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Optimal Design of Grating-Assisted Directional
Couplers

Vittorio M. N. PassarpMember, |IEEE

Abstract—in this paper, a rigorous leaky mode propagation propagation (LMP) [14]. The method is based on the expansion
method has been used to investigate the influence of the grating of the composite modes of the structure in an infinite number
period and grating index profile on the design of grating-assisted of space harmonics due to the presence of the grating. The

directional couplers (GADC's). A detailed explanation of reso- ied b hh . tiall ided al th
nance condition and radiation loss in terms of electromagnetic power carred by each harmonic IS partially guided along the

field contribution in the grating region as a function of the Propagation direction and partially radiated in the external
grating period and profile is given. Optimal design parameters semi-infinite regions. The power exchange between each pair of

have been found for well-defined structures in order to achieve gspace harmonics is governed by the Floquet theorem. Recently,
either minimum coupling length or maximum coupling efficiency. {he Floquet-Bloch theory has been utilized to determine the

A very fast method to extract the resonance condition in any . . . e
grating-assisted structure by using a sinusoidal profile is proposed. optimal grating period (resonance condition) and other GADC

Numerical results are presented for both moderately and strongly Properties [15], and to design the semiconductor-glass com-
asymmetric structures in terms of normalized propagation con- posed directional couplers [16] and metallized-grating GADC's
stant, mode radiation loss, coupling length and coupling efficiency. [17]. However, a complete investigation of the influence of
Compansons with grating period and coupling length predlctlon§ grating index profile on the GADC performance has not yet
obtained by other methods are also shown. The rectangular profile b idered. The ai f thi is th vsis of both
with optimized duty cycle has been demonstrated to be the best een considered. The aim or this Paper IS ,e analysis 9 0
choice in order to minimize the GADC coupling length. moderately and strongly asymmetric GADC's as a function of
the index profile. Since the LMP approach does not introduce
any theoretical approximation, it represents a powerful method
to understand how critical is the influence of the grating period
|. INTRODUCTION and profile on all the GADC parameters. Moreover, it allows
NUMBER of methods have been proposed in IiteratuFQe accurate calculation of aII_the dgs_lgn parameters, mcludmg
qwer coupling length, coupling efficiency, power attenuation

for the analysis and design of grating-assisted directiord

couplers (GADC's), which are fundamental guided—wav%oeﬁiCient and total radiation loss. Thus, the geometrical

components for many applications including contradirection‘éﬁ]‘ara(:tfar'StICS of GADC. S, optimized W'th respect to d|ﬁ9rent

coupling [1], distributed Bragg reflector sources [2], omicaqonstramts,_ S.‘UCh as minimum coup!lng Iength or maximum

wavelength filtering [3], [4], wavelength-division multiplexingCOUpIIng gfflClency, can be found (opt|mal design).

(WDM) [5]. Iq Secthn Il the theoretlgal .anaIyS|s of a GADC.structure
The coupled-mode theory (CMT) has been used for dggw_ng arbitrary grating profile is presenteq. In Section Il nu-

scribing the power transfer between the two waveguides ofrberlcal results are presented for the analysis of a lml‘

GADC in terms of ideal waveguide composite modes [6], WE:P—InP—I@GalyAsP—InP GADC structure working at the

An approximated CMT method has been proposed in [8] €-space qucal wavelgngm = 1.5 pm with T.E. polariza-
Han. A detailed explanation of resonance condition and mode

calculate the radiation loss. Several higher order perturbation = ° o . .
methods, derived by CMT approach, have been used to preéﬂlatlon loss is given. Comparisons of our method with CMT
' ' d TMM are performed in terms of grating period, power cou-

a number of secondary effects occurring in the GADC structu lenath and effici for GADC's havi derat
[9]-[11]. A different approach is the transfer matrix method''"9 '€NYth and efliciency for s having moderate asym-

(TMM) [12], which allows simple calculations of the GADC MelrY- Section IV summarizes the conclusions.

design parameters, such as grating period and coupling length,

as well as approximated calculations of the scattering loss Il. ANALYSIS OF THE GADC STRUCTURE

induced at the grating transverse interfaces. The approxima- o . )
tions included by both CMT and TMM methods increase,The schematic diagram of the GADC structure is shown in

with increasing the grating depth and GADC asymmetry. THa9: 1. A periodic perturbation, having periddand lengthZ
Floguet theory, first introduced by Chareg al. [13], allows an_d arbitrary index profile, is placed on the lower waveguide,
rigorous analysis of grating out-couplers. It has been also uRng« the depth and the length direction. Each layer of the

to analyze the radiation loss in GADC in terms of leaky modifructure is assumed isotropic, homogeneous, lossless and two-
dimensional. The scalar wave equation is given by

