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We propose and investigate numerically a new kind of integrated optical waveguide coupler. Two waveg-
uides with tilted Bragg gratings couple selectively to a discrete counter-propagating cladding mode which
acts as an intermediary to transfer power between the waveguides. This gives a highly versatile plat-
form that can act as a low-loss coupler with arbitrary coupling ratio between 0 and 100%, as a narrow-
bandwidth wavelength filter, and as a phase-selective switch that transmits two light waves of a fixed
relative phase but reflects the orthogonal phase within a single device. © 2019 Optical Society of America
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1. INTRODUCTION

Directional couplers are a key component in planar photonics cir-
cuits as well as in optical fiber networks. Traditionally, coupling
is achieved by bringing two waveguides close together in order
to cause a spatial overlap between their modes [1]. Variations on
this scheme utilize Bragg gratings to assist phase matched cou-
pling between asymmetric waveguides [2], frustrate coupling
at a particular frequency [3] or to form add-drop multiplex-
ers [4]. Similar devices have also been realized in non-silica
material platforms, e.g., grating assisted wavelength selective
couplers [5] and wavelength division multiplexers [6, 7] have
been demonstrated in silicon photonics.

By tilting the grating planes of a Bragg grating away from
perpendicular to the propagation direction of the waveguides
the full spatial degrees of freedom of light propagation in the
device can be exploited, which opens up a host of novel device
functionalities. Such tilted gratings work by not only phase
matching modes in the forward propagation direction, but also
matching the propagation constants in the transverse direction
to achieve efficient coupling of waveguides to unbound radi-
ation modes [8] or to higher order guided or cladding modes
[9] in analogy to blazed diffraction gratings. While such tilted
Bragg gratings offer significant potential benefits in efficiency
and tunability of waveguide devices, only a few applications
have been demonstrated so far, such as in spectrometry [10],
waveguide division multiplexing [11], out of plane coupling to
a Gaussian mode [12], and refractometry [13].

Here we investigate a new design of a directional coupler
based on tilted Bragg gratings where the two waveguides sit
on a common ridge structure cut into the substrate. The ridge
structure only supports a limited number of discrete cladding

modes, and thus by tailoring the grating parameters it is possible
to design an optical coupler utilizing only a single cladding
mode as intermediary between the waveguides. This allows for
low-loss waveguide coupling with arbitrary coupling efficiency
up to 100%. By using a counter-propagating cladding mode the
coupling becomes highly wavelength selective and the device
acts as a narrowband coupler and/or wavelength filter. We also
show that the device can operate as a phase-sensitive switch:
if light is coupled simultaneously into both waveguides, then
depending on the relative phase of the two waves they can
either be transmitted through the device by a grating induced
transparency [14] or completely reflected.

Apart from applications as filters and wavelength division
multiplexers in optical telecommunication systems, the wide
range of potential functionalities and low loss of our device will
make it a powerful component in quantum information net-
works. For example, it could enhance multiphoton quantum in-
terference devices [15, 16] by allowing photon coupling between
waveguides beyond nearest neighbors, or act as a narrow-band
filter to separate entangled photons generated by frequency con-
version from the strong pump field [17].

Fabrication of such devices is feasible using direct UV writ-
ing, a laser fabrication technique for the simultaneous definition
of waveguides and gratings through the exposure of photosensi-
tive silica layers to UV radiation [18]. It offers excellent phase
stability and control of grating properties, low cost and low in-
sertion loss [18, 19]. Polarizers [20] and polarizing waveguide
to waveguide couplers [21] based on this technology were fab-
ricated. However, these devices exploited a continuum of sub-
strate modes as intermediaries to couple light between waveg-
uides, which led to very low coupling efficiencies compared
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to those achievable if a discrete set of cladding modes is used
[22-24].

