processing, Guilin University of Electronic 
Technology, Guilin 541004, People’s Republic of China
2 Engineering Product Development, Singapore University of Technology and Design, 8 Somapah Road, 
487372, Singapore
3 Condensed Matter Physics Department, School of Physics and Astronomy, Tel Aviv University, Tel Aviv 
69978, Israel

E-mail: elica_kioseva@yahoo.com

Received 9 July 2019, revised 6 October 2019
Accepted for publication 16 October 2019
Published 7 November 2019

Abstract
Employing counterdiabatic shortcut to adiabaticity (STA), we design short and robust 
achromatic two- and three- waveguide couplers. We assume that the phase mismatch 
between the waveguides has a sign flip at maximum coupling, while the coupling between 
the waveguides has a smooth spatial shape. We show that the presented coupler operates as a 
complete achromatic optical switch for two coupled waveguides and as an equal superposition 
beam splitter for three coupled waveguides. An important feature of our devices is that they do 
not require larger coupling strength as compared to previous designs, which makes them easier 
to realize in an experimental setting. Additionally, we show that the presented waveguide 
couplers operate at a shorter device length and are robust against variations in the coupling 
strength and the phase mismatch.

Keywords: shortcut to adiabaticity, waveguide coupler, coherent quantum control

(Some figures may appear in colour only in the online journal)

W Huang et al

Shortcut to adiabatic light transfer in waveguide couplers with a sign flip in the phase mismatch

Printed in the UK

035104

JPAPBE

© 2019 IOP Publishing Ltd

53

J. Phys. D: Appl. Phys.

JPD

10.1088/1361-6463/ab4e6c

Paper

3

Journal of Physics D: Applied Physics

IOP

2020

1361-6463

1361-6463/ 20 /035104+7$33.00

https://doi.org/10.1088/1361-6463/ab4e6cJ. Phys. D: Appl. Phys. 53 (2020) 035104 (7pp)

https://orcid.org/0000-0002-1072-522X
https://orcid.org/0000-0002-9154-0293
mailto:elica_kioseva@yahoo.com
http://crossmark.crossref.org/dialog/?doi=10.1088/1361-6463/ab4e6c&domain=pdf&date_stamp=2019-11-07
publisher-id
doi
https://doi.org/10.1088/1361-6463/ab4e6c


W Huang et al

2

To speed up the adiabatic evolution, shortcut to adiaba-
ticity (STA) was initially proposed in the context of quantum 
optical systems to produce the same final populations in a 
finite, shorter time [19–21]. More recently, STA techniques 
based on Lewis–Riesenfeld invariants were applied in wave 
optics to design short and robust coupled waveguides [22–24, 
26]. Another STA approach based on transitionless quantum 
driving (counterdiabatic driving) [20, 27] was also used to 
realize directional waveguides couplers [24, 28] and beam 
splitters [29], where an additional coupling at maximum cou-
pling between the waveguides was required.

In this paper, we apply counter-diabatic driving with uni-
tary transformation to the phase mismatch model with a sign 
flip at maximum coupling. The coupling of the phase mis-
match model has a hyperbolic-secant spatial shape while the 
phase mismatch is constant, with a sign flip at the coupling 
maximum. This model was previously used to design a two-
waveguide coupler, which realizes complete achromatic all-
optical switching [30]. Here, we apply counterdiabatic STA 
to this model to design a shorter and more robust directional 
coupler for two and three waveguides that notably does not 
require an increase in coupling strength. Therefore, compared 
to previous designs, we present a more compact and robust 
(against fabrication inaccuracies) optical switching device 
[30]. Besides, the quantum control model which we employ 
(STA with phase mismatch model) does not require reducing 
the minimum distance between input/output and the middle 
waveguide, thus minimizing the fabrication challenges [26]. 
A comparable proposal for an ultra-short beam splitter was 
presented in [31]. Assuming similar minimum distance 
between the waveguides of the order of few hundreds of nm, 
our proposed beam splitter will have an even shorter length. 
In addition, the STA with phase mismatch model enables the 
robust control of the quantum system.

Our paper is organized as follows. In section 2, we review 
the coupled mode theory (CMT) and the phase mismatch 
model as applied to adiabatic evolution in coupled wave-
guides. In section 3, we apply STA to design a two-waveguide 
coupler and in section 4 we present numerical results about its 
performance. In the following section 5, we extend the system 
to three coupled waveguides and use STA to propose a robust 
achromatic equal superposition beam splitter. Finally, we pre-
sent our conclusions in section 6.

