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Loss-induced orfoff switching in a channel adddrop 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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[. INTRODUCTION the absorption coefficient is achievable in a number of semi-
conductor systemS.® In a bulk silicon material, at a wave-
Channel add/drop filters play an important role in today’slength of 1.55um, the absorption coefficient can be readily
fiber communication systems and photonic integrated circhanged from 10" to 1 cm™* through free-carrier effects.
cuits. In previous work, Fan and co-workers showed thatfhe time scale of such an effect is of the order of a few
highly efficient and ultracompact add/drop filter structureshanoseconds. A quantum-well system, using the so-called
can be created in a photonic crystdIThe structure allows a “quantum-confined Stark effect,” also allows a significant
complete transfer of one or several frequency channels in #ning of absorption coefficierftsvith a time scale on the
wavelength-division-multiplexed WDM) signal from the order of a few picoseconds. Using such a large absorption
bus waveguide through a resonator system to the drop wavé&oefficient change, a number of electroabsorption modulators
guide without disturbing the other channels. The idea of ushave already been proposed and demonstrdted.
ing photonic crystal resonators side coupled with waveguides N this paper, we demonstrate how tuning the optical loss
was since explored further both experimentally andin & resonator by changmg thg ab§orpt|on coeff|C|e_nts can be
theoretically?’~® used to induce on/off switching in an add/drop filter. De-
For communication applications, it is also desirable to beP€nding on the strength of absorption, the filter is switched
able to turn such transfer on and off. Ideally, in an “on” between an on staféig. 1(a)], where the absorption coeffi-
state, the frequency channel is completely transferred frorfii€nt is at a minimum and tunneling occurs, and an off state
the bus to the drop waveguide, while in the “off” state the [Fig- 1(b)], where the absorption coefficient is at a maximum
frequency channel remains unperturbed in the bus waveahd the signal remains in the bus quegU|de. In partl_cular,
guide. While it is conceivable to achieve such switchingWe show that the structure can be designed such that, in both
functionality by tuning the refractive index of the material, On and off states, the absorption loss of the signal can be
such that the resonance frequency no longer overlaps witﬁ‘{ide arbltr_arlly smallz in spite of the large absorption coef-
the signal frequency, doing so tends to require a large refradicient that is present in the off state.
tive index change. For example, in a WDM system the fre-
quency ba_ndwio_lth for a single channel_ can be_ as_wide as 100 Il. QUALITATIVE ARGUMENTS
GHz for high bit rate(such as 40 Gbitjsapplications. To
turn a channel on and off thus requires a shifting of the The mechanism that we propose here relies on spoiling
resonance frequency by a single-channel spacing, resultinpe optical resonance in the off state. This can be accom-
in a required resonant frequency shift of at least 08%  plished by introducing losses to the optical resonance using
suming a carrier frequency of 193 THSuch a shift tends to  either radiation or absorption or both. For simplicity, in this
require a corresponding change of about 0.5% in the refrageaper we will focus mostly on absorption. The effects of
tive index, which is very significant. Moreover, a frequency radiation are discussed at the end of the paper. However, let
shift of the resonance would cause leakage to adjacents first review the basic physical processes involved in the
channels. on state, when the material in the coupling element has a
While the achievable refractive index change in realisticminimal absorption coefficient and the structure behaves as
materials is typically much smaller than 0.5%, the intrinsicthe channel add/drop filter described in Refs. 1 and 2. In
loss of a resonator can be varied significantly, and widelyorder for a complete transfer to occur, the coupling element
tuned by a number of means. For example, a large change imeeds to support at least two resonant modes of opposite
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FIG. 1. An on/off switch operation in a channel add/drop filter. Input N
(a) The “on” state. The incident wave in the bus waveguide excites Bus >
the resonator system. The power in the resonator system then de- o
cays into the drop waveguide, resulting in a complete transfer of Even and odd
power between the two waveguidg®) The “off” state. A loss modes combined
mechanism is introduced into the resonator system. No transfer oc- Drop &

curs between the waveguides. The signals stay in the bus wave-

guide. FIG. 2. The operating mechanism of a channel add/drop filter.

