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Coupling of Modes Analysis of Resonant
Channel Add-Drop Filters
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Abstract— The operation principle of resonant channel Sq1 . Sa
add-drop filters based on degenerate symmetric and
antisymmetric standing-wave modes has been described
elsewhere using group theoretical arguments. In this paper, the : 5
analysis is carried out using coupling of modes in time. A possible bus
implementation of such a filter is a four-port system utilizing : :

a pair of identical single-mode standing wave resonators. The :

analysis allows a simple derivation of the constraints imposed ; resonator

on the design parameters in order to establish degeneracy. i
Numerical simulations of wave propagation through such a filter
are also shown, as idealized by a two-dimensional geometry.

receiver
Index Terms—Coupled-mode analysis, FDTD method, optical S13 i Lo 4
+ : P+

filters, optical waveguides, resonators, wavelength division mul- A -
tiplexing. S3 | iS4
I. INTRODUCTION Fig. 1. General four-port system consisting of a resonator between two
waveguides.

HE WIDE USE of optical wavelength division multi-

plexing (WDM) calls for compact, convenient channel
add—drop filters. The “Dragone” filter [1] provides a means While a ring resonator between two optical waveguides
of simultaneously separating all the channels, which can therovides an ideal basic structure for removal of a channel from
be dropped and/or added individually. After recombinatiothe signal bus, the performance of ring resonator filters can be
via an inverse filter, the full WDM distribution is restoredaffected adversely by the coupling between counterpropagating
This type of filter is now widely used. Resonators haveaves caused by surface roughness [5]. Smooth surfaces are
also been considered for channel dropping devices. If thequired of a high quality not yet achievable with existing
resonators are small enough so that the spacing of the rabrication technology. This fact raises the question as to
onant frequencies accommodates the set of WDM channelsether the performance of a ring channel dropping filter
within the communications window, the goal of dropping oneould be realized with a resonant structure not as sensitive
channel by one filter without affecting the other channet® surface roughness. The principle of operation of such a
is achieved. One proposed version uses distributed feedbatkicture was explained using group theoretical arguments in
(DFB) resonators side-coupled to the signal bus [2]. In order [{6]-[8]. Here we recast the description and the explanation of
remove all of the power in one channel, two such resonatdts operation into coupled-mode theory (CMT) in time.
are required. Another version uses ring resonators betweeriefly summarized, we show that an optical resonator with
two optical waveguides, one guide acting as the signal bdegenerate symmetric and antisymmetric modes side-coupled
and the other as the receiving waveguide. This structui@ two waveguides performs the same function as a ring
has the advantage that a single resonator can remove alfasfonator. For a symmetric system consisting of two identical
the power in one channel [3]. The filter responses of theseupled resonators between two waveguides, the expected
structures are Lorentzian (single pole). By combining a numbgplitting of the degeneracy can be counteracted by proper
of resonators with appropriate coupling, more sophisticatedupling to the waveguides. This concept is also demonstrated
transfer characteristics could be achieved [3], [4]. This concdpy finite-difference time-domain (FDTD) simulations of wave
has already been studied in the context of microwave circpitopagation through such a filter.
design.
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forward and backward propagating modes of the waveguid@sdd; are the respective phases. We choose 1 as the input port
over a finite length. The interaction length in each waveguideasid we sets o, sy3, ands, 4 to zero. Ifsy; has ac’*! time

the region where the fields of the resonator modes overlap witependence, then we find from (1) at steady state

the waveguide fields, and it is assumed to be fully contained

between the input/output reference planes, defined on either 76,

. . . . c S41

side of the resonator, as shown in the schematic. In this _ Te1 )
section, we consider the case of a resonator that supports only “= 1 1 1

one mode in the frequency range of interest, with amplitude J(w —wo) + T + - +=
denoted by:. The squared magnitude of this amplitude is equal ' ¢
to the energy in the mode. The waveguides are assumed toSp@stitutinga from (9) into (2)—(5), we get the filter response
single mode and the waveguide dispersion is ignored in odir the system