2. Adiabatic light transfer in coupled waveguides

We consider two evanescently coupled optical waveguides as 
shown in figure 1. Adopting the paraxial approximation, we 
describe the propagation of a monochromatic light beam in 
the waveguide structure of figure 1 in the framework of the 
CMT [7]. The spatial propagation of the electric field ampl-
itudes c1(z) and c2(z) in the z direction is governed by a set of 
coupled differential equations,

i
d
dz

[
c1(z)
c2(z)

]
=

[
∆(z) Ω(z)
Ω(z) −∆(z)

] [
c1(z)
c2(z)

]
, (1)

where Ω(z) is the coupling coefficient between the two wave-
guides and the phase mismatch ∆(z) =

[
β1(z)− β2(z)

]
/2 is 

the difference between the corresponding propagation con-
stants, β1(z) and β2(z). The absolute squares of the electric 
field amplitudes are the dimensionless light intensities in 
the waveguides, I1,2(z) = |c1,2(z)|2, which are normalized to 
I1(z) + I2(z) = 1 in the lossless waveguides scenario.

We consider the phase mismatch coupling model, with 
coupling strength Ω(z) = Ω0sech(2πz/L). Furthermore, the 
phase mismatch is ∆(z) = −∆0 when z  <  0 and ∆(z) = ∆0 
when z  >  0, where Ω0 is the maximum coupling amplitude 
and ∆0 is a fixed phase mismatch. They are both positive and 
real. The total length of the waveguide structure is 2L, while 
the middle point is at z  =  0. This coupling model is known 
to be analytically solvable and was previously used in [32] 
to realize a complete population inversion in atomic systems. 
More recently, it was applied to achieve a complete light 
transfer between two waveguides and a beam splitter for three 
coupled waveguides [30].

With the help of the unitary transformation U0 (in the dia-
batic basis),

U0 =

[
cos(θ/2) − sin(θ/2)
sin(θ/2) cos(θ/2)

]
 (2)

we transform the diabatic basis c(z) = [c1(z), c2(z)]T  to the adi-
abatic basis a(z) = [a1(z), a2(z)]T  according to a(z) = U−1

0 c(z). 
The transformation U0 is unitary and the mixing angle θ is 
defined as tan(θ) = Ω(z)/∆(z). The operator H(z) in the 
adiabatic basis is given by Ha(z) = U−1

0 H(z)U0 − iU−1
0 U̇0, 

where the overdot represents a derivative with respect to z.

Figure 1. A schematic of the waveguide structure with length 
2L that is used for complete achromatic optical switching. Two 
evanescently coupled waveguides made of slabs with refractive 
indexes n2 and n3 are embedded in a medium with an index of 
refraction n1. A Gaussian-shaped light beam is initially injected 
in the left waveguide and at the end the waveguide structure it is 
switched to the right waveguide.
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For the system evolution to follow the adiabatic path, the 
adiabatic condition must be fulfilled. That is, the difference 
between the diagonal elements of Ha(z) must be much larger 
than the off-diagonal elements. Parametrically, the adiabatic 
condition is satisfied when

θ̇/2 ≡ Ω̇∆− ∆̇Ω

2(Ω2 +∆2)
�

√
Ω2 +∆2, (3)

which means that ∆(z) and Ω(z) must vary slowly with the 
spatial parameter z. We note that in relation to coupled wave-
guides devices the adiabatic condition entails long device 
lengths for the realization of high fidelity adiabatic light 
transfer.

3. Shortcut to adiabatic light transfer in waveguides

We use the STA protocol to design optical switching devices 
with shorter characteristic lengths. The STA is achieved by 
introducing an additional coupling between the waveguides, 
described by Hd(z), which is used to nullify the off-diagonal 
elements of the adiabatic operator Ha(z). The additional cou-
pling operator is Hd(z) = i

∑
j |∂zaj〉〈aj|, which in the basis 

c(z) is given by,

Hd(z) =

[
0 −iθ̇/2

iθ̇/2 0

]
. (4)

The total effective coupling operator is then Heff (z) =
H(z) + Hd(z) with H(z) being the coupling operator in the 
diabatic basis from equation (1). We thus obtain

Heff (z) =

[
∆(z) Ω(z)− iΩa(z)

Ω(z) + iΩa(z) −∆(z)

]
 (5)

where the additional coupling term is Ωa(z) ≡ θ̇/2 and Ω(z) 
and ∆(z) are the coupling and phase mismatch of the phase 
mismatch model.

