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Abstract— Scattering from defects in an integrated optical
device causes phase randomization and depolarization. Scattered
light can be recaptured by the waveguides of the device and
perturbs modal fields., This leads to crosstalk in directional
coupler switches. A defect-scattering-induced crosstalk model is
developed and crosstalk in one- , two- , and three-electrode
directional couplers is investigated with the model. The number
of independent electrode voltages needed to tune out crosstalk is
studied. Simulations show that scattering-induced crosstalk can
be tuned out completely in active directional couplers with two
independent electrode voltages. When modal differential loss and
unequal taper coupling are taken into account, two independent
electrode voltages are insufficient to tune out the crosstalk,
whereas three independent electrode voltages are sufficient. This
agrees with the conclusion from three-electrode directional cou-
pler experiments [1].

I. INTRODUCTION

ROSSTALK of directional coupler switches limits the

performance of optical switching networks. In digital
communication systems, better than —15 dB crosstalk is
required to achieve an acceptable bit error rate (BER). In
analog optical communication systems, the crosstalk of each
switch needs to be better than —30 dB. In cable TV appli-
cations, better than —60 dB interchannel electrical crosstalk
is required. If one uses optical switching networks, in which
photodetectors convert optical power to voltage, an equivalent
—30 dB optical crosstalk is required to obtain a —60 dB
electrical crosstalk for directional coupler switches.

Elimination of crosstalk in optical switches has remained an
interesting research topic for years [2], [3]. Numerous efforts
have been made to understand the cause and reduction of
crosstalk in directional coupler switches [4]-[7].

Crosstalk can be attributed to several sources. A nonopti-
mum coupling length of a device induces crosstalk [8]. For
passive directional couplers, this can be corrected through a
fine-tuning process such as annealing of Ti:LiNbO; devices
or UV bleaching of nonlinear optical polymer devices. In
active directional couplers, the electro-optic (EO) effect allows
voltage tuning of the coupling length of the devices. Reversed-
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A directional couplers were proposed [9] and implemented
[6] with the expectation of low crosstalk and high production
yield. For active devices, a nonoptimum coupling length can -
be adjusted through voltage tuning of a reversed-AS coupler
with only one voltage source. However, DC drift [10], [11] in
active couplers adds complexity and introduces time dependent
coupling length variations and asymmetric mode conversions
in two electrode sections. Two adjustable DC bias voltages
have been used on reversed-A3 couplers to tune out the time
dependent variations in order to achieve better crosstalk levels
[12].

It is desirable for two waveguides in a directional coupler
to be identical. If the index profiles or the channel widths
of the two guides are not exactly the same, an asymmetry
is introduced. Asymmetry of the waveguides produces mode
conversion between the symmetric and antisymmetric modes
in the taper region, resulting in crosstalk [13]. For a directional
coupler with a few millimeters coupling length, less than
1% asymmetry produces greater than -20 dB crosstalk [14].
However, with state-of-the-art IC technology this effect is
minimal.

Coupling in the taper region lowers the performance of
reversed-AS directional coupler switches [15], [16]. A tapered
electrode structure has been proposed as a solution [3]. Un-
equal excitation of symmetric and antisymmetric modes from
an input guide can also lead to crosstalk [17]. Tapered coupling
structures may be able to eliminate it [2].

Absorption loss induced crosstalk was first discussed in
[18]. Optical scattering also causes loss. Since the modal
profiles of the two guided modes are different, they may
experience different propagation losses, and this differential
loss can be another source of crosstalk [19]. Waveguide
inhomogeneities due to defects along the waveguides result
in crosstalk. Channel waveguides fabricated with wet etching
or dry etching have rough sidewalls, which cause index
variations along waveguides. Any defects in the waveguide
material also result in index perturbations. They can generate
an index variation directly such as at crosslink centers in
polymer waveguides made of epoxy type of materials, which
are denser and have a higher index of refraction than other
regions. Defects can also vary the index profile indirectly. In
Ti-indiffused channel waveguides, index variation is generated
by a defect induced nonuniform diffusion constant of Ti. The
Ti concentration inhomogeneity in LiNbO; waveguides was
measured with an electron probe [20]. Studies of random-
index-perturbation induced crosstalk due to such defects along
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the waveguides in Ti-indiffused LiNbOj; directional couplers
(1], [4] have shown that an index perturbation of one part in
10* results in about —30 dB crosstalk [4]. Defects can also
perturb the EO coefficient. In reversed-Ag directional coupler
devices, domain inversion varies the local EO coefficient,
causing a different phase change in each section of the AS3
reversal switch, degrading performance of the device [21].

A directional coupler is an interferometric device. The two
coupled modes in the device need to have equal amplitudes
and to be in or out of phase when they decouple at the
output in order to have zero crosstalk for the bar and the
cross states, respectively. The perturbation due to waveguide
inhomogeneities changes either the relative phase or the rel-
ative amplitude, or perhaps both. To reduce crosstalk it is
necessary to tune both the relative phase and the relative
amplitude of the two coupled modes. As mentioned above, two
DC bias voltages on the reversed Ag-directional coupler have
been used to improve the crosstalk. A phase compensation
technique through tailoring the two electrodes [7], [22], and
current injection into semiconductor material [7] have also
been used in such devices, and —38 dB crosstalk has been
achieved in both bar and cross states [7]. Crosstalk has been
further improved by employing three-electrode structures [1],
with a crosstalk of —47.8 dB observed in the bar state.