This paper is structured as follows. In Sec. 2 we describe the
geometry of the coupler and give an overview of the coupled
mode theory we use to simulate the device. We then derive an
analytical solution of the coupled mode model in the limit where
only one cladding mode is coupled effectively to the waveguides
in Sec. 3 and discuss grating induced transparency in Sec. 4. In
Sec. 5 we show that the numerical and analytical models are
consistent and we discuss some main properties of the device.
In Sec. 6 we investigate the parameter dependence of the device
operation bandwidth and in Sec. 7 its temperature sensitivity.
Finally, we summarize and conclude our findings in Sec. 8.

2. DEVICE GEOMETRY AND THEORETICAL DESCRIP-
TION

A cross section schematic of the proposed device is shown in Fig.
1(a). Using direct UV writing, two parallel single-mode channel
waveguides are fabricated, simultaneously with two identical
tilted Bragg gratings, into a photosensitive raised refractive in-
dex core layer that forms part of a ridge structure. The ridge can
be created by physically micro-machining two trenches on either
side using the same fabrication method as [13, 25]. The nar-
row core layer confines light to a single transverse mode in the
vertical (y) direction, while the ridge structure provides confine-
ment in the x-direction and thus only allows for a finite number
of discrete modes in the core layer with well separated modal
effective indices. This structure therefore maximizes overlap
and coupling between the waveguide modes and the cladding
modes within this core layer. Fig. 1(b) shows a schematic of the
refractive index profile in the x-direction inside the core layer
and three of the modes guided in this core layer, calculated by a
finite element method (FEM) using Comsol Multiphysics® for
a core layer of thickness 2.0 ym and a refractive index of 1.4468
and overclad and underclad layers with a refractive index of
1.4368.

Our design features Bragg gratings with a short period and
a small tilt angle in order to couple the waveguide modes to
the backward propagating cladding modes of the ridge to allow
for efficient coupling and short device lengths. The cladding
modes are then used as an intermediary between the two waveg-
uides as shown in Fig. 1(c). All light remains within the modal
structure of the waveguides and the cladding and so, unlike in
a system exploiting the continuum of substrate modes as inter-
mediaries [21], there is in theory no loss of light from coupling
to unbounded modes. There is also no need to bring the waveg-
uides physically close together as in evanescent field couplers.

For clarity we use a simplified theoretical model of the de-
vice in the following. First, we only consider a two-dimensional
model, i.e.,, we ignore the thin core layer that provides con-
finement in the y-direction and assume an infinitely extended
structure in this direction instead. Second, we only consider the
transverse electric (TE, or y-polarized) modes of the device. In
this case the modes exhibit only one component of the electric
field which satisfies the wave equation

d?y(x
P | () () = 0 u)
where 1(x) is the transverse profile of the mode, n, = B;/kg
is the effective refractive index in the z-direction, k is the free
space wavenumber of the light and B, is the z-component of
the propagation constant for this mode. n(x) is the transverse
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Fig. 1. (a) 2D cross section of the cladding-mode based waveg-
uide coupler. (b) Schematic of the refractive index profile
across the core layer and FEM calculations of the symmet-

ric core mode, antisymmetric core mode, and a higher order
cladding mode, all confined within the core layer. The grey
scalebar corresponds to 5 ym. (c) Top view of the structure
inside the core layer, where the waveguides are indicated in
cyan and the tilted gratings by the diagonal grid lines, with
definition of system parameters and ray diagram of coherently
scattered light from the gratings.
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refractive index profile of the cladding and the waveguides and
is defined as
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inside the region |x| < H/2 and n(x) = 1 outside of it; p(x)
is the transverse profile of the waveguides. This defines two
waveguides of refractive index contrast An and of 1/e width
o that are placed at a distance of +x from the center of the
ridge. The ridge itself has a width of H and a refractive index
of n.,q. We choose An to be sufficiently small such that the
waveguides support only a single mode. The eigenmodes ¢, (x)
of the wave equation (1) with the refractive index profile (2) are
then calculated numerically using a finite differences method.
Without the use of Bragg gratings the waveguide modes
would remain decoupled from each other. The gratings act
as a perturbation to the original waveguide structure leading
to coupling between the waveguide modes and the cladding
modes. The perturbation from the Bragg gratings is defined by

on(x) = Angp(x) sin[Kg(z — x tan 6)] (6Y)

where Ang is the refractive index modulation of the gratings, Kg
is the longitudinal wave vector of the grating, 0 is the tilt angle,
and the transverse profile p(x) is the same as for the waveguides
themselves, Eq. (3).

