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The purpose of this article is to show that efficient light coupling in lithium niobate waveguides present-
ing a strongly confined mode, such as photonic wires, is possible with the use of a periodically segmented
waveguide coupler. The coupler consists in an input periodically segmented waveguide whose mode size
is adapted to the mode of a standard single-mode fiber coupled to a photonic wire whose mode size is of
the same order of the wavelength. The periodic segmentation of the input waveguide allows fulfilling the
phase matching condition necessary to achieve an efficient light transfer between these waveguides. The
coupling efficiency is typically 5 times higher than the butt-coupled configuration. © 2011 Optical
Society of America
OCIS codes: 130.3120, 250.3140.

1. Introduction

The research effort put on photonic wires is moti-
vated by the fact that strong mode confinement is of-
ten looked for in integrated optics to ensure optimum
efficiency of the devices. For example, in nonlinear or
electro-optic devices, performances are usually pro-
portional to the mode confinement in the waveguide.
Unfortunately, in most cases, confinement goes to-
gether with high insertion losses. Many solutions
have been proposed in the literature to overcome this
situation, but their efficiencies are rather poor or are
very difficult to implement for technological reasons
[1–7]. Tapers based on periodically segmented wave-
guide (PSW) seem to be an interesting solution, as it
does not introduce additional steps in the fabrication
process [8–14]. A PSW taper is formed by high-index
waveguide segments periodically embedded in a low-
index substrate. The mode size is adjusted by vary-
ing the duty cycle of the segmentation defined as the
ratio between the length of the high-index segment
and the period. Unfortunately, these kinds of tapers
are very lossy when the mode is highly confined in
the waveguide core, i.e., when the transverse wave-

guide dimensions are comparable to the wavelength
[15], which is the case for a photonic wire. In this pa-
per, we propose use of an electro-optically adjusted
segmented directional coupler to efficiently launch
the optical power in the highly confined mode of a
photonic wire. Despite the fact that the numerical
values chosen to demonstrate the interest of the cou-
pler are related to proton exchanged waveguides rea-
lized in lithium niobate, the coupler principle is not
based on a specific waveguide fabrication process and
may be applied to many electro-optic materials.

After a description of the segmented directional
coupler principle, the device performances will be
calculated for a LiNbO3 proton exchange photonic
wire in which the mode size is equal to the
wavelength. The calculation indicates that coupling
efficiencies between such a photonic wire and a
standard telecom fiber as high as 80% are possible.
Limitations will then be discussed and finally, con-
clusions and perspectives will be drawn.

2. Device Description

The device consists in an asymmetric directional
coupler as shown in Fig. 1 formed by two waveguides,
which have very different modes. The first guide
is a photonic wire operating at telecommuni-
cation wavelength and obtained using a high-index
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difference waveguide (Δn ¼ 0:1) and small trans-
verse dimensions (≃1:5 μm). In this case, more than
80% of the power is confined in the waveguide core.
The second waveguide presents a weakly confined
mode showing a good overlap with a standard fiber
mode and is achieved using a periodically segmented
waveguide where Δn is lower, typically between
0.01–0.03. No light is exchanged between these
waveguides because of the large difference Δβ be-
tween the propagation constants of their modes un-
less the segmentation period Λ of the PSW is chosen
in order to compensate for this phase mismatch Δβ.
The period is then given by the relation

2π

Λ
¼ Δβ ð1Þ

or

Λ ¼
λ

nhðλÞ − npswðλÞ
; ð2Þ

where nhðλÞ is the effective index of the high-index
waveguide, npswðλÞ is the effective index of the
PSW, and λ is the wavelength. If Eq. (2) is satisfied,
a complete light transfer between the coupled wave-
guides can take place. Moreover, the use of a PSWas
input waveguide allows optimizing the coupling with
the input fiber by adjusting the mode size via a var-
iation of the segmentation duty cycle. This feature is
used in PSW tapers and very good performances
have been demonstrated experimentally [10,13,14]
in the case of soft proton exchange or annealed pro-
ton exchange (APE) waveguide fabrication process
on LiNbO3 substrate, which gives index increase
Δn≃ 0:02 [16,17] and where the propagation losses
due to the waveguide segmentation are negligible
compared to typical waveguide losses.

3. Device Performances

In order to estimate the performances of the segmen-
ted directional coupler, numerical simulations have
been performed using values that are characteristic
of LiNbO3 substrate on which it is possible to have a

photonic wire and a segmented waveguide. For the
photonic wire a proton exchange fabrication process
is assumed [18], the waveguide width and depth are
both taken equal to 1:4 μm, the index profile has a
step shape and an index difference of Δn ¼ 0:12.
Such a waveguide is single mode at 1:5 μm and
84.4% of the power is in the waveguide core. For the
PSW, an APE process is supposed, which gives a sin-
gle-mode waveguide at 1:5 μmwith a Gaussian index
profile both in depth and width direction, with
Δnpsw ¼ 0:025 and waveguide width and depth equal
to 5 μm and 3:5 μm, respectively. Using a duty cycle
DC ¼ 0:5 gives an overlap of 90% with a 8 μm dia-
meter Gaussian mode typical for a standard telecom
fiber. The effective indices are nh ¼ 2:19529 and
nPSW ¼ 2:14188 for the high-index waveguide and
the PSW, respectively. In order to have a total light
transfer between the two waveguides, according to
Eq. (2), the required segmentation period is
Λ ¼ 28:08 μm. The gap between waveguides is fixed
at ε ¼ 3:2 μm; justification of this value will be pro-
vided in the next section concerning propagation
losses. The whole device has been simulated with
a 3D FD-BPM code and Fig. 2 represents the ampli-
tude mode distribution transfer from the input PSW
waveguide [Z ¼ 0, Fig. 2(a)] to the high-index output
waveguide during propagation. After Z ¼ 2mm
[Fig. 2(b)] of propagation, the light is partially
coupled into the high-index waveguide and when
the propagation distance is Z ¼ 8mm [Fig. 2(c)],
which correspond to the coupling length Lc, all the
light is transferred into the high-index output wave-
guide. Ninety percent of the power is transferred
from one waveguide to the other. The 10% difference
is due to the propagation losses in the segmented wa-
veguide. Therefore, despite the predicted losses,
using the asymmetric coupler allows improving the
coupling by at least a factor 5.