In the random-index-perturbation induced crosstalk model
[1], [4] the coupled mode equations were used to calculate
the perturbation to the phases and amplitudes of the modes,
so that only the coupling between the two ideal modes
was evaluated, and coupling into the radiation modes was
neglected. Identically fabricated devices don’t have the same
crosstalk value, and the crosstalk values have a distribution
within a 20 dB range [23]. This large distribution is attributed
to a random process in the devices. Defects in the waveguides
differ from one device to another. The defects in the devices
can be the cause of the crosstalk distribution. We will show
in this article that random defects in devices can explain the
observed crosstalk distributions.

Instead of considering the random perturbation of the index
in the guides, we use an alternative model for the defects. It is
well known that defects inside waveguides cause scattering
of the modal light [18]. Scattered light can be recaptured
by the waveguides. Scattering causes random phase delay
and depolarization. Captured scattered light from different
scatterers adds up coherently with the unscattered light in
the guides, perturbing both the relative phase and the relative
amplitudes of the two coupled modes, resulting in crosstalk.
Since the defects are different from device to device, the
perturbation from the captured scattered light results in a
distribution of crosstalk values.

In this article, we report a study of crosstalk due to defect
scattering in one-, two-, and three-electrode directional coupler
switches. We discuss how voltage tuning can be used to
eliminate crosstalk due to defect scattering, unequal coupling
into symmetric and antisymmetric modes, taper coupling, and
the modal differential loss in waveguides. The degrees of
freedom necessary to tune out the crosstalk are also discussed.
Due to limited space, only cross-state crosstalk is presented,
but similar results apply to bar-state crosstalk.
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Fig. 1. Layout of a one-electrode directional coupler.

II. CoUPLED MODE THEORY

A. Coupled Mode Eguations

Fig. 1 shows a conventional directional coupler. Coupled
mode theory can be employed to calculate the evolution of
light in directional couplers [22], [24]. The scalar coupled
mode equations are commonly used in guided wave optics
since eigenmodes of waveguides are either TE or TM and the
eigen fields can be treated as scalar fields. In the interaction
region, two waveguide modes are coupled. With no voltage
applied the two modes are symmetric and antisymmetric
modes. With voltage applied to the electrodes, the electro-
optic effect causes the index of refraction to increase in one
guide and decrease in the other, so the two eigenmodes are
no longer symmetric or antisymmetric. The difference of the
propagation constants of the two eigenmodes changes, which
allows the directional coupler to switch.

Assume that Wos(z, y) and Uo,(z, y) are the symmetric
and antisymmetric normalized modal fields in the interaction
region with no voltage applied. The modal field is normalized
as

/ Wiz, )| dwdy = 2, (1)

where 7; = noko/B; is the effective impedance of the ith
mode, 19 = +/po/eg is the impedance of vacuum, kg is the
wave vector in vacuum, and f; is the propagation constant of
the sth mode. The field in the waveguides can be expanded as

U(x, y, 2, t) =Re {[as(2)Wos(z, y)e IF0e*
+ a0 (2)Vou(z, y)e IP7)d ) (2)

Here w is the optical frequency, as(2) and a,(z) are ampli-
tudes of symmetric and asymmetric modes, and [ys and (o,
are their corresponding propagation constants.

When no voltage is applied to the electrode, a,(z) and
aq(z) are constants along the waveguides. When a voltage
is applied to the electrode, the electric field perturbs the
index profile. Equation (2) remains valid for small fields
with z-dependent mode amplitudes a,(z) and a,(z), which
in general are complex. (In some places of this article we
use “amplitude” to represent the magnitude of this “complex
amplitude” and readers should not be confused.) By applying
Maxwell equations and the slowly varying approximation
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(detailed in the Appendix), as(z) and a,(z) are found to satisfy
the following equations:

das(2) . FABoz
e —Jxaq(2)e 3)
(—%57@ = —jxas(z)e78%% “)

where ABy = Bos — Boa, and

_ weo / / Voo(2, y) Ay Vou(e, y) dedy  (5)

where Ae,. is the change of relative dielectric constant due to
the applied voltage, ¢, = n?, and n is the index of refraction.
The solution to (3) and (4) is given by

as(z) = eI (ABo/2)z

r A
% 00(0) + x34(0)
as(0) cos bz — j 2 sin bz
] ©
aq(z) = e~ 1(ABo/2) ‘
—xas(0) + ——2[3—0 aq(0)
aq(0) cos bz +j ; sin bz
] )
where b = /[(ABo)?2/4] + x2
If we define )
Gs(2) = e IPos%q (2)
= e 1Bo%5,(2) ®)
ba(z) = e 9P0a%q (3)
= e"jaozsa(z) ©)]
with
A
0 0,(0) + xa(0)
ss(2) = |as(0) cos bz — 5 2 5 sin bz
(10
—xas(0) & aa(o)
34(2) = |aa(0) cos bz + 5 3 sin bz
an

where 3, = (Bos + foa)/2, then the output field amplitudes
in channel 1 and 2 are given by

