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Crosstalk in a Lossy Directional Coupler Switch
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Abstract— Crosstalk due to material absorption in a two-
waveguide, symmetric directional coupler switch is investigated.
In a material with absorption, it is not possible to completely
eliminate the crosstalk by adjusting the coupling length. The cou-
pling length for minimum crosstalk differs from that of lossless
systems. Theoretical limits of the lowest achievable crosstalk and
the corresponding coupling lengths are calculated. The results
show that the effect of absorption on crosstalk is more severe
when the devices are designed for low crosstalk. The increase in
crosstalk due to absorption can be as high as 20 dB. The material
abserption is thus a critical parameter in designing low crosstalk
devices.

I. INTRODUCTION

IRECTIONAL couplers are important guided-wave com-

ponents in integrated optics. They have been used to
implement switching, modulation, wavelength demultiplexing,
and power splitting [1]. Crosstalk in a directional coupler is
defined as the ratio of light power in the unwanted output port
to the power in the desired output port. In a directional coupler,
it is desirable to have all the input power coupled to the other
waveguide for a cross state and no coupling at all for a bar
state. However, a small amount of power always remains in
the input waveguide for a cross state and couples to the other
waveguide for a bar state, resulting in undesirable crosstalk.
Crosstalk imposes limits on system design, especially in large
switching fabrics in which the crosstalk adds. Many sources
of crosstalk in directional couplers and their effects have been
evaluated [2]-[10]. Crosstalk has been attributed to asymme-
try of the waveguides [3], absorption loss [4], nonoptimal
coupling length [1], unequal excitation of the symmetric and
antisymmetric modes at the input [5], coupling of radiation
modes to output, or fabrication variations [6]. Most of the
analysis to date has considered lossless waveguide couplers.
A notable exception is [4] in which Marcuse has shown that the
losses in the surrounding medium are unsuitable to decrease
the crosstalk between two dielectric waveguides as they also
increase mode loss to unacceptably high levels. In this paper,
we provide a detailed analysis of the effects of absorption
on crosstalk in a symmetric directional coupler switch and
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show that absorption is a critical parameter in designing low
crosstalk devices. Through a numerical example, we show that
the increase in crosstalk due to absorption can be as high as
20 dB in practical directional coupler switches.

In reality, all materials exhibit finite absorption. It is gen-
erally assumed that crosstalk due to material absorption can
be compensated by simply choosing the correct length for
the coupling region. In this paper we show that material
absorption in general leads to crosstalk in a directional coupler
because the two lowest order modes, one even and one odd,
have different power distributions. Ideally, these two modes
beat with each other to produce a complete power transfer
between the two waveguides, but, due to the different power
distributions, the even and odd modes experience different
amounts of absorption in a waveguide system with nonuniform
absorption. Consequently, the two modes, even when excited
equally, will have unequal amounts of power along the length
of the coupler. So they will never be able to completely
cancel each other, even when they are completely out of phase,
leading to crosstalk that cannot be compensated. Consequently,
switching is incomplete.

We use first order eigenmode theory to evaluate the crosstalk
in a directional coupler switch. The formalism includes the
effects of mode mismatch at the input and output of the
coupling region. We calculate the effect of material absorption
on the crosstalk and establish limits on the best achievable
performance. As an example, we evaluate the crosstalk of
a field-induced waveguide directional coupler switch [11].
We calculate the minimum achievable crosstalk with different
waveguide spacings for different guide refractive indices. The
effect of absorption on these devices is measured and the
increase in the crosstalk is evaluated. Initially we will consider
devices where the radiation field plays a negligible role. In
Section IV, we compare the calculated results with numerical
simulations using a finite difference beam propagation method
[12] that models the entire field, avoiding this approximation
and show that the theoretical results agree with numerical sim-
ulations. The waveguides studied in this work exhibit modal
losses which not only can influence the crosstalk exhibited
by the device but also can significanity perturb the modal
fields. We have used effective index method and a waveguide
numerical analysis that is applicable for lossy waveguides to
evaluate the mode fields and complex propagation constants
[13].