. . i (a) The resonator system supports two states with opposite symme-
symmetry[Fig. 2@)]. In addition, an accidental degeneracy yy The incident wave excites both resonances. The power in the

in both the frequency and the width of these resonancgesonances then decays into the two waveguides. The relative phase
modes needs to be forced. Such an accidental degeneragyine decaying amplitudes into each direction of the waveguides is
ensures the cancellation of the reflection over all frequencyelated to the symmetry of the resonant statesThe decay am-
rangeg Fig. 2b)]. At the resonance frequency, the transmit- pjitudes of these two modes with opposite symmetry are combined,
ted amplitude consists of two parts: an incident wave, angesulting in unidirectional transfer from the bus waveguide to the
decaying waves from resonances in the resonator systersrop waveguide.

The destructive interference of these two parts lead to the

cancellation of transmission at the resonant frequency, and g,qk are the corresponding wave vectors. The waveguides
complete transfer of power to the drop waveguide. The transyre side coupled through the resonator system. The resonator
ferred power originates entirely from the decaying amplltudesystem supports localized resonances, labeldd)byherec
of the _resonance[sﬁg. 2Ab)]. ) . i _Is an integer, taking a value between 1 and the total number
By increasing the absorption coefficients in the cavity, ot |ocalized states. To describe the effect of intrinsic loss
resonances in the coupling element can be spoiled and the,m the optical resonances, we also assume that each reso-
decaying amplitudes from the resonances can therefore he o couples to a set of lossy or absorption moflas)}.
eliminated. In the drop waveguide, since the transferred Tpg jnteractions as outlined above are therefore described

power originates entirely from the decaying amplitudes, thg,, 4 effective Hamiltoniam. The Hamiltonian consists of
power transfer is completely turned off. In the bus wave-1o sum of two part$l, andV, where

guide, on the other hand, with the absence of the decaying
amplitude there is no longer destructive interference. Hence
the transmission of the incoming wave stays close to 100% HO:E o [K){(K]| +2 welc)(c|, (1)
over the entire frequency range. Thus, by varying the absorb- k ¢

ing coefficients in the cavity region, we can produce an on/

off switching mechanism with minimal loss in both the on

and off states. V:CJ_;CZ Ve, e,/ C0){(Cal +

1/2

ng [VeqlC){al+Vqcla)

L
1/2
2 [Veae)ad +Vaglag(ell. @

ll. THEORY x(c|]+

The qualitative arguments described above can be quanti-
fied using the following theoretical derivation. The systemHere statdq) represents a state in either continuum, and
described in Fig. 1 is composed of two continuums of propajs jts frequency. The coefficient,, , measures the coupling
gating states in the bus and drop waveguides. The states fetween a localized statie) and a propagating statey),
the continuums are labelék) and|k), respectively, wher&  while the coefficient\/cl,C2 describes the strength of direct
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coupling between a pair of localized stafes) and|c,). In For most practical circumstances, the Green’s-function
addition, each localized stafe) is coupled to a set of lossy matrix can always be diagonalized by appropriately choosing
modes{|a.)} with a coupling constan¥., . L andA are  a basis of localized states. In this basis, the Green’s function

normalization constants for the states and |a,), respec- for a localized statéc) can be written as

tively.
We now proceed to study the transport properties. In a Geo(w)= ; 9
gedanken experiment, we excite a stideat x=—c. The ' w—wc— 2

state propagates in the bus waveguide, and excites the locatne real part of . . represents a shift in resonant frequency
ized states in _the resonator system, v_vhu:h in turn decay alongiih respect to the bare frequeney.. The imaginary part of
several directions in the continua. This scattering process caf _ corresponds to the width of the resonance, which is
be described by the Lippman-Schwinger equa_ﬁ(mhlch related to the power decay rate from the localized state into
reI.ates the scattered wave functigh to the incoming wave {he continua and the lossy modes. The norm square of
[k: G (w) possesses a Lorentzian line shape centered at a
1 “renormalized” resonant frequency.= w.+ReX . with a
|y =|K) + —————V|p)=TIk). (3)  width of yc=ImZX.. o .
w—Hp+ie From Eq.(8), the linewidth of the resonance is evaluated