0(2) = = [6(2) — au()]

- % e 5a(2) = 5a(2)] (12)
0a(e) = 75 [in(2) + )]

= % €TI0 s5(2) + sa(2)] (13)
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If light is launched into guide 1 and the device interaction
length is L, ignoring the taper coupling, the intensities in
guides 1 and 2 are given by

2
IL(L)y=1+ (’b? - 1) sin? b, (14)
I(L) = A sin® bL. (15)
462 :
The two switch states are deﬁned as follows.
1) Cross state, when sfin2 bL = 1. This gives
bL:merg (m=0,1,2,---) (16)
in which case I;(L) = x2/b?, I,(L) = ABZ/4b°.
2) Bar state, when sin? bL = 0. This implies that
=(m+lr (m=0,1,2,-) amn

in which case I;(L) = 1, Io(L) = 0.
The crosstalk values for the two states are defined by

L
Crosstalkeross = 10 logyg I—@_)(—L—

I5(L)

(L)
Crosstalkps, =10 logq L)+ 1 (L)‘

A perfect crosstalk for the cross state can be obtained only
when x = 0, which happens only for zero applied voltage.
This implies that the device has to be an odd multiple of the
coupling length, L., = w/AfS. ,

The above theory is valid for both lossless and lossy
waveguides. When the symmetric and antisymmetric modes
have the same propagation loss, we multiply by an exponential
decay term for each mode in the modal expansion in (2). Since
the propagation loss of the two modes is the same, one can
factor out the decay factor, with no effect on crosstalk. If a
modal differential loss exists, one can add an imaginary part to
Ay to represent the modal differential loss, and Ay becomes
complex. The solution to the coupled mode equations is still
valid with complex Agy.

From (14) and (15) one can see that the coupled mode
variable 2b can be viewed as the difference in propagation
constants Af = (s — B, of the two waveguide eigenmodes
when voltage is applied. Here subscripts “s” and “a” denote
two eigenmodes, although they are no longer symmetric
and antisymmetric when voltage is applied. In the following
sections, we. will investigate the ideal mode expansion and
see how closely 2b (derived from an ideal mode expansion)
matches the propagation difference A obtained through a
more exact formalism.

18

(19)

B. Numerical Direct Approach to Helmholtz Wave Equation

Coupled mode theory is based upon a modal expansion
into ideal symmetric and antisymmetric modes. In order to
determine conditions under which this expansion is valid,
we solved the Helmholtz wave equation numerically and
compared the coupled mode variable 2b with the difference
in propagation constants AJ of the two eigenmodes obtained
from the Helmholtz wave equation. For the sake of specificity
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Fig. 3. X -component of the electric field under the CPW electrodes when
unit voltage is applied on the center conductor of the electrodes.

we simulated polymer devices, but the results should be
applicable to devices made of other materials such as LiNbOsg.

The cross section of the device with coplanar waveguide
(CPW) for poling and drive electrodes is shown in Fig. 2.
The electrical field distribution of this coplanar waveguide
was obtained by approximating the charge distributions on the
electrodes and integrating the product of the charge distribu-
tion and a Green function [25], [26]. Fig. 3 shows the field
distributions of the z components of the CPW structure.

Channel waveguides are created by using a UV bleaching
technique [28]. The index profile of the UV bleached region
was calculated with a model based upon a local photochemical
reaction and the Kramers—Kr6nig relation [29]. The push-pull
poling lowers the drive voltage and was used in simulation.
Fig. 4 shows the poling field and the drive field of the device.
The poling aligns the chromophore moieties along the poling
field lines, which creates an EO effect and birefringence. It
increases the index of the refraction along the poling direction
and decreases the index of refraction in the perpendicular
directions. Typically, the index of refraction increases by 0.02
parallel to the poling field and decreases by 0.01 perpendicular
to the poling field [27].

Buffer Layer 2
Slightly Bleached NLO Polymer
NLO Polymer
Buffer Layer 3
Substrate
X
+V 0 -V

AN /1] WN e 2/ ]

®)

Fig. 4. Hlustration of (a) poling field and (b) drive field in the polymer
waveguides.

The chromophore concentration profile can be obtained by
assuming the local chromophore concentration is proportional
to the local absorption coefficient, which can be obtained from
the UV bleaching model [29]. The drive field together with the
r coefficient profile and index profile are used to calculate the
change of the index of refraction profile. For a poled polymer,
the change of the local index of refraction is given by
_nj(=z, y)

2
where the subscript “3” represents a direction parallel to the
poling field, ng is the index of refraction with no field applied,

An(z, y) = r3aBs(z, y) (20)
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r33 is the EO coefficient, and Fj is the electric field component
along the direction 3. For the CPW device a TE mode is
.assumed.

