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Pseudoreversibility Condition for Minimizing
Radiation Loss at Discontinuities

of Coupled Waveguides

Tarek A. Ramadan and Robert W. Col8enior Member, IEEE

Abstract—A design condition is derived for lossless discontinu- 0 Q - - 0O——-0 - _ g
ities of coupled waveguides by finding solutions, which satisfy time IR - b
reversibility of guided modes. The derived condition is used as a 1\ o ro8
bound for minimizing radiation loss. Even when there is strong 410 V i
coupling between guided modes, the radiation loss can be min- \<—® Lo4
imal. A comparison between different grating designsina2< 2 1 Wao Wat i
backward coupler demonstrates that two coherently coupled grat- ™m | v 5 3 S r
ings can significantly reduce radiation loss, as compared to asingle 2, -2 1 I\ 0 . r03
grating. é /A Wio Wo1=WhotAWp : he)
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. INTRODUCTION ¢ o [
. B e N
UIDED-TO-RADIATION mode conversion losses at 03 0.7 01 0.0 0.1 0.2
optical waveguide discontinuities have been of concer AW, (um)

since the dawn of integrated optics [1]. While many photonic
devices dep_end in their operation on the mteractlor! (_)f mOIE% 1. WRLandp atA, = 0.6328 pm for the discontinuity (shown in side
than one guided mode [2], most of the reports on minimizingew) as a function ofAW,.
radiation loss have focused on single mode devices, e.g., in
[3]. Also, previous studies on multimode coupling require nuﬁymber of modes in Side % (- 0). The amplitudes of incident,
merically intensive calculations to compare between differen . . ) o
. . : reflected, and transmitted guided modal fields, for this discon-
device designs, e.g., in [4]. N . . .
In this letter, we consider radiation losses for coupled Optictlnwty, are related by the transmission and reflection matrices,
' ?él andl'y;. The suffixkl describes the case where the guided

Wavegm_des in which the d|scqntlnulty can scatter energy Inmodes are incident from Side(0 or 1) to Sidd (1 or 0). These
other guided modes. By searching forsqutlonsthatmosthos%I]y

satisfy time reversibility of the guided modes, the guided—to-ra—atrlces are optamed following the appr_oagh in [1]. It can be
- 2 T2 . hown, using this approach, that the continuity of the transverse
diation mode conversion is minimized. Not only is this approac

valid for weak perturbations, but also for strong intermode Cocgmponent of electric field at the discontinuity relafs and

pling. Example designs presented below demonstrate that fﬁ‘é by
radiation loss can be quite small, even when intermode coupling

is large. Tr = U (I +Tw)

1)
for both transverse electric (TE) and transverse magnetic (TM)
modes. Herd is the identity matrix and/y, is the matrix whose
ij elementyuy, ,;, is the overlap integral between the transverse
Consider the case of a slab waveguide discontinuity that sugdectric fields of theith and;jth guided modes across the junc-
ports M -guided system modes in Side # € 0) and an equal tion. Unlike the TE case, the square of the refractive index pro-
file appears in the overlap integral for TM modes. The sign of
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Il. THEORETICAL BACKGROUND

A. Pseudoreversibility Condition
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TABLE |
VALUES OF p AND WRL AT A, = 0.6328 pm FOR FOUR DISCONTINUITIES THAT HAVE NEARLY IDENTICAL AMOUNTS OF MODE COUPLING
Wa (um) | Wy (um) U100 Uy 01 U 10 Ui ] WRL (dB)
0.6 0.6 0.929892 0.341878 | -0.358154 | 0.925462 0.033558 | -0.148242
0.4 0.37 0.92842 0.359161 -0.344045 | 0.926192 0.031574 | -0.139331
0.5 0.48 0.931491 0.353300 | -0.352615 | 0.932819 0.007997 | -0.034870
0.3 0.26 0.923721 0.354666 | -0.328394 | 0.891741 0.099093 | -0.453191
reduces td\/ number of plane-wave-like equatiérdescribing Ill. EXAMPLE ANALYSES

Iosslesg scattering of the individual gwdgd modes. . The first example is used to demonstrate that the minimum
I gwde;d mod_es are the only SOIUUOD to_the scatterngh e of WRL corresponds to the lowest valuepofThe spe-
problem in an isotropic power-conserving junction, thenyg. problem corresponds to finding the minimum WRL for

accor(_jing to the time-reyersibility prqperty Of ) Maxwell’sthe parallel slab waveguide structure in Fig. 1 (inset) as a func-
equations, they should satisfy the following conditions [6]: i, of the variations ir¥;;, the width of the lower guide on

TioTor + Tor2 =1 (2a) Side 1. The widths of the other three guide;l&f@ = 0.6 upm,
Wy = Wy = 0.4 um. The guides on Side 0 are separated
I'10To1 + To1 Tor =0. (2b) Dby a gapSy = 0.5 um. The gap on Side 1 decreases by an

The t . d reflecti tri in (2 I | amount equal to the increase in the guide widfhy, such that
e transmission and reflection matrices in (2) are all real, AV, = Wy, — Wy = AS whereAS = S, — Sy. The four

is expected from normal incidence at an all-dielectric mterfacguiding regions have identical core indexigf = 1.515 and the

aps, cladding, and substrate have refractive index 1.462.
modes The five-layer slab on Side 0 and Side 1 each suppbre 2
Uso = Uy L. A3) guided TE system modes.