II. ANALYSIS

A typical two-waveguide symmetric directional coupler is
shown in Fig. 1. The indices of refraction of the guiding and
cladding regions are n, and n. respectively. The width of
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Fig. 1. Schematic diagram of a two-guide symmetric directional coupler.
Width of the waveguides is w. Their edge-to-edge separation is d. Length of
the coupling region is I.

the waveguide is w and their edge-to-edge separation is d.
The transition regions are symmetric and adiabatic. We focus
our analysis upon a directional coupler with only two guided
modes in the coupling region. Accordingly, we assume that
the uncoupled waveguides can only support one mode. The
eigenmodes of the coupling region corresponding to the lowest
order even and odd modes are 1. and 1, and their respective
propagation constants are 3. and 3,. The sum of the even and
odd modes gives the power distribution across the waveguides.
The eigenmodes of the decoupled input waveguides are ¢; and
¢2. The coupling of ¢ to 9. and v, depends on the geometry
of the transition region. Consider launching ¢; at the input
waveguide. The coupling between the input excitation and the
modes in the coupling region can be expressed as

¢1 =a31/}e + a'owo
2 = aePe ~ Ao, 1)

where a. and a, are the coupling coefficients. In the simple
case of a straight coupler; a. and a, are real. The effect of
the input bend region is to induce a small phase difference
between the excited even and odd modes [5] so that a. and
a, are complex. This initial phase difference between the even
and odd modes can be compensated by properly adjusting the
coupling length [9]. In our analysis, we assume a. and a, to be
purely real. Note that the ratio between a, and a, indicates the
excitation asymmetry of even and odd modes in the coupling
region.

At the end of the coupling region, the modes can be
projected onto the qutput waveguide modes with appropriate
phase factors due to the output bend region. Using this ap-
proach, the output mode amplitudes can be obtained by a series
of matrix multiplications from the input mode amplitudes. If
we assume that the output transition region is identical to the
input transition region, then by reciprocity the output coupling
coefficients can also be found from (1).

After a propagation distance /, the fields at the output
waveguides ¢}, ¢, are given by [5]

o = [ag exp(—iﬂega-gat;f exp(—iﬂol)]qSl
+ {aﬁ exp(—iﬂegagatgi exp(—iﬁol)] b2,
o = [aﬁ exp(—iﬂeilg—agai exp(—iﬁz)] b
+ [ai exp(—ifel) + a exp(—iﬁol)]%
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From (2), the crosstalk for a propagation distance of [ with
¢1 =1 and ¢, = 0 is given by

a2 exp(=if.l) + a2 exp(-iB.l)|*
a? exp(—ifel) — a2 exp(—iB,l)

o) = L3

We will use (2) and (3) and dC(l)/dl = 0 to calculate the
minimum possible crosstalk and the corresponding coupling
length. We then calculate the best possible power transfer ef-
ficiency, and the coupling length required. In our calculations,
we treat power transfer efficiency as the ratio between the
output power coupled into the desired port to the power at
the input. ,

In our analysis, we neglect the reflections at the beginning of
the directional coupler and at the end of the directional coupler.
We also do not consider coupling into radiation modes and
the interaction between the radiation and the output modes.
Reflected power is very small and also it does not affect
the crosstalk calculations [5]. The radiation modes excited
at the interface between the input transition region and the
coupler can couple into the output. For low radjation losses
(less than 1%), the influence of radiation modes on crosstalk
performance is negligible [9]. The radiation can affect the
results obtained for very low crosstalk devices. We have
carried out numerical simulations inciuding the effects of
radiation for a field-induced waveguide directional coupler
switch that we will discuss later. These simuylations show that
the effect of differential absorption on crosstalk is significant
even when radiation is important.

