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Loss-induced onÕoff switching in a channel addÕdrop filter
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We introduce a mechanism that provides an on/off switching capability in channel add-drop filter structures.
These filters consist of two waveguides, a bus and a drop, coupled through a frequency-selective element. The
switching functionality is achieved by incorporating materials with variable absorbing characteristics into the
coupling element. When the variable material displays minimum absorption, the frequency channel of interest
is transferred completely from the bus waveguide to the drop waveguide. When the variable material displays
maximum absorption, the frequency channel is not transferred and remains essentially undisturbed in the bus
waveguide. We also discuss the practical feasibility of realizing this approach using either electrical or me-
chanical means.
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I. INTRODUCTION

Channel add/drop filters play an important role in toda
fiber communication systems and photonic integrated
cuits. In previous work, Fan and co-workers showed t
highly efficient and ultracompact add/drop filter structur
can be created in a photonic crystal.1,2 The structure allows a
complete transfer of one or several frequency channels
wavelength-division-multiplexed~WDM! signal from the
bus waveguide through a resonator system to the drop w
guide without disturbing the other channels. The idea of
ing photonic crystal resonators side coupled with wavegui
was since explored further both experimentally a
theoretically.3–6

For communication applications, it is also desirable to
able to turn such transfer on and off. Ideally, in an ‘‘on
state, the frequency channel is completely transferred f
the bus to the drop waveguide, while in the ‘‘off’’ state th
frequency channel remains unperturbed in the bus wa
guide. While it is conceivable to achieve such switchi
functionality by tuning the refractive index of the materia
such that the resonance frequency no longer overlaps
the signal frequency, doing so tends to require a large ref
tive index change. For example, in a WDM system the f
quency bandwidth for a single channel can be as wide as
GHz for high bit rate~such as 40 Gbit/s! applications. To
turn a channel on and off thus requires a shifting of
resonance frequency by a single-channel spacing, resu
in a required resonant frequency shift of at least 0.5%~as-
suming a carrier frequency of 193 THz!. Such a shift tends to
require a corresponding change of about 0.5% in the ref
tive index, which is very significant. Moreover, a frequen
shift of the resonance would cause leakage to adja
channels.

While the achievable refractive index change in realis
materials is typically much smaller than 0.5%, the intrin
loss of a resonator can be varied significantly, and wide
tuned by a number of means. For example, a large chang
0163-1829/2001/64~24!/245302~7!/$20.00 64 2453
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the absorption coefficient is achievable in a number of se
conductor systems.7–9 In a bulk silicon material, at a wave
length of 1.55mm, the absorption coefficient can be read
changed from 1021 to 103 cm21 through free-carrier effects.7

The time scale of such an effect is of the order of a f
nanoseconds. A quantum-well system, using the so-ca
‘‘quantum-confined Stark effect,’’ also allows a significa
tuning of absorption coefficients9 with a time scale on the
order of a few picoseconds. Using such a large absorp
coefficient change, a number of electroabsorption modula
have already been proposed and demonstrated.10

In this paper, we demonstrate how tuning the optical lo
in a resonator by changing the absorption coefficients can
used to induce on/off switching in an add/drop filter. D
pending on the strength of absorption, the filter is switch
between an on state@Fig. 1~a!#, where the absorption coeffi
cient is at a minimum and tunneling occurs, and an off st
@Fig. 1~b!#, where the absorption coefficient is at a maximu
and the signal remains in the bus waveguide. In particu
we show that the structure can be designed such that, in
on and off states, the absorption loss of the signal can
made arbitrarily small, in spite of the large absorption co
ficient that is present in the off state.