In Eq. (3), wy is the frequency of the incoming wave, and S

is an infinitesimally small number greater than zero. The — exty abs (10)

numbere is introduced to enforce an outgoing-wave bound- YeT Yo TYe

ary condition for the scattered wave. where y&X', the external linewidthwhich originates from
Following the derivation in Ref. 2, th& matrix can be waveguide-resonator coupling, is evaluated as

related to the Green’s-function matrix of the localized states

b m
d YT D [Veq oo ag)]
Terk= St ! > Vi e.Ge. o (@p)V
k’k= Ok’k — : k’,c,9c,,c,\ Wk) Ve, ks T
wy wk,—i-lscl,cz 2 2l 1 +_E [V 25(w —w—)]
(4) L a | C,d C q
where =gV ol *+0Vegl® (11
* m while y2*, the absorption linewidthwhich originates from
GCZ'Cl(w):mz:O (cy o—Hoiie (Vw_Ho+i8 lcy) resonator loss, is calculated as
1 abs:zz 2 _ — ab 2
_ Y [IVeal 00— 0a)]1=9%Ve o |7 (12)
=(cal - —pglo (5) ¢ A P e T C8c

Here g and g are the density of states of the propagating
IC) mode in the bus and drop waveguides, and is equal to the
2/ . bs : .
, . : group velocity at the resonant frequeng§’®is the density
The Green'’s function matrix can be evaluated exactly asgs lossy modes that couple to the resonance.
G=(1-G°3)"1G°, 6) By diagona_llizing_the Qreen's-function matrb_(,. the formula
for the T matrix derived in Eq(4) can be simplified to
whereG, G° and3 are matrices with dimensions equal to
the number of localized state§° is the “unperturbed”
Green'’s function for the localized states, and it is given by

is the Green'’s function for a pair of localized stateg) and

E Vk',ch,ch,k- (13)

T=9 + .
Kk Sk w— wt+le g

1 Each localized state contributes to thenatrix as an inde-
(7) pendent scattering path. The scattering property is deter-
mined by the interference of the different amplitudes along
all possible paths.

We now calculate the transmission, reflection, and transfer

S N PO
Gey c,=(c4l o—Hoy+ie lc2) w—wc tie Peq.0

while ¥ is the “self-energy” matrix, and is evaluated as

1 1 spectra, by evaluating the amplitudes of the scattered wave
Ecl,c2=VC1,C2+ E; VCl*“qu'cz LL;/nctlon i at x,x=* o, The transmitted amplitude is given

+6 32 V.. Ty 8 1)V
C1.C2A o Cl’aclw_wacl+i8 8c,C1” <X=OO|¢//>=(E> (l—iEC: (ng’Cchk)

1

The summation oveg in Eq. (8) is performed over all propa- 1
gating states in both continua.