As the coupling from equation (5) is complex, which is not 
physical for a coupled waveguide system, we use the transfor-
mation matrix U1,

Uφ =

[
e−iφ/2 0

0 eiφ/2

]
 (6)

with tan(φ) = Ωa(z)/Ω(z), to transform Heff(z) such as to 
remove the phase from the coupling terms. We thus obtain,

Heff (z) =
[
∆eff (z) Ωeff (z)
Ωeff (z) −∆eff (z)

]
, (7)

where Ωeff (z) =
√
Ω(z)2 +Ωa(z)2 , and ∆eff (z) = ∆(z)−  

φ̇(z)/2.
If the additional coupling Ωa(z) between the waveguides 

is strong enough, the effective Hamiltonian Heff(z) can in fact 
follow the adiabatic path in an arbitrary short time. However, 
there is a physical limitation stating that the additional modi-
fying coupling cannot be larger than the original one, that is, 

|Ωa(z)| � |Ω(z)| � |Ω0(z)| [19]. To check if the STA model 
fulfills this inequality, we turn our attention to the behavior 
of the coupling parameter at the phase mismatch point, 
z  =  0. It is easy to see that limz→±0 Ωa = 0 and we obtain 
that Ωeff (0) = Ω0. Therefore, unlike previous couplers based 
on counterdiabatic STA [26], the proposed coupler does not 
require an increase in the coupling strength at maximum 
coupling.

3.1. An example

We plot the phase mismatch and the coupling as a function of 
the device length z for the original phase mismatch model and 

Figure 2. (a) Coupling strength and phase mismatch of both 
models as a function of the device length z. The original phase 
mismatch model parameters Ω(z) (solid line) and ∆(z) (dashed 
line) from phase mismatch model are plotted with a blue line, while 
the effective Ωeff (z) (solid line) and ∆eff (z) (dashed line) from 
equation (7) are plotted with a red line. We set ∆0 = 1 mm−1 and 
Ω0 = 5 mm−1, which corresponds to the device length is 0.6 mm. 
(b) The light intensity of waveguide 2, I2(z) = |c2(z)|2, along 
the device length z for the original (blue line) and the STA (red 
line) phase mismatch models with the coupling parameters. (c) 
The corresponding distance between two waveguides and width 
difference of two waveguides, based on an exponential (coupling 
strength and distance) and a linear (detuning and width difference) 
relationships.
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for the STA model (equation (7)) and show them in figure 2(a). 
We set the device length at 0.6 mm and ∆0 = 1 mm−1, and 
Ω0 = 5 mm−1. Subsequently, for figure 2(b), we assume that 
the input light is injected into the waveguide 1 and we plot the 
light intensity, I2 = |c2(z)|2, of waveguide 2. We assume the 
same waveguides parameters, as in figure 2(a). It is clear that 
the light transfer for the STA system is much more effective, 
as compared to the original one.

The geometry of the waveguide coupler is determined by 
the coupling strength Ωeff (z) and the phase mismatch ∆eff (z) 
parameters. The separation distance d between the two wave-
guides can be well fitted by the hyperbolic secant form of 
coupling strength Ωeff (z), which the coupling strength has 
the exponential relationship with the separation distance [6–
9]. In addition, the connection between the phase mismatch 
∆eff (z) and the difference between the widths of the two 
waveguides, δw = w1 − w2, is given by a linear relation [22, 
24, 25]. The engineering of a sign flip in the phase mismatch 
at the maximum coupling point can be realized by switching 
the materials of the two waveguides. This would realize a 
swap of the propagation constants of the two waveguides, 
β1,2(z = −0) → β2,1(z = +0), and thus, the desired sign flip 
in ∆eff (z).