The computations involve calculating the local transverse
For the TE casé&1o = Uy, which simplifies (3) to the matrix- fields distribution of the infinite structures on both sides of
orthogonality condition the junction. Then these results were used to calculate
andp. For some linear combination of incident-guided modes,
radiation loss was determined, as in [1], from the difference in
power between the incident and scattered guided modes. WRL
was then found by varying the linear combination of the two
B. Radiation Loss Minimization incident modes until radiation loss was maximized. All these
gmputations were carried out at a free-space wavelength,

Combining (1) and (2) gives the reversibility condition of guide

U’ =Un™". (4)

The remainder of the letter considers only TE modes.

The pseudoreversibility condition (4) represents a zero radl- . o
P y (4) rep = 0.6328 pm. Fig. 1 shows that the minimum value of

ation-loss bound. The deviation from this bound can be charag- . e
terized by the error matrix RL takes place at the lowest value @f which verifies the

utility of using p as a minimization parameter.

e=1—Uy'Uy. (5) A key point about (4) is its more general solutidiy; #
1, which suggests that waveguide junctions with strong cou-
A scalar measure of this deviation is pling between guided modes can have minimal guided-to-radi-
. v 6 ation mode conversion. For example, consider point (a) where

P= i le V] ©) AW, = +0.2 pm and point (b) whereAW, = —0.2 um

i i ) in Fig. 1. These points hav€,; matrices with the elements,
whereV is an arbitrary vector anffe|| denotes the Euclidean ;) ™ _ 775 4@ — _0.790 4(® = 0.600. u(® —
. ' Por, 11 T . ' Yor,01 7 ! -

H . - 01,00 N N 01,10
norm o_f that vector [7]. Slnce t_he paramepds the Ia_rg_est am 0597 u® = 0.989, u® = 0.938, u® = —0.003, and
plification that the error matrix induces on a vector, itis a mea- 01,00

01,11 01,01

sure of worst-case (maximum) radiation loss (WRL). Sinée ul),, = 0.006. AlthoughUs, i closer to the identity matrix

symmetric, the value op equals the magnitude of its larges€ompared td/o; ), the WRL of point (a) is~0.36 dB less than
eigenvalue [7]. To identify the minimum (actually, mini-maxjhat of point (b). Correspondingly, the value8f) = 0.044 is
radiation loss condition, for specific discontinuities, the value ¢SS thamp® = 0.119.

p is minimized as a function of the achievable values,@f;;  Another important point in designing waveguide junctions

still having the same values of mode-conversion coefficients

1For lossless scattering of a plane wave, which is incident normally from Sigéff-diagonalUm elements). Junctions similar in design to the
k to Sidel of a dielectric interface, the continuity of electric field at the interfac

gives, Ty = 14 'y, whereT},; andT',; are the scalar transmission andPrevious example were evaluated)‘%t_: 0.6328 pm. With
reflection coefficients [5]. AW, = AS, bothW,; andW,; are adjusted to make the off-
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Fig. 2. Schematic of a grating-assisted backward coupler.zThkase shift 10
between the two gratings is chosen to maximize the coupling coefficient for a 3 o
pair of gratings of fixed depth.

412
diagonal matrix elementsyo, 01 and uo1, 10, approximately 14
identical (to within+4%) among all four junctions in Table I. 6
Despite nearly identical mode coupling, there is an order of ' 1000 2000 3000 4000 5000 6000 7000

magnitude change in WRL. The minimum value of WRL

corresponds to a junction that most closely satisfies the ma-

trlx-orthogonal|ty_c0nd|t|(_)!21 in (4). .. Fig. 3. WRL at resonance for three types of reflection gratings as calculated
We note for this specific example that the minimum WRlsy BD-BPM. The resonance wavelength is 0.6308.

happens to occur foW,, — W,1 =~ Wy — Wy or when the

differences in width of guide A are about the same as in guide

B. Similarly we suspect that a grating-assisted coupler, whi&'ﬁal use of such g.low-loss _structure vyould be as end reflectors

is a periodic array of discontinuities, might have smaller radiof résonant cavities; e.g., in a chemical sensor. The low loss

ation loss when there are small discontinuities on both guid%%u_ld greatly increase sensitivity through increase of the inter-

rather than one larger (but equal reflection strength) discor@ction time of the light with the chemical on the guide.

nuity on one of the two guides. We look into this possibility in

the selection of a % 2 backward coupler for a pair of coupled IV.  CONCLUSION

waveguides for which, = 1.562, n. = 1.462, W, = 0.4 um, e have shown that it is possible to minimize radiation
W, = 02 pm, andS = 0.8 pm as indicated in Fig. 2. |oss for discontinuities of coupled waveguides by searching
Three different coupling structures (each designed to produge solutions that most closely satisfy time reversibility of
the identical coupling coefficient of 2.3 mm at a resonance guided modes. The search condition applies for both weak
wavelength 00.6302 nm) are evaluated in terms of radiationang strong perturbation on the guided modes. Minimization
loss. Coupling structure G (illustrated in Fig. 2) has grating of the parametep simplifies minimizing radiation loss over
depths on guides A and B of 30 and 20 nm, respectively. Al$@ing repetitive numerical simulations of junction scattering.
the grating is distributed coherently in parallel on both wavegxample analyzes and designs were presented for the TE case

uides as shown in Fig. 2. For couplen(3he grating depth is only; however, the procedure is applicable to the TM case as
50 nm on guide A and 0 nm on guide B, while for couples,G well.
guide B has a grating depth of 60 nm and guide A has a depth
of 0 nm. REFERENCES
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