Applying standard coupled mode theory [19], we can then
calculate the coupling coefficients between modes ¢, and ¥, of
the device,

_ ko .
A+ f%mgn(m) ©
X /n(x)Angcos(Ktx)p(x)wfn(x)lpn(x)dx
and
ko .
dpn— = — ——sign(m)
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X / 1(x)Ang sin(Kix)p(x) g, () (x)dx

where c is the speed of light and K; = K tan 6 is the transverse
wavevector and we have introduced the notation that m > 0
denotes forward propagating modes and m < 0 backward prop-
agating modes. The two components d;;,+ can be rewritten as

an amplitude and phase,
8mn \/d2 ++dmn ’ (7)

¢mn = tan! (d"m_) ) (8)

dmn+

The dynamics of the electric field amplitudes A, (z) propagat-
ing in modes m along the device are then given by the coupled
mode equations [19]

dAm —_ _ Z ( ,Bm ,BH+K§()Z+¢WIH]
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where B, = B, for mode m.

In this paper we assume short period Bragg gratings that
couple only modes traveling in opposite directions. This al-
lows us to greatly simplify the problem and only consider the
two forward propagating waveguide modes and the backward
propagating cladding modes. Eq. (9) can then be rewritten as

AR (z K _
c’lnz( - ( £ — Bu)Run(z ZR z)gmne” ™ (10)
where Ry, (z) = Ameing/z and Ry (z) = A_ e Kez/2,

Eq. (10) is then solved numerically as follows. First, the
eigen solutions of this linear set of equations are found. Next,
the boundary conditions are applied, which in our case are that
light is launched at z = 0 into only one waveguide, whereas the
other waveguide is empty at z = 0. Additionally, the backward
propagating cladding modes are all empty at the output, z = L,
where L is the device length. These boundary conditions give a
linear set of equations for the amplitudes of the eigen solutions
of (10), which is solved easily and thus contains the full system
dynamics along z. A full analytical solution in the special case
where only a single cladding mode is involved is given below in
Sec. 3.

We consider a cladding of refractive index nj,q = 1.4398 and
width H = 34 ym. Two waveguides of refractive index depth
An = 0.01 and width ¢ = 2.0 ym are written at xp = 10 um
from the center of the device, and the light wavelength is Ay =
1.55 um. To ensure accurate computation of modes, we use 4001
grid points in the ridge region including one at each interface
and include 5 ym of air on either side in the simulation. The
finite differences method is computed with an accuracy level of
4 as defined in [26]. For these parameters, 46 waveguide and
cladding modes have been found as shown in Fig. 2. We see that
the two waveguide modes have near identical n, which implies
that evanescent coupling between them is very weak. Higher
order modes are spaced increasingly further apart, as expected
for a step-index profile. In Fig. 3 we show the transverse mode
profiles of the Oth, 1st and 35th modes which we mainly use in
our discussions below.

In Fig. 4 we show the coupling coefficients of the cladding
modes to the waveguide modes for different values of the trans-
verse wave vector of the grating K; = K¢ tan 0. For K; = 0, i.e.
with grating planes perpendicular to the waveguides, coupling
is strongest to the low order modes which only have a small
transverse propagation constant. Higher order modes, on the
other hand, with a larger transverse propagation constant are
not phase matched in the transverse direction and are therefore
only weakly coupled. By introducing a tilt angle, i.e. increas-
ing K, efficient coupling to increasingly higher order cladding
modes is observed. Because of the finite physical width of the
grating, its transverse index profile has Fourier components at
wavenumbers other than K; which allows for coupling to a rel-
atively broad range of cladding modes. This implies that the
device is relatively robust to the fabrication tolerance of the tilt
angle. Oscillations in the K; = 0.0 um~! curve in Fig. 4 are a
result of changing overlap between the cladding mode and the
waveguides. If a maximum (or minimum) of the electric field
of a mode coincides with a waveguide, this leads to a larger (or
smaller) coupling coefficient.