—— ek, (14)
W= Dt i (7 7§b3>
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Scattering amplitudes along the other directions can be ob- 1
tained in a similar fashion. The reflected amplitude is given 08}
by 2 06 i transmisison
1)\ 12 2 04 ‘w ———. transfer
(x= —°°|¢>:(—i)<[) (2 (9V_k Ve g R
¢ 02§
X ! ——5s | €% (15) % 5 10 15 20
wg— wctl ( ygx + yg S) Yabs/Yexl
the forward transfer amplitude is given by FIG. 3. Transmission, transfer, and loss coefficients, at the reso-
1)\ 12 nant frequency, as a function of the ratio between absorption line-
(X=co|hy=(— i)(—) > (gVieeVer) width ¥ and external linewidthy®, for the case where the reso-
L c o nator system supports two-states with opposite symmetries.
1 L — . -
X — )e'kx (16)  Tous the reflection coefficienR,s, the forward transfer
o= D+ (v H ¥ Trarop, and the backward transf@gqp, as
and the backward transfer amplitude is given by 1 i o 1 j o ‘2
T _ 1_ - e - o}
- (1 1/2 bus Zw—we-l-l’yZXt-l-’yabs Zw—'&')o-l-iyg)(t-l-ygb? '
(x=—o|l=(=)| =] |2 (GV_ieVer) (18)
L c
_ :_ext ;_ext 2
x 1 )ei(k)Y 17 R.— 1 ive 1 B% ‘
wx— W+ (Y ¥ P 2 0= Bt iy yE® T 2 0= Do ting 't 73b? ’
19
Of particular interest are two limiting cases. In one limit,
y¥Ps<min(y2, &), i.e., the absorption coefficient of the T 1 iy 1 iyt ’2
variable material in the coupling element is small. The equa- fdrop™ |5 ~ . exi,_ .abs o ~ - _ext, _abg -
. i : ‘ ‘ W— Wi + 2 w—w,+i +
tions describe a channel drop filter response without material eT e T 7 oY (20)
absorption. By choosing the states of appropriate symmetry
properties, and by forcing an accidental degeneracy between 1 i, ext 1 i ext 2
the states, all the power can be transferred from the bug,  _ —|-~ ?’e . 7.’0 |
waveguide to the drop waveguide. The switch is in an on P12 0=t iyE 92 2 0= Detiye + v5
state. In the opposing limity?®>max(y=X', &), the absorp- (21)

tion coefficient of the variable material in the coupling ele-

ment is large. From Eq(14), the transmission coefficient

approaches unity, while the reflection and the transfer coe

ficients in Eqs(15)—(17) asymptotically vanishes. Hence the

switch is in the off state. The frequency channel of interes}
remains unperturbed in the bus waveguide. The analytical
results indeed confirm the qualitative arguments presented, Yo =
earlier. Similar effects have also been predicted using timeY

Here the labele and o represent the even and odd states,
defined with respect to the symmetry plane perpendicular to

fthe waveguides.

For complete transfer to occur, the system needs to satisfy
e accidental degeneracy conditidhg=®,= wes and y<'
&= et |n addition, for simplicity, we assume that

abs_ yabs ,abs The reflection and the forward drop then

coupled mode theory in the context of microring channelvanish over the entire frequency range, while the transmis-

add/drop filter structure’s:2

IV. EXAMPLES
Below, we apply the formulas in Eq§14)—(17) to prac-

tical examples. We will consider two cases, a two-state sys-
tem and a four-state system, and calculate the effects of ab-

sorption on the transmission and transfer coefficients.

A. Two-state system

sion and the backward drop coefficients become

T (w_wres)2+(,yabs)2
bus_(w_ wres)2+(,yext+ ,yabs)Za

(22

(,yext)Z
derop: (w_ wres)2+ ( ,yext+ ,yabs)Z '

(23

At the resonant frequency, we plot the transmission, trans-
fer, and signal loss coefficients as a function of the ratio

We first consider a two-state system as shown in Fig. 2y?®7y®in Fig. 3. The signal-loss coefficient is defined as

where the two states haveplike symmetry. Taking into
account the symmetry properties of the system, Et4)—

1—Tpus™ Tharop- NOte in the limit where strong losses occur
in the resonator, i.e., whep®®y %1, the signal loss goes

(17 can be simplified to give the transmission coefficientto zero and the system effectively becomes lossless. Also, as
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SUbBtETE FIG. 5. (a8 Transmission and transfer spectra of an add/drop