The scalar Helmholtz wave equation

Vie(z, y)+ (kgn2(z, y) — Ble(z, y) =0

was solved numerically using the matrix effective refractive
index (MERI) method [26]. Here ¢(z, y) is the transverse
modal field distribution, [ is the propagation constant of the
mode, n.(z, ¥) = neo(z, y) + An(z, y) is the index profile,
neo(z, y) is the index profile at zero voltage and ko is the
wave vector in vacuum. The details of solving the equation
have been reported elsewhere [26].

ey

C. Comparison between Coupled Mode
Theory and Numerical Solution

We assume the device length is one coupling length so that
the zero voltage state is the cross state, and we ignore taper
coupling. The switching voltage V; is obtained with m = 0
and b = ABy/2 in (16) and b = /[(ABo)2/4] + x2(V,) in
(17). Vo should satisfy x(Vy) = (v/3/2)ABs. In Fig. 5 the
modal field profiles obtained from ideal mode expansion in the
coupled mode theory (dashed lines) are plotted together with
the field profiles calculated with numerical direct approach
(solid lines) at different drive voltages. At V = Vj, there is
almost no deviation between eigenmodes of the device calcu-
lated using the Helmholtz equation and ideal mode expansion.
Non-negligible deviation starts to appear at V. = 2.3V
The deviation becomes significant at V' = 4.6V,. Beyond
V = 7.4V,, one channel becomes antiguiding and the other
channel becomes multimode. The ideal mode expansion is
invalid for a voltage greater than V' = 3V}. Fig. 6 compares
the propagation constant difference AfS of two eigen modes
calculated using the Helmholtz equation and 2b calculated
using the coupled mode theory. AG and 2b-are close enough to
be considered equal even for a voltage five times higher than
the typical drive voltage. Beyond this point, the ideal mode
expansion breaks down, and AJ and 2b separate, although
the ideal mode expansion breaks down at a much lower
voltage. i

Simulation of a device with the coplanar-strips (CPS) elec-
trode structure showed similar results. With the validity of
the coupled mode equations verified in two different electrode
configurations, they are used for calculating the propagation
of the modes in the remainder of the article.

1I. ONE-ELECTRODE DIRECTIONAL COUPLER AND
DEFECT SCATTERING INDUCED CROSSTALK MODEL .

Fig. 1 shows a conventional one-clectrode directional cou-
pler. A Poincaré sphere representation of the propagation
and coupling of modes in a directional coupler [24], [30] is
employed. Stokes parameters are defined as follows:

80 =@, + dgdl

=/51% + 522 + §32 22)
S1=a,a" — dga} 23)
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~ ~ ek
S2 =840, + God;,

- 83 =

@4)
@:;% (25)

1
S0 is the total power in the guides which has been normalized
to one (assuming waveguides are lossless) and S1 is the power
difference in the two modes. Using P, = G,a; and P, = a4a},
to represent the powers in the symmetric and antisymmetric
modes, respectively, then

S0=PFP, + P,
S1=P; - PF,.

(26)
e2))

In the absence of an applied voltage and ignoring any
coupling in the taper region, light launched into guide 1 excites
the symmetric and antisymmetric modes equally. At the input
of the interaction region of the directional coupler z = 0,
Gs = —bq, two modes have equal amplitudes and are out of
phase by 7. Thus, S1 = $3 = 0 and 52 = 1, as shown in
Fig. 7. As the light propagates through the coupler, the state
vector rotates about the S1 axis, tracing out a great circle in
the $2-53 plane (thick solid line in Fig. 7). If at the end of
the interaction length z = L the state vector is at $2 = 1,
then light is in guide 1 (a bar state), and if the state vector is
at S2 = —1, then light is in guide 2 (a cross state).

When a voltage is applied to the electrode (so x # 0), the
state vector rotates about a new vector in the S1-S52 plane,
which makes an angle o with the S1 axis (thick dashed line
in Fig. 7), where tan o = 2x/Afp. The trajectory of the state
vector is then no longer a great circle, but a circle still passes
through S2 = 1, at which the coupler will be in a bar state if
the interaction region ends.

As is seen in Fig. 7, a one-electrode directional coupler
cannot be tuned to a cross state using any value of voltage
if the device length is incorrect, since for a one-electrode
directional coupler, the perfect cross state only exists at zero
voltage. The crosstalk is determined by how far the device
length differs from an odd multiple of the coupling length.
The device can be tuned to a bar state by applying a voltage
determined from (17).

Defects perturb the modal coupling by scattering light (with
a phase delay) into a specific radiation pattern which depends
on the scattering mechanism. The proportion p of scattered
light which is recaptured by the waveguides is determined by
the numerical aperture (NA) of the guides through

o= P(2)dQ2
NA
P()dQ
o 4

(28)

where P() is the differential radiation power in the direction
2 and subscript “N A” represents the numerical aperture of
the guide. The larger the N A, the more scattered light is
recaptured, which means that stronger guides will have larger
crosstalk due to scattering. The captured light re-excites the
waveguide modes and propagates through the remainder of
the guide. There is still a small chance for the light to be
rescattered, but it is negligible. At the output end of the
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Fig. 5. Modal field profiles at different drive voltages obtained from direct approach to the Helmholtz wave equation (solid lines) and ideal mode expansion
used in coupled mode theory (dashed lines). The thicker lines represent the lowest order mode and the thinner lines represent the higher order mode.

interaction region, the scattered light that is captured will add
coherently and interfere with the unscattered light.

