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The flat-top optical filter is an important component in practical optical applications, but it is
very challenging for experimental realization in the integrated photonic platform. Here, we propose
a robust and high-efficiency optical filter with wide-band flat-top, based on the adiabatic conversion
of light in coupled waveguides with a chirped modulation of the gap. The bandwidth of the filter
can be 110 nm for telecom wavelengths, but owing to the adiabatic criteria, the length of the device
is about 20mm. To narrow the bandwidth and reduce the footprint of the device simultaneously,
an additional apodization modulation of the geometry is introduced, and a 6 nm bandwidth can be
realized with a device length of 4mm. Besides, the influences of structure parameters on the device
performance are also analyzed, and the results show that the device is robust to the variation of the
structure parameters. The proposed integrated bandpass filter is feasible for experiments, thus it
would be useful in both classical and quantum information processing on photonic chips.

I. INTRODUCTION

Great progress has been achieved in photonic inte-
grated circuits (PICs) over the past decades [1, 2]. The
PICs have shown great potential for scalable classical and
quantum information processing [3–7]. Among various
optical components, an optical filter is of great impor-
tance for signal processing. For example, it is necessary
for dividing the signals into different wavelength chan-
nels, blocking the undesired stray lights, and separating
the strong control laser from the weak signal for a nonlin-
ear optics process, especially for the on-chip second-order
nonlinearity processes [8] and optical comb [9], where
the ultra-broadband optical signals are related. Accord-
ingly, a wide-band and flat-top filter with high-efficiency
is needed. For PIC, a number of schemes have been pro-
posed to realize flat-top optical filters [10–12], such as the
Mach-Zehnder interferometers [13], gratings [14], pho-
tonic crystal [15, 16] and cascade microring resonators
[17, 18]. In these schemes, complex controls and high-
precision fabrication processes are required, which makes
the realization of flat-top filters challenging.

On the other hand, inspired by the similarity between
state evolution in quantum mechanics and electromag-
netic wave propagation in optics, photonic platform has
been used for studying the quantum effects, including
Anderson localization, Bloch oscillations, electromagnet-
ically induced transparency, and Zener tunneling [19–22].
Also, the quantum control techniques, which have been
extensively studied in quantum metrology and computa-
tion [23–26], could also be implemented in photonic de-
vices due to the same analogue. For example, the quan-
tum adiabatic population transfer, which has been used
in atomic state control [27–30], are generalized in the PIC
to realize robust and broadband photonic devices, such as
the long-pass filter [31–33], polarization rotators [34, 35],

broadband frequency conversion [36], mode multiplexer
[37]and beam splitters [38].

In this paper, an adiabatic band-pass filter (ABPF)
with a wide-band flat-top transmission is designed ac-
cording to the coherent adiabatic passage technique. The
filter consists of an asymmetric coupler with a modulated
gap while the modulation period is chirped. By properly
engineering the parameters of the device, the light input
to one of the coupled waveguides can be transferred to
the neighbor waveguide adiabatically, if its wavelength is
located in a certain band. This spatial adiabatic tunnel-
ing passage is an optical analog of the temporal adiabatic
state evolution in atomic systems [27–30]. The adiabatic
mechanism promises the devices with high efficiency and
robustness against the structural variations, such as the
gap and the width of waveguides, therefore the proposed
device is feasible for practical experiments. The chirped
modulation studied in this work is different from the ta-
pered gap or width in other adiabatic photonic designs,
thus our work also provides an alternative way to manip-
ulate the photons in PIC.

II. THE MODEL AND PRINCIPLE

The proposed ABPF is shown in Fig. 1(a), which is
made by an asymmetric waveguide coupler. When light
input from port 1, the signal with wavelengths in a se-
lected band can couple to the other waveguide and will
be dropped by the port 3, while the photons with the
remaining wavelengths will directly exit from port 2. So
the ports 2 and 3 can be used as a band-stop and band-
pass filter, respectively. To suppress the direct light cou-
pling between two waveguides for the wavelengths outside
the bandwidth, which essentially becomes the stray light
background of the filter, we choose the asymmetric sin-
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Figure 1. (a) The schematic illustration of the adiabatic fil-
ter. The core component is an asymmetric coupler made by
silicon with a chirped modulation gap. Here, the geometry in
z-direction is re-scaled for better illustration of the modulated
gap. (b) The propagation wave-vector for the eigenmodes of
the asymmetric coupler versus the propagation distance z in
the rotating coordinate. The κ1 corresponding to the ampli-
tude of the modulated coupling coefficient (see main text).
The different colors represent the energy weights of the eigen-
modes of the coupler in the narrower waveguide.