analysis. This simplification is justified if the resonance peak

is narrow. The amplitudes of the incoming (outgoing) waves 1 oI (61—62)
in the bus are denoted by, ; (s—1) andsis (s—2) and in the S-1 _ R— _ o—ifd TelTe2 (10)
receiver waveguide by, 3 (s—3) andsi4 (s—4), respectively. Sp1 1 1
The squared magnitude of these amplitudes is equal to the J(w = wo) + T, * To * 7!
power in the waveguide mode. The equation for the evolution 1
of the resonator mode in time is given by S_o ' —
o2 *TIC_]’Bd 1— Tel
da (. 11 1 11 , I 1T 1
T on_T_o_T—e__é a+ K1841 + K2542 j(w_wo)+7_o+_€+_é
+rzsqs + raspq (1) (11)
where w, is the resonant frequency,/7, is the decay rate L ie—ep
due to loss,1/7. and 1/7, are the rates of decay into s_; g TerTon
the bus and the receiver, respectivek;, and s, are the St1 =Dp= - . 1 1 1 (12)
input coupling coefficients associated with the forward and Jw—w,) + b
backward propagating modes in the bus, andand x4 are ¢ ¢ ¢
similarly defined for the receiver. The decay rates are related to [ 1 RIS
the unloaded quality factdp, and the external quality factors s, i Te1Tes
Q. and Q. of the resonator by), = w,7,/2, Q. = w,7./2, ; =Drp=—c ] 1 1 1 (13)
and Q. = w,7'/2. Jw=wo)+ —+ —+
By power conservation, the outgoing waves are (see the ’ ¢ ‘
Appendix) where R is the reflection from the input port[” is the
s_1 =e P45 — wa) ) transm?ss@on through the bu_s, am and Dg reprr—;sent the
 _isd . transmission (channel dropping) into the left and right ports of
§-2=¢ (41— K10) () the receiver, respectively. Using (10)—(13), we can show the
s_g=e 7 sy — wia) (4) different behavior of a traveling wave and a standing-wave
54 :C—j,ﬁ’d(8+3 — Kia) (5) mode in this configuration.

, X ) In a traveling-wave mode, such as the mode supported by
where 3 _and p' are the propagation constants in the bus_ and ring or a disk resonator, the power flows continuously in
the receiver, respectively. Equations (2)—(5) show that if t'?:nl one direction in the resonator. For example, the forward
resonator is not excited then the incident waves appear at . . . ' !
output undisturbed, with a phase shift that is due to the fini %avehng .mode of the bu.s wavegulde excites the Cl.OCkW'Se
distanced between the reference planes, for simplicity taken fyopagating mode of a ring or disk, as shown in Fig. 2(a).
be the same in both waveguides. The coupling coefficients dféen. from (7) and (8), we have/7., = 1/73 = 0,
found in the Appendix following a treatment similar to [9].1/7e1 = 2/7e, and 1/7ey = 2/7/, and (10) and (13) give
Their squared magnitudes are equal to the respective deday= Dr = 0, over the entire bandwidth. Ab = w,, the
rates into the waveguides due to power conservation, aifgident power in the bus in the forward direction is partially
their phases are related to the phase mismatch betweentthasferred to the receiver in the backward direction, limited
waveguide and resonator modes and the choice of referenody by the loss. If, in addition
planes. So we can write . . .

1 — ==+ — (14)

18- . /
Ki = T—ewz, t=1,---,4 (6) Te Te To
..

'7 then, at resonance, (11) and (12) give= 0 and |D|?> =
?1 — 7./7,), SO the input signal power at, is completely
removed from the bus and is dropped into port 3 of the

with 1/7.1,3 and 1/7., 4+ defined as the decay rates in th
forward and backward direction, respectively, satisfying

1 + 1 :3 (7) receiver, reduced by a fraction /7, due to loss. Thus, the
Til Tf TZF system operates as a channel dropping filter.
== (8) If the resonator mode consists of a pure standing wave,

Tez  Ted T such as the mode of a quarter-wave-shifted DFB resonator
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Fig. 2. Four-port systems using (a) a traveling wave, (b) a standing wave resonator, and (c) an example of the corresponding filter response with
Q. = Q. = 2000 and negligible loss. Solid line: traveling wave; dashed line: standing wave.