1 filter in the “on” state, assuming minimal absorption loss in the
= resonator, and a resonant frequency at 0.84d5vherea is the
FIG. 4. (a) A top view of a channel add/drop filter structure in a lattice constant of the phot_onic crystal. This frequ_enc_y is the reso-
photonic crystal. The black dots indicate the position of dielectricn@nt frequency for the cavity structure as shown in Fig).4Also,
cylinders. The resonator systems consist of a large defect cylinder #1€ cavity has an externd of 6000.(b) Transmission and transfer
the center of the structuréb) A cross-sectional view of an on/off SPectra of the add/drop filter in the “off” state, assuming that the
switch based on carrier injection. Note the presence of electrodes d§Sonator has an absorpti@hof 100.
the resonator.

wherec is the speed of light in vacuum, amdis the refrac-

C be ext tive index. ThusQ®is related toa by
the ratio y**9y*" increases, the transfer decreases much

faster. Thus even a modest increase in the resonator loss ©e
provides an effective way to shut off transfer while still re- Qabszzi. (25
taining of significant amount of power in the transmission ac

direction. . )
. . In bulk Si, at a wavelength of 1.56m, the absorption coef-
In a photonic crystal, the two-state system, as describe lcient « can be readily changed from 4@ 16 m~2,7 which

here, can be implemented using a dielectric defect in a Y orresponds to chan in@*** from 16 to approximatel
tal that supports an hexapole state, as shown in fey. #ne 100 Ugin Eqs(18) angd(21) we calculate thgaransmissi{)n
details of this structure can be found in Ref. 1@le note nd.transfgerg ectra in the ’on state, where no current is in-
that, in general, the presence of waveguides breaks the dar ) P . ’ .

cted[Fig. 5@], and in the off state, where maximum cur-
generacy between the even and odd hexapole states. S : .
d : rent is injected Fig. 5(b)]. In the off state, the transmission

egeneracy, however, can be restoreddimovingthe rota-

; 0 :
tional symmetry in the vicinity of the point defect, as shown ﬁﬂ2IT§eTg§sf??202;ige%¥:r d:gese&;fomeq#ﬁﬂghzinge’
in Ref. 13) A numerical simulation shows that the external numerical example shows that it ispindeed oésible to switch
quality factor Q% defined asQ®'=w,/(2y%), can ap- P P

proach 60032 Three-dimensional simulations showed thatlon/Of.f ahchannel add/drop filter by inducing a variation in
the radiationQ of defect states in photonic crystal slab sys- 0ss In the resonator structure.

tems can be significantly larger than 6003° Thus struc-

tures with Q% as assumed here, should be achievable in B. Four-state system

realistic systems. S _ _ The use of more than two resonant states allows the con-
One way to introduce intrinsic loss in the resonator is tostryction of filters that exhibit maximum-flat line shapes, a
inject of carrier into the defect region to induce free-carrierkey feature in many filter applications. As a specific ex-
absorption, as shown in Fig(B). The amount of loss can be ample, we consider the case where the resonator system con-
adjusted by changing the electrical currents. For this casegsts of four states, and the four states all have different sym-
here we provide a simple estimate of its feasibility. The i”'metry properties with respect to the mirror planes
trinsic decay rate of a material can be related to the absorgserpendicular and parallel to the waveguides. And we label
tion coefficienta by the states according to their symmetry properties. The state
leven-od, for example, is even with respect to the mirror
plane perpendicular to the waveguides, and odd with respect
abs_ (24) to the mirror plane parallel to the waveguides. In order to

LA ensure a complete cancellation of the reflection amplitude
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over all frequency ranges in the absence of absorption, the

ext _ _ext _ _ext __ _ext — _ext
R L. . Yeven-even- Yeven-odd~ Yodd-even~ Yodd-odd— ¥ - (28)
following degeneracy conditions need to be imposed upon