In a lossy material system the propagation constant of
a mode is complex, with the imaginary part representing
the absorption coefficient associated with the mode. In prac-
tical systems, the material absorption is nonuniform. For
example, the nonuniformity may be due to different doping
concentrations or due to different material regions in the
structure. As a result, the absorption associated with each mode
can be different; because each mode has a different power
distribution, the even and odd modes of the coupled mode
structure in a nonuniform absorption system will have different
absorption coefficients. In an ideal case of no asymmetry in
excitation, the two modes are equally excited at the input.
In reality, the excitation is unequal, establishing a floor for
the minimum achievable crosstalk. Above and beyond that,
due to differential absorption of the modes, each mode will
have a different amount of power throughout the length of the
coupler. Therefore, even when the two modes are combined
in phase in a bar state, or out of phase in a cross state, the
switching is not complete. Consequently, the power cannot be
completely switched to any of the output waveguides, adding
more crosstalk to the device, and leading, as we shall show, to
a significant increase in crosstalk due to differential absorption.

III. RESULTS AND DISCUSSION

Assuming a straight transition region, the coupling length
for minimum crosstalk is obtained by differentiating (3). The
coupling length for lowest crosstalk is given by solving the
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transcendental equation

aﬁ = Aﬂim - A,Hre tan(Aﬂrel)
ai = P2 | R A B tan(Bcl) |

The parameters Af;e and Af;y, are the real and imaginary
parts of Af, where A is defined as the difference between the
even and odd mode propagation constants, i.e., AG = . — ,.
In the absence of material absorption, the parameter AfS.
determines the coupling length in a directional coupler. In
directional couplers with absorption, AS,e and Af;, together
determine the coupling length. The parameter Af;,, measures
the difference in loss experienced by even and odd modes,
indicating the effect of nonuniform material absorption. Solv-
ing (4) for the coupling length and then using (3), we obtain
the lower limit of the crosstalk due to material absorption and
asymmetric excitation.

As can be seen from (3) and (4), the crosstalk performance
depends strongly on the asymmetry parameter a,/a. along
with the differential modal absorption AfS;,. Fig. 2 shows
a,/a. as a function of refractive index in the guiding region.
We assumed the cladding index to be 3.400 and the wavelength
of operation to be 1.15 pm. The waveguide width was chosen
to be 2 pum to keep the waveguide single moded in the An
range of 0.00-0.01. Graphs corresponding to a waveguide
separation d of 1-5 um are shown in the figure. We evaluated
the coupling coefficients a, and a. by first numerically finding
eigenmodes and complex propagation constants of the coupled
waveguides by using multilayer waveguide analysis [13] and
then by computing the overlap integrals for the projections. As
this figure indicates, the asymmetric parameter is close to unity
(unity corresponding to completely symmetric case) when
the waveguides are strongly guiding, or when the waveguide
separation is large. The corresponding crosstalk for this device
is small, but, due to strong guiding, the coupling lengths are
fairly large. When the system is weakly guiding, or when the
waveguide separation is small, the asymmetry parameter is
smaller than unity, and the corresponding crosstalk is high,
but, the coupling length is short. The even and odd modes
may be considered as combinations of the individual modes
of the two separate waveguides, but, due to the presence of
an extra waveguide, a small perturbation of the mode profiles
occurs that leads to the difference between the coupled modes
and the sum or difference of the individual waveguide modes.
Consequently, the input guided mode can never be equally
split into the odd and even modes of the coupled system and
as can be seen from the Fig. 2, the parameter a,/a. is never
equal to unity.