II. QUALITATIVE ARGUMENTS

The mechanism that we propose here relies on spoi
the optical resonance in the off state. This can be acc
plished by introducing losses to the optical resonance us
either radiation or absorption or both. For simplicity, in th
paper we will focus mostly on absorption. The effects
radiation are discussed at the end of the paper. Howeve
us first review the basic physical processes involved in
on state, when the material in the coupling element ha
minimal absorption coefficient and the structure behaves
the channel add/drop filter described in Refs. 1 and 2.
order for a complete transfer to occur, the coupling elem
needs to support at least two resonant modes of oppo
©2001 The American Physical Society02-1
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symmetry@Fig. 2~a!#. In addition, an accidental degenera
in both the frequency and the width of these resona
modes needs to be forced. Such an accidental degene
ensures the cancellation of the reflection over all freque
ranges@Fig. 2~b!#. At the resonance frequency, the transm
ted amplitude consists of two parts: an incident wave, a
decaying waves from resonances in the resonator sys
The destructive interference of these two parts lead to
cancellation of transmission at the resonant frequency, a
complete transfer of power to the drop waveguide. The tra
ferred power originates entirely from the decaying amplitu
of the resonances@Fig. 2~b!#.

By increasing the absorption coefficients in the cav
resonances in the coupling element can be spoiled and
decaying amplitudes from the resonances can therefor
eliminated. In the drop waveguide, since the transfer
power originates entirely from the decaying amplitudes,
power transfer is completely turned off. In the bus wav
guide, on the other hand, with the absence of the deca
amplitude there is no longer destructive interference. He
the transmission of the incoming wave stays close to 10
over the entire frequency range. Thus, by varying the abs
ing coefficients in the cavity region, we can produce an
off switching mechanism with minimal loss in both the o
and off states.

III. THEORY

The qualitative arguments described above can be qu
fied using the following theoretical derivation. The syste
described in Fig. 1 is composed of two continuums of pro
gating states in the bus and drop waveguides. The state
the continuums are labeleduk& anduk̄&, respectively, wherek

FIG. 1. An on/off switch operation in a channel add/drop filt
~a! The ‘‘on’’ state. The incident wave in the bus waveguide exci
the resonator system. The power in the resonator system the
cays into the drop waveguide, resulting in a complete transfe
power between the two waveguides.~b! The ‘‘off’’ state. A loss
mechanism is introduced into the resonator system. No transfe
curs between the waveguides. The signals stay in the bus w
guide.
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and k̄ are the corresponding wave vectors. The wavegui
are side coupled through the resonator system. The reson
system supports localized resonances, labeled byuc&, wherec
is an integer, taking a value between 1 and the total num
of localized states. To describe the effect of intrinsic lo
from the optical resonances, we also assume that each
nance couples to a set of lossy or absorption modes:$uac&%.

The interactions as outlined above are therefore descr
by an effective HamiltonianH. The Hamiltonian consists o
the sum of two partsH0 andV, where

H05(
k

vkuk&^ku1(
c

vcuc&^cu, ~1!

V5 (
c1Þc2

Vc1 ,c2
uc1&^c2u1S 1

L D 1/2

(
q,c

@Vc,quc&^qu1Vq,cuq&

3^cu#1S 1

AD 1/2

(
c

@Vc,ac
uc&^acu1Vaccuac&^cu#. ~2!

Here stateuq& represents a state in either continuum, andvq
is its frequency. The coefficientVc,q measures the coupling
between a localized stateuc& and a propagating stateuq&,
while the coefficientVc1 ,c2

describes the strength of direc

s
de-
f

c-
e-

FIG. 2. The operating mechanism of a channel add/drop fil
~a! The resonator system supports two states with opposite sym
try. The incident wave excites both resonances. The power in
resonances then decays into the two waveguides. The relative p
of the decaying amplitudes into each direction of the waveguide
related to the symmetry of the resonant states.~b! The decay am-
plitudes of these two modes with opposite symmetry are combin
resulting in unidirectional transfer from the bus waveguide to
drop waveguide.
2-2
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LOSS-INDUCED ON/OFF SWITCHING IN A CHANNEL . . . PHYSICAL REVIEW B 64 245302
coupling between a pair of localized statesuc1& and uc2&. In
addition, each localized stateuc& is coupled to a set of loss
modes$uac&% with a coupling constantVc,ac

. L and A are

normalization constants for the statesuq& and uac&, respec-
tively.

We now proceed to study the transport properties. I
gedanken experiment, we excite a stateuk& at x52`. The
state propagates in the bus waveguide, and excites the l
ized states in the resonator system, which in turn decay a
several directions in the continua. This scattering process
be described by the Lippman-Schwinger equation,2 which
relates the scattered wave functionuc& to the incoming wave
uk&:

uc&5uk&1
1

vk2H01 i«
Vuc&[Tuk&. ~3!