[Fig. 2(b)], there is no net power flowing in either direction [ll. SYMMETRIC STANDING-WAVE
in the resonator. Thus, the resonant mode decays equally CHANNEL ADD—DROP FILTER

into the forward and the backward propagating waveguide\ye now consider a resonant structure with two standing-
mode, so from (7) and (8), we hadg'r; = 1/72 = 1/7  wave modes placed between the bus and the receiver, with a
and 1/7es = 1/7eq = 1/7/. If (14) is satisfied, the power symmetry plane perpendicular to the waveguides; at 0
transfer into the receiver at resonance is maximized, and fr¢pig. 3(a)]. The two modes of the system are symmetric and
(10)—(13) we find R|? = |T'|*> = 0.25 and|D|? = |Dg|*> = antisymmetric with respect to this plane. With the reference
0.25(1 — 7./7,). That is, at best, half the input power aplanes defined at = =+d/2, the phases of the coupling
frequencyw, remains in the bus and is equally distributedoefficients differ by even (odd) multiples af in the case
into ports 1 and 2 while the other half, reduced by a fractiodf the symmetric (antisymmetric) modes. Thus, the forward
7./, due to loss, is equally distributed into ports 3 and 4 ¢ind backward incident waves couple into the symmetric mode
the receiver. in phase and into the antisymmetric mode out of phase. The
An example of the filter response for the two cases describ®fmmetric mode has amplitudg and the antisymmetric mode
above is shown in Fig. 2(c) as a function of normalizefas amplitude,. Using the analysis of the previous section

frequency, withQ. = . = 2000 and negligible loss. simplified for the case of a symmetric structure, we have
Clearly, a single-mode traveling wave resonator side- » 1 1 1

coupled to the bus and the receiver can fully transfer a channel—— = <jws e T—) as + Ks(S41 + S42)

at the resonance frequency from the bus to the receiver while , c “s s

a single-mode standing wave resonator is not adequate for + (543 + 544) (15)

i it i da . 1 1 1
channel dropping. Howevgr, as we show ngxt, it is possible %%a _ <,wa e _) a5 + Fa(S41 — S42)
to get the response of a single-mode traveling-wave resonant ¢ Tea  Te, oa

filter using two standing-wave modes. + L (s43 — S4a) (16)
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symmetry With s, as the input signal at frequenay, we find the filter
y response at the four ports of the system, as defined in the
previous section:

S “ plane

S+| ——————— d: gt

receiver R i(w—ws)+a+7—,s+;

Si3 ! | S+4 1
<3 2=0 j& .
' : €a
@) + T 1 (22)
1(w_wa)+—+7+—
1 1 €q €a To
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4 Te
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T = 3 1 1
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€s €s Os
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1 1 Tea €a Oq
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Fig. 3. (a) Channel dropping filter using a resonant structure with a sym- J(w _ wa) 4+ — 4+ — 4 =
metry plane perpendicular to the waveguides. (b) Filter response when a pair Tew ’réa To,
of degenerate symmetric and antisymmetric standing-wave modes is excited
with Q, = 5000, Q. = 2000, and1/Q. = 1/Q. — 1/Q, for maximum 1 ,
power transfer. eI(0:—65)
i3’ d Tes Té
— o °
Dr=e I 1 1
_ Jw—ws)+ —+ —F—+ —
wherew, . are the resonant frequenciggr,_, are the decay Tes  Te,  Tos
rates due to lossl/7., , and1/7,  are the rates of decay
into the signal bus and the receiver, respectively, and 1 3 (6a—60)
and «;, , are the input coupling coefficients associated with Teu T,
the bus and the receiver, respectively. The amplitudes of the - 1 1 1| (25)
outgoing waves are found by generalizing (2)—(5) to the case J(w —wa) + o + s + o