In the interaction region of a directional coupler, the cap-
tured light re-excites the symmetric and antisymmetric modes.
The evolution of the phase and amplitude of the two modes
can be obtained from the coupled mode equations. For a given

input light power, the total scattered-light power of the guide
can be calculated using the scattering loss of the device. For
a guide with NA = 0.12, assuming the differential scattering
power P(Q) « cos? 6, less than 1% of the scattered light can
be recaptured. All calculations are corrected for an input power
of 1 mW at a wavelength of 1.55 um with scattering loss 0.5
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Fig. 7. [Illustration of the state vector evolution in one-electrode directional
coupler at zero voltage (thick solid line) and voltage V (thick dashed line)
on the Poincaré sphere.

dB/cm. 50 000 scattering sites were used in the simulation for
each device, which were large enough to give low statistical
noise.

In order to match the 0.5 dB loss in the device, the total
scattered power, which is the sum of the scattered power from
50000 scattering sites, was assumed to be 0.11 mW. The
scattering sites were selected using a random number gener-
ater. They were uniformly distributed in both waveguides. The
scattering sites were selected independently for each coupler
simulated to approximate the randomly distributed defects in
fabricated devices. ,

There are two kinds of excitations of the symmetric and anti-
symmetric modes for captured scattered light. If the scattering
is in guide 1, the phase difference between the two normal
modes of the recaptured light is . If the scattering is in guide
2, the phase difference of the two normal modes is zero. The
sum of complex amplitudes of the scattered light at z = L
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is a random phasor sum with the phases of the recaptured
light uniformly distributed between O and 27 due fo the phase
randomization of scattering [33]. It adds up coherently with
the unscattered light. When light is launched into guide 1 of
a coupler which is one coupling length long, unscattered light
crosses to guide 2 completely if no voltage is applied. Only
scattered light is present in guide 1. Its amplitude is nonzero
since it is a random phasor sum. The magnitude of a random
phasor sum can be shown to satisfy a Rayleigh distribution
[33] if the phases of the individual components are uniformly
distributed between 0 and 2z. Therefore, the scattering from
defects produces background light in the guides and results in
crosstalk in a directional coupler switch.

If we assume that NV scattering events are involved in the
scattering, light out of guide 1 is given by '

ds(L)e ol — G, (L)e2=L

V2
N ng’)[L(i)] _ sgi)[L(i)] e
+> 75 ~e

where L is the interaction length of the coupler and ar =
are 9PeZ (k = s or a). &, and @, are the amplitudes of
the symmetric and antisymmetric modes of the unscattered
light, calculated using (6)-(9), o, and o, are the propagation
loss coefficients for the symmetric and antisymmetric modes.
L®, representing the length measured from the ith scattering
center to the end of the interaction region, is a random variable
drawing from a uniform distribution between 0 and L. s and
s$9 are calculated from (10) and (11), with the origin of the
coordinates shifted to the scattering site and initial conditions
as(0) = —a,(0) = e for scattering from guoide 1, and
as(0) = aq(0) = € for scattering from guide 2. ¢ is a constant
which is adjusted to make the device loss equal to a specified
scattering loss. For simulations, we used ¢ = §,L(%), which
is varying rapidly énough to be equivalent to a random phase at
ith scattering site. Since the scatterers are uniformly distributed
along the waveguides, an applied voltage to the electrode
will change the evolution of the recaptured light from each
scatterer. Thus the sum of the recaptured light changes both
in amplitude and phase with applied voltage. At the same
time, the voltage changes both the amplitude and phase of the
unscattered light, but a different way from the scattered light. If
a voltage exists such that the first term and the summation term
inside the absolute value sign in (29) are equal in magnitude
but out of phase, there is a complete cancellation of the light
in guide 1, and hence zero crosstalk. '
Fig. 8(a) shows the states of 192 one-coupling-length direc-
tional couplers projected onto the S1-593 plane from negative
side of the S2 axis. The origin represents the unperturbed cross
state. Each point represents a perturbed state of a directional
coupler due to random scattering. Points on the S1 axis
correspond to couplers for which the net effect of scattering
is to perturb the relative amplitude of the ideal normal modes,
and not their relative phase. Points on the 53 axis correspond
to those for which the net effect of scattering. is to perturb
the relative phase of the ideal normal modes, and not their

L(L) =

2

(29)

=1
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Fig. 8. (a) The projection of the states of 192 one-coupling length directional couplers on the 51-S3 plane from negative S2 side. (b) The crosstalk
histogram- of the 192 directional couplers. The dashed line is a Rayleigh distribution function plotted in linear-log scale,

relative amplitude. Three circles represent the —20, —30, and
—40 dB crosstalk contours. Fig. 8(b) shows the histogram of
crosstalk values for 192 directional couplers. The solid line
is a Rayleigh distribution plotted on a linear-log scale. The
standard deviation of the crosstalk as observed in 48 fabricated
devices [1] is close to 20 dB.