In Eq. ~3!, vk is the frequency of the incoming wave, and«
is an infinitesimally small number greater than zero. T
number« is introduced to enforce an outgoing-wave boun
ary condition for the scattered wave.

Following the derivation in Ref. 2, theT matrix can be
related to the Green’s-function matrix of the localized sta
by

Tk8k5dk8k1
1

vk2vk81 i« (
c1 ,c2

Vk8,c2
Gc2 ,c1

~vk!Vc1 ,k ,

~4!

where

Gc2 ,c1
~v!5 (

m50

`

^c2u
1

v2H01 i« S V
1

v2H01 i« D m

uc1&

5^c2u
1

v2H1 i«
uc1& ~5!

is the Green’s function for a pair of localized statesuc1& and
uc2&.

The Green’s function matrix can be evaluated exactly

G5~12G0S!21G0, ~6!

whereG, G0, andS are matrices with dimensions equal
the number of localized states.G0 is the ‘‘unperturbed’’
Green’s function for the localized states, and it is given b

Gc1 ,c2

0 [^c1u
1

v2H01 i«
uc2&5

1

v2vc1
1 i«

dc1 ,c2
, ~7!

while S is the ‘‘self-energy’’ matrix, and is evaluated as

Sc1 ,c2
5Vc1 ,c2

1
1

L (
q

Vc1 ,q

1

v2vq1 i«
Vq,c2

1dc1 ,c2

1

A (
ac1

Vc1 ,ac1

1

v2vac1
1 i«

Vac1
,c1

. ~8!

The summation overq in Eq. ~8! is performed over all propa
gating states in both continua.
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For most practical circumstances, the Green’s-funct
matrix can always be diagonalized by appropriately choos
a basis of localized states. In this basis, the Green’s func
for a localized stateuc& can be written as

Gc,c~v!5
1

v2vc2Sc,c
. ~9!

The real part ofSc,c represents a shift in resonant frequen
with respect to the bare frequencyvc . The imaginary part of
Sc,c corresponds to the width of the resonance, which
related to the power decay rate from the localized state
the continua and the lossy modes. The norm square
Gc,c(v) possesses a Lorentzian line shape centered
‘‘renormalized’’ resonant frequencyṽc5vc1ReSc,c with a
width of gc5Im Sc,c .

From Eq.~8!, the linewidth of the resonance is evaluat
as

gc5gc
ext1gc

abs, ~10!

where gc
ext, the external linewidthwhich originates from

waveguide-resonator coupling, is evaluated as

gc
ext5

p

L (
q

@ uVc,qu2d~vc2vq!#

1
p

L (
q̄

@ uVc,q̄u2d~vc2v q̄!#

5guVc,qu21ḡuVc,q̄u2, ~11!

while gc
abs, the absorption linewidthwhich originates from

resonator loss, is calculated as

gc
abs5

p

A (
ac

@ uVc,ac
u2d~vc2vac

!#5gabsuVc,ac
u2. ~12!

Here g and ḡ are the density of states of the propagati
mode in the bus and drop waveguides, and is equal to
group velocity at the resonant frequency.gabs is the density
of lossy modes that couple to the resonance.

By diagonalizing the Green’s-function matrix, the formu
for the T matrix derived in Eq.~4! can be simplified to

Tk8k5dk8k1
1

vk2vk81 i« (
c

Vk8,cGc,cVc,k . ~13!

Each localized state contributes to theT matrix as an inde-
pendent scattering path. The scattering property is de
mined by the interference of the different amplitudes alo
all possible paths.

We now calculate the transmission, reflection, and tran
spectra, by evaluating the amplitudes of the scattered w
function c at x,x̄56`. The transmitted amplitude is give
by

^x5`uc&5S 1

L D 1/2 S 12 i(
c

~gVk,cVc,k!

3
1

ext abs D eikx. ~14!

vk2ṽc1 i ~gc 1gc !

2-3
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Scattering amplitudes along the other directions can be
tained in a similar fashion. The reflected amplitude is giv
by

^x52`uc&5~2 i !S 1

L D 1/2 S (
c

~gV2k,cVc,k!