In this example, we choose the same material setting up as 
in [24]. The material setting up as following: 3 µm thick SiO2 
(n  =  1.46) on a Si (n  =  3.48) wafer is used for the bottom 
cladding layer, the core consists of a 2.4 µm layer of BCB 
(n  =  1.53), and the upper cladding is epoxy (n  =  1.50). With 
this configuration, we can easily obtain the exponential rela-
tionship (between coupling strength and separation distance) 
and linear relationship (between detuning and width differ-
ence of two waveguides) by fitting the simulation from the 
paper [24]. Based on these relationships, we can map the cou-
pling strength Ωeff  and detuning ∆eff  in to the geometrical 
parameters, given by figure  2(c). Subsequently, we perform 
the simulation for this example to demonstrate our device per-
formance in the figure 3, by established on the geometrical 
parameters (figure 2(c)). From the result of simulation, the 
light energy transfers from input to output waveguide, which 
is consistent with figure 2(b).

4. Performance and advantages

4.1. Shorter device length

To compare the performance of the proposed STA waveguide 
coupler to the original one, we show the contour plots of the 
light intensity at the end of the device at waveguide 2, I2(L), 
as a function of Ω0 and the device length 2L. We assume that 
initially light was input in waveguide 1, I1(−L)  =  1, and we 
solve the coupled differential equations  from equation  (1) 
numerically. The results are presented in figure 4 where the top 
frame shows the plot for the STA coupler and the bottom for 
the original one. We set ∆0 = 1 mm−1 and Ω0 varies between 
0 mm−1 and 5 mm−1. We assume that the device length 2L 
varies from 0 mm to 2 mm. The figure shows that the coupler 
with STA phase mismatch model achieves an efficient and 
robust light transfer at a shorter device length. For example, 
for a maximum coupling strength Ω0 = 5 mm−1, we obtain 
light intensity I2(L)  =  1 at device length 2L = 0.7 mm , while 
the comparable device without STA requires a device length 
of 2L = 1.3 mm .

4.2. Robustness against parameter fluctuations

We continue to show the superiority of the counterdiabatic 
STA waveguide coupler as compared to the analogous device 
without STA by examining the light intensity transfer to wave-
guide 2, I2(L), as a function of the maximum coupling strength 
Ω0 and the phase mismatch ∆0. The device length is fixed at 
2L  =  10 mm, while Ω0 varies from 0 mm−1 to 5 mm−1 and ∆0 
from 0 mm−1 to 5 mm−1, as shown in figure 5. We note that 

Figure 3. Light propagation simulation in an STA directional 
coupler. The coupling strength Ωeff  and phase mismatch ∆eff  are 
shown in figure 2(a). Subsequently, the corresponding distance 
between the two waveguides d and their relative width differences 
are given in figure 2(c). Based on these geometrical parameters, we 
run the simulation of this device to demonstrate the light intensity 
transferring from input to output waveguide.

Figure 4. Contour plots of the light intensity transfer at the end 
of the device, I2(L), for a waveguide coupler with a sign flip in the 
phase mismatch with STA (top frame) and without STA (bottom 
frame). The phase mismatch is set to ∆0 = 1 mm−1, while we vary 
the maximum coupling strength Ω0 and the device length 2L.
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the fidelity of the light transfer for the STA coupler is robust 
against variations in both the maximum coupling and phase 
mismatch, including around small ∆0, which is not the case 
for a light coupler without STA.

The stability of the light transfer efficiency to changes in 
the coupling and phase mismatch guarantees the achromatic 
operation of the proposed coupler. Consequently, varying 
wavelength of input light changes the propagation constants 
and mode profiles with against different input wavelength. 
Therefore, the fluctuations of wavelength modifies the cou-
pling strength and detuning, based on CMT [6, 7, 33]. Owing 
to the fact that different wavelengths of light have different 
coupling and phase mismatch parameters, figure  5 clearly 
shows that these will not affect the fidelity of the light transfer 
within a moderate wavelength range.