There is only one parameter ¢ in the Rayleigh distribution
density function,

a
f(al) = 0_; e‘(af/%-z). 30)

When couplers are designed to switch light from guide 1 to
guide 2, this equation gives the normalized light amplitude
distribution out of guide 1. Then the crosstalk is given by

I
Crosstalk; = 101og;, T ; T
1 2
3D

=10log;, a?.

Thus the crosstalk distribution is given by

10/ 10]

__log, 10
N 202

9(y) = 553

(—0o <y <0)

10¥/10 exp [—
(32)

where y = 10log,o a? is the crosstalk. Equation (32) is the
Rayleigh distribution density function in linear-log scale and
corresponds to a crosstalk distribution of identically made
untuped directional coupler switches which have only scattered
light present in one of the output channels. The shape of the
curve doesn’t change much with ¢ in our range of interest
(o ranging from 2.2 x 107! t0 6.0 x 107°, corresponding to
the mean crosstalk varying from —10 to —100 dB), only
its position along the horizontal axis. This implies that the
crosstalk standard deviation (in dB) for fabricated devices is
similar no matter how strong the scattering is.
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For a one-electrode directional coupler there is only one
degree of freedom with which to tune the directional coupler
to a desired state, which in general is not sufficient, since
both the relative phase and the relative amplitude of the two
modes are perturbed by scattering. Therefore there are two
independent random variables involved, so more degrees of
freedom are necessary to tune the device to zero crosstalk.

IV. TwWO-ELECTRODE DIRECTIONAL COUPLER

For one-electrode directional coupler switches, the cross
state can only be achieved for devices having an exact odd
multiple of coupling lengths at zero voltage. This imposes a
tight tolerance on the device fabrication and limits the yield
of mass production. The directional coupler structure with
electrode sections that have alternating voltages, the reversed-
AQ directional coupler [6], was first proposed and analyzed
in [9]. For such a device, if the length is chosen to be longer
than one coupling length, the coupler can be tuned to either
cross or bar state with one voltage source [6], [9].

The switching to the cross state of a reversed-A/3 directional
coupler is illustrated on the Poincaré sphere in Fig. 9. While
the light is propagating from z = 0 to z = L/2, i.e., through
the first electrode (with voltage V'), the state vector rotates
about the vector @, which makes an angle o with the S1 axis
in the S1-S52 plane. The electrode voltage is chosen so that
when the light reaches the end of the first electrode, the state
vector lies in the S1-53 plane. When the light propagates from
z = L/2 t0 z = L, ie., through the second electrode (with
voltage — V), the state vector rotates about the vector @ , which
makes an angle —o with the S1 axis in the S1-S2 plane.
At the end of the second electrode z = L, the state vector
has evolved into S2 = —1, which represents the cross state.
Thus with two electrode voltages of opposite polarity, one
can cancel the change in the the relative amplitude of as and
a, induced by applying voltages, allowing one to tune to the
cross state. Two-clectrode reversed-Af directional couplers
have been used in 8 x 8 Ti:LiNbO; switches due to their high
yield [23], [31].

Long term stability of directional coupler devices is required
in many applications. LiNbOj3; optical modulators and switches

often exhibit DC drift, which causes the switching voltage

to vary over a long time span. Mobile charges in the SiO,
buffer layer accumulate and perturb the applied electric field in
the waveguide, inducing DC drift [10], [11], [32]. Phosphorus
doping in the SiO, layer has been used to passivate the mobile
charges and reduce DC drift. [34]. Dry oxygen annealing
also was found useful for reducing the DC drift [35]. The
pyroelectric properties of LiNbO; can also result in charges
on the surface of the crystal and produces undesired thermal
drift [36]. Optical drift has also been reported due to the
photorefractive effect in the LiNbO; substrate [37]. Because
of these various sources of drift, LiNbO; devices need to be
tuned frequently to maintain low crosstalk. Any asymmetry
between the two electrodes in reversed-AfS couplers can
produce crosstalk. Fabrication errors in devices introduce
asymmetry in the electrode lengths, and lateral misalignment
of the electrodes result in an asymmetric switching field in the
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Fig. 9. Illustration of the state vector evolution in two-electrode .
reversed-AS directional coupler. (a) 3-D view and (b) projection from
“north pole” on S1-S52 plane. The layout of the two-electrode reversed-Ag
directional coupler is the same as in Fig. 10(b) with V1 = +V, V2 = -V,
L1l =1IL2aad L = L1+ L2 = 2.5Lc.

waveguides. Domain reversal induced in processing can also
introduce asymmetry in the two electrode sections [21]. To
reduce the crosstalk due to asymmetry of the electrodes, fine
tuning of reversed-AQ3 couplers is necessary.

In order to correct for DC drift and fabrication errors,
the voltages on the two electrodes have been independently
adjusted to fine-tune. the coupler to either the cross or bar
state [12] The layout of such a switch is shown in Fig. 10.