3. ANALYTICAL SOLUTION

If the cladding modes have sufficiently different values of 7,
the grating properties can be chosen such that only a single
(backward propagating) cladding mode is phase matched to
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Fig. 2. Value of 1, against mode number with An = 0.01,
0 =2.0um, xg =10 ym and H = 34 ym.
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Fig. 3. Transverse profile of modes 0 (blue), 1 (green) and 35
(red) which are the symmetric and anti-symmetric core modes
and a cladding mode, respectively. The vertical lines indicate
the interface between the ridge structure and the surrounding
air.
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Fig. 4. Coupling coefficients of the waveguide modes to the
cladding modes for different values of K;. An = 0.01,0 =
2.0 pm, xg = 10 ym, H = 34 pym, Ang = 0.001.

the two waveguide modes in the limit of long device lengths.
In this case the system dynamics effectively reduce to three
coupled modes and the coupled mode equations (9) can be
solved analytically, as shown in the following.

Here we assume that the two waveguide modes have the
same propagation constant (8g = B1 > 0) and assign B, < 0
to the cladding mode. The waveguide modes are assumed to
couple to the cladding mode with coupling coefficients ge’® and
ge'® i.e., with the same amplitude but different phases. With the
phase mismatch defined as AK = K¢ — B + B2, Eq. (9) becomes

Ro(z) iAK 0 -9 Ro(z)
d 1 ,
= |R@)| =5] 0 iAK  —g | |Ri(2) (11)
Ry(z) -§ —g§ —ibK| [Ry(2)
where

Ro(z) = Ag(z)e'fe 28K
Ry(z) = A (z)eif1e 20Kz 12)
Ry(z) = Ay(z)e* 22K%,

Note that the transformed amplitudes R, are defined slightly
differently than R, in Eq. (10). Upon diagonalizing the linear
Eq. (11) the general solution can be written as a superposition of
its eigensolutions,

Ro(z) I 8
Ri(z)| =poet® | g | +q-e ] ¢
Ry (z) 0 iAK + 2y
- N € )
g
+ et g
iAK — 2

where 7 = 1./2¢2 — AKZ is one of the eigenvalues and py, q—
and q are arbitrary constants. We apply the boundary condi-

tions Ry(z = 0) =1, R1(z = 0) = 0and Ry(z = L) = 0 which
corresponds to light at the input port of only one of the waveg-
uides and no light launched into the cladding mode. This yields
a linear set of equations that determine the values of pp, g— and

g+ as

- 1
po = 2
_ Y?AK? 4+ 2AKQ +4X202 + iXY[AK? — 402
“ = ¢(YZAKZ 1 4x200%)
1
g- = 23 g+ (14)

where X = cos(QL), Y = sin(QL).

We can distinguish two different regimes of behavior. Close
to phase-matching, in the region where |AK| < v/2g, 7 is real
and the last two terms of Eq. (13) exhibit exponential behav-
ior. For a long device (L > 1/7), we can easily show that the
constant g4 — 0 and so:

Ro(z) = 2 (¢ 4 e77)
Rl(Z) — %(_eiAKz _'_ef'yz) (15)
Ro(z) = \%e%.
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Thus, for z > 1/ the power in the device (proportional to |R;|?)
tends towards one quarter in each waveguide, the remaining
half being reflected backwards into the cladding mode.

Outside of the bandgap (i.e. for |AK| > v/2g), all eigenvalues
in Eq. (13) are imaginary and we have an oscillatory solution
of the amplitudes of the light fields in the three modes. The
three spatial eigenfrequencies are AK/2 and +() where () =
$V/AK2 —2¢2 = —iv. The propagating power in each mode
is again given by |A,(z)|?. This results in a beating between
the spatial oscillation frequencies, such that the power in the
two waveguide modes has the following frequency terms: 2(,
AK/2+Q, AK/2 — Q). A comparison of the analytic solutions
(13) with a numerical solution of Eq. (10) including all cladding
modes will be discussed in Sec. 5, as well as a more detailed
investigation of the device behavior.