3
1

vk2ṽc1 i ~gc
ext1gc

abs! D eikx. ~15!

the forward transfer amplitude is given by

^x̄5`uc&5~2 i !S 1

L D 1/2 S (
c

~gVk̄,cVc,k!

3
1

vk2ṽc1 i ~gc
ext1gc

abs! D eikx̄ ~16!

and the backward transfer amplitude is given by

^x̄52`uc&5~2 i !S 1

L D 1/2 S (
c

~gV2 k̄,cVc,k!

3
1

vk2ṽc1 i ~gc
ext1gc

abs! D ei ~ k̄!x̄. ~17!

Of particular interest are two limiting cases. In one lim
gabs!min(gc

ext,gc
ext), i.e., the absorption coefficient of th

variable material in the coupling element is small. The eq
tions describe a channel drop filter response without mate
absorption. By choosing the states of appropriate symm
properties, and by forcing an accidental degeneracy betw
the states, all the power can be transferred from the
waveguide to the drop waveguide. The switch is in an
state. In the opposing limit,gabs@max(gc

ext,gc
ext), the absorp-

tion coefficient of the variable material in the coupling e
ment is large. From Eq.~14!, the transmission coefficien
approaches unity, while the reflection and the transfer co
ficients in Eqs.~15!–~17! asymptotically vanishes. Hence th
switch is in the off state. The frequency channel of inter
remains unperturbed in the bus waveguide. The analyt
results indeed confirm the qualitative arguments prese
earlier. Similar effects have also been predicted using tim
coupled mode theory in the context of microring chan
add/drop filter structures.11,12

IV. EXAMPLES

Below, we apply the formulas in Eqs.~14!–~17! to prac-
tical examples. We will consider two cases, a two-state s
tem and a four-state system, and calculate the effects of
sorption on the transmission and transfer coefficients.

A. Two-state system

We first consider a two-state system as shown in Fig
where the two states have ap-like symmetry. Taking into
account the symmetry properties of the system, Eqs.~14!–
~17! can be simplified to give the transmission coefficie
24530
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Tbus, the reflection coefficientRbus, the forward transfer
Tfdrop, and the backward transferTbdrop, as

Tbus5U12
1

2

ige
ext

v2ṽe1 ige
ext1ge

abs2
1

2

igo
ext

v2ṽo1 igo
ext1go

absU2

,

~18!

Rbus5U2 1

2

ige
ext

v2ṽe1 ige
ext1ge

abs1
1

2

igo
ext

v2ṽo1 igo
ext1go

absU2

,

~19!

Tfdrop5U12 ige
ext

v2ṽe1 ige
ext1ge

abs2
1

2

igo
ext

v2ṽo1 igo
ext1go

absU2

,

~20!

Tbdrop5U12 ige
ext

v2ṽe1 ige
ext1ge

abs1
1

2

igo
ext

v2ṽo1 igo
ext1go

absU2

.

~21!

Here the labelse and o represent the even and odd state
defined with respect to the symmetry plane perpendicula
the waveguides.

For complete transfer to occur, the system needs to sa
the accidental degeneracy conditionsṽe5ṽo[v res andge

ext

5go
ext[gext. In addition, for simplicity, we assume tha

ge
abs5go

abs[gabs. The reflection and the forward drop the
vanish over the entire frequency range, while the transm
sion and the backward drop coefficients become

Tbus5
~v2v res!

21~gabs!2

~v2v res!
21~gext1gabs!2 , ~22!

Tbdrop5
~gext!2

~v2v res!
21~gext1gabs!2 . ~23!

At the resonant frequency, we plot the transmission, tra
fer, and signal loss coefficients as a function of the ra
gabs/gext in Fig. 3. The signal-loss coefficient is defined
12Tbus2Tbdrop. Note in the limit where strong losses occ
in the resonator, i.e., whengabs/gext@1, the signal loss goes
to zero and the system effectively becomes lossless. Also

FIG. 3. Transmission, transfer, and loss coefficients, at the re
nant frequency, as a function of the ratio between absorption l
width gabs, and external linewidthgext, for the case where the reso
nator system supports two-states with opposite symmetries.
2-4
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LOSS-INDUCED ON/OFF SWITCHING IN A CHANNEL . . . PHYSICAL REVIEW B 64 245302
the ratio gabs/gext increases, the transfer decreases m
faster. Thus even a modest increase in the resonator
provides an effective way to shut off transfer while still r
taining of significant amount of power in the transmissi
direction.