of two excited modes
The two resonant modes are degenerate if they have equal

_—j8d Lk *
S-1=en (542 = K305 + 1ig0a) 17 frequencies and equal decay rates
s_g=c¢ IP%sy — Kla, — Kiag) (18) (26)
.ol Ws =Wq = Wo
s_3=cI0 d(s+4 —K'as +K%a,) (19) o . @7)
s_y=c 7 Y s g — K*a, — K a,). (20) Tes :,rea =7 (28)
; ; ; - 7l =7 =7 (29)
In analogy with (6), the input coupling coefficients can be €~ ea €
written as Under these conditions, (22) gives = 0 over the entire
1 bandwidth of the resonator and (23)—(25) become
Koo = oits.a
Teva 2
1 T=c0¢1- = (30)
A i o . 1 1 1
Kaa =4 e?¥sa, (21) Jw—wo) =+ =+ =

€s,a Te e To
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where

N
n-——
=

A8 = (8, - 0.) - (8, — 0,). (33)

L Fig. 4. Symmetric channel dropping filter based on two coupled identical
At the resonance frequeney,, from (30) the transmission single-mode resonators.

through the bus is

1 1 1
- + - + = Thus, in agreement with [6]-[8], we found that, in order
T—cﬂ@lﬁ. (34) for a resonant system to operate as a channel dropping
p + = + P filter employing standing-wave modes, the excitation of two

degenerate modes is necessary. The superposition of these
%des with the appropriate phase relation gives the behavior

. . . m
Thus, as in the case of a traveling wave resonator dISCUSS? .
gfa traveling-wave mode.

in Section I, if the decay rates satisfy (14), the input sign
power is completely removed from the bus and transferred to

the receiver reduced by a fraction/7, due to loss. Under IV. SYMMETRIC SYSTEM USING TwO
this condition, the bandwidth of the Lorentzian response is IDENTICAL SINGLE-MODE RESONATORS

its peak is set by the ratie. /7,. As we can see in (31) andsection can be implemented using two identical coupled res-
(32), the distribution of the dropped signal power into the Iegnators, each supporting only one standing-wave mode in

and the right port of the receiver is determined by the phagg, frequency range of interest. The resonator pair is placed

difference Ad. between the bus and the receiver waveguides, so that the
1) If A6 = 2nm, wheren is an integer, themD, = 0 {4ta| system has a symmetry plane zat= 0. A schematic
for all frequencies so the channel is dropped in the ghown in Fig. 4. Normally, the mutual coupling of the
forward d!rectlon. This means that if thg resonatqfy, resonators would split the resonant frequencies, lifting
has a horlzontgl symmetry pIane_as well, €., parallﬁjle degeneracy. In this section, we show that the coupling
to the waveguides, the symmetric and antlsymmetr$ the waveguides can be designed to cancel the effect of

modes have the same symmetry (even or odd) wi L . )
. . . Trequency splitting due to the mutual coupling and reestablish
respect to this plane. An example for this case is
the degeneracy.

composite system made up of two identical standin h q litud ¢ th ‘ the left and
wave resonators, as we will see in the next section. € mode amplitudes o € resonator on the feft an

2) If A§ = (2n + 1)m, then Dx = 0 for all frequencies on the right_ of the symmetry plane are denoteddyy and
so the propagation in the receiver waveguide is only fiz: re€spectively. The resonant frequency, decay rates, and
the backward direction. This means that if the resonat6PUPIing constants for the left resonator are defined as in
has a horizontal symmetry plane as well, the symmetrgection Il and for the right resonator are found by mirror
mode has even (odd) symmetry and the antisymmet&¢mmetry.
mode has odd (even) symmetry with respect to this The resonator on the left is excited from the leftdy and
plane. An example for this case is a ring resonator, if wers and from the right by the outputs of the right resonator.
consider its traveling-wave modes as superpositions dlhe resonator on the right is excited from the rightshy and
degenerate symmetric and antisymmetric standing-wavg, and from the left by the outputs of the left resonator. The
modes that are excited with7g/2-phase difference. distance from the left (right) reference plane of the resonator