A. Propagation Losses

Some further comments have to be made on the
predicted propagation losses. A typical value for
the propagation losses of a PSW taken alone is

Fig. 1. (Color online) Schematic representation of the segmented coupler. The electro-optic control on the device is done by electrodes
represented by stripes on the top of the photonic wire and to the left of it.
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0:1dB=cm but the presence of the photonic wire leads
to extra propagation losses, whose value becomes
0:5dB=cm. This is explained by the fact that the
low-loss eigenmode of the PSW is perturbed by the
photonic wire, which induces coupling into the radia-
tion modes. Figure 3 represent the propagation
losses of the segmented coupler as a function of the
gap ε between waveguides. As expected, an exponen-
tial decrease of the losses occurs as the spacing in-
crease, but this induces an exponential increase of
the coupling length. The value of ε ¼ 3:2 μm used
for the gap between the waveguides in the previous
section corresponds to a good compromise. In order to
further reduce the intrinsic propagation losses of the
PSW, one can increase the transverse dimensions of
the waveguide [15], but this is possible only in the
range where the waveguide remains single mode.
The segmentation period Λ is also a critical param-
eter for the propagation losses, and, according to pre-
vious work [9,13], the segmentation period should
not be too large. Since the segmentation period is
fixed by the phase matching condition given by
Eq. (2), a wavelength reduction or an increase of
the effective index difference leads to a reduction
of the segmentation period Λ, which might be a bet-
ter situation regarding the losses. In other words, the
more the mode is confined in the photonic wire, the
lower are the losses and better is the power transfer
between waveguides. Nevertheless, a lower limit for
the period is fixed by fabrication constraints and the

guiding segments of the PSW cannot be smaller than
typically 1 μm.

B. Tolerances to Parameters Variations

Directional couplers are very sensitive devices. In the
case of segmented directional couplers, in which a
phase matching condition is involved, they are even
more sensitive to the different parameters. Simula-
tions have then been performed in order to estimate
the normalized power transfer from the input to the
output of the device. Figure 4 represents the power
transfer as a function of the wavelength and it is
clear that the device is very sensitive to wavelength.
For a coupling length of 4mm the full width at half-
maximum (FWHM) is 4nm, and it is reduced to 2nm
if the coupling length is increased to Lc ¼ 8mm. This
wavelength dependence is a classical feature of de-
vices based on a grating, such as Bragg reflector or
long period fiber grating, for example, and it is well
known that wavelength FWHM is proportional to
1=Lc [19,20]. One should note that the maximum
power transfer, which is limited by the losses, does
not vary with the coupling length. Indeed, when the
distance between the waveguides is reduced, the loss
rate and the coupling rate increase and the coupling
length is reduced. The total losses of a structure de-
signed to perform a maximum power transfer are,
therefore, more or less a constant. In Fig. 5, we plot
the variation of the power transfer as a function of an

Fig. 2. (Color online) Evolution of the light transfer at the input waveguide (Z ¼ 0), after Z ¼ 2mm of propagation and at the output
photonic wire (Z ¼ 8mm), transverse dimensions X and Y are in μm.

Fig. 3. Losses as a function of the gap ε between waveguides.
Fig. 4. Power transfer as a function of the wavelength variation
for two different coupling lengths Lc.
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index variation δn of the high-index waveguide, such
as nh → nh þ δn. The power transfer is very sensitive
to this index variation δn, which induces a deviation
from the phase matching condition Δβ ¼ 0. The
FWHM is only δn ¼ 10−4, which is smaller than the
accuracy of the index variation obtained experimen-
tally. Therefore, for a practical device, it will be
necessary to add electrodes to fine-tune the wave-
guide optical index in order to perfectly satisfy the
phase matching condition. The required index varia-
tion is very weak and a low voltage control will be
sufficient to compensate the phase mismatch.

4. Conclusion

It this paper, we present the principle of a segmented
directional coupler and its performances when it is
used to achieve an efficient power injection into a
photonic wire. The light is coupled into an input PSW
and then transferred to the photonic wire through
the periodic index segmentation of the PSW to fulfill
the phase matching condition. The transfer efficiency
can be as high as 90% for typical waveguides fabri-
cated on LiNbO3 as the use of a PSW also allows ad-
justing the input mode size to achieve a good overlap
(90%) with the fiber mode. Therefore, a power cou-
pling from the input fiber to the photonic wire of 80%
can be expected. The phase matching condition re-
quired to obtain the maximum power transfer is very
sensitive and in practice it will be necessary to add
electrodes along the waveguides to adjust the phase
mismatch. One should also note that the phase
matching sensitivity of this segmented directional
coupler can be used to realize a wavelength filter
or a sensor, but more numerical work will have to
be performed to that aim.
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