Identically fabricated reversed-Af directional coupler
switches exhibit a distribution of crosstalk values. This
phenomenon can be explained by scattering as discussed
in the last section. Fig. 11(a) shows the state vectors of
192 simulated couplers projected onto the S1-S3 plane
with identical physical design, the same applied voltages
(as reversed-Af couplers), and the same number of scattering
centers (50 000) but different scattering locations, which were
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(a) Layout of the reversed-Af3 directional coupler with two DC bias voltages for fine-tuning of crosstalk, after reference [12] which is equivalent to a

two-electrode directional coupler as in (b) with V1 = V — V1 (Bias), V2 = —V + V2 (Bias). V is switching voltage of the reversed-Af3 directional coupler.

selected by using a random number generater. Fig. 11(b)
shows the crosstalk distribution. Fig. 11 is similar to the case
of passive (with zero applied electrode voltage) couplers as
shown in Fig. 8.

By independently adjusting the DC biasing voltages, each
device can be tuned to a desired state. In simulating LiNbO;
devices with about 5 V switching voltage and tenths of
millivolts of control accuracy, all the devices were tuned to the
cross state with better than —60 dB crosstalk. With picovolts
of control accuracy all the devices could achieve better than
—300 dB crosstalk. The results are shown in Table L.

On a Poincaré sphere, only two angular variables, which
correspond to the relative phase and relative amplitude of the
two modes, are needed to determine the state of a device.
These can be controlled by two independent voltages. There-
fore, two voltages are sufficient for tuning directional couplers
to a desired state when only scattering is considered in the
crosstalk model for realistic values of scattering loss.

However, differential loss is also a limiting factor in achiev-
ing low crosstalk. In simulation, differential loss was added in

by assuming a complex Af, in the coupled mode equations.
Simulation showed that as long as the differential loss re-
mains below 0.3 dB (for 2.5 cm long interaction length), two
electrode voltages remain sufficient to tune out the crosstalk
completely due to scattering and differential loss. However,
when differential loss exceeds 0.5 dB, two electrode voltages
were found to be insufficient to tune out the crosstalk for this
geometry.

Coupling in the taper region can also increase the crosstalk
[5], [15]. If the taper region only introduces a relative phase
between the two coupled modes, this is equivalent to a device
length error in a passive coupler, and two electrode voltages
can tune out the crosstalk. If there is unequal coupling into the
two modes at the input or modal conversion in the taper region
due to the asymmetry of the two waveguides, there will be a
difference in amplitudes of the two modes. Two longitudinally
symmetric electrodes cannot tune out the crosstalk when
the amplitude difference is sufficiently large. An additional
electrode provides the flexibility needed to compensate for
this effect.
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(a) The projection of the cross states of 192 untuned reversed-Ag directional couplers on the S1~53 plane from negative S2 side. (b) The crosstalk

histogram of the 192 directional couplers. The dashed line is a Rayleigh distribution function plotted in linear-log scale.

TABLE I
- Two-VOLTAGE TUNING OF SCATTERING INDUCED CROSSTALK

VI(V)

6.1575

5.6632
5.669079608421

V2(V)

-6.1575

-6.0540 |
-5.604156263459 |

Crosstalk(dB)
-25.9
<-60dB
<-300dB

Untuned
Tunel
Tune2

All causes of crosstalk other than scattering and modal
differential loss can be treated effectively as unequal taper
coupling. Using a transfer matrix one can write the modal

) )

where a is called the taper asymmetry factor and d is called
the phase factor, and both a and d are real numbers.

eatid
0

0

e——a—jd

s
Gg,

G350
Ga0

(33)

TABLE II
TwO-VOLTAGE TUNING OF “REALISTIC” CROSSTALK

Modal Differential Loss | Taper Asymmetry* | Taper Phase | Tuned Crosstalk
(dB) Factor (Degrees) (dB)
0.02 0.01 5.7 -43.1
0.03 0.02 5.7 -35.2
0.05 0.02 5.7 -22.6

A “realistic” crosstalk model, which combines the scattering
together with differential loss and unequal coupling, was used
to simulate the crosstalk tuning. Table II shows the tuning
of a “realistic” directional coupler. Complete elimination of
crosstalk is impossible with two electrodes for this geometry.

V. THREE-ELECTRODE DIRECTIONAL COUPLER

Three-clectrode directional couplers [1] have three indepen-
dent tuning voltages and offer one more degree of freedom to
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) TABLE III
THREE-VOLTAGE TUNING OF “REALISTIC” CROSSTALK

Modal Differential Loss | Taper Asymmetry | Taper Phase | Tuned Crosstalk
(dB) Factor (Degrees) (dB).
0.1 0.04 5.7 <-100
0.5 0.1 11.4 <-100

minimize the crosstalk. Experimentally, Choquette and his co-
workers [S] have achieved —47.8 dB for the bar state and
—34.6 dB for the cross state with such a structure. Three-
electrode directional couplers, as depicted in Fig. 12, were
simulated with scattering loss. The total interaction length was
2.5 coupling lengths. Two voltages with the same amplitude
and opposite polarity were applied to the two outer electrodes
of the device to obtain a cross state. The 192 devices simulated
showed a crosstalk distribution similar to the two-electrode
directional couplers. Like two-electrode directional couplers,
with tenths of millivolts of accuracy we have been able to tune
all the devices to a desired state with crosstalk better than —60
dB. Picovolts of accuracy allowed for the devices to be tuned
to be better than —300 dB crosstalk.