To justify our design robustness against fabrication error, 
we introduce the random Gaussian noise into our coupling 
strength and detuning. We define the error rate of coupling 
strength and detuning as amplitude of Gaussian noise divides 
the amplitude of the correct (no error) coupling strength and 
detuning. It is the reasonable to describe the fabrication error, 
because the coupling strength is depended on the distance 
between two waveguides [7, 8, 14] and detuning is linearly 
dependent with refraction indexes and difference between 
widths of two waveguides [22–24]. From this perspective, we 
effectively introduce the Gaussian noise to distance between 
two waveguides and difference of widths of two waveguides. 
We run the 500 times to average the error rate of the fidelity, 
where the fidelity is the final transferring intensity of output 
waveguide I2(L) and error rate of the fidelity is 1  −  I2(L). From 

the results (see figure 6), it is clearly showed that the error rates 
of coupling strength and detuning are as larger as 30%, the 
fidelity error rate is relatively small (within 15%) and also our 
shortcut method has much smaller error rate than the original 
phase mismatch model. In addition, according to the exponen-
tial (coupling strength and distance) and linear (detuning and 
width difference) relationships, it is easy to estimate that 10% 
detuning error leads to width difference error within 84 nm 
and 10% coupling strength error conduces gap error within 
186 nm (at maximum coupling strength Ω0 = 5 mm−1), based 
on material structure [24].

5. Beam splitter based on STA

In this section, we consider three coupled waveguides as 
shown in figure  6. We assume that the outer waveguides, 
waveguides 1 and 3, are geometrically symmetric with respect 
to waveguide 2, that is they are equally coupled to it with Ω(z). 
Furthermore, the outer waveguides are assumed to have equal 
refractive indexes n2, while the refractive index of the middle 
waveguide changes from n3 to n4 at the maximum of the cou-
pling, z  =  0. We assume that waveguide 2 in the center that 
has constant width and input/output waveguide has the same 
width variation, such that w1(z)  =  w3(z). The phase mismatch 
is defined as ∆(z) = β2(z)− β1(z), where β1(z) and β2(z) are 
the propagation coefficients of waveguides 1 and 2. The light 
propagation in this waveguide array is described by

i
d
dz




c1(z)
c2(z)
c3(z)


 =




0 Ω(z) 0
Ω(z) ∆(z) Ω(z)

0 Ω(z) 0






c1(z)
c2(z)
c3(z)


 . (8)

These coupled differential equations are analogous to the 
Schrödinger equation describing a three-state quantum system 
subjected to an external electromagnetic field. Thus, we can 

introduce a new basis of a dark cd(z) = 1√
2
(c1(z)− c3(z)) 

and a bright state cb(z) = 1√
2
(c1(z)− c3(z)). Rewriting equa-

tion (8) in the new basis,

i
d
dz




cb(z)
c2(z)
cd(z)


 =




0
√

2Ω(z) 0√
2Ω(z) ∆(z) 0

0 0 0






cb(z)
c2(z)
cd(z)


 , (9)

Figure 5. Contour plots of the light intensity transfer I2(L). We 
numerically solve equation (1) for varying maximum coupling 
strength Ω0 and phase mismatch ∆0. The device length is 10 mm. 
The top frame shows I2(L) for a coupler with shortcut to adiabaticy, 
while the bottom frame for a coupler without STA.

Figure 6. The error rate of coupling strength and detuning by 
introducing random Gaussian noise (from 0% to 30%) against error 
rate of fidelity.

J. Phys. D: Appl. Phys. 53 (2020) 035104
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we can easily see that the dark state cd(z) is decoupled, and 
the three-state problem is reduced to a two-state one involving 
states cb(z) and c2(z) only.

This set of differential equations  is the same as the one 
for two coupled waveguides. Therefore, if we use the same 
parameters with STA Ω(z) and ∆(z) from equation  (7), we 
can realize a robust and fast complete state transfer from 
c2(z) to cb(z). Mapping to the three coupled waveguides 
system, if we assume that light is initially input in the middle 
waveguide, then the final output light will be in state cb(z), 
which realizes an equal intensity superposition between 
the two outer waveguides. With an example to demonstrate 
the performance of our beam splitter, we set up the param-
eters as ∆0 = 1 mm−1, Ω0 = 5 mm−1 and device length 
2L = 0.6 mm . The light intensity evolution of waveguides 
( I1, I2 and I3) are shown in figure 7(b) and it is easy to obtain 
that our shortcut of phase mismatch model has better per-
formance than original phase mismatch model. Note that by 
design, this device will have the same advantages as the two-
waveguide coupler, these are (i) a shorter device length; (ii) 

achromaticity; and (iii) robustness to parameter fluctuations 
including around small values for the phase mismatch.