In a photonic crystal, the two-state system, as descri
here, can be implemented using a dielectric defect in a c
tal that supports an hexapole state, as shown in Fig. 4~a!. The
details of this structure can be found in Ref. 13.~We note
that, in general, the presence of waveguides breaks the
generacy between the even and odd hexapole states.
degeneracy, however, can be restored byremovingthe rota-
tional symmetry in the vicinity of the point defect, as show
in Ref. 13.! A numerical simulation shows that the extern
quality factor Qext, defined asQext5v res/(2gext), can ap-
proach 6000.13 Three-dimensional simulations showed th
the radiationQ of defect states in photonic crystal slab sy
tems can be significantly larger than 6000.14,15 Thus struc-
tures with Qext, as assumed here, should be achievable
realistic systems.

One way to introduce intrinsic loss in the resonator is
inject of carrier into the defect region to induce free-carr
absorption, as shown in Fig. 4~b!. The amount of loss can b
adjusted by changing the electrical currents. For this c
here we provide a simple estimate of its feasibility. The
trinsic decay rate of a material can be related to the abs
tion coefficienta by

gabs5a
c

n
, ~24!

FIG. 4. ~a! A top view of a channel add/drop filter structure in
photonic crystal. The black dots indicate the position of dielec
cylinders. The resonator systems consist of a large defect cylind
the center of the structure.~b! A cross-sectional view of an on/of
switch based on carrier injection. Note the presence of electrode
the resonator.
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wherec is the speed of light in vacuum, andn is the refrac-
tive index. ThusQabs is related toa by

Qabs5
v resn

2ac
. ~25!

In bulk Si, at a wavelength of 1.55mm, the absorption coef-
ficienta can be readily changed from 101 to 105 m21,7 which
corresponds to changingQabs from 106 to approximately
100. Using Eqs.~18! and~21!, we calculate the transmissio
and transfer spectra in the on state, where no current is
jected@Fig. 5~a!#, and in the off state, where maximum cu
rent is injected@Fig. 5~b!#. In the off state, the transmissio
remains more than 97% over the entire frequency ran
while the transfer coefficients drops to 231024. Thus this
numerical example shows that it is indeed possible to sw
on/off a channel add/drop filter by inducing a variation
loss in the resonator structure.

B. Four-state system

The use of more than two resonant states allows the c
struction of filters that exhibit maximum-flat line shapes,
key feature in many filter applications. As a specific e
ample, we consider the case where the resonator system
sists of four states, and the four states all have different s
metry properties with respect to the mirror plan
perpendicular and parallel to the waveguides. And we la
the states according to their symmetry properties. The s
ueven-odd&, for example, is even with respect to the mirr
plane perpendicular to the waveguides, and odd with res
to the mirror plane parallel to the waveguides. In order
ensure a complete cancellation of the reflection amplitu

c
at

on

FIG. 5. ~a! Transmission and transfer spectra of an add/d
filter in the ‘‘on’’ state, assuming minimal absorption loss in th
resonator, and a resonant frequency at 0.3415c/a where a is the
lattice constant of the photonic crystal. This frequency is the re
nant frequency for the cavity structure as shown in Fig. 4~a!. Also,
the cavity has an externalQ of 6000.~b! Transmission and transfe
spectra of the add/drop filter in the ‘‘off’’ state, assuming that t
resonator has an absorptionQ of 100.
2-5
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over all frequency ranges in the absence of absorption,
following degeneracy conditions need to be imposed u
these four states:2

veven-even5vodd-even[v01dv/2, ~26!

vodd-even5vodd-odd[v02dv/2, ~27!
-

fe
ni
v

r

u

th
t
a

te
m

24530
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geven-even
ext 5geven-odd

ext 5godd-even
ext 5godd-odd

ext [gext. ~28!

