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Modeling of discontinuities in photonic crystal waveguides with the multiple multipole method
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A method for the simulation of discontinuities in photonic crystal defect waveguides is presented. This
frequency domain technique is based on the multiple multipole method. In contrast with other known tech-
niques, spurious reflectioridue to the impedance mismatch at the waveguide terminataoesavoided. The
absence of spurious reflections allows one to characterize precisely the intrinsic behavior of the sole discon-
tinuity, reducing at the same time the size of the simulation domain. To achieve a perfect impedance matching,
the guided modes of infinitely long waveguides corresponding to the input and output channels of the discon-
tinuity are first computed using a supercell approach. Then, the discontinuity is fed with one of the previously
computed modes, and the fields transmitted or reflected towards the discontinuity arms are matched to the
modal fields corresponding to each output waveguide. This method allows one to compute the intrinsic trans-
mission and reflection coefficients of the discontinuite., coefficients not altered by additional effects such
as finite crystal size, etc.The procedure is presented in detail using some simple discontinuities as test cases.
Then, it is applied to the computation of the coupling from a waveguide to free space and for the analysis of
a filtering T junction.
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I. INTRODUCTION nuities are bendg7—9], branche$10-17, and intersections
[13]. They are prerequisites for the development of optical
The design of integrated optical circuits has to face thecircuits in photonic crystalgl4]. Much effort has been made
problem of losses in waveguide bends and other intercorrecently for the analysis of sharp bends3] (to allow for
necting structures. In fact, the size of typical integrated opultrasmall circuit3 with the lowest possible reflection coef-
tical components—containing bends, junctions, couplersficient[7]. In this context, coupled-cavity waveguides seem
etc.—is of the order of millimeters or centimeters rather thanto be quite promising15]. The design of branching struc-
micrometers due to the constraints imposed by the minimuntures operating as power splittdk0,13, and of waveguide
radius of curvature of the interconnecting waveguifies  intersections without crosstalkl6,17] is also actively re-
The increase of the dielectric contrast and the use of resonaséarched. Further structurégvolving two different ele-
cavities at waveguide corndr8] can reduce the losses, but it mentg are waveguides coupled to point defect microcavities
is difficult to suppress them completely. [18-20, which can act as frequency discriminating systems
In this framework, one of the most promising alternatives[21]. Direct coupling of waveguides has been demonstrated
is the photonic crystal concef8,4]. The underlying periodic  for the design of directional couplef&2] and multiplexing
structure of a photonic crystal gives rise to the appearance afystemq 23], and indirect coupling via resonant cavities has
frequency rangeghotonic band gapsfor which the optical  been employe(i24,25 for the design of channel drop filters.
field cannot propagate inside the crystal. This modification ofA proposal for multichannel wavelength division multiplex-
the density of states of the optical field due to the periodicitying [26] has been presented as well. To conclude, two last
of the crystal has many applications, e.g., it can provide alapplications are mentioned, which concern the coupling to
ternative waveguiding schemes for dense integrated optiaadiative modegto be applied for the design of emitting
[1,5]. The disruption of the crystal periodicity by introduc- antenna$27,28 and detector§29]) and the important issue
tion of crystal defects induces a field localization that allowsof the in coupling and out coupling of the modes guided by
one to design various essential optical elements of very sma#l photonic crystal line defect to a conventional waveguide
size. For instance, line defects may behave as waveguides{30-32 (operating as a sort of spot-size converter
for frequencies in the band gap—and, since the photons can- Up to now, the computation of photonic crystal wave-
not escape through the crystal, waveguide corners with guide discontinuities has been performed in time domain
radius of curvature of the order of one wavelength and withwith the finite differences time-domai{#DTD) method(see,
out losses can be designgal. for instance, Ref.7]) and with the time-domain beam propa-
The basic building elements for the design of devices tayation method33], and in frequency domain with scattering
modulate the optical field are essentially waveguide disconmatrix methodgsee, for instance, Reff11]). However, as it
tinuities. A waveguide discontinuity consists of several inputwill be explained in Sec. II, those methods have several
and output channels that are connected by an interaction rerawbacks. Here, the goal is to present a general framework
gion [2]. The simplest photonic crystal waveguide disconti-for the computation of photonic crystal waveguide disconti-
nuities (in frequency domainaiming at the following three
aspects{i) to avoid spurious reflections due to the imped-
*Electronic address: moreno@ifh.ee.ethz.ch ance mismatching at the waveguide terminatigimsto char-
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arriving to the waveguide terminatioid®, (2), and® after
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0000000000000000000MO000D interacting with the junction are partially reflected back to-
0000000000000 00C0O000O0 00000 . . .
©000000000000000000 00000 wards the junction. If these reflections are not carefully
0000000000000000000 00000 handled, they result in a complex mixture of the various
OSSO SSESOEODEOIERT Y SO transmitted and reflected pulses. To avoid this effect, two
0000000000000000000 00000 mechanisms have been proposed. The first[@0¢consists
N o oo oot aonees 2000, in defining very long arms for th& junction. In this way, if
_>®oo‘oooooo‘oooooooo’ooo ooo0oe the positions and the time windows where the pulses are
©000000000000000000 00000 recprded are properly chosen, the interferences between the
ggggggggggggggggggg”ggggg various pulses are avoided. The second one makes use of
©900000000000000000700000 sophisticated absorbing boundary conditif8s,36 to avoid
©0000000000000000000 00000 spurious reflected pulses. The first approach requires huge
0000000000000 00CO0000 00000 . . .
©000000000000000000 00000 computational domainfor instance, Ref[10] reports on a
OOOOOOOOOOOOOOOOOOOuOOOOO . .
©000000000000000000 o@;ooo computational domain of 140180 crystal cells whereas