Using (3) and (4), we calculate the minimum possible
crosstalk and the corresponding coupling lengths as a function
of Afim. The coupling length for minimum crosstalk is shown
in Fig. 3(a) and the minimum achievable crosstalk is shown
in Fig. 3(b) for different values of a,/a.. In most of the
practical devices, the loss in the guiding region is smaller than
the loss in the surrounding region to keep the total modal
loss as small as possible. We considered only cases in which
the loss in the guiding region is smaller than the loss in the
surrounding cladding. The sign of Af;,, depends on the loss
experienced by even and odd modes, which is a function of
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Fig. 2. Measure of asymmetry in excitation of odd and even modes as a
function of difference in waveguide and cladding refractive index (An).
Refractive index of the cladding is 3.400 and operating wavelength is 1.15
pm. Width of the waveguide w is 2.0 um. Waveguide separation in the
coupling region d is used as a parameter with values of 1-5 pm.
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Fig. 3. (a) Coupling length corresponding to minimum crosstalk and (b)
minimum crosstalk in a two-guide symmetric directional coupler switch.
Differential absorption on even and odd modes cause crosstalk and also change
the coupling length corresponding to lowest crosstalk. Asymmetry parameter

ao/ae is used with values of 1.0, 0.95, 0.9, 0.8, 0.7, 0.6, and 0.5. Value of
Apre is chosen to be x/(1000 p,).

field distribution of these modes and nonuniformity in material
absorption. In our analysis, as shown in Fig. 3, we only show
results corresponding to positive Af;,, which corresponds to
the odd mode experiencing more loss than the even mode.
When ApS;, is negative, results can be obtained in a similar
way by solving (3) and (4).

The minimum achievable crosstalk is a function of the ratio
of the power coupled into even and odd modes at the input
(ao/ae), the differential absorption in even and odd modes
(ABim), and the difference between the real propagation
constants (Af). An increase in asymmetry, corresponding
to lower values of a,/a., increases crosstalk. An increasing
differential absorption increases the crosstalk. As can be seen
from the Fig. 3(b), the deterioration in crosstalk due to the
differential absorption ranges from tens of dB to a few dB de-
pending on the asymmetry of the excitation. If the directional
coupler is designed to give low crosstalk, then the effect of
asymmetry of excitation is minimal, and differential absorption
solely determines the crosstalk. In effect, the absorption plays
a crucial role in low crosstalk devices and sets a floor to
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minimum achievable crosstalk. As can be seen from Fig. 3(a),
the coupling length in the cases with and without loss differ by
about 50 pm in a coupler of length 1000 pm. The minimum
crosstalk is neither at a coupling length of . = =w/|AS|
nor at [, = 7/fB;.. Crosstalk due to absorption will be even
higher if measured at the coupling length corresponding to the
case without absorption; so, one has to optimize the coupling
length to achieve the lowest crosstalk. From these two graphs,
the designer can determine the minimum crosstalk achievable
in a lossy directional coupler and find the exact coupling
length to obtain that minimum crosstalk. The resuits of Fig. 3
present the fundamental limits on the crosstalk performance
of a symmetric directional coupler with absorption.

In a device with absorption, the coupling length for max-
imum power transfer need not be same as the coupling
length for minimum crosstalk. From (2), we solve for the
coupling length corresponding to maximum power transfer to
the output port. The coupling length is obtained by solving
the transcendental equation

a_g _ Aﬂreag Sin(A)Grel) + Im(ﬁo)az exp(_Aﬁiml)
a2 Im(B. + Bo)a2 cos(ABcel) — Im(Be)a2 exp(ABiml)’
4)

where Im(z) indicates the imaginary part of z. From (4) and
(5), we observe that the coupling length for maximum power
in the output waveguide need not be the same as the coupling
length for minimum crosstalk. When absorption is low, the
difference in the coupling lengths is very small.