Index Terms—Gratings, optical directional couplers.
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X n overlay component amplitudes have been determined by using the
° Maxwell equations
slabl n; '
Iy grating dfp(x)/dx = Z qugi(x)
gep e b o o g |'8
n; Ny ‘ r tfri' ¢
slab2 n, N[t N n
whereg,; andp,,,, are elements of two squared matrices, each
Iy L one depending on the permittivity coefficients. In case of TE
substrate polarization, we have
Fig. 1. Schematic diagram of the GADC structure with arbitrary profile. gni(x) = —jwpobu
GADC parameters: overlay,,, upper slab, gapn,,, gratingn,., underlayer . 2
n ., lower slabn, substrate:, refraction indices, and upper slab, gapt,, Prm(2) = jweol(Kan/ko) Onm — €m—n(2)] (7)
gratingt,. = t, underlayert .., lower slabt, thicknessesd, ds, ds, d4 are . .
the profile parameters) the grating period and the grating length. being é,.., 6,1 Kronecker’s delta functions, angl,_,,(x) the

appropriate coefficient of Floquet series expansion. The solu-

. : . L tion of (6), together with the continuity conditions applied to
\év:r?tr?ilz ';Fhf abep:czfT?;ﬁ;,lsggce?ercr;ig?félf ;;Ir%fto_mﬁfo' each longitudinal interface between different layers, allows to
for trar;S\./'erZse_méy netic (TM) polarizatio), is the free_-s rfce find the propagation constants and the field distributions of all
9 P ' P the field space harmonics retained in the analysis. In particular,

wavenumber; designates th? generc homogenepgg layer, the continuity conditions can be summarized for TE-polarized
o,1,9,7 fr,2,s, ande;(z, z) is the relevant permittivity. The mode [14] as

permittivity function is periodical along only in the grating re-
gion, i.e.,e,.(z, z), and it can be written according to the Fourier df,,(0)/dz + j[1 —r (fv)]/[l +r (f7)]k(f7 fa(0)=0 (8)

series expansion as df () /dx — Jkg(ﬂl)fn( [l — 755) exp(ﬂkéﬂ)t,,)]/

1479 exp(52k(9¢,)] = 0 9
en(@,2) = 3 en(2) exp(j2mnz/A) @) (L4 exp {2kt ®)
n wherex = ¢, = t is the grating thicknes&\.”, k() are the

nth harmonicz-components of the wave vector in the layers

wheren denotes theth space harmonic, and
" P fr andg, respectively, and the coefﬂuentéf RISC) depend

A2 on the propagation constant components in the same layers. It
en(x) = (1/A) / e(x, z)exp(—j2nnz/A) dz  (3) must be noted that the condition (7) includes a dependence of
—A/2 the solutions in the grating region on the equivalent permittivity
is the nth series coefficient. Thus, the solution of (1) in the eq(®) = (kan/ko)?Epm — €mn()
grating region, according to the Floquet space harmonics ex-
pansion [13], [14], is which is a function of both the space harmonic ordemd the

grating profile. This has important consequences, as it will be
better clarified in the following. From the equation system (6)
it is clear that an arbitrary but finite number of harmonics, say
2N + 1, has to be taken for numerical integration, having the
wheref,, () is thenth space harmonic amplitude function angomplex wave-numbek., = f, + jo of the GADC com-
k.. is the component alongof the relevant propagation vector.posite guided mode as unknown variable, where> 0 is
It is well known that thenth component is related to the fun-the mode amplitude attenuation coefficient (leakage factor). In
damental harmonién = 0) by the Floquet phase relationshipother words, the LMP approach explains the radiating effect
[13], i.e., ko = k.o + 27n/A, wherek.q refers to the ze- produced by the grating in terms of leaky modes, having field
roth-order mode of the perturbed structure. Therefore, the figd@ace harmonics which radiate power in the semi-infinite re-
in the grating region assumes the form of a superposition @Pns. In order to numerically integrate the system (6), a four-
space harmonics. In order to completely describe the elect@sder Runge—Kutta algorithm has been used, which gives accu-
magnetic field in the GADC structure, we denasthe z-com- rate results also for large grating depths when a large enough
ponent of the e.m. field@; = H. for TE andG; = E. for number of iterations is used (up to 50 iterations have been used
TM polarization, respectively). Similarly to (4), it results in theor ¢ < 0.15um). Moreover, the complex eigenvalie, has
grating region been found by the Muller's method. After findirﬁgo, the am-
plitude coefficients of each space harmonic angl km, 1(0),
Zgn ) exp(ikon?) 0<z<t (5) f(t.) have been determined. Details of numerical procedure
- can be found in [14]. Strong attention must be paid to the choice
of the starting point, i.e., the approximated propagation con-
whereg, (x) is the relevantth hsrmonic amplitude function. stant, in order to avoid double roots. The problem is well de-
Moreover, the relationships between thgx) andg, (z) field scribed in [15].