the second approach has to ensure that the perfectly matched

FIG. 1. T junction in a photonic crystal. The discontinuity is fed 1ayers perform equally well for all incidence directions and
from the left. The “pacmen” represent the incident, transmitted, and@!l k wave numbers included in the wave packet.
reflected pulsegincluding the pulses reflected back at the crystal In the frequency domain, scattering matrix methods have
interface$ at several different time instants. also been applied for the analysis of photonic crystal discon-
tinuities [11,23,37. As with FDTD, finite size crystals are

acterize accurately the discontinuity, afiiil) to reduce the simulated. The field inside the scattering cylinders is mod-
size of the computational domain. The presented technique Bled with Bessel functions whereas the field outside the cyl-
based on the multiple multipol®IMP) method[34] thatis a  inders is represented by multipolar functions and one addi-
well established semianalytical boundary method for thelional excitation functiorfusually a plane waveln this case
computation of electrodynamic problems. Fourier transformations are obviously not required, but on
Section Il analyzes the drawbacks of the most commonlyhe other hand—as several authors have pointed out
employed numerical techniques for the computation of phot11,19—it is very difficult to determine the value df,(w),
tonic crystal discontinuities. Section Il summarizes the ba-Tz(®), andR(w). The reason is again the reflection of the
sics of the MMP method. In Sec. IV the developed procedurguided modes at the waveguides terminations: the field in
is presented and its features are explained. Afterwards, ifach of theT junction branches is a superposition of waves
Sec. V, two applications are shown: a photonic crystal antransmitted or reflected at the junction itself and reflected at
tenna and & junction presenting a filtering behavior. The the waveguide terminatiolat the crystal interfage As a

paper is closed with Sec. VI, where some conclusions aréonsequence, it is not easy to characterize precisely the in-
drawn. trinsic behavior of the sole discontinuity.

It is worth emphasizing the undesired effects that are in-
troduced in the simulations with the mentioned methods due
to the fact that finite crystals are modeled. The influence of
OF PHOTONIC CRYSTAL WAVEGUIDE the details of the waveguide termination and of the finite

DISCONTINUITIES crystal size can be observed in the following two examples

The FDTD method has been successfully applied to théomputed with MMP. In Fig. 2, it can be seen that the cou-
computation of various photonic crystal waveguide disconti?ling to the waveguide is extremely sensitive to the fine de-
nuities. Some prominent examples are Ré#%10,24,3]1  fails of the waveguide entrance: a very short tapering
Here, the general advantagesich as easy modeling, etc. changes enormously the coupling efficiency of the incoming
and disadvantageglarge memory requirements, etcof ~ Wave. The interference mentioned in the previous paragraph
FDTD will not be discussed. Only those details specific forbetween the mode traveling downwards in the waveguide
photonic crystal discontinuities are commented. The metho@nd the mode reflected back at the waveguide exit can be
is explained for the case ofjunction discontinuityFig. 1) ~ observed in Fig. @). In this figure the field is compared with
in Ref.[10]. It proceeds in the following wayi) The input ~ the pure modal field traveling downwardse., without re-
waveguide( is excited with a pulsdtypically originated ~flected modg [Fig. 3(b)]. The mode in Fig. &) was com-
from a dipole in front of the input waveguide entrancen- ~ Puted using the technique described in R&B], appropri-
taining the relevant frequencietii) The pulse propagates ately generalized to cor_13|der the case of photonic crystal
along the input waveguide towards tfie junction. This defects, namely, employing an adequate supercell.
waveguide has to be long enough to guarantee that the spa-
tial transients due to the coupling in the waveguide have
decayed before the pulse arrives to the discontin(iity.The
incident, transmitted, and reflected pulses are recorded and The MMP method[34,39 is a numerical technique for
Fourier analyzed to determine the transmisgi®a(w) and  performing electrodynamic field calculations in the fre-
Ts(w)] and reflection R(w)] coefficients as a function of quency domain(as usual, a factoe™'“' multiplying the
the frequency. Due to the finite size of the crystal, the pulse&ields will not be explicitly written, wherev is the angular

Il. COMMONLY USED METHODS FOR THE SIMULATION

IIl. MULTIPLE MULTIPOLE METHOD
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(a) (b)
FIG. 3. Effect of the finite size of the crystal. The crystalgan
and(b) have the same structufdescribed in Fig. 2 (a) Details of
Fig. 2(b) for the seven central periods of the waveguidg.Modal
. field of an infinitely long waveguide computed with the supercell
in

method. The pattern ifa) is due to the interference between the
mode traveling downwards and the mode traveling upwdares
flected at the waveguide ekitwhereas in(b) the field of the pure
mode traveling downwards does not present such an effect. The
plotted fields are the time averaged electric fields d@/(2wc)
=0.473.
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where CI)a")prox(r) denotes the approximation to the actual

field, <I> «(r) and ¢>Sc'a appmg) represent the exciting and
approxmated scattered fields, respectively, aptjare un-

crystal considered here is a triangular lattice of dielectr¢ ( known coefficients to be determme@ppl(r) denotes a ge-