Employing phase mismatch model in optical waveguide 
achieves achromaticity and robustness against geometrical 
parameters device which is proposed in [30]. In this paper, 
we further improve the performance of phase mismatch 
model device, such as the shorter device length (figure 4) and 
improved robustness (figure 5). Indeed, physical implementa-
tion of sudden change for phase mismatch is an engineering 
problem. However, we can employ the ion implementation 
technique [15] by changing different concentration of ions to 
vary the refraction indexes. Another method, which is given 
by our example in our paper, is using the same material struc-
ture in [24]. We can implement the required sudden change 
for phase mismatch by changing the width difference to vary 
the detuning.

6. Conclusions

We demonstrated a novel device for complete achromatic 
optical switching between evanescently coupled wave-
guides. Utilizing counterdiabatic STA-obtained changes to 
the coupling and the phase mismatch, we show that the pro-
posed device realizes a complete and robust achromatic light 
switching on a shorter length scale as compared to previous 
designs. We note that the required parameter changes obey 
the coupling strength inequality, |Ωa(z)| � |Ω(z)| � |Ω0(z)|. 
Finally, we showed that a similar waveguide coupler with STA 
can be used for realizing an equal superposition beam splitter 
in a system of three coupled waveguides.

Acknowledgments

W H acknowledges funding from the National Science and 
Technology Major Project (Grant No. 2017ZX02101007-
003); National Natural Science Foundation of China (Grant 
No. 61565004) and National Natural Science Foundation of 
China (Grant No. 61665001).

L K A is partly supported by Singapore ASTAR AME IRG 
A1783c0011 and US Air Force Office of Scientific Research 
(AFOSR) through the Asian Office of Aerospace Research and 
Development (AOARD) under Grant No. FA2386-17-1-4020.

E K acknowledges financial support from the European 
Union’s Horizon 2020 research and innovation programme 
under the Marie Skłodowska-Curie Grant agreement No. 
705256—COPQE.

ORCID iDs

Wei Huang  https://orcid.org/0000-0002-1072-522X
Elica Kyoseva  https://orcid.org/0000-0002-9154-0293

References

	 [1]	 Syms R R A 1992 The digital directional coupler: improved 
design IEEE Photon. Technol. Lett. 4 1135–8

Figure 7. (a) Three evanescently coupled waveguides made of 
three slabs with refractive indexes n2, n3 and n4, embedded in a 
medium with an index of refraction n1. Gaussian-shaped light beam 
is injected initially in the middle waveguide, which at the end of the 
evolution, is robustly transferred to the two outer waveguides. (b) 
An example of beam splitter with ∆0 = 1 mm−1, Ω0 = 5 mm−1 
and device length 2L = 0.6 mm . The red (blue) lines are the light 
intensity evolution with (without) shortcut and the solid (dashed) 
lines are the light evolution of I1 = I3 (I2).

J. Phys. D: Appl. Phys. 53 (2020) 035104

https://orcid.org/0000-0002-1072-522X
https://orcid.org/0000-0002-1072-522X
https://orcid.org/0000-0002-9154-0293
https://orcid.org/0000-0002-9154-0293
https://doi.org/10.1109/68.163757
https://doi.org/10.1109/68.163757
https://doi.org/10.1109/68.163757


W Huang et al

7

	 [2]	 Sun X, Liu H C and Yariv A 2009 Adiabaticity criterion and 
the shortest adiabatic mode transformer in a coupled-
waveguide system Opt. Lett. 34 280–2

	 [3]	 Watts M R, Haus H A and Ippen E P 2005 Integrated mode-
evolution-based polarization splitter Opt. Lett. 30 967–9

	 [4]	 Nikolopoulos G M 2008 Directional coupling for quantum 
computing and communication Phys. Rev. Lett. 101 200502

	 [5]	 Agrawal G P 2000 Nonlinear Fiber Optics (Berlin: Springer) 
pp 195–211

	 [6]	 Huang W P 1994 Coupled-mode theory for optical 
waveguides: an overview J. Opt. Soc. Am. A 11 963–83

	 [7]	 Yariv A 1989 Quantum Electronics 3rd edn (New York: Wiley)
	 [8]	 Longhi S 2005 Coherent destruction of tunneling in waveguide 

directional couplers Phys. Rev. A 71 065801
	 [9]	 Longhi S 2009 Quantum-optical analogies using photonic 

structures Laser Photon. Rev. 3 243–61
	[10]	 Rangelov A A and Kyoseva E 2015 Broadband composite 

polarization rotator Opt. Commun. 338 574–7
	[11]	 Vitanov N V 2001 Laser-induced population transfer by 

adiabatic passage techniques Ann. Rev. Phys. Chem. 
52 763–809

	[12]	 Bergmann K, Theuer H and Shore B W 1998 Coherent 
population transfer among quantum states of atoms and 
molecules Rev. Mod. Phys. 70 1003