3) In any other case, bothg and D;, are nonzero. on the left of the symmetry plane to the left (right) reference
In Fig. 3(b), we show an example of the filter respong@lane of the resonator on the right of the symmetry plane is
of case 1), with@, = 5000, Q. = 2000, and @. = denoted by, as shown in Fig. 4, and for simplicity is the same

1/(1/Q. — 1/Q,) for maximum power transfer. in both waveguides. The equations for the mode amplitudes
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of the two resonators are

1327

Comparing (39) with (15) and (16), we have

daL < . 1 1 1 ) . w 1 1
b o — — = — lar — jua R - — — sin¢g — = sing’
dt o Te T, T, LT IHAR {wa } =Wwo F <N ~ sin ¢ ” smd)) (42)
+4/ E s+ 1/ E %2 g7 98t
Te Te i — i — i (43)
T 1 To,  To, To
A sp2— /= ar ) + /= %sya
Te 7! ¢
K, 5 cos 5
: . { } _ 2 Lere—pn y (44)
[ L ies —is _ L e 35 ’ Te iy
+ - ete <3+4 p e aL) (35) a jsin 5
/
dag . 1 1 1 / cos ¢
dt <J% ST _o>aR e {KS } _ |2 oI ((83+65—3'D)/2) 2/ (45)
W) 7! ¢
[T . 1 w )\ o
+ 7—61018_1_2 + T_sz e~ I8 , J sin 5
’ ’ = |I‘35 a|2 (46)
1 _ 1 Te ’
<3+1 —/ =’ 1aR) + 4/ 54 15’&
Te Te - = |/«;;7a|2. (47)

€s,a

From (44) and (45), we can see that the symmetric and the
antisymmetric excitations couple into the system with /&

where 1 is the mutual coupling coefficient between the rephase difference. In the special case thatnd ¢/ are even
onators and is real by power conservation. For the decg@td) multiples of r, only the symmetric (antisymmetric)
rates, we have used the fact that a standing-wave mode degaygle is excited, leading to the behavior of the standing wave
equally into both directions in the waveguide as discussed r@sonant system described in Section I, with decay m/te§
Section Il. Expressions analogous to (2)—(5) have been usgfli2// into the bus and the receiver, respectively, arid,

for the outgoing waves of the left (right) resonator that appegge to loss.

as inputs to the right (left) resonator. In (35) and (36), we The conclusions derived for the filter response of the sym-
can see that, in addition to the direct coupling expressed Rietric system shown in Section IIl apply to this system as
1, the two resonators are also indirectly coupled through thgs|l: the system can operate as a channel add—drop filter if its
waveguides. We define the amplitude of the symmetric aB¢mmetric and antisymmetric modes satisfy the degeneracy

antisymmetric modes of the total system as

conditions (26)—(29). The decay rates due to loss are already

ar + ar 37 equal, as seen in (43). From (42), the condition for frequency
as = V. @37) degeneracy is satisfied if
arj —arR 1 1
a = —mm——— 38 —_— —_— 1 _ 1 / =
a NG (38) i sin ¢ = sing’ = 0. (48)

which, due to (35) and (36), satisfy

A
dt Aq Te Té, Qg

_ [i b (1 teosd)+ —1 ic"sd)/)} {Z }

To Te 7!

3 ) COS g

+./= 6]((91-1-02—,31)/2) (3+1 4+ S+2)
V7. P
jsin =

d)/

2 COSs —
4 ]2 i (Es+6:=5'D/2) 2
7l ¢
€ ]
J sin —
2

b=3l+6, — 6
(f)/ =A1+60; — 64

(543 % 544)

(39)
where

(40)
(41)

From (44) to (47), the conditions for equal decay rates are
satisfied if
cosp =0
cos¢’ =0.