=8.41) circular cross section cylinders in vacuum. The radius oiner'c field from which the electri&™(r) and magnetic

the cylinders isr =0.15, wherea is the lattice constartthe cor- H”i(r) fields can be extracted. In general, the knowledge of

responding band structure is plotted in Fig).1Phe waveguide is l(r)—{EZ'(r),HZ'(r)} is sufficient to derive the fields

excited with a plane wave incident from the toR folarization

with normalized frequencya/(27c)=0.473 (which corresponds . i . .

to an effective wavelength of 4~ 2.8a [see Fig. 18)]). The only Ef'(r)= W[ﬁVTEZ (N —ouli(e,x VoH ()],

difference betweelta) and (b) is the row where the crystal is ter- (™)

minated. Observe that ifb) a kind of ultrashort tapering occurs, (2a)

which enhances the in-coupling efficienilie total power traveling

downwards is approximately 26 times larger with taper than without D,

it). The plotted field is the time averaged electric field. Hy (r)=

(b)

FIG. 2. Effect of “tapering” on the in-coupling behavior. The

(P2 THI() + 0ePi(e,X V) EL ()],

K

frequency. It was developed for systems with isotropic, lin- (2b)
ear, and piecewise homogeneous materials, and its essential

ideas are explained in the following. Since the structureé"’ahere the subscript denotes vectors in the-Y plane.e, is

considered in this paper are invariant along faxis, we a unit vector along th& axis, andx”i is the transverse wave
' c2Di, D2 (. D24 @2

present the MMP method for the two-dimensiof@D) case ~ VECIOre " 'u @ =(x7)"+ B .
(r will denote the position in thX-Y plane, and a further . As the name of the method suggests, the ml_JItlpoIar func-
factor €2 multiplying the fields will be omitted, wherg is tions are the most frequently used basis functions. A scalar
the propagation constant along tHEeaxis). However, this 2D multipolar function with origin in the pointq is given
technique is not restricted to 2D problems. by

The 2D region where the fields are to be computed is
partitioned in domaingD;, where the permittivitye” and D, _ (1), D,
permeability u” arer independentbut, in generalw de- ZRURD H”| ()X sin(n¢,), ®)
pendent The field ®Pi(r) in every D, is expanded as a
Iinear superposition ofN? known analytical solutions where H(l)( ) is the Hankel function of first kind and of

¢,(r) of the 2D Helmholtz equation in the corresponding ordern, , and ¢, &) are polar coordinates with origin in

cogn;¢)

domain: ro. Usually, several “clusters” of multipolar functions are
r)=® D; (qu) r employed to expand the fields. Every cluster is a set of mul-
appfmg exc sca, approk tipolar functions, all of them located at the same point and
NDi including several multipolar orders. We will callraultipole
@7 ( P+ 2 X <p,D'(r (1) expansiorof ordern to such a cluster with orders ranging

from zero up ton [a Bessel expansiowill be the same but
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replacing the Hankel functions with Bessel functidmls{~)]. An interesting feature of the MMP method is the possibil-

Vekua theory[40] guarantees that for a multiply connected ity of evaluating the local accuracy of the computed solu-
finite domainD;, one Bessel expansion and additionally ations[34]. This can be measured by thelative erroralong:
multipole expansion in each hole @b, form a complete the boundariesD;; . The relative error is defined as the mis-
basis. Nevertheless, when the interfac® of the domains ~match of the fields at the collocation poirfis., the residual
deviate from the circular shape, several multipole expansion8/Tor in the fulfillment of Eq(4)] divided by their values.
located at different positions achieve a much better conver-

gence of the expansion in E¢l). Since a multipolar func-

tion is singular in its origin, the multipole expansions are IV. MATCHING OF MODES AT WAVEGUIDE
placed outsideD; to expand fields that are regular 1 . TERMINATIONS
To determine the unknown coefficier)tgi , the boundary A. General principle
c_ondltlons are |mposeo_l on a set of .collocatlon potsk From the discussion in Sec. I, it is clear that the main
=1, ... N¢y along the interfacesD;; :

difficulty stems from the impedance mismatch at the wave-
guide terminations. This mismatch is what causes the undes-
ired reflections. Therefore, the following procedure is pro-
posed heréFig. 4): The input and output waveguides are cut

we (r)[E"(r) —E[1(r)]1=0,

WEL(rk)[‘gDiEfi(rk)_spj ETi(r)]=0, by planes ¢r;, m,, and;) at an appropriate distance from
(4) the discontinuity. Then, the fields going out from the junction
WHH(fk)[Hfi(fk)— Hfj(rk)]zoy are matched at the cutting planes to the modal f|[s@i§(r_), _
<D0utl(r), <I>0ut2(r), and <I>0ut3(r)] of the corresponding infi-
Dyl \_ Dy i _ nitely long waveguides. The procedure will be explained
Wi, (ML H () = piH 11 1=0, later in more detail, but let us anticipate that these modal

i , fields of the input and output defect waveguides may be
where|| and.L stand for being tangential and orthogonal o .m0 ted with any supercell approach. We computed these
the interface, respectively, and..,(ry) are appropriately oqes with a method based on MMP described elsewhere
selected weightf34]. The system of Eq4) comprises 6., [38].