gle mode waveguide coupler, so that the wave-numbers of
the fundamental modes (β1 and β2) in two waveguides are
different. Then, a periodic modulation of the gap is intro-
duced to compensate the dispersive phase mismatching
between the waveguides, thus the light with the wave-
lengths satisfying certain conditions for adiabatic conver-
sion will be dropped at port 3. At the input side, because
two waveguides are sufficiently separated that the light
input from one waveguide can be regarded as an incidence
in the form of an eigenmode of the coupler, so does the
light at the output side. From the mode conversion point
of view, the ABPF is essentially a wavelength-dependent
mode converter.
According to the coupled mode theory, the dynamics

of the light propagating in the two waveguides satisfy

d

dz
E1(z) = −iβ1(z)E1(z)− iκ(z)E2(z), (1)

d

dz
E2(z) = −iβ2(z)E2(z)− iκ(z)E1(z), (2)

where Ej(z) is the amplitude of the electric field in the j-
th waveguide and κ(z) is the coupling coefficient between
waveguides. Introducing the slowly varying amplitudes
aj (z) = Ej (z) e

−iβj(z)z (j = 1, 2), the coupled mode
equations becomes

d

dz
a1(z) = −iκ(z)a2(z)e

−i∆β(z)z, (3)

d

dz
a2(z) = −iκ(z)a1(z)e

i∆β(z)z, (4)

with ∆β (z) = β1 (z)− β2 (z). According to our assump-
tion ∆β ≫ κ, so the coupling between the two waveg-
uides are strongly suppressed due to the fast varying
phase e±i∆β(z)z .
When introduces the modulation of the gap between

the waveguides, i.e. the gap g (z) = g0 + ∆g (z), the

coupling coefficient κ (z) between the waveguide could be
modulated as well, where g0 is the average gap and ∆g(z)
is the modulation of the gap. For the weak perturbations
∆g (z) ≪ λ, where λ is the wavelength, the βi(z) can be
treated as a constant along the waveguide, and we can
approximate the modulated coupling coefficient to the
leading order as

κ (z) = κ0 + κ1sin(Ω (z) z), (5)

where κ0 is a constant coupling coefficient for the gap
g0 and κ1 is the amplitude of the modulated coupling
coefficient caused by the modulated gap. Then, for the
coupled mode equation Eq. (3), the fast varying phase of
the coupling term could be compensated by the modula-
tion of κ1 as

d

dz
a1 = −i

[

κ0 +
κ1(e

iΩ(z)z − e−iΩ(z)z)

2i

]

e−i∆βza2, (6)

d

dz
a2 = −i

[

κ0 +
κ1(e

iΩ(z)z − e−iΩ(z)z)

2i

]

ei∆βza1. (7)

When ∆β ≈ Ω (z) and κ0, κ1 ≪ ∆β, by neglecting
the fast-varying term for the slowly varying amplitude
approximation, we have

d

dz
a1 ≈ −κ1

2
a2e

i[Ω(z)−∆β]z (8)

d

dz
a2 ≈ κ1

2
a1e

−i[Ω(z)−∆β]z (9)

Considering a linear chirped modulation Ω(z) = Ω0 +
Cz, with C is the changing rate of the modulation
frequency along the waveguide, the coupled equations
in the rotating coordinates of a

′

1 = a1e
i(∆β−Ω)/2 and

a
′

2 = a2e
−i(∆β−Ω)/2 can be written as

i
d

dz

[

a
′

1

a
′

2

]

= Heff(z)

[

a
′

1

a
′

2

]

, (10)

with an effective Hamiltonian in the matrix form of

Heff(z) =
1

2

[

−(δ − 2Cz) −iκ1

iκ1 δ − 2Cz

]

, (11)

as an spatial analog of the Eq. (10) to the Schrodinger’s
equation and δ = ∆β − Ω0.
As shown in Fig. 1(b), the eigenvalues of the Heff(z) as

β±(z) = ±1

2

√

(2Cz − δ)2 + κ2
1 (12)

are plotted, which show an avoid crossing against z due
to the chirped modulation, and the minimum difference
of the eigenvalues is κ1 when z0 = δ/2C. In the quan-
tum adiabatic theorem, if a quantum system has no level
crossings and evolves slowly enough, the system will re-
main in one of its eigenstates [39–41]. Similarly, when
light propagates along z-axis, the system will follow the
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Figure 2. (a) The numerical simulated wave-vector of the modes in two waveguides versus wavelength with the waveguides
cross-section dimension 220 × 250 nm and 220 × 380 nm, respectively. The blue and red dash lines are the wave-vector of the
waveguides, respectively. The black line is the difference of the wave-vectors in two waveguides. (b) The numerically simulated
coupling coefficient κ versus the waveguide gap and wavelength.