these four states: In addition, for simplicity, we assume that
Oeven-eve= Dodd.ove= ©o+ 002 (26) Vg\kjgn—even: 'Vzegn—odd: yggg—evenz Vggz—oddz yabs_ (29
Plugging these conditions into Eq&l4)—(17), the transfer
®odd-ever= @odd-odd™ Wo— 0w/2, (27)  and transmission coefficients are then calculated as
|
(,yext5w)2
Tdrop= 502 7 S0 , (30)
(0= wo)*+| ——+77| +|2v"= ——|(@—wo)®
4 2
Sw? 2 Sw?
(w_w0)4+ _ T_ ’)/2+ 2,yext,y + 2’)’2_ T_4,)/3xt,yabs) (w—w0)2
Thus™ 502 2 502 : (3D
(0= w)*+ | ——+7°] +| 27— (0~ wy)?
4 2
in which y=y®4- y2Sis thetotal linewidth of the resonance.
In order to obtain a maximum flat transfer line shape in the on state, an additional constraint
|[Sw|=2y%" (32
needs to be imposé&dThus Eqs.(30) and (31) become
4( ,yeXI)4
Ter = , 33
P (0= wo) + (Y™ + ¥+ (27" = 2(¥¥ ] (0~ wg)? &3
4 exty 4 exty 2 2
w—wg) "+ (y— +2(y— w—
s ( o)+ (Y= 9 +2(y—y¥)%(0—0) 34

(0= o) +[ (Y™ 2+ ¥ 1?+[27* = 2(y¥) ) (0 — wg)?

At the frequencyw= wo, we plot the transmission, trans- radiative decay rate/ that can be varied, then all of the
fer, and loss coefficients as a function of the ratf7y*'in  equations appropriate for this system can be simply obtained
Fig. 6. Similar to the two-state case, §8°7y** increases, by replacingy®*Swith 42 The important quantity thus be-
the system switch from an on state, where complete transfegomesy™9y® In Fig. 7, we illustrate an example of how
occur, to an off state, where no transfer occurs and a signifiy'ad can be varied by mechanical means by bringing an op-
cant amount of power remains transmitted in the bus wavetical fiber tip into close proximity to the resonator, and then
guide. However, we note that as the ratjd"7y™ ap-  varying the distance between the trip and the resonator. In
proaches zerdi.e., in the on stafe the transmitted power addition, for a system where bo#2® and y2**are not neg-
vanishes asymptotically as ligible, one simply replacesy®S in Eqgs. (14)—(17) with

Tous~ (Y7794 (35

This is to be contrasted with the two-state c@gq. (22)],

where in the on state the transmitted power vanishes qua-
dratically as a function of the ratig?®7y®% Therefore, in

the presence of a small and yet finite absorption loss in the
on state, the use of multiple resonances can improve the
contrast ratio in the transmission spectra between the on and
off states. 0 5 10 15 20

/

transmission

— ——- transfer

» loss

intensity

Yabs/yext
V. CONCLUDING REMARKS AND SUMMARY
FIG. 6. Transmission, transfer, and loss coefficients, at the reso-
Finally, it is important to note that the analysis presentechant frequency, as a function of the ratio absorption linewight
in this paper is also valid for other types of loss mechanismsand external linewidth/®?, for the case where the resonator system
For example, if we have a cavity with?®S~0, but with a  supports four states, all having different symmetry properties.
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/optical fiber tip nificantly smaller than the width of the resonance, maintain-
ing such accidental degeneracynst necessary in the off
bus dro state

In summary, we have shown how optical-absorption loss
in a resonator structure can be used to achieve on/off switch-
Sdbstrate ing functionality in photonic crystal channel add/drop filters.
We have shown that minimal signal loss can be achieved in
both the on and off states provided that the induced differ-

FIG. 7. A cross-sectional view of an on/off switch based onence in optical loss in the resonator is large enough to span
mechanical means. An optical fiber tip is brought to close proximity'°y 4¥<1 to y'°5 y®%>1. Only this ratio and these limits
of a resonator. The distance between the tip and the resonator can age important; it is not necessary in the on state for the ab-

mechanically adjusted to vary the radiation loss from the resonatosorption losstself to be very small as long as this range is
and therefore allow for an on/off switch. achievable.
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