In addition, for simplicity, we assume that

geven-even
abs 5geven-odd

abs 5godd-even
abs 5godd-odd

abs [gabs. ~29!

Plugging these conditions into Eqs.~14!–~17!, the transfer
and transmission coefficients are then calculated as
Tfdrop5
~gextdv!2

~v2v0!41S dv2

4
1g2D 2

1S 2g22
dv2

2 D ~v2v0!2

, ~30!

Tbus5

~v2v0!41S 2
dv2

4
2g212gextg D 2

1S 2g22
dv2

2
24gextgabsD ~v2v0!2

~v2v0!41S dv2

4
1g2D 2

1S 2g22
dv2

2 D ~v2v0!2

, ~31!

in which g[gext1gabs is the total linewidthof the resonance.
In order to obtain a maximum flat transfer line shape in the on state, an additional constraint

udvu52gext ~32!

needs to be imposed.2 Thus Eqs.~30! and ~31! become

Tfdrop5
4~gext!4

~v2v0!41@~gext!21g2!21~2g222~gext!2#~v2v0!2 , ~33!

Tbus5
~v2v0!41~g2gext!412~g2gext!2~v20!2

~v2v0!41@~gext!21g2#21@2g222~gext!2#~v2v0!2 . ~34!
e
ned
-

op-
en
. In

so-

m

At the frequencyv5v0 , we plot the transmission, trans
fer, and loss coefficients as a function of the ratiogabs/gext in
Fig. 6. Similar to the two-state case, asgabs/gext increases,
the system switch from an on state, where complete trans
occur, to an off state, where no transfer occurs and a sig
cant amount of power remains transmitted in the bus wa
guide. However, we note that as the ratiogabs/gext ap-
proaches zero~i.e., in the on state!, the transmitted powe
vanishes asymptotically as

Tbus;~gabs/gext!4. ~35!

This is to be contrasted with the two-state case@Eq. ~22!#,
where in the on state the transmitted power vanishes q
dratically as a function of the ratiogabs/gext. Therefore, in
the presence of a small and yet finite absorption loss in
on state, the use of multiple resonances can improve
contrast ratio in the transmission spectra between the on
off states.

V. CONCLUDING REMARKS AND SUMMARY

Finally, it is important to note that the analysis presen
in this paper is also valid for other types of loss mechanis
For example, if we have a cavity withgabs'0, but with a
rs
fi-
e-

a-

e
he
nd

d
s.

radiative decay rateg rad that can be varied, then all of th
equations appropriate for this system can be simply obtai
by replacinggabs with g rad. The important quantity thus be
comesg rad/gext. In Fig. 7, we illustrate an example of how
g rad can be varied by mechanical means by bringing an
tical fiber tip into close proximity to the resonator, and th
varying the distance between the trip and the resonator
addition, for a system where bothg rad andgabs are not neg-
ligible, one simply replacesgabs in Eqs. ~14!–~17! with

FIG. 6. Transmission, transfer, and loss coefficients, at the re
nant frequency, as a function of the ratio absorption linewidthgabs

and external linewidthgext, for the case where the resonator syste
supports four states, all having different symmetry properties.
2-6
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g loss[gabs1g rad and the important quantity now become
g loss/gext. Also, we note that while, in the on state, in order
satisfy the degeneracy requirement, the frequency splitt
between the modes of different symmetries need to be

FIG. 7. A cross-sectional view of an on/off switch based
mechanical means. An optical fiber tip is brought to close proxim
of a resonator. The distance between the tip and the resonator c
mechanically adjusted to vary the radiation loss from the resona
and therefore allow for an on/off switch.
Ne

u

, C

nd

n

24530
gs
g-

nificantly smaller than the width of the resonance, mainta
ing such accidental degeneracy isnot necessary in the of
state

In summary, we have shown how optical-absorption lo
in a resonator structure can be used to achieve on/off sw
ing functionality in photonic crystal channel add/drop filte
We have shown that minimal signal loss can be achieve
both the on and off states provided that the induced dif
ence in optical loss in the resonator is large enough to s
g loss/gext!1 to g loss/gext@1. Only this ratio and these limits
are important; it is not necessary in the on state for the
sorption lossitself to be very small as long as this range
achievable.
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