mode evolution branches in Fig. 1(b) perfectly if the chirp
is slow enough. In Fig. 1(b), the different colors represent
the energy weights of the eigenmodes of the coupler in
the narrower waveguide. The blue color represents the
eigenmode that all the energy is in the wider waveguide
when two waveguides are detunted sufficiently. So if the
initially excited mode is the eigenmode represented by
the blue color and the adiabatic evolution conditions are
satisfied, the eigenmode represented by the red color will
be the output at the position of z = 2z0. According
to the Landau-Zener tunneling theory[39], the maximum
adiabatic mode conversion rate can be estimated by

η ≈ 1− e−πκ2
1/|4C|. (13)

Here, it is worth noting that the adiabatic conversion
between the phase-mismatched waveguide modes origi-
nates from the spatially chirped modulation of the struc-
ture, which is an analog of the temporally chirped fre-
quency modulation of the laser pulse in quantum control
experiments[42, 43]. The mechanism studied here is dif-
ferent from the previously studied tapered geometry of
the photonic structure [12, 44–46], which is similar to
the temporal energy level shifting of a quantum system
[27–30]. As is shown in Eq. (13), the maximum conver-
sion rate is dependent on the dimensionless parameter
κ2
1/ |4C|. For a sufficient small C, the evolution of the

optical modes in the coupler can be treated as adiabatic,
and the light in one waveguide could be converted to the
other one with the efficiency η → 1. Although a smaller
C results in higher conversion efficiency, it also makes a
larger z0, which means the footprint of the device will be
larger.

In the above studies, we are only focusing on a sin-
gle wavelength of the input light. Due to the geometry
dispersion, the parameters κ1, ∆β, z0 are wavelength
dependent. Therefore, z0 is different for different wave-
lengths that they will tunnel at different positions along

the waveguide. For the wavelengths tunneling at the po-
sition close to the ends of the asymmetric coupler, due
to the evolution distance is not enough for the adia-
batic mode evolution, the tunneling rate will be reduced.
While for the wavelengths between them, the tunneling
rate can approach 1, which means the device can be used
as an optical filter with a broadband flat-top.

III. RESULTS

To test the proposed ABPF and directly illustrate the
performances, we choose the silicon on insulator chip for
numerical simulations, with the width of the waveguides
are w1 = 250 nm and w2 = 380 nm, respectively. The
thickness of the silicon waveguides is 220 nm, and the
upper cladding is silicon dioxide. The device is designed
to operate at the wavelength around the telecom wave-
length 1550 nm, with the refractive index of silicon about
3.48. According to the theoretical model, we set the gap
between the waveguide as g0 = 500 nm and the modula-
tion as |∆g| = 30nm. Note that those parameters are
practical since they are selected from the experiments
[47].
By putting the parameters into the finite-element

method (FEM) simulations (see Appendix), we obtain
the κ0 = 6 × 104 and κ1 = 8.7 × 103 for λ = 1550 nm.
Due to the dispersion, the propagation constants and the
coupling coefficients are related to wavelengths, as shown
in Fig. 2(a). Therefore, for a certain range of Ω, as in-
dicated by the yellow band in Fig. 2(a), only when the
wavelengths that satisfy the phase matching condition
of ∆β(λ) ≈ Ω, the high efficient adiabatic conversion
is possible. Therefore, the dispersion and the frequency
range of the chirped modulation determines the band-
width of the ABPF, as shown by the horizontal arrows
in Fig. 2(a). Here, the ∆β ∼ 2.2×106 rad/m corresponds
to the modulation period of about 2.86µm for the phase
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matching condition, thus the conditions Ω,∆β ≫ κ0, κ1

are satisfied. In the following, the numerical estimation
of the wavelength-dependent transmittance of the waveg-
uide is implemented, based on the FEM-calculated ∆β
[Fig. 2(a)] and the coupling coefficients between waveg-
uides for different wavelengths and gap [Fig. 2 (b)].