	[13]	 Huang W et al 2017 Adiabatic following for a three-state 
quantum system Opt. Commun. 382 196–200

	[14]	 Longhi S 2006 Adiabatic passage of light in coupled optical 
waveguides Phys. Rev. E 73 026607

	[15]	 Longhi S et al 2007 Coherent tunneling by adiabatic passage 
in an optical waveguide system Phys. Rev. B 76 201101

	[16]	 Rangelov A A and Vitanov N V 2012 Achromatic multiple 
beam splitting by adiabatic passage in optical waveguides 
Phys. Rev. A 85 055803

	[17]	 Mrejen M et al 2015 Experimental realization of two 
decoupled directional couplers in a subwavelength packing 
by adiabatic elimination Nano Lett. 15 7383–7

	[18]	 Mrejen M et al 2015 Adiabatic elimination-based coupling 
control in densely packed subwavelength waveguides Nat. 
Commun. 6 7565

	[19]	 Chen X et al 2010 Shortcut to adiabatic passage in two-and 
three-level atoms Phys. Rev. Lett. 105 123003

	[20]	 del Campo A 2013 Shortcuts to adiabaticity by counterdiabatic 
driving Phys. Rev. Lett. 111 100502

	[21]	 Chen X, Torrontegui E and Muga J G 2011 Lewis–Riesenfeld 
invariants and transitionless quantum driving Phys. Rev. A 
83 062116

	[22]	 Tseng S Y 2014 Robust coupled-waveguide devices using 
shortcuts to adiabaticity Opt. Lett. 39 6600–3

	[23]	 Ho C P and Tseng S Y 2015 Optimization of adiabaticity in 
coupled-waveguide devices using shortcuts to adiabaticity 
Opt. Lett. 40 4831–4

	[24]	 Tseng S Y et al 2014 Short and robust directional couplers 
designed by shortcuts to adiabaticity Opt. Express 
22 18849–59

	[25]	 Syahriar A, Schneider V M and Al-Bader S 1998 The 
design of mode evolution couplers J. Lightwave Technol. 
16 1907–14

	[26]	 Paul K and Sarma A K 2015 Shortcut to adiabatic passage 
in a waveguide coupler with a complex-hyperbolic-secant 
scheme Phys. Rev. A 91 053406

	[27]	 Berry M V 2009 Transitionless quantum driving J. Phys. A: 
Math. Theor. 42 365303

	[28]	 Chen X, Wen R D and Tseng S Y 2016 Analysis of optical 
directional couplers using shortcuts to adiabaticity Opt. 
Express 24 18322–31

	[29]	 Chen X et al 2018 Compact beam splitters in coupled 
waveguides using shortcuts to adiabaticity J. Opt. 
20 045804

	[30]	 Huang W, Rangelov A A and Kyoseva E 2014 Complete 
achromatic optical switching between two waveguides with 
a sign flip of the phase mismatch Phys. Rev. A 90 053837

	[31]	 Dai D, Wang Z and Bowers J 2011 Ultrashort broadband 
polarization beam splitter based on an asymmetrical 
directional coupler Opt. Lett. 36 2590–2

	[32]	 Vitanov N V 2007 Complete population inversion by a phase 
jump: an exactly soluble model New J. Phys. 9 58

	[33]	 Hardy A and Streifer W 1985 Coupled mode theory of parallel 
waveguides J. Lightwave Technol. 3 1135–46

