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A Switchable Optical Add-Drop Multiplexer
using Ion-Exchange Waveguides and a POLICRYPS
Grating Overlayer

Rita Asquini
Jacopo D’Angelo
Antonio d’Alessandro
INFM-Dipartimento di Ingegneria Elettronica,
Università degli Studi di Roma ‘‘La Sapienza,’’ Roma, Italy

We propose a novel add-drop multiplexer for dense wavelength division multiplex-
ing optical communications (DWDM) operating in C band (1530–1565 nm). The
device has been designed for channel in-diffused glass waveguides. The device is
switchable because a POLICRYPS (POlymer LIquid CRYstal Polymer Slices)
based grating is deposited on top of the wider bimodal waveguide. At our knowl-
edge this is the first example of switchable add-drop multiplexer.

Keywords: composite materials; gratings; integrated optics; liquid crystals; optical
add-drop multiplexers; polymers

INTRODUCTION

One of the key components in wavelength-division multiplexed (WDM)
systems is the optical add-drop multiplexer consisting in a four-port
device used to add and=or drop a particular channel. One possible con-
figuration of this device is composed of a null coupler with a tilted
grating in its waist [1]. A null coupler is composed by two different
waveguides which progressively converge into one another to form
the waist. An adiabatic mode transformation takes place along the
coupler arms and their waist [2,3]. Contra-directional coupling and
add-drop function can be obtained with a tilted grating in the waist.
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In this paper a novel add-drop multiplexer is presented, made of
ion-exchange optical waveguides and a POLICRYPS tilted phase grat-
ing placed on the top of the null coupler waist. POLICRYPS gratings
are new structures made of slices of polymeric material separated by
liquid crystal films, which can be switched by applying an electric
field [4]. In fact the applied field induces a reorientation of the liquid
crystal molecules thus changing their refractive index. As a conse-
quence the phase grating can be switched on and off by controlling
the refractive index mismatch between the liquid crystal and polymer
slices. Such gratings can be used to obtain switchable add-drop multi-
plexers allowing to switch from a condition where the device is trans-
parent to the crossing signals to another condition where the device
acts as a filter of the crossing signals. Different geometry structures
have been designed in particular in order to minimize structural
losses. The optimized structure consists of double-ion-exchange wave-
guides, Kþ-Naþ and Agþ-Naþ, with an index change at the surface of
0.05, width of 10 mm, thickness of 3.5 mm and buried with a diffusion
depth of 1 mm. The grating has a thickness of 1 mm, step of 508 nm
and a tilt angle of 3.6�.

PRINCIPLE OF WORKING

The add-drop has a symmetrical structure where three regions can be
distinguished [5]. The first input region (Fig. 1) is composed of two
antisymmetrical single-mode ion-exchange waveguides which merge
in the second region to form one bimodal waveguide. A periodic grating
made of POLICRYPS [6,7] tilted with respect to the light propagation
direction is deposited on the surface of the second region acting as a
switchable overlayer. A third output region has a specular shape of

FIGURE 1 Structure of the proposed optical add-drop multiplexer.
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the first region with two single-mode antisymmetrical waveguides. If a
multiwavelength light beam enters the device from the narrower
waveguide (Port 2), the odd mode of the central region is mostly
excited and is routed into the lower output port (Port 4). For a parti-
cular wavelength (k-channel) the grating reflects the odd mode and
at the same time couples the power into the even mode.

Hence the reflected even mode is routed into Port 1 realizing the
‘‘Drop’’ function. If a light beam with a particular k-channel enters
the device from Port 3 instead, the even mode is excited in the central
region. Then the even mode is reflected and converted into the odd
mode by the grating, thus the power is routed into Port 4, thus realiz-
ing the ‘‘Add’’ function.

The innovative characteristic of this device is the possibility to turn
the ‘‘Add-drop’’ function on and off. Such a switching behaviour is due
to the POLICRYPS grating, whose index modulation can be controlled
by varying the voltage applied. The POLICRYPS grating is in Off-
state (Fig. 2a) when there is a matching between the refractive indices
of the polymer and of the liquid crystal (nP ¼ nLC), thus the device is
transparent. The grating is in On-state (Fig. 2b) when there is a mis-
match between the polymer and the liquid crystal refractive indices.
In the On-state the k-channel which is resonant with the grating
period, is reflected and then a mode conversion occurs.