By numerically solving the coupled mode equations
Eq. (2) without the slow amplitude varying approxima-
tion, the transmission spectrum and the power distribu-
tion along the waveguides are calculated, and the results
are summarized in Fig. 3. In our configuration, the tun-
neling occurs at the middle of the coupler for the cen-
tral wavelength of the band-pass filter. Because of the
dispersion, the ∆β is smaller for larger wavelength, and
the modulation frequency of gap increase linearly along
the propagation direction in our configuration, thus the
adiabatic tunneling will occur at a shorter propagation
length for the larger wavelength. Although the Eq. (10)
determine the dynamics of the system primarily, the high
frequencies terms in the right side of the Eq. (7) will re-
sult in an additional high-frequency jitter on the trans-
mission, as we can see from Figs. 3(b)-(d). The jitter
will accordingly affect maximal transmission. To reduce
the high-frequency jitter, a large Ω at the end of the
coupler is suitable, moreover, according to the Eqs. (11)-
(13), smaller C is expected to maximize the transmis-
sion. Both two considerations require a long device. To
balance the length of the device and the maximum tun-
neling rate, we set C = 107m−2 and L = 20mm. In
addition to the small slope of the black line shown in
Fig. 2(a), finally, a flat-top band-pass filter with a full
width at half maximum (FWHM) bandwidth of 110 nm
is obtained and the highest transmission is about 99.9%.
The extinction ratio is about 20 dB, as is shown in the
red lines of Fig. 3(a).

Therefore, the numerical simulations confirm that
chirped modulation of the gap between asymme-
try waveguide coupler could be used for adiabatic
wavelength-dependent mode conversion, which realizes a
flat-top band-pass filter with large bandwidth and high
efficiency. However, limited by the adiabatic criteria, the
cost is the large size of the device. Although the fabri-
cation of such a long device is not a challenge today, the
device is still much longer than the general integrated
optical devices. To reduce the length of the device and
to tune the bandwidth without the influence the conver-
sion efficiency, another parameter dimension of the device
should be introduced. As we can see from Figs. 3(b)-
(d) that for a specific wavelength the coupling happens
mainly in a short length of the coupler about 5mm. At
the other region, the further away from the coupling re-
gion, the larger the effective difference of propagation
constant ∆β

′

= ∆β−Ω0− 2Cz is, which means the cou-
pling is weaker. In the regions, the adiabatic condition
can be relatively relaxed, so one way to reduce the length
of the device is reducing the coupling coefficient κ1, as

Figure 3. (a) The transmission spectra of the device. The
FWHM bandwidth is about 110 nm with the extinction ratio
about 20 dB. The inset shows the transmission spectrum in
linear type. (b-d) The normalized power distribution along
the waveguides of the ABPF with the different wavelengths
of 1590 nm, 1550 nm and 1510 nm, respectively. The red and
blue lines are the transmission of T13 and T12, respectively.

shown in Eq. (10). For the wavelengths of which coupling
occurs in the regions, the mode conversion efficiency will
be affected, so the bandwidth of the device is reduced ei-
ther. Because κ1 is proportional to the ∆g, to reduce the
coupling coefficient κ1, we introduce an additional Gaus-
sian modulation of ∆g, i.e. the apodization technique
[47, 48], the coupling coefficient between waveguides be-
comes

κ(z) = κ0 + κ1e
−(z−z0)

2/ζ2

sin(Ωz), (14)

with the parameter ζ controls the width of the Gaussian
function. By applying the slowly varying amplitude ap-
proximation the same as preceding analyses, the effective
Hamiltonian becomes

Heff(z) =
1

2





−(δ − 2Cz) −iκ1e
−

(z−z0)
2

ζ2

iκ1e
−

(z−z0)
2

ζ2 δ − 2Cz



 . (15)

Figure 4(a) shows a typical transmission spectra of the
apodized-ABPF. In this device, Ω0 = 2.27 × 106m−1,
C = 4× 106m−2, ζ = 1.1× 10−3m, z0 = 2.2mm and the
length of the device is reduced to 4mm. Figures 4(b)-
(d) are the corresponding power distribution along the
waveguides with the different signal wavelengths of
1551 nm, 1550 nm and 1549 nm, respectively. As we can
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Figure 4. (a) The transmission spectrum of the device with
an additional Gaussian modulation of the gap. The FWHM is
about 6 nm with the extinction ratio about 20 dB. The inset
shows the transmission spectrum in linear type. (b-d) The
normalized power distribution along the waveguides of the
ABPF with the different wavelengths of 1551 nm, 1550 nm
and 1549 nm, respectively. The red and blue lines are the
transmission of T13 and T12, respectively.

see from Fig. 4(a), the FWHM of the spectrum response
is reduced to 6 nm with the flat-top about 3 nm. So by
adding an additional Gaussian modulation of the ∆g, we
can control the bandwidth of the filter, but limited by
the properties of adiabatic evolution, the bandwidth can
hardly be smaller than 3 nm.