equations in general ori&, for H or E polarization and3 The proposed idea is routinely used for many applications
=0. The functions in Eq(3) satisfy the radiation boundary \yhere discontinuities irconventional(i.e., with continuous
conditions and therefore no special care is needed with thig;nsiational invariandewaveguides are present. In the con-

issue .if they are used to represent the scattered fiel_d iN OP8Axt of the MMP method, it has been described for conven-
domains. Systen¥) leads to a rectanguldoverdetermined  tjonal metallic[43] (i.e., closed and dielectrid 44,45 (i.e.,

matrix equation of the type open waveguides. However, to the best of our knowledge,
the idea of defining input and output ports where the field is
— matched to the solution of the infinitely long waveguide, has
A.sXg=B,, (5) ! - c
B not been employed for the computation of waveguides with
. _ _ discretetranslational invariance. In comparison with the case
whereA ,; is a rectangular matrix, the vecti; includes the  of conventional waveguides, the application of the former
unknownsx,Di , and the vectoB,, stems from the excitation. idea to photonic crystals is more difficult. This is due to the
Equation (5) is solved in the least squares sense using &act that they possess only discrete translational symmetry,
Givens algorithm{41]. The MMP method is claimed to be and to the fact that the energy waveguiding is not simple
semianalyticalbecause(I)Zi)prox(r) analytically satisfies the Index waveguiding,” but the more complex *distributed
Maxwell differential equations in everp, , while the alge- 299 waveguiding,” which involves the scattering at a large
braic boundary conditions are approximately fulfilled at ev-number of elements. On the other hand, the analysis of open
ery 9D, . For further details, see Refi84,39 dielectric waveguide discontinuities can be more demanding
Theuc-hoice of the interfacesD.. . which define the do- due to the coupling to the continuous set of radiative modes.
ij s

mains is often straightforward. Occasiondilstitious bound- {Eeth:]51;tejﬁgd\’,vgcgtour}g:egryjézldvﬁverﬁ;'r%?aif ;norI?C:tIﬂ)nmtso
aries (across which the material parameters do not change .. . -9 S PP ’
which strictly confine the electromagnetic field.

are introduced in order to underpin a characteristic partition- The main advantages of the idea presented above are the
ing of the underlying problem, e.g., for convergence pur- 9 P

poses[34]. The most difficult step in MMP modeling is the following: (i) Since a perfect matching of the guided modes

. . . D is achieved, no spurious reflections occutrat 7, andrs,
choice of the basis functiong, '(r). We have recently pro- and it is possible to characterize the properties of the wave-

posed a procedure for the automatic setting o7f)the mqupoIeguide discontinuity aloneii) Complex(and not necessarily
expansions in 2D problenjg2]. OncedD;; ande,'(r) have  reliable absorbing boundary conditions are avoidéii) No
been chosen, the selection of the collocation paipts done  Fourier transformation is neede@) The computational do-

in such a way that the multipolar functions with highest mul-main is reduced to the minimum possible size.

tipolar orders are sampled along the interfaces with a dis- The procedure is now explained in detail. Figufe)4lis-
cretization that is fine enoud!39]. plays the domains and boundaries employed for the MMP
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0700000000000006000 00000 m,, andm3). The appropriate widths of the photonic crystal
D00O0O0O0O0OOOOOOOODODO00 ODOODOOO . . N .
00000000000000000 0000CO arqund thg waveguides .and thg d|stancgs between disconti-
0000000000000000 00000000 nuity and in/out ports will be discussed in Sec. IV B. The
000000 DOODOQOOO0O0O OOOOOOOO . . . . . .
©00000000000000 000000000 fields in the dlﬁgren_t domains are modeled in the foIIOW|_ng
in 000000600006000 00006006000 way: In D; the field is represented by a multipole expansion
InOOOOOOOOOOOO 00000000000 . e . .
> e 0000000000 0000000000 at the center of each cylinder plus additional multipdfes
070.0006000000000000G0000 0.0 side each of the in/out port&long the three corresponding
000000000000 O0O0 00000000 O . N . .
©000000000000000000000000 boundaries In D, the field is modeled with Bessel expan-
AR A A A AARAR A sions (one at the center of each cylinder; each such Bessel
Q0000000000000 00000000000 . . - . .
©0000000000000000 000000 expansion represents the field only inside the corresponding
Q0000000000000 00000000000 . . .
A A A A A AAA A A A AAA cylinden. In each output port 2()0ut2 and Dout3) the field is
(a) modeled with the mode transmitted towards that port. Fi-

nally, in domainDin+0utl the field is modeled with the inci-

dent and reflected modém the case that some waveguides
are multimoded, additional modes are empldyeHach
modal field serving as inpUt®;,(r)] or output[d)outl(r),

Do (r), and (IJOU,S(r)] mode is computed as in Rdi38]

Dout, (1) X with a supercell approach. Note that, in order to match the
- i field in the interaction region to the guided modes in the
- infout channels, it is only required to know the fields of the

Pin(r) corresponding guided modes along the fictitious boundaries

separating the interaction regidp, and the in/out domains
Din+out1a Doutzy Dout3-

It is important to realize that, since in the transition from
the interaction region to the ports there is no impedance mis-