STRUCTURE OF THE DEVICE

The designed device is made of ion-exchanged waveguides in BK7
glass [8]. In particular the double-ion-exchange process, Kþ-Naþ

and Agþ-Naþ is used to obtain optical waveguides with an index
change at the glass surface of about 0.05. Such a refractive index
change allows to combine the optical waveguides with the overlaying
POLICRYPS gratings (Fig. 3). The waveguide refractive index profile
has been figured out by means of a BPM CAD. The first and third
regions have been designed in order to have a crosstalk of �30 dB
between even and odd modes in the second region, whether controlling
the device from Port 1 or from Port 2. Moreover the geometric charac-
teristics of the waveguides and the grating have been designed in
order to obtain a device which can be used in fiber optic communi-
cation systems [9].

The ion-exchange waveguide of the central region of the device has
a width of 10 mm, a thickness of 3.5 mm and is buried with a diffusion
depth of 1mm after thermal annealing. The waveguide is bimodal over
the entire C band. A 1mm thick and 8 mm wide POLICRYPS grating
is deposited on top of the waveguide surface. The period of the grating

Switchable Add-Drop Multiplexer 205=[405]
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FIGURE 2 Add-drop working principle. In the Off state (a) all the optical
channels (k) pass through the device from Port 2 (In) to Port 4 (Out). In the
On state (b) a channel (k1) is extracted and routed in Port 1 (Drop) and at
the same time is possible to insert a channel (k01) in Port 3 (Add) and routing
it in Port 4 (Out).

FIGURE 3 Add-drop central section.
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is 508 nm, with a tilt angle with respect to the propagation direction of
3.6�. From the numerical analysis carried out it turned out that the
best performances are obtained by using POLICRYPS made of a poly-
mer with a refractive index of 1.52 and the liquid crystal 5CB which
shows an ordinary refractive index of 1.5108 and an extraordinary
one of 1.6807 at 1550 nm and 20�C. Finally there is a low refractive
index optical buffer to isolate the electrodes, as depicted in Figure 3.

A proper numerical model has been implemented to determine the
structural losses due to the discontinuity of the refractive index in
the propagation direction due to the presence of the grating placed
on the ion-exchange waveguide.

NUMERICAL MODEL

The grating behaves as a scattering region breaking the mode ortho-
gonality redistributing their optical power. The study is carried out
for a grating in the bimodal region for both the even and the odd mode
[10,11].

The electric field in the bimodal region can be expressed as (see Fig. 4):

E ¼ ðF1ðzÞe�jbg1z þG1ðzÞeþjbg1zÞ �Wbg1
ðxÞ

n

þðF2ðzÞe�jbg2z þG2ðzÞeþjbg2zÞ �Wbg2
ðxÞ
o

ð1Þ

where:

Wbg0;Wbg1 are the transversal distributions of even mode (0) and odd
mode (1).

bg0; bg1 are the phase or propagation constants of even and odd modes.
F1;F2 are the amplitudes of even and odd modes propagating along Z

direction.

FIGURE 4 Scheme of the grating region for the numerical model.
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G1;G2 are the amplitudes of the counter propagating even and odd
modes.

The evolution along Z of F1, F2, G1, G2 is described by the differen-
tial equation system derived from the coupled mode theory:

dF1

dz
¼ �jk11G1ðzÞej2Db1z � jk12G2ðzÞejðDb1þDb2Þz

dF2

dz
¼ �jk12G1ðzÞejðDb1þDb2Þz � jk22G2ðzÞej2Db2z

dG1

dz
¼ jk�11F1ðzÞe�j2Db1z þ jk�12F2ðzÞe�jðDb1þDb2Þz

dG2

dz
¼ jk�12F1ðzÞe�jðDb1þDb2Þz þ jk�22F2ðzÞe�j2Db2z

ð2Þ

where Dbi ¼ bgi �KB ¼ bgi � p=K, with (i ¼ 1, 2), is the resonance
Bragg condition between the optical wave and the grating. bgi is the
propagation constant of the i mode (with i ¼ 0 even and i ¼ 1 odd)
and K is the grating period.