Lastly, we studied the robustness of the device perfor-
mances against the variation of the device parameters.
For an optical filter, in addition to the performance of
high filtering efficiency and flat-top transmission, a de-
vice with a high tolerance can greatly improve the yield.
In Fig. 5, the influence of the filter bandwidth and the
transmittance of 1550 nm signal (to show the changing
of the transmission clearly, we give the value of 1-T in
the unit of dB) by the variations of g0, ∆g, z0 and the
width of the waveguides are numerically studied, with
the other device parameters from Fig. 4. We found that
when the gap between the asymmetric waveguides g0 has
a ±50 nm error, the bandwidth of the transmission spec-
trum changes by only ±0.5 nm. When ∆g and z0 have
the error of ±10 nm and ±100µm respectively, the band-
width changes by about 1.2 nm and 0.03 nm. Because the
dispersion and ∆β are sensitive to the variation of the
width of the waveguides, the phase matching condition

Figure 5. (a)-(d) The tolerance of the device to the parame-
ters of g0, ∆g, z0 and the width (w1 = 250 nm, w2 = 380 nm)
of two waveguides of the coupler. The black dash lines are
the loss 1− T for the center wavelength of 1550 nm. The red
lines are the FWHM bandwidth of the transmission.

maybe breaks when width of the waveguides are changed.
As is shown in Fig. 5(d), when the waveguides width has
an error of ±30 nm (the width of two waveguides change
simultaneously), the bandwidth changes from 3.9 nm to
11.8 nm, which is relative large. However, according to
the state of art of the nano-fabrication, the error of the
waveguide width can be easily controlled within 10 nm.
For the transmittance, as shown by the black dash lines
in Fig. 5, the changing of the transmission of the center
wavelength in all the situations mentioned above will be
smaller than 10−2.

As the results mentioned above, the adiabatic evolu-
tion promises a high-efficiency and robust mode conver-
sion in principle, while the relatively large footprint of the
device might also bring considerable propagation loss in
practice, and the insertion loss of the filter will be af-
fected. Especially for silicon-on-insulator (SOI) waveg-
uide, the optical propagation loss is typically larger than
2 dB/cm [49]. Although we adapt the SOI as an example,
the adiabatic principle is general and the scheme we pro-
posed is also applicable to other optical materials. For
example, the propagation loss as low as 0.54 dB/m for
Silicon Nitride waveguide [50] and 2.7 dB/m for Lithium
Niobate waveguide [51] has been demonstrated in experi-
ments. So, by improving the nano-fabrication technology
or changing the material, the optical loss can be reduced.

IV. CONCLUSION

In summary, a flat-top optical band-pass filter is pro-
posed for the photonic integrated circuit. Based on the
coupled asymmetric waveguide structure, the coupling
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between the two waveguides with chirped modulation of
the gap leads to the adiabatic mode conversion between
the two waveguides. Due to the dispersion effect, only
the light wavelength located in a certain range could be
adiabatically droped through the other waveguide, which
causes a flat-top filtration function. For a typical device
length of 20mm, a full-width-half-maximum bandwidth
of the filter is about 110 nm for telecom wavelength. By
introducing apodization to the filter structure, a nar-
rower bandwidth of 6 nm could be obtained with the
length of the device about 4mm. It is numerically ver-
ified that the performances of the proposed device are
robust against geometry parameter uncertainties, thus
our design is feasible for near future experiments. It is
also expected that the chirp-modulation based adiabatic
mode-conversion mechanism could be further exploited
in the future studies of photonic integrated circuits.
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No.2016YFA0301303), National Natural Science Founda-
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AHY030200). H. X. T. acknowledgment the supports
from National Science Foundation (Grant No. 1640959
and 60061666) and Packard Foundation. This work was
partially carried out at the USTC Center for Micro and
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Appendix: FEM simulations

In the paper, we use the finite-element method simu-
lations to calculate the propagation constants β and the
coupling coefficient κ =

√
κ12κ21, where κpq is calculated

by the the numerical integration [52]:

κpq =
ωε0

∫∫

(εr − εr,q)E
∗
pEqds

∫∫

(E∗
p ×Hp +Ep ×H

∗
p) · uzds

where p, q denotes two waveguides, εr denotes the rel-
ative dielectric constant distribution in the entire cou-
pled waveguide and εr,q denotes the relative dielectric
constant distribution of waveguide q. By sweeping the
wavlength and waveguide gap, we get the values of β
and κ shown in Fig (2).
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