(b) o match, the transmitted modes exiting towaid,-gI2 andD0ut3

and the reflected mode exiting towarf, , o, are not re-
& Douty flected at the fictitious boundaries separating the in/out ports
D om from the interac_tion region. This means .that, when the input

______ ooadfo000 000Dy mode has amplitude 1, tieompley amplitudes of the out-
0700000060 00000 put modes—which are delivered by the MMP computation—

0000000 60000 are precisely the transmissipi,(w),T3(w)] and reflection

Dintouts AR °°°o°°°°°°°:°:°:°:°kp2 [R(ar)))] coefsf/icients of the d;bscg(ntizui?)(/. /!

oo o
0000000000V O0OODO
Q0000000 O ©0O0OO

______ 00000000000 O0OOOO

0010000008 B. Computational details and assessment of the method
(c) oo There are several details that have not been commented
) Dout, yet. In what concerns the definition of the domains, three

essential points arét) the number of photonic crystal layers

FIG. 4. (3 Typical photonic crystal discontinuity; three around the defect waveguides and discontinuity ceitiigr,
waveguides(two vacancy defect lines and one coupled-cavity the distances from the fictitious boundaries of the in/out ports
waveguide are connected to a central cavity. THgunction is fed  tg the discontinuity center, an@i) the lengths of these fic-
from the left.(b) For the simulation, the crystal is cut by planes, titious boundaries. The photonic crystal waveguide em-
mp, and s, and the fields arriving to those planes are matched tgy|oyed for the examples shown in this section is described in
the modal fieldg in(r), Pou, (1), Pou(r), andPoy(r)] of the  Eig' 5 \where a portion of the corresponding band structure is
corresponding infinitely long waveguide&) MMP domains and displayed.
boundaries yvhich are employed for the simulatithre dashed lines The number of layers around the waveguide mentioned in
are only a visual help, and they are not used for the modeliflg  int (i) has to guarantee a negligible leakage of the guided
covers all the interaction region background, whilg covers the e in jts propagation through the discontinuity. On the
inner part of all cylinders. other hand this number should be kept as small as possible to
reduce the computational effort. In Figicit the thickness of
the photonic crystal surrounding the waveguide is equal to
the length of the fictitious boundaries, but sometimes thicker

. . ._photonic crystal walls are requirdfbr instance, when high
cylinder circumferences. There are three other domalnguality factor resonant cavities at the discontinuity have to be
(Din+ouys Do, @nd Doy) corresponding to the input and oqeleq, As a first assessment of the method, Fig. 6 dis-
output channels. Domair®; and Di+ou,, Dout, Pout, @€ plays the power transmissiofiT{?) and reflection [R]?) co-
separated by three fictitious boundariaong the planes;,  efficients for a waveguide without discontinuity. The reflec-

simulation.D; andD, are the domains modeling the “inter-
action” region. The background is assigned?@ while the
cylinders are assigned tB,. The boundarie9D;, are the
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FIG. 5. Dispersion relation of the mode guided by a line of
vacancies [E polarization). The insets show the first Brillouin zone
(left) and the supercellright). The shaded region represents the
perfect crystal band gagThe underlying employed perfect crystal
consists in a square lattice with lattice constanthe radius of the
rods isr=0.18. The background is vacuum and the relative per-
mittivity of the rods ise, =11.56).

FIG. 7. Power transmission coefficients for a straight waveguide
segment with photonic crystal walls of different thicknes¢ese
insetg. The losses observed in Fig. 6—for low frequencies—are
reduced by adding two further photonic crystal layers.

The distances between the ports and the discontinuity cen-

ter mentioned irfii) should be as short as possible in order to

tionis 0 and. the transmission is 1 except fo'r low frequencie%duce the size of the computational window and, hence, the
(corresponding to low wave numbekssee Fig. 3 For low numerical effort. However, since the fields going out from

k the guided mode profile penetrates deeper in the photonl}che junction will be matched to pure guided modes at the

crystal, and ‘he_ref_ofe the Ieakag_e is_higher. Th'.s loss o orts, these distances should be long enough to guarantee
power can be diminished by adding more photonic crysta hat the fields arriving at the fictitious boundaries are pure
layers, as it is shown in Fig. 7: the addition of two more rows ided mod d thg tial t h FI) d
reduces the losses for low frequencies. guided modes and Ihe spatial evanescent terms have aready
faded away. It is worth noting that these distances depend on
the effective wavelength of the guided mode and, therefore,

1.1

S B NN NN BN I they have to be longer for lowwave number. This is shown
10 —— . in Figs. 8 and @a), which display the power transmission
09 F 3 and reflection coefficients due to a 90° bend in a vacancy
0.8 _ , _ line defect. In Fig. 8 the power is not conserved—for low
o7k IT 3 frequencies—because the lengths of the bend arms are too
S 0BE e IR? 3 short for the corresponding effective wavelengths and the
x E E evanescent transients reach the in/out ports. Note that the
T E conservation of energy deteriorates foa/(27c)<0.370,
E o4 3 coees E which corresponds tésee Fig. 5 k,~0.57/a, i.e., an effec-
03 f Dinout, °°°° Dou, tive wavelength of\ o= 2m/k,~4a. This is approximately
02F cosee E the length of the bend arms employed in the simulatsse
o1E socoo 3 inset of Fig. 8. Increasing the length of the arms, the fre-
ook E guency range for Which_thg model works properly is ex-
o1 o tended to lower frequenci¢fig. Aa)]. As a rule, the length