4. PHASE-SELECTIVE GRATING INDUCED TRANS-
PARENCY

Equation (13) shows that our system allows for a specific super-
position of light fields inside the two waveguides to be trans-
mitted without loss through the device through grating induced
transparency [14]. Specifically, light launched into the eigenvec-
tor

-8
g 7
0

i.e. in an antisymmetric superposition of light in the two waveg-
uides, will be transmitted without ever coupling light into the
cladding mode because of destructive interference of the cou-
pling from the two individual waveguides. On the other hand,
light launched into a symmetric superposition of fields in the
two waveguides will couple strongly to the cladding mode and
therefore, within the grating band gap |AK| < v/2g, will be to-
tally reflected into the cladding mode. Thus, if light is launched
simultaneously into both waveguides with the same amplitude
the device can act as a phase-sensitive switch, i.e. transmitting
or reflecting all light with 100% efficiency depending on the
relative phase between the waveguides.

This result also explains the finding of Eq. (15) where one
quarter of the light power, proportional to [R,|> (n = 0,1), is
transmitted in each waveguide when light is launched into a
single waveguide within the grating bandgap: Coupling light
into a single waveguide at the input is equivalent to launching
50% into the symmetric and 50% into the antisymmetric super-
position mode of the two waveguides. Thus, 50% of the power
is reflected into the backward propagating cladding mode and
the remaining power is within the antisymmetric forward prop-
agating waveguide superposition mode and therefore 25% of
the power is in each waveguide.

We note that while in the discussion above we assumed equal
coupling strengths of the two waveguides to the cladding mode,
this is not in fact essential and an equivalent fully transmitted
superposition mode exists also in the general case of the two
waveguides coupling with different strengths and different rela-
tive phases to the cladding mode. In this case, the transmitted
superposition mode contains unequal light power in the two
waveguides.
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Fig. 5. Coupling coefficient between the core waveguide mode
and a selection of backward propagating cladding modes as a
function of tilt angle. Ay = 587.34 nm and Ang = 0.001.

5. NUMERICAL RESULTS

For numerical simulations we pick a particular cladding mode to
couple to the core modes. Specifically, in the following we choose
mode number 35 with n, = 1.1946. The difference in n, from
the nearest neighboring cladding mode is 0.0148 and thus the
difference in propagation constant 0.0599 ym~! is larger than the
coupling constants of order 10~3um~" for the parameters used
below, which ensures that coupling of the waveguide modes
will be predominantly with this one cladding mode for appro-
priately chosen grating periods. With n, = 1.4445 for the core
waveguide modes, we find a grating period of Ag = 587.34nm
to achieve phase matching between the waveguide modes and
this cladding mode. A grating depth of Ang = 0.001 is used in
the following [18].

In Fig. 5, we plot the coupling coefficient between the waveg-
uide core mode and a selection of cladding modes, including the
35th mode, as a function of tilt angle as calculated from Egs. (5)-
(7). We find a strong dependence on the tilt angle. In the vicinity
of 8 = 0° which corresponds to regular, non-tilted, Bragg grat-
ings there is very little coupling between the waveguide core
mode and the higher order cladding modes. Non-tilted gratings
can therefore only be used to couple to some low order modes.
However, the n, difference between low order modes is small,
see Fig. 2, and therefore several cladding modes will be approxi-
mately phase matched with the grating simultaneously, thereby
degrading the performance of the device. Reducing the grat-
ing strength will reduce this unwanted coupling to neighboring
cladding modes but requires the use of unfeasible long devices.

Alternatively, higher order modes can be exploited which
have much larger differences of 1, between them and thus a
single mode can be isolated to couple efficiently to the grating.
To achieve strong coupling with realistic grating strengths and
thus short device lengths tilted gratings are then required as
shown in Fig. 5. This is the main driver for our device design
based on tilted Bragg gratings and the use of higher order modes.
The coupling coefficient with mode 35 is found to be greatest for
a tilt angle of 17.23°.