J. Phys. D: Appl. Phys. 53 (2020) 035104

https://doi.org/10.1364/OL.34.000280
https://doi.org/10.1364/OL.34.000280
https://doi.org/10.1364/OL.34.000280
https://doi.org/10.1364/OL.30.000967
https://doi.org/10.1364/OL.30.000967
https://doi.org/10.1364/OL.30.000967
https://doi.org/10.1103/PhysRevLett.101.200502
https://doi.org/10.1103/PhysRevLett.101.200502
https://doi.org/10.1364/JOSAA.11.000963
https://doi.org/10.1364/JOSAA.11.000963
https://doi.org/10.1364/JOSAA.11.000963
https://doi.org/10.1103/PhysRevA.71.065801
https://doi.org/10.1103/PhysRevA.71.065801
https://doi.org/10.1002/lpor.200810055
https://doi.org/10.1002/lpor.200810055
https://doi.org/10.1002/lpor.200810055
https://doi.org/10.1016/j.optcom.2014.11.037
https://doi.org/10.1016/j.optcom.2014.11.037
https://doi.org/10.1016/j.optcom.2014.11.037
https://doi.org/10.1146/annurev.physchem.52.1.763
https://doi.org/10.1146/annurev.physchem.52.1.763
https://doi.org/10.1146/annurev.physchem.52.1.763
https://doi.org/10.1103/RevModPhys.70.1003
https://doi.org/10.1103/RevModPhys.70.1003
https://doi.org/10.1016/j.optcom.2016.07.067
https://doi.org/10.1016/j.optcom.2016.07.067
https://doi.org/10.1016/j.optcom.2016.07.067
https://doi.org/10.1103/PhysRevE.73.026607
https://doi.org/10.1103/PhysRevE.73.026607
https://doi.org/10.1103/PhysRevB.76.201101
https://doi.org/10.1103/PhysRevB.76.201101
https://doi.org/10.1103/PhysRevA.85.055803
https://doi.org/10.1103/PhysRevA.85.055803
https://doi.org/10.1021/acs.nanolett.5b02790
https://doi.org/10.1021/acs.nanolett.5b02790
https://doi.org/10.1021/acs.nanolett.5b02790
https://doi.org/10.1038/ncomms8565
https://doi.org/10.1038/ncomms8565
https://doi.org/10.1103/PhysRevLett.105.123003
https://doi.org/10.1103/PhysRevLett.105.123003
https://doi.org/10.1103/PhysRevLett.111.100502
https://doi.org/10.1103/PhysRevLett.111.100502
https://doi.org/10.1103/PhysRevA.83.062116
https://doi.org/10.1103/PhysRevA.83.062116
https://doi.org/10.1364/OL.39.006600
https://doi.org/10.1364/OL.39.006600
https://doi.org/10.1364/OL.39.006600
https://doi.org/10.1364/OL.40.004831
https://doi.org/10.1364/OL.40.004831
https://doi.org/10.1364/OL.40.004831
https://doi.org/10.1364/OE.22.018849
https://doi.org/10.1364/OE.22.018849
https://doi.org/10.1364/OE.22.018849
https://doi.org/10.1109/50.721079
https://doi.org/10.1109/50.721079
https://doi.org/10.1109/50.721079
https://doi.org/10.1103/PhysRevA.91.053406
https://doi.org/10.1103/PhysRevA.91.053406
https://doi.org/10.1088/1751-8113/42/36/365303
https://doi.org/10.1088/1751-8113/42/36/365303
https://doi.org/10.1364/OE.24.018322
https://doi.org/10.1364/OE.24.018322
https://doi.org/10.1364/OE.24.018322
https://doi.org/10.1088/2040-8986/aab02c
https://doi.org/10.1088/2040-8986/aab02c
https://doi.org/10.1103/PhysRevA.90.053837
https://doi.org/10.1103/PhysRevA.90.053837
https://doi.org/10.1364/OL.36.002590
https://doi.org/10.1364/OL.36.002590
https://doi.org/10.1364/OL.36.002590
https://doi.org/10.1088/1367-2630/9/3/058
https://doi.org/10.1088/1367-2630/9/3/058
https://doi.org/10.1109/JLT.1985.1074291
https://doi.org/10.1109/JLT.1985.1074291
https://doi.org/10.1109/JLT.1985.1074291

	Shortcut to adiabatic light transfer 
in waveguide couplers with a sign flip 
in the phase mismatch
	Abstract
	1. Introduction
	2. Adiabatic light transfer in coupled waveguides
	3. Shortcut to adiabatic light transfer in waveguides
	3.1. An example

	4. Performance and advantages
	4.1. Shorter device length
	4.2. Robustness against parameter fluctuations

	5. Beam splitter based on STA
	6. Conclusions
	Acknowledgments
	ORCID iDs
	References