In order to solve the differential equation system (2) is primarily
necessary to figure out k11 k22 k12 coefficients given by the following
integrals:

k11 ¼
xe0

4

Z
S

Deþ1ðxÞ �W2
bg1

dxdy

k12 ¼ k�21 ¼
xe0

4

Z
S

Deþ1ðxÞ �Wbg1
�W�bg2

dxdy

k22 ¼
xe0

4

Z
S

Deþ1ðxÞ �W2
bg2

dxdy

ð3Þ

where Wi is a function f(x,y) symbolizing the mode i of the waveguide
calculated by means of a BPM, considering the grating in matching
condition (ncl ¼ np). k11 k22 k12 are the coupling coefficients which take
into account the reflection and the power coupling due to the grating.
S is the region with the grating in the XY plane.

The dielectric constant of a grating tilted along the x axis can be
written as:

Derðx; zÞ ¼ ðDeþ1Þtilted � e�jð2p=KgÞz ð4Þ
with:

ðDeþ1Þtilted ¼ Deþ1 � e�jðð2p=KÞ tan hÞ�x ð5Þ

The mode powers in the central region can be calculated by writing
equations (2) in matrix form. Hence, the output powers can be figured
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out by combining the mode powers with the coupling conditions
applied to the ports of the Y junction.

The equations (2) can be written as:

FðLÞ
GðLÞ

� �
¼ Pð0;LÞ Fð0Þ

Gð0Þ

� �
¼ PFF PFG

PGF PGG

� �
Fð0Þ
Gð0Þ

� �
ð6Þ

with:

Pð0;LÞ ¼ expðS1LÞ expðS2LÞ; ð7Þ

S1 ¼

jDb1 0 0 0
0 jDb2 0 0
0 0 �jDb1 0
0 0 0 �jDb2

0
BB@

1
CCA; ð8Þ

S2 ¼

�jDb1 0 �jk11 �jk12

0 �jDb2 �jk12 �jk22

jk�11 jk�12 jDb1 0
jk�12 jk�22 0 jDb2

0
BB@

1
CCA ð9Þ

The powers coupled to the modes in the central region can be calcu-
lated as:

PoutTXij ¼ jFiðLÞj2 ¼ jðPFF � PFGP�1
GGPGFÞijj

2 � jFjð0Þj2 ð10Þ

PoutRKij ¼ jGið0Þj2 ¼ jðP�1
GGPGFÞijj

2 � jFjð0Þj2 ð11Þ

where:
PoutTXij is the power of the transmitted i-mode excited by the

j-mode propagating through the waist of the null coupler,
PoutRXij is the power of the reflected i-mode excited by the j-mode

propagating through the waist of the null coupler.
The powers coming out from the device ports are given by the

following expressions:

Poutportm ¼ ðPoutBKii þ PoutBKijÞ þ Kl � ðPoutBKjj þ PoutBKjiÞ ð12Þ

Poutportr ¼ ðPoutTXii þ PoutTXijÞ þ Kl � ðPoutTXjj þ PoutTXjiÞ ð13Þ

where:
Kl is the coupled parameter given by the over position integral

between the field excited at the bimodal region input and the l-mode
guided in the bimodal region (l ¼ 1, 2);

Switchable Add-Drop Multiplexer 209=[409]
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Poutportm is the output power from port m (m ¼ 1, 2);
Poutportr is the output power from port r (r ¼ 3, 4).

EVALUATION OF THE STRUCTURAL LOSSES

Reflections must be taken into account because the grating causes a
discontinuity of the refractive index profile along the propagation
direction.

The electric field E in the three regions can be written as (Fig. 5):

Eleft ¼ ðA1e�jb1z þ B1eþjb1zÞU1 þ ðA2e�jb2z þ B2eþjb2zÞU2 ð14Þ

Egrating ¼ ðF1e�jbg1z þG1eþjbg1zÞW1 þ ðF2e�jbg2z þG2eþjbg2zÞW2 ð15Þ

Eright ¼ ðC1e�jb1z þD1eþjb1zÞU1 þ ðC2e�jb2z þD2eþjb2zÞU2 ð16Þ

The fields outside and inside the grating region can be interrelated
in order to evaluate the coupling losses and the reflection effects.
In particular overlapping integrals to get the two matrices Tij

and Uij have been evaluated respectively for Eleft!Egrating and for
Egrating!Eleft:

Tij ¼
bgi

2xl0

ZZ
Wiðx; yÞ � Ujðx; yÞdxdy ð17Þ

Uij ¼
bi

2xl0

ZZ
Uiðx; yÞ �Wjðx; yÞdxdy ð18Þ

where Ui is the ith-mode in the waveguide of the central region with-
out the grating and Wi is the ith-mode in the waveguide of the central
region with the grating.