For these parameters and a device length of 20 mm, we show
the evolution of the propagating power in the system as a func-
tion of distance in Fig. 6 obtained numerically including all
cladding modes and compare the results with the analytic solu-
tion involving only three modes from Sec. 3. Here, we denote
the waveguide that receives the input "waveguide 1" and the
other "waveguide 2".

In agreement with the discussion of Sec. 3, inside the
bandgap, Fig. 6(a) shows the power asymptotically approach-
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Fig. 6. Evolution of normalized propagating power in the
two core waveguide modes and in the resonantly coupled
cladding mode (35th mode) (a) inside the bandgap (A = 1.55
um) and (b) outside the bandgap (A9 = 1.54975 um). Solid
curves are a numerical solution including all cladding modes,
dashed curves are the analytical solution including only the
35th cladding mode. Parameters used are Ay = 587.34 nm,

6 = 17.23° and Ang = 0.001.

ing one quarter of the input power in each waveguide with the
remaining half back-reflected in the cladding mode. Outside the
bandgap, Fig. 6(b), oscillatory behavior is found as expected.
We chose the device length such that the majority of the light
is coupled from one waveguide to the other, demonstrating its
potential as a wavelength selective coupler. In both situations,
the numerical results using the full set of cladding modes and
the three-mode analytical solution using only the one cladding
mode that is phase matched to the grating are in excellent agree-
ment. Note that in Fig. 6(b), the power is normalized to the input
power; as the core and cladding modes are counter-propagating,
the device acts as a partial resonator and the local power in a
mode can exceed unity. This shows that we can theoretically
couple light between the two waveguides using the intermedi-
ary of one cladding mode without unwanted influence of other
cladding modes. This justifies the analysis in Sec. 3 and allows
us to greatly simplify the problem for further analysis.

In Fig. 7 we show how the output power in each of the
two waveguides varies when light is launched into a single
waveguide at the input as a function of wavelength. Close
to the Bragg wavelength we find a photonic bandgap and the
output power in both waveguides approaches one quarter of the
input power, as discussed above. On either side of the bandgap
we find two peaks where the maximum amount of power is
transferred from one waveguide to the other. Far away from
the bandgap, i.e., for a large phase mismatch, coupling between
the waveguide and the cladding modes becomes inefficient and
light is transmitted through the waveguide unchanged.

As the wavelength is varied, we can see oscillations in the
output power of the waveguides. To understand these oscil-
lations in more detail, we consider again the spatial oscilla-

s
o

° ° °
= > ®

Power (normalized)

ags -1

(Ao — Ap)/nm

Fig. 7. Fractional output power from waveguides 1 (blue) and
2 (red) as a function of wavelength where at the input light is
launched only into waveguide 1. Parameters are Ay = 587.34
nm, § = 17.23°, L = 20 mm, Ang = 0.001, Ap = 1.55 ym.

tion frequencies 2Q), AK/2 £ Q) discussed in Sec. 3 (where
Q = 1/AK?Z —2¢?) that describe the coupling of light between
the waveguide modes and the selected cladding mode as a func-
tion of propagation distance. Away from the bandgap, where
AK > \/2g, we have asymptotically 2Q ~ AK, AK/2 + Q ~ AK
and AK/2 — Q =~ ¢?/(2AK). There are thus two dominant
spatial frequencies, a fast one scaling with AK and a slow one
proportional to 1/AK. As we can see from Fig. 6, the fast oscilla-
tion describes power transfer between the waveguides and the
cladding mode, whereas the slow oscillation describes power
transfer between the two waveguides. At the output of the
waveguides, Fig. 7, we thus see a slow variation of power trans-
fer with a fast variation superimposed where power is lost into
the backward propagating cladding mode.