(49)
(50)

Therefore, there are two degrees of freedom in designing this
system: knowing the propagation constafitand 3’ and the
phase difference8; — 6, and 65 — 6., we must choose the
distancd so that the symmetric and antisymmetric modes have
decay rates equal to those of the individual resonatérsand
1/7.. Then, by varying the coupling between the waveguides
and the resonators, we must make. and1/7. such that the
splitting of the resonance frequencies due to direct coupling
between the two resonators is cancelled.

The signal power at resonance is completely removed from
the bus if the degenerate decay rates satisfy the maximum
power transfer condition (14). In this special case, the band-
width of the Lorentzian response is then setbynd the peak
power at the output ports of the receiver by the ratigr,.
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As discussed in Section lll, the direction of the channel
dropping is determined by the phase differerse = (6, — R
ba) — (05 — 6,). Here, 6, , and &, , are the phases of the  input =
coupling constants defined in (44) and (45), respectively. From
(44) and (45), we can see that

T ifsing >0

O, —6,={ 2 (51)
3 ifsing <0
—g, if sing’ >0

0,—6,=3 5 (52)
5 if sin¢’ < 0.

Therefore,Af = 0, if the degeneracy conditions are satisfied
with ¢ — ¢’ = 2nsr, wheren is an integer, and the channel is
dropped in the forward direction, i.e., in port 4.¢f— ¢/ = @)

(2n + L)wr, then A6 = +x, and the channel is dropped - 1

backward, i.e., in port 3. In this particular case, it is possible . 08
to satisfy (48) even if the resonators are not directly coupled
(1 = 0) provided thatl /7. = 1/7/. o 08 o 08
The design of the filter is simplified when the two resonators 04 04
are individually symmetric. With the reference planes definedo. 02
symmetrically on either side of each resonator as in Section Ill, N o
the distancd is equal to the distance between the individual ™ 9%, 8% 1560 1990 0 e
symmetry planes. In addition, we hafe— 6, = 0 (+=) and ,
83 — 84 = 0 () if the mode supported by each resonator is
symmetric (antisymmetric). So, the conditions for degeneracy®® o8
become o« 08 ~ 06
1 1 , S04 So4
== - sin(Al) F = sin(3') =0 (53) oz oz
COS(ﬁl) = COS(ﬁ/l) = 0 (54) 10530 1540}“( )1550 1560 10530 15#50 1560

We can see that, in this case, the choicd depends on the
symmet_ry of the i-ndiViduaI modes that make up the Symmetrici: 5. (@) Electric field amplitude distribution in a square resonator side
and antisymmetric modes of the system. For example, in tﬁgjpléd to the bus and receiver. (b) Filter response calculated by CMT (solid
case that, = 7/ and /3 = /3, we can see from (53) that theline) and by FDTD simulation (dotted line).

resonance frequencies are degenerate orly=ifn + 1/4)A,
for symmetric individual modes and only if= (n + 3/4),

(b)

for antisymmetric individual modes, whegg, = 27 /43 is the The S_ySte”.‘ IS eXC'ted. using a source located at the bus
; waveguide with the spatial profile of the fundamental wave-
guided wavelength. . ; .
egsl"de mode and a wide Gaussian spectrum centered-at

In [6] and [7], the concept discussed in this section was . .
demonstrated numerically by FDTD simulations in a twoloo0 nm. The frequency response of the system is obtained

dimensional (2-D) photonic crystal made of dielectric rodgy calcglating the discrete Fourier transformg of the fields qnd
in air. In that case, the two waveguides and two Sing|gjtegrat|ng the power flux over the waveguide cross section
mode microcavities were made from defects and the coupliftly the four ports of the system. A square resonator supports
constants were controlled by varying the refractive indeitanding-wave modes which have highif the nulls of the