FIGURE 5 Sketch of the grating and no grating regions for the evaluation of
the structural losses.
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From equation (6) it is possible to evaluate the mode powers in a dif-
ferent form:

F1ð0Þ
F2ð0Þ

� �
¼ T11 T12

T21 T22

� �
A1

A2

� �
ð19Þ

B1

B2

� �
¼ U11 U12

U21 U22

� �
G1ð0Þ
G2ð0Þ

� �
ð20Þ

obtaining for the reflected power:

ðPoutBKÞij ¼ jðUP�1
GGPFGTÞijj

2ðPinÞj ð21Þ

and for the transmitted power:

ðPoutTXÞij ¼ jðU½PFF � PFGP�1
GGPGF�TÞijj

2ðPinÞj ð22Þ

RESULTS AND DISCUSSION

The performances of the simulated add-drop have been evaluated by
looking at the power spectra of the output ports.

The spectral curves plotted in Figure 6 have been obtained by con-
sidering a grating index modulation by 3�10�3. The curve in solid line
is the spectrum of the output power of Port 1 and represents the

FIGURE 6 Reflection power spectra at the drop-port (solid line) and at the
input port (dashed line).
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optical spectrum of the ‘‘Drop’’ function. The extracted channel is a k-
channel at 1550 nm. The ‘‘Drop’’ flat band at 3 dB is 1 nm and the
losses due to the index profile non-uniformity along Z are �0.73 dB.
Instead the dashed line is the signal power spectrum coming out from
Port 2 and represents the reflected power at the input port. It is clearly
observable that all the back-reflected power is less than �30 dB except
the peak of �20 dB at the wavelength of 1542.6 nm. From the drop
curve it is possible to extrapolate the crosstalk values for several
channel spacings for WDM optical system applications.

Figure 7 shows the transmitted power spectra. The solid line is the
power coming out from Port 4 and it is clearly visible the dropped
signal at 1550 nm and a structural loss of �0.91 dB. The dashed line
represents the power, which is inevitably coupled at Port 3. Although
such coupled power is less than �27 dB and therefore can be neglected.

In Table 1 the performance of the device for different grating index
modulations are reported. In particular the table includes the cross-
talk values for different channel spacings, the reflected power at the
input port at 1542.6 nm and at 1550 nm, the losses of the output
dropped signal and the losses which each signal suffers both in On
state and in Off state at the output Port 4. The drop band at �3 dB

FIGURE 7 Transmitted power spectra at the output port (solid line) and at
the add-port (dashed line).
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can be lower than 0.2 nm for a grating index modulation of 10�3. This
result indicates that the device can be employed even for dense WDM
optical communication systems. The aforesaid grating index modu-
lation can be obtained with small variations of the applied voltage,
typically some 10 mV from the bias at about 3 V [7]. From Table 1 it
is also possible to see that using a grating index modulation of
3�10�3 the device shows a �3 dB bandwidth of 1 nm, losses of
�0.73 dB, crosstalk of �18 dB for a spacing channel of 1.6 nm, and
crosstalk of �24 dB for a spacing channel of 3.2 nm. The reflected
power at the input port at the wavelength of 1542.6 nm is about
�20 dB and about �27.7 dB at 1550 nm. Results are also given for a
grating index modulation of 2�10� 3.

CONCLUSIONS

We have reported a novel integrated switchable add-drop multiplexer
with a grating length of 5 mm and a total length for the device of
10 mm. The most important device feature is the possibility to change
grating index modulation of the device by means of the electro-optic
effect in the liquid crystal layers of the POLICRYPS.

The designed switchable add-drop multiplexer using a POLICRYPS
grating performs with a crosstalk of �22 dB and with just 0.8 nm wave-
length spacing as used in DWDM optical communication systems.
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