By independently adjusting the voltages on all three elec-
trodes, tuning out crosstalk due to differential loss and scatter-
ing was simulated. The crosstalk can be tuned out completely
even for the case of 10 dB/cm differential loss. Table I
shows the simulation results on three-electrode couplers with
“realistic” device parameters, in which the unequal coupling
and the taper coupling and differential loss were taken into
account together with scattering, and better than —100 dB
crosstalk can be achieved.

VI. DISCUSSION

Compared to the random index perturbation model used in
analyzing LiNbO; couplers, the scattering induced crosstalk
model gives a better fit to the crosstalk distribution obtained
from identically fabricated directional couplers [23]. Further-
more, in this model the crosstalk is calculated based on known
values for the scattering loss and NA of the waveguides. The
model predicts that crosstalk can be minimized by lowering the
scattering loss and reducing the NA of the channel waveguides.

All crosstalk mechanisms result in random relative phase
shifts and randomly unequal modal strengths (|as| # |aal)-
The electrode voltages also vary the relative phase shift
and relative modal strengths, which with proper arrangement
can compensate the relative phase shift and unequal modal
strengths due to scattering, differential loss, fabrication errors,
and taper coupling. This is equivalent to letting the terms
within the absolute value sign of (29) cancel. With two
electrodes one can tune out any relative phase shift, but there is
a limit to how much unequal modal strengths can be tuned out.
With three electrodes a wider range of unequal modal strengths
can be compensated. Putting more electrodes on the device
can improve the achievable crosstalk by providing additional
flexibility to adjust the relative modal strength.

Our simulations assumed the light is 100% coherent and
100% linearly polarized (TE or TM). This assumption al-
lows for complete cancellation of the light in a waveguide
and achieving a perfect bar state or cross state. However,
no light source is 100% coherent or 100% polarized in a
certain direction. Typically, the polarization extinction can
be controlled to no better than 60 dB, which will limit the
cancellation of the light and result in crosstalk. There is
also a depolarization effect due to scattering, although the
depolarization effect is a second order (20 dB down) with
respect to the capturing of the light in the same polarization
as the exciting light. Furthermore, any real detector has a
minimum detectable power, which implies a limit to how well
crosstalk can be tuned out. For existing technology with the
best control of the polarization and coherence of light, with
0.1 dB/cm scattering loss in the waveguides, the achievable
crosstalk limit is estimated to be no better than —60 dB.

VII. CONCLUSIONS

Simulation of active directional couplers using a scattering-
induced crosstalk model in the absence of tuning shows a
Rayleigh distribution of crosstalk values. To achieve low
crosstalk passively, low scattering loss and small NA waveg-
uides are essential. The scattering-induced crosstalk can be
tuned out with only two electrodes. Three electrodes are
needed to tune the device back to a desired state for realistic
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device parameters, in agreement with experiment [1]. The
practical achievable crosstalk in a directional coupler switch is
no better than —60 dB due to finite coherence and incomplete
polarization of the light source, and reasonable precision and
stability for the tuning voltages. In order to reduce the crosstalk
in directional couplers defects need to be reduced. Improved
processing of integrated optical devices can help improve the
crosstalk.

APPENDIX

Assume the optical mode is TE polarized, so the waveguide
field ¥ in (2) is the electric field, and £ = E,z = UZ.
Applying the Maxwell equation

o oH
VxE=~— 34
X o 57 (34)
to (2), we have
Gs 7 das s
H, == Y Woe JBsz
Y (ns+wuo dz) 0s€
+ (a_‘l + _J_ da’“) ‘l’an_j’e“z. (35)
Na wpo dz
Substituting (2) and (35) into the Maxwell equation
n OE
Vx H=(c+ As) — (36)
ot
and using the slow varying approximation
d?a das
72 > ﬁs (37
z
d2a, day,
@ | < G
we obtain
/65 da; \I/(Jse—jﬁ’ + Ba ‘d_ag Toqe —IPax
ikZA o .
_ JFo2Er (asq;Ose—Jﬁsz + aa‘Pan;Jﬂaz) (39)

2

Multiplying (39) by ¥, or ¥, and 1ntegrat1ng over the cross -

section we obtain

da, , .
—%—fz = —j[Xss0s(2) + Xsata(2)e’ 7] (40)
Baéliz) ~i[Xaaa(2) + Xasas(z)e 747 (41)

where
we
Xpq = 0 // Wop(x, y) Ae, Vo (z, y) dx dy 42)

and p, ¢ = s,.a.
Assuming the perturbation Ae is antisymmetric, therefore,
Xss = Xaa = 0 and Xsq = Xas = x We obtain (3) and (4).
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