of specific rods. In this paper, we perform two-dimension&lectric field are along the diagonals. Fig. 5(a) shows the
FDTD simulations using conventional high index-contragmplitude of the electric field (polarized perpendicular to the
waveguides and square resonators. In these simulations, RBEEr) in a square resonator of side 1,54 and refractive
structures are viewed as infinite in the third dimension, and thilex 3.2 placed symmetrically between two waveguides of
electric field polarization is perpendicular to the paper. Startimgjdth 0.2m and index 3.2 that are 2.32n apart center to
from the actual three-dimensional structure, the dependerg@ter. The width of the waveguides was chosen to ensure their
on the third dimension could be taken into account by trsingle-mode operation in the 2-D FDTD model over the entire
effective index method. However, this method is of limitedbandwidth of the excitation. The theoretical response obtained
accuracy for high index-contrast structures or near cut-off, gsing (10)—(13) with@, = Q. = 2185 and @, = 4250

it is not used here. The computational domain is discretizasid a resonance wavelenglly = 1545 nm fits very well

into a uniform orthogonal mesh with a cell size of 20 nm. the numerical results [Fig. 5(b)]. As expected by the theory
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Fig. 6. (a) Implementation of a symmetric channel dropping filter using two 02
square resonators. (b) Filter response when all degeneracy conditions are ’
satisfied, as calculated by CMT. 0 ~A_ 0
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in Section Il, the output at all four ports is below 25%. The (b)
electric field pattern of the resonator mode is antisymmetfiég. 7. (&) Electric field amplitude distribution in a symmetric channel
with respect to the vertical symmetry plane; therefore, PP fler bshg e sauere resonators depica i the one of g .
order to achieve degenerate decay rates, the distance betwe&d line).
the two square centers must be= (n + 3/4)A,. In this
case, we choose = 3. Note that, in this example, we do . . . .
not have as many degrees of freedom as in [6] and [7] ftrh € antlsymm etric mgde In our case 1S expectedrto have a
manipulating the coupling between the two resonators and th'gher radlqt|orQ), while a §mal| de\{latlon of from 15Ag/4
waveguides. Having fixed the distancave can only vary the is also possible due to the finite spatial resolution of the FDTD
. . mesh.
separation between the waveguides and the resonators, which
determines the externd@]’'s, by the step size of our FDTD
mesh (20 nm). With the separation of the two waveguides
as above, we find). = @, = 2185, and, assuming that the Using coupling of modes in time as an alternative to the
degeneracy conditions are satisfied, the filter response obtaiapgroach presented in [6]-[8], we have shown that a resonant
by CMT is shown in Fig. 6. However, the numerical resultstructure with two degenerate modes that are symmetric and
suggest that there is a remaining splitting of the frequenciastisymmetric with respect to its symmetry plane functions
that deteriorates the performance of the channel droppiag a channel add—drop filter. With this simple approach, we
filter. In the field pattern in Fig 7(a), it can be seen thahave also shown that the splitting of the degeneracy produced
although most of the power is dropped forward at the resondoyt the mutual coupling of two resonators can be removed
frequency, there is still some power in the remaining thrd®y adjusting the coupling of the resonators to the adjacent
outputs. To account for the small splitting of the frequenciesjaveguides and by properly choosing the phase shift intro-
we choosey in (42) so that(w, — w,)/w, = 0.35- 1072, duced by the waveguide section between the coupling regions.
estimated by the lowering of the received peak power. Thefhe principle of operation of such filters was demonstrated
the theoretical response matches well the numerical resulgng the FDTD method. The numerical simulations verify
[Fig. 7(b)]. Any remaining discrepancies are due to the faour theoretical predictions but also reveal the sensitivity of
that the radiation losses for a symmetric and an antisymmetttie filter performance to fabrication errors as small as our
mode are not necessarily the same, as we have assumed imexgh discretization, here 20 nm, especially in the case of high