of the waveguide arms should be at least one effective wave-
length of the guided mode for the operating frequency. The
wa/2ne same structure was computed with FDTH using a simu-
FIG. 6. Power transmissior{|2) and reflection [R]?) coeffi- Iatlon domain 50 times larger than the domain employeq in
cients for a straight waveguide segment of length®hereais the ~ F19- 9[53]. The small inaccuracy of the energy conservation
lattice constant, see ingeThe photonic crystal considered here is Observed in Fig. 8 for high frequencies is due to the fact that
described in Fig. 5. The polarization & and the waveguide is a those frequencies are very close to the band gap edge and the
vacancy defect line. Observe that the reflection coefficient is 0 anéakage is higher. This can be avoided by addition of one
the transmission is 1, except for the low frequenc¢isresponding  layer of photonic crystalFig. 9a)]. The inaccuracy in the
to low wave numberk and wide modal profiles penetrating deeply power conservation then becomes smaller than 0.2% of the
in the photonic crystal input power. The field in the bend is plotted in Figh®

0.320 0.340 0.360 0.380 0.400 0.420
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FIG. 8. Power transmissionT|?) and reflection |R|?) coeffi-
cients for a 90° bend with arms of an approximate length af 4
(where a is the lattice constant, see inseThe photonic crystal
considered here is the same as in Fig. 5. Observe that the total
power is not well conserved for low and for high frequencies. For
low frequenciegcorresponding to long effective wavelengthise
bend arms are too short and the spatial transients reach the in/out
ports. For high frequencies the mode frequency is very close to the
band edge and the mode is less well confined in the defect wave-
guide (note that this effect does not occur for low frequencies be-
cause the mode does not cross the lower band edge, see) Fig. 5
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Finally, the lengths of the fictitious boundaries of the ports
mentioned in(iii) should guarantee that the guided mode
amplitude is negligible at both end points of the fictitious
boundary. Usually this length is the same as that of the su-
percell employed to determine the modal guided fields. Note (b)
again that the modes penetrate deeper in the photonic crystal
for low k, which means that larger supercells are required, FIG. 9. (a) Power transmission|T|?) and reflection [R|?) co-
and correspondingly longer fictitious boundaries. efficients for a 90° bend with arms of an approximate length of

Regarding the expansions modeling the fields, one shoul@d.5a (wherea is the lattice constant, see inseDbserve that the
pay attention to the following pointga) In this paper only total power is now conserved fasa/(2c)>0.325. (b) Time av-
circular cross section cylinders have been considered. Faraged electric field fowa/(2c) =0.435. In the horizontal branch
this case, one Bessel expansion plus one multipole expansi(ﬂﬂﬁ interference between the incoming and reflected modes can be
(both located at each cylinder centare probably optimal. observed, whereas in the vertical branch only a pure transmitted
For other geometries more expansions may be nefgjd  mode propagates. The bend is fed from the left.

(b) The multipole expansions located inside the in/out ports

and radiating toward$; are positioned equidistant from defects(wheren=5 was requirefland those that are second

each other and from the corresponding fictitious boundariesyearest neighboréwith n=4). The total number of basis
(c) The maximum order of the expansions mentioned in thgnctions adds up to 3265NP:=1710, NP2=1552,

two previous points depends on the desired accuracy. AS {jPinsou,=2 NPouw,=1). The average relative error along the
could be expected, those expansions close to the defeghndaries for the computation shown in Figh)was
waveguides and to the c_entral cavity are more important a”@.zs%mot to be confused with the inaccuracy in the power
should usually have a higher order. ___ conservation of 0.2% mentioned abpand the maximum
The numerical details of the computations shown in Fig. Q¢|ative error was 16%. The absolute errors are of similar
are summarized as follows: 208 multipole expansions werg,agnitude in all collocation points, and the mentioned maxi-
employed for domairD; (one multipole inside each cylinder ym relative error occurs in collocation points lying far
and additionally nine imDj,; o, @and nine inDyy,) @nd 190 from the channel where the energy is guided, i.e., in collo-
Bessel expansions for domai, (one per cylinder The  cation points where the field is almost zero and therefore,
order of the expansions i3=3 except in two cases: those despite the high accuracy, it is very difficult to obtain low
inside the cylinders that are nearest neighbors to the vacancglative errors for them. Up to now we have not found any
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FIG. 10. Reflected|R|?), radiated, and total power for a tran- (a)
sition between a defect waveguide and free space. The photonic
crystal considered here is the same as in Fig. 5. The length of the
waveguide before the discontinuity is approximatelya?.ghat 00 0o 000 0o
means (see Fig. % that the model should deteriorate for 00 O 0000
wal(2c)<0.325, as it is indeed observed in the figisee the 00 0 00 06
total power curve can © odt 8.
_ o _ _ _ 0000O0OOOQ
simple quantitative relation between the relative error in the 0.0 © N A
collocation points and the inaccuracy in the power conserva- ' . '
tion. However, collocation errors are usually an upper bound 000000 o
of the error quantities involved. Moreover, the availability of o o INE odd OB
a quantitative error measutee., the relative error distribu- 000000060
tion) provides a very useful validation tool. .. e 8 W
0 000O0O0OO
V. APPLICATIONS 00 O 000 O
A. Coupling to radiative modes
The discontinuities considered in Sec. IV B were closed, (b)