In Fig. 3, the graphs corresponding to a,/a. = 1 show the
coupling length and minimum crosstalk when both the even
and odd modes are excited equally at the input of the coupler
region. The effect of absorption on crosstalk and deviation
in coupling length is minimum when a,/a. = 1. In this
case, the transcendental equation to solve for coupling length
corresponding to minimum crosstalk reduces to

ABre tan(ABrel) = —ABim tanh(ABiml). (6)

The coupling length can be shown to be smaller than /A f.
When the even and odd modes are excited symmetrically,
the coupling length for maximum power transfer efficiency
is given by solving

APre sin(ABrel) + Im(B,) exp(ALBiml) _
Im(Be + B,) cos(ABrel) — Im(Be) exp(ABiml) —

Assuming that Im (. and Im [, are small, and using a
Taylor expansion of the arctangent, we find that the coupling
length for maximum power transfer also has a value slightly
smaller than 7 /A S,.. But these coupling lengths for minimum
crosstalk and maximum power transfer efficiency need not be
equal as they are solutions of two different equations.

From (6), we find that if the differential absorption AB;, is
small, the crosstalk due to absorption will be very small. For
a structure with uniform loss and with a symmetric excitation,
the crosstalk reduces to zero. But in reality, absorption is
nonuniform, and the input excitation is never symmetric. The
coupling length to obtain this idealistic zero crosstalk is not
a function of the amount of absorption. The coupling length

)
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is m/Bre, just as in the lossless case. In this case, though the
crosstalk can be zero and the corresponding coupling length is
independent of absorption, the coupling length for maximum
power transfer depends on the absorption and is different from
that for zero crosstalk.

When losses are uniform throughout the device both longitu-
dinally and laterally, the crosstalk as a function of asymmetry
is shown as the intersection of the curves with crosstalk-
axis in Fig. 3(b). The coupling length will remain unchanged
for different asymmetries when the loss in the device is
uniform. If the losses are uniform only laterally, but vary in
the longitudinal direction, then the modes will evolve as the
structure is changing in the propagation direction and a full
propagation analysis is required which we did not pursue in
this work. If the even and odd modes are not excited equally
and if the losses are uniform or there is no loss, then the
minimum possible crosstalk becomes

2 22
= |22 ®
a2 4+ a2

€ o

as already shown in [5]. In the case where the losses are uni-
form throughout the device, the coupling length for maximum
power transfer is given by

lc= 2 tan™? [ —Ae ]
A/Bre Im(,Be + Bu)

In the lossless case, the coupling length for the minimum
crosstalk as well as for maximum power transfer efficiency
reduces to I, = w/Ap. Coupled mode analysis predicts
zero minimum crosstalk for a lossless system with symmetric
excitation, as in the case just discussed. Coupled mode analysis
is applicable when the coupling between the waveguides is
weak in which case the input pulse excites the even and odd
modes equally. In this approximation, the normal mode and
the coupled mode approaches should give identical resuits.
However, in almost all practical situations, the odd mode
spreads further outside the guiding region, and the overlap
between input to the odd mode is smaller than the overlap
between input to the even mode, thus contributing to the
fundamental crosstalk limit. Ideally, when the waveguides are
far apart and strongly guiding, the crosstalk is negligibly small.

&)

IV. APPLICATION TO A FIELD-INDUCED
DIRECTIONAL COUPLER SWITCH

As an example, we calculated the effects of absorption on
crosstalk performance in a field-induced waveguide directional
coupler switch. The coupler is designed to provide switching
of the input power to thg adjacent waveguide when cross
voltage is applied and to remain in the bar state when no
voltage is applied to the waveguide region. We investigated
the crosstalk in the cross state. The field-induced waveguides
are reported to have high absorption in the cladding region
due to proton implantation [14]. A wavelength of 1.15 pm
was used. The mode propagation constants were evaluated
numerically from slab waveguide analysis [13] for the TE
polarization. We assumed a straight coupler without bends. The
coupling coefficients of the input to the even and odd modes
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Fig. 4. 'The crosstalk performance of a lossy field-induced waveguide direc-
tional coupler switch. The absorption of the guiding and cladding regions are
assumed to be 1 per cm and 5 per cm. The indices of refraction of the guide
and cladding regions are (a) 3.405, 3.400 and (b) 3.410, 3.400 respectively.
The wavelength of operation is 1.15 ygm.. The waveguide width is 2 pum.
The line curves and the dashed curves show the minimum crosstalk with and
without absorption obtained using coupled mode theory (CMT) described in
this paper. The dotted curves in (a) and (b) show the crosstalk in a system
with absorption as calculated by the direct numerical simulations using the
beam propagation method (BPM). Dash-dot curves in (a) and (b) indicate
the crosstalk in a system without absorption as calculated by the numericai
simulations.