V. DIsSCUSSION
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index-contrast structures. In the case of evanescent coupli@g@mparing (58) and (59), we have
the coupling coefficients have an exponential dependence we
on the separation between waveguides and resonators. The r+(z) = ﬂFjT") // dx dy(n® — nl)e, - €5 (60)
phase shift needed to ensure degeneracy of both the resonant
frequencies and the decay rates is strongly dependent on e integrate (55) using the boundary conditions (56) and (57)
length and propagation constants of the waveguide sectig@ng with (60) to find the amplitudes of the outgoing waves as
between the two resonators. For weak mutual coupling of the we. [

<3+2—j O/ dz/ dz dy

two resonators, as was the case in our example, the phase shifts—1 = e~ /7=~ 7]

is the parameter that most strongly affects the filter response. In

addition, since, in general, the radiatihs of the symmetric -(n? —n?)e, e ej,ﬁ(z—Z1)a> (61)
and antisymmetric modes are not equal, it is very important

that the radiatior)’s of the resonators be much higher than _ —iB(—z Lwe, [ f

the coupling@’s in order to keep the mismatch of the total e L <S+1 R /Zl dz // dudy

()'s of the two modes to a minimum.

~(n? —n2)E. @ c_j’a(Z_ZZ)CL). (62)
APPENDIX ) ) o

| q cul h i fici involved .The input coupling coefficients; » can be found by power

n order to calculate the coupling coefiicients involved IR, qanation. Neglecting the loss, the rate of change of the

the four—port_ system .Of Fig. 1 we examine the coup!mg 9 ergy in the resonator mode must be equal to the difference
one waveguide at a time starting with the bus waveguide a tween the incoming and outgoing power

following a treatment similar to [9]. This approach is vali
if we assume weak coupling and small index discontinuity. djal®
Under the same assumption, the spatial variation of the wave- dt

guide mode amplitudes can be described by coupled mogRo, from (1) with1/7/ = 0 and ks = x4 = 0, we have
equations of the form ‘

= [sp1 [ 4 lspa = s = [s—2[* (63)

d d|a|2— 2|a|2—i—(/is a* +c.c) + (k2s420" +C.C)

—_ — T4 dt - __e 1541 -C. 2542 .C.).

- by(z) =Fipbe(z) + ke(2)a (55) Te (64)
whereby () is the amplitude of the forward/backward waveSubstituting (61) and (62) into (63) and comparing with (64),
guide mode in the bus? is the propagation constant, angVe have

. . . . z2 .
x+(z) describes the distributed coupling to the resonator. Foﬁr1 — we, dx da dy(n? — n%)gfé,+e_]’@(z_zl)
reference planes located at= »; and» = 2, we have 4 /., e

bi(21) =541 (56) iy =—j wj’ /k dz // dz dy(n? — n2)ere ¢/P==)

b:t(ZQ) = Sx2. (57) =1

. and

The rate of change of the waveguide mode power along 9
z is equal to the power coupled per unit length to the |k1)? 4 |ro|? = =.
polarization current due to the index perturbation that the Te

resonator mode experiences in the presence of the waveguitlth », — »; = [, the outgoing waves can be now written as
The assumed electric field distribution in the waveguide is
by (z)ey(z, y) + b_(2)é_(x, y) where éy(x, y) is the un- '

perturbed forward/backward mode profile normalizedutut s_y =e (s 41 — Kfa).
power.In the resonator, the assumed electric field distributi
is a(t)é.(z, y, z) where &.(z, y, z) is the uncoupled res-
onator mode field normalized tmit energyUsing Poynting’s
theorem at steady state, we have

d (e} - — *
+ D pa?=—j we dz dy(n? — n2)@, - ELab* + c.c. ACKNOWLEDGMENT
dz 4 : . .
(58) The numerical simulations were performed on NSF San
wheren(z, y, z) andn,.(z, 3, z) are the index distributions Di€go Supercomputer Center's Cray T90.

of the background and the resonator, respectively. In this
equation, we have neglected:alependent self-coupling term

s_1=¢ 9510 — Kia)

Oﬂﬂe same analysis yields analogous expressions for the in-
put and output coupling coefficients related to the receiver
waveguide.
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