i.e., the whole structure is surrounded by photonic crystal

layers (infinitely thick in the ideal cageand therefore no . ition between a defect waveguide and free space. The photonic
energy should leak out of the system. Nevertheless, the geRsystal considered here is the same as in Fig. 5. The tapering de-

eralization to open systems is not conceptually difficult, al-creases the reflection coefficient significantly. Due to the short
though it is more demanding from the modeling point of |ength of the waveguide tract, the simulation results are not correct
view. In this section the coupling from the waveguide to freefor jow frequenciesva/(2mc) <0.325(as it was discussed in Sec.
space and the effects of the termination of photonic crystaly B). (b) Electric field amplitude radiated by the tapered wave-
waveguides at the crystal interface are considered. It haguide. The normalized frequency isa/(27c)=0.395.
been already mentione@Fig. 2) that the fine details of the
waveguide termination have a crucial importance in the counumber of photonic crystal layers around the waveguide has
pling of the guided modes to the radiation modes. Howeverto be enough to ensure a good modal confinement, and ad-
with conventional scattering matrix computations this effectditionally it has to be such that the outgoing field does not
could not be quantified because the mode arriving at théfeel” the finite lateral size of the crystal. It may be useful to
interface (from the source and the mode reflected at the mention that the field in domai®, is expanded exactly in
interface back towards the source are mixed. the same way as in Sec. IV: One multipole expansion inside
The method described in Sec. IV can be applied to thisach cylinder plus a set of multipole expansions inside
kind of discontinuity between waveguide and free spaceDi, oy, -

Here, only one port for guided mode®i o) is needed Figures 10 and X&) show the reflected|R|?), radiated,
(inset of Fig. 10 whereas the radiation couples out in do- and total power(reflected plus radiatedfor two different
main D,. Except under special conditiorisvhen surface waveguide terminationgsee insets Observe the good en-
modes are excitgdthe elements described in Sec. IV are ergy conservationbetter than 0.5%except for very low
enough for the modeling of this type of discontinuity. The frequencies (this effect has already been discussed in

FIG. 11. (a) Reflected [R|?), radiated, and total power for a
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Sec. IV B); to obtain correct results for lower frequencies, a
longer piece of waveguide has to be simulated. It is also
important noticing that the reflection coefficient has been
significantly decreased in most of the frequency range by FIG. 13. Dispersion relation for several defect waveguides in
introduction of a short taperinfFig. 11(a)]. Compared to the crystal described in Fig. 1¢hote that the horizontal axis is
conventional waveguide tapers, here the radiation couplingormalized using the widthv of the supercell, which is not the
seems nearly perfect, underlining the peculiarities of photosame for all waveguides(a) and (b) are vacancy line defects ob-
nic crystal tapers. The electric field in the structure is plotted@ined by removing one column and one row of cylinders, respec-
in Fig. 11(b). tively [in fact, (b) behaves like a coupled-cavity waveguidé)
and(d) are obtained by sliding two parts of the crystal with respect
to each other by a distanes/3/2. In(c) a channel waveguide with
dispersion similar tda) is obtained whereas if@) a coupled-cavity

In this section a compleX junction discontinuity of the waveguide(two moded in the wholé range resuilts.
generic type shown in Fig. 4 is analyzed. In the structure
considered here the three in/out waveguides are differerjtinction is constructed. Two waveguides are created by slid-
from each other. The underlying photonic crystal is a trian-ing a piece of the photonic crystal, whereas the third one is
gular lattice of dielectric cylinders in air, and it has the bandbuilt by removing one row of cylinders. As a byproduct of
structure depicted in Fig. 12. The diagram shows a widehis construction, a cavity appears at the center oflthenc-

—
(2]
~
—_
=)
~

B. Filtering T junction

band gap between the first and second bands. tion. From the figure, it is intuitive that the right and left
Many different line defects can be introduced in this crys-

tal. Some of themwith the corresponding dispersion rela- in

tions) are summarized in Fig. 13. Usually, line defects pre- (CN

serving the symmetry of the crysta@uch as Figs. 13) and .
13(b)] are preferred46], and most studies in the literature °
focus on this type of waveguides. The reason is that, since :
the underlying global lattice is not disrupted, the design of (d)s
complex photonic circuits is, in principle, easier. However,
other kinds of waveguides which disrupt the underlying lat- S
tice have been studie@d7], e.g., stacking faults. Two ex- °

amples of such defects are shown in Figs(cl&nd 13d). FIG. 14. T junction with filtering behaviotdiplexep. The struc-
The modes labele@) and(c) present a very similar behavior yre js based on the perfect crystal described in Fig. 12. Two
except close to the Brillouin zone edge: tfee mode is de-  \aveguidegof types(c) and(d), see Fig. 1Bare obtained by slid-
generated whereas) is not (this effect was also found in ing the upper left block of the crystal by a distaneg3/2. The
Ref. [47]) Here, it will be shown that StaCking faults can be third waveguide[of type (b)] is a coupled-cavity waveguide ob-
used to design devices with interesting functionalities. tained by removing a row of adjacent cylinders. At the intersection

The discontinuity considered in this section is shown ina cavity is formed, which consists of two smaller subcavitiefs
Fig. 14. The figure caption describes in detail how e sizes similar to as those at the left and right of the jungtion