This allows us to optimize the device to achieve a particular
functionality. For example, if we want to achieve maximum
power transfer from waveguide 1 to waveguide 2 at a given
wavelength, we need to select a device length and a grating pe-
riod (and thus AK) such that simultaneously the slow oscillation
leads to maximum power transfer at the device output while
simultaneously the backscattered power in the cladding mode
vanishes atz = 0,

AK
( 7 O)L=mn,
where m is an integer number; inserting Eqs. (16) into Egs. (13)-
(14) confirms this.

The evolution of propagating light power for devices with L
and AK obtained by solving Egs. (16) for m = 1, 2, 3 is shown in
Fig. 8. In all three cases we find 100% power coupling from one
waveguide to the other with 1, 2, and 3 complete oscillations of
power into the cladding mode and back into the waveguides
during propagation, respectively, as expected. This would allow
our design to be used as a wavelength selective coupler e.g.
for wavelength division multiplexing. Similar optimizations
can also be performed to achieve other output power ratios, for
example to form a wavelength selective 50-50 beamsplitter.

In order to assess the performance of our device as a fre-
quency filter or wavelength division multiplexer we show in Fig.
9 the power output from the waveguides in the intermediate
region between phase matching to two separate cladding modes.
We choose the parameters Ay = 587.379 nm, L = 9.739 mm
which lead to 100% coupling at Ag = 1.55 ym as seen in Fig. 8.
Fig. 9 shows the resonances with modes 35 and 36 and a broad

QL =mm, (16)
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oscillations. Parameters are (a) Ay = 587.379 nm, L = 9.739
mm (b) Ay = 587.391nm, L = 12.573 mm and (c) Ay =
587.401 nm, L = 14.876 mm. In all cases § = 17.23° and
Ang = 0.001.
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Fig. 9. Fractional output power from waveguides 1 (blue) and
2 (red) as a function of wavelength where at the input light is
launched only into waveguide 1. Parameters are Ay = 587.379
nm, § = 17.23°, L = 9.739 mm, Ang = 0.001.

wavelength region inbetween where the majority of light is trans-
mitted in waveguide 1 and is not transferred to waveguide 2 by
either of the cladding modes. At a wavelength of 1.5479 ym we
find a minimum transferred power of 0.80% which corresponds
to an on-off ratio of -21 dB. Our device can therefore be used
as a narrow-band frequency filter, for example, for separating
a narrow-band signal from a pump in Raman or parametric
amplifiers. However, the existence of closely spaced narrow
resonances may require the use of additional broad-band filters
in other applications such as wavelength division multiplexing.

6. BANDWIDTH CONTROL

In the previous section we presented a wavelength dependent
waveguide coupler. In the following, we will now investigate
the bandwidth of this device and its dependence on the device
parameters. Here we define the bandwidth as the full width at
half maximum of one of the two peaks shown in Fig. 7.

The dependence of the bandwidth on the device parameters
is shown in Fig. 10 where we again utilize the 35th cladding
mode as the intermediary between the two waveguide modes.

We can understand the results shown in Fig. 10 by deriving
an approximate expression for the bandwidth in terms of the
phase mismatch rather than the wavelength. The edges of the
bandwidth correspond to where the device length is roughly
one quarter and three quarters, on the outside and inside of the
peak respectively, of the spatial oscillation period defined by the
spatial frequency AK/2 — (), i.e. by replacing the right hand
side of Eq. (16) with 71/2. Re-arranging this equation we find
for the bandwidth Lo

g~
AK = 3 (17)

For sufficiently long gratings, we thus expect the bandwidth of
the device to scale linearly with the device length L and quadrat-
ically with the coupling coefficient g. Since g is proportional
to the grating index contrast Ang, Egs. (5)-(7), we thus expect
the bandwidth to scale quadratically with Ang. This is in fact
confirmed by the simulation results in Fig. 10. The dependence
on the tilt angle can be explained in the same way by considering
its effect on the coupling strength shown in Fig. 5.