of the coupling region are evaluated from overlap integrals.
The index of the cladding region is 3.400 and the index of
the guiding region is assumed to be 3.405 and 3.410 in two
different cases. The absorption coefficients of the guiding and
cladding regions are 1 cm™! and 5 cm™! respectively. We
chose a waveguide width of 2 um so that all waveguides
support only the lowest order mode. The waveguide edge-to-
edge separation is 1-5 pm. Shown in Fig. 4 is the minimum
crosstalk achievable for each configuration and the minimum
crosstalk possible when no losses are assumed. Curves in (a)
indicate the results obtained with a waveguide index of n, =
3.405 and curves in (b) indicate the results obtained with
waveguide index of ny, = 3.410. Continuous lines show the
crosstalk performance without absorption, and the dashed lines
show crosstalk performance with absorption. The crosstalk
decreases exponentially as the waveguide separation increases.
The crosstalk deterioration due to absorption becomes more
severe as the crosstalk decreases as was calculated in the
previous section. The crosstalk increase due to absorption is as
high as 20 dB in a coupler system with a waveguide separation
of 5 um and a waveguide index of 3.410.

* We simulated this directional coupler switch using a finite
difference beam propagation method which gives a unified
treatment of guided and radiation modes. We measured the
minimum possible crosstalk for the same example used in
Fig. 4, and the results are shown in Fig. 4 for comparison.
Waveguide indices of (a) 3.405 and (b) 3.41 are considered.
The dotted curves indicate the resuits obtained with absorption,
and the dash-dot curves indicate the results obtained with-
out absorption. The numerical results agree with theoretical
calculations, indicating that the effect of absorption remains
severe when radiation is included in the calculations. The
performance deterioration is more severe for low crosstalk
switches. The presence of radiation can increase the crosstalk
significantly {15]. The effects of radiation depend upon the
radiation present at the input and the physical dimensions
of the device. The BPM calculations included the effects
due to the presence of radiation, while these effects are not
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included in the eigenmode analysis. As the amount of radiation
present is small, it can be seen that the eigenmode analysis is
appropriate for evaluating the crosstalk deterioration due to
the presence of absorption in the material.

V. CONCLUSION

In conclusion, we have shown that a two-guide symmetric
directional coupler has an inevitable crosstalk due to nonuni-
form losses in the waveguide and cladding regions. This paper
presents the fundamental limits on crosstalk performance due
to intrinsic material absorption. We used normal mode analysis
and evaluated the effect of absorption on crosstalk. We showed
that the crosstalk due to absorption cannot be compensated
by adjusting the coupling length. The coupling length for
minimum crosstalk is not same as the coupling length for
maximum power transfer efficiency. The difference in the
coupling lengths is not significant for low absorption materials,
but the increase in crosstalk due to absorption can be very
large. We also calculated the minimum achievable crosstalk.
The larger the nonuniformity, the larger the crosstalk. The
effect of absorption on crosstalk is more severe when the
devices are designed to provide low crosstalk values. The
deterioration in crosstalk can be as high as 20 dB. The
analysis is in good agreement with numerical simulations. This
crosstalk can be compensated in asymmetric couplers, which
we have not considered here, by precision tuning the geometric
parameters. Even in asymmetric couplers, the elimination of
crosstalk due to absorption is only possible in either the bar
state or the cross state but not in both.
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