0000000 000000
000000000000 O00
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FIG. 16. Improvedr junction with filtering behavior. The struc-
ture is the same as described in Fig. 14 with addition of one further
rod at the junction. The radius of this rodris=r/2 (wherer is the
radius of the other rodsand it is positioned at a distance/& from
the rod immediately below. By choosing the position and radius of
this rod, the modes of the central cavity can be appropriately ma-
nipulated. The domain employed for the simulations has a size of
10 lattice constants in the vertical direction. In the horizontal direc-
tion the domain contains the centralshaped cavity plus four cavi-
ties at each side of it.
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From the analysis of the dispersion curves in Fig. 13 it is
clear that for the frequencywa/(27c)~0.437[respectively
wal(2mc)=~0.47g transmission from the top to the right
(respectively left waveguide should be possible. In the in-
termediate frequency rangéor wal/(27c)~0.470 none of

the horizontal waveguides supports propagating modes and
therefore total reflection is expected. It is worth noting that
by simple lattice operationgdislocation and cylinders re-
moval) the functionality of a diplexer is achieved.

For the simulation of this device, the ideas explained in
Sec. IV were followed. The only new ingredients ate:
Each waveguide supports different modes, and therefore the
corresponding different fields have to be matched at each
infout port. (ii) Since the slope of the dispersion relation is
negative for the coupled-cavity modes, the group velocity is
negative. The sign of the wave numbehas to be chosen
appropriately in order to obtain the correct direction for the
energy propagatior(iii) The vertical defect waveguide sup-
ports a guided mode for all considered frequencies, but this
is not the case for the horizontal waveguides. This means
that for certain frequencies, no propagating mode is available
to match the field at the right or at the left port. For those
frequencies which do not support a mode either to the right
or to the left, the corresponding branch of thgunction is
left “open,” i.e., no output port is attached at the end of the
waveguide(taking care that the arm is long enough so that
no power leaks out, and the reflection coefficient is not modi-
fied).
waveguides will behave as coupled-cavity waveguides. This As the previous considerations predicted, Fig. 15 shows
kind of waveguide presents flattened bands, and therefore ithe filtering behavior of thd junction. The power transmit-
bandwidth is small. The bandwidth depends on the couplinged to the corresponding branches for the considered frequen-
between the cavities, becoming smaller for weak couplingies is 35%(towards the left, for the high frequencand
[15,48. Since the cavities constituting the right waveguide87% (towards the right for the low oneTo achieve a higher
(b) are larger than those of the left waveguidg the defect transmission for both frequencies, the central cavity has to be
band of the right one will have lower frequencies comparededesigned, in such a way that it possesses two modes, and
to that of the left one. In addition, the vertical chan@l  the coupling coefficients of those modes with the adjacent
will support modes for a larger range of frequencies. If thewaveguides are appropriaf¢0,25,49-51 The idea is to
frequency range dfc) overlaps with those afb) and(d), this  find a cavity with the following propertiesi) The right(re-
could be used to implementTajunction, which additionally  spectively lefi subcavity has the same resonant frequency as
filters one low frequency towards the right and one highthe right(respectively left waveguide(ii) The coupling fac-
frequency towards the left. In fact, in Fig. 13, this kind of tor of the right(respectively left subcavity to the lefi(re-
desired overlapping band behavior is precisely observedspectively right waveguide is negligible(iii) The decay
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FIG. 15. Filtering behavior of th& junction structure shown in
Fig. 14. The plotted field is the time averaged electric field.
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towards the input waveguidéor the chosen resonant fre-
quencies The optimization of the cavity in order to satisfy
the previous requirements will not be presented here. Never-
theless, to make it plausible, the following experiment is
considered: In the central cavity one additional rod is in-
cluded(Fig. 16). Adjusting the radius’ and position of this
column by trial and error, the power transmitted towards the
left is 98.8% for the high frequency and 93.3% towards the
right for the low frequency, just demonstrating the potenti-
alities of such interventiofthe inaccuracy in the energy con-
servation was smaller than 1%rThe time averaged electric
field corresponding to this configuration is plotted in Fig. 17.
Observe that the interference pattern in the input waveguide
has almost disappearddspecially for the high frequengy
which means that the reflection coefficients are very small.
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VI. CONCLUSIONS

Photonic crystal waveguide discontinuities can be accu-
rately characterized with the presented method. Since the
fields traveling away from the discontinuity are matched to
the guided modes supported by the output channels, no spu-
rious reflections occur. Thus, the computed transmission and
reflection coefficients are due to the discontinuity alone, and
finite crystal size effects are not mixed with the intrinsic
discontinuity behavior. Additionally, the size of the compu-
tational domain required for the simulation can be reduced to

wa/(2mc) = 0.437 th_e minimum possible. The approach ha_s been demonstrated
within the context of coupling to radiative modes, power

FIG. 17. Filtering behavior of the modifieH junction structure  Splitting, and diplexer operation. Extended versions of MMP
with the additional rod in the central cavitfig. 16. The plotted ~ for three-dimensional modeling are already availaie],
field is the time averaged electric field. Here, in contrast with Fig.but their efficiency concerning photonic crystal simulations
15, almost no interference pattern in the vertical input waveguide id1as not been evaluated yet.
observed, which indicates that the reflection coefficients are smaller.
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