For any practical device, the maximum grating index con-
trast is limited by the UV writing technique to about 0.001, while
short device lengths (<10 cm) [18] are generally desired to mini-
mize scattering propagation losses. This suggests that changing
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Fig. 10. Dependence of the bandwidth A of the device as

a wavelength-selective coupler as a function of (a) grating
index contrast and device length, (b) grating tilt angle. Unless
otherwise given, the parameters are Ay = 587.34nm, L =
20mm, § = 17.23°, and Ang = 0.001.

the tilt angle is an interesting option to control the device band-
width.

The bandwidth of our device is around 0.3 nm for parameters
of Ag = 587.34nm, L = 20 mm, 6 = 17.23°, and Ang = 0.001.
This narrow bandwidth is caused by our choice of using a
counter-propagating cladding mode as intermediary between
the two waveguide modes, which leads to a phase mismatch of
AK = K¢ — |Bo| — |B2| between waveguide and cladding modes
that is highly sensitive to changes of the operating wavelength.
The bandwidth is much wider if a co-propagating cladding
mode (and correspondingly long period gratings) are selected
for the device operation [24].

7. THERMAL STABILITY

In this section we explore the effect of temperature on the
modal structure of the device and thus the wavelength of opera-
tion. The temperature affects the device in two different ways:
through the temperature dependence of the refractive index,
and through the change of device dimensions because of ther-
mal expansion. We model the first effect using the three term
temperature-dependent Sellmeier equation [27] for silica to pro-
vide the index of the cladding. We assume for simplicity that
the index contrast of the waveguide and of the grating do not
depend on temperature. The thermal expansion of silica at room
temperature is assumed linear with a; = 5.5 X 107 K1 [28].
We scale all dimension of our device (cladding width, waveg-
uide width, waveguide seperation, grating period and device
length) linearly with temperature for a device with H = 34 ym,
xg =10 pm, 0 = 2 ym, A¢ = 585.068 nm and L = 20 mm that is
phase matched at room temperature (T = 300 K).

For these parameters we find that the propagation constants
of the waveguide and resonant (35th) cladding mode change
by 3.38 x 107 m~!/°C and 4.13 x 107> m~1/°C, respectively,
while the grating wave vector Kq changes by —5.91 x 10~°
m~1/°C. We see that the largest contributions to the phase mis-
match come from the changes in propagation constants of the
modes and not from the shift in grating period due to thermal
expansion. The changes in propagation constants are themselves
largely due to the change in refractive index of the device and
not thermal expansion.

Overall, this leads to a change of resonant wavelength by 11.7
pm/°C , which is consistent with the shift reported elsewhere
for Bragg gratings in the same material [29]. Figure (11) shows

Fig. 11. Fractional output power from waveguides 1 (blue)
and 2 (red) as a function of temperature where at the input
light is launched only into waveguide 1. Parameters are Ay =
587.34nm, § = 17.23°, L = 20 mm, Ang = 0.001, Ag = 1.55 ym.

the device output as a function of temperature for a launched
wavelength of 1550 nm. We note that a temperature change of
approximately 30°C is required to shift the resonance curve by
one bandwidth, which implies that the device is highly robust
to temperature fluctuations.

8. CONCLUSIONS

We have proposed and investigated theoretically and numeri-
cally a new type of integrated waveguide coupler based on UV
written tilted Bragg gratings. A ridge structure is exploited to
tailor the cladding modes of the device which act as intermedi-
aries to couple light between the waveguides. Using realistic
parameters, we demonstrate that by introducing a tilt angle to
the Bragg grating planes light can be efficiently coupled between
the two waveguides using only a single cladding mode as an
intermediary. This simplifies the system to an effective three-
mode device which allows us to achieve a near lossless coupler
with a very narrow bandwith, high on-off ratio and high thermal
stability. Our numerical simulations are supported by simpli-
fied analytical estimates which can be used to easily design the
device functionality, for example, by controlling the operation
bandwidth of the waveguide coupler.

The device has a wide range of potential applications in classi-
cal telecommunications and in quantum technology. Specifically,
in this work we demonstrated applications as a waveguide cou-
pler with arbitrary coupling efficiency up to 100%, as a narrow-
band coupler and/or wavelength filter, and as a phase-sensitive
switch.
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