an z) exp(jkzonz) 0<z<t (4)
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Fig.2. Real part of normalized propagation constamt ef —1 (modeA) andn = 0 (modeB) space harmonics versus grating period for differentindex profiles,
+++: sawtooth,x x x: symmetric triangularpoo: sinusoidal.. . .: symmetric trapezoidal, ***: squared (50%). GADC parameters:= 3.18, n; = 3.282,
ng =3.18, n, = ny = 3.282,n, = 3.45,n, = 3.18,t, = 0.2 um,t, = 0.1 pm, t, = 1.45 pm, t; = 0.45 um, t; = 0.257 pm.

[ll. NUMERICAL RESULTS The TMM approach [12] gives in this case (strongly asym-

A. Grating Resonance Condition metric) a much more approximated value of the grating period
The GADC structure already presented by A=A+ AT =2, /L™ —nGm0) 4 )

Marcuse [8] and considered by Suret al. [15] (1supp) (2sup)y .

has been largely investigated. It consists in a et Mo ] = 40.258 pm (11)

InP-In, G& _, ASP-InP-Ip Ga _,AsP-In,Ga, _, AsP—InP being “inf” and “sup” the local sections of the grating period. In
multilayered structure, having parameters =  3.18, the LMP approach, the optimal grating period is found at the res-
n = 3.282, g = 3.8, g = 3282, m, = 318,81 = 0.2 500006 condition [15], i.e., when the deviatibe: 52 —38 — K
pm, andt, + ¢, + ty. = 2 pm. The monomodal condition ¢,y the exact synchronization condition between the motles
[8] 2¢21/n; — 3.18% + 0.8119 = A, allows to obtaint; as a andB, i.e., 88 = pst — K, is minimized, beingk the grating
function of n;, being A, the free-space optical wavelength,, - o\ actor andiet, A7 the real parts of the fundamental (ze-
The choice to have only two ideal composite modes is Sim"%th-order) harmonic propagation constants of medend B,

to the TMM approach, in which only two local normal mOde?espectively. Sincg?, = 33 — K, where?, is the real part
are considered at each gratin.g section [12]. As a first step, WE_1 harmonic pro;_)agation constant of m:)qi,ethe resonance
have calculated the composite modes of the same SUUCHER iion implies also that the EM-field distribution efL har-

as above, bu} unpertur?edg(: 1.5 pm, ér = 0,tp = 015 monic of modeA is more similar to that of 0 harmonic of mode
pm, n2 = 3.45, fQ = 0'2°7B“m) atA, = 1.5 ym. Results give g i other words, the difference of their phase velocities is
ngg ~ 3.2974545 andng ~ 31906012, being modeA minimal. The resulting coupling length, allowing the maximum

(even) mainly confine(_j i_n the lower S""‘F’ attl (Od_d) in the power transfer between the lower and upper slabs, is given by
upper one. Then, a similar structure with a grating depth me well-known formulation [15], [16]

t- =t =0.1pum(, = 1.45 pm, ty. = 0.45 um) has been
investigated. It is well known that the grating period, needed =" (12)
to have a high-efficiency power transfer between the ideal c8

composite modes of the structure, depends on the eﬁeCt\i/\v/ﬁich is used in the CMT approach, too [6], [18]
index difference between the two guided modes exchangingFig > shows the effective indicés ofl (}node.A) and 0

?modeB) space harmonic as a function of the grating period. A
number of different index profiles have been considered: saw-
tooth (+++, withd; = A, d> = ds = dy = 0), symmetric
A =2 /[nG™ = nl5M] = 14.038 pm. (10) triangular K xx, d; = A/2,dy = dy = 0, d+3 = A/2),

grating period in an approximated form
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sinusoidal ¢o0), symmetric trapezoidat (-, dy = ds = d3 = TABLE |
d, = A/4), rectangular profile with a 50% duty cycle (***, AMP“TUFDOERSVTR%PUUSRI'D%%ZT;SRMON'CS
dy = d3 = 0,dy = dy = A/2). The meaning ofl; parame-

ters is illustrated in Fig. 1. From Fig. 2, it can be clearly se€ 7 Tgapc wih =345, t=0.1 gm Mode A
that t_he resonance co_ndltlon occurs whes m|n|mal._The cal- ) @ ) (R) @ ®
culations highlight a little change of resonant period for eac 14.029 um) (14.031 pm)

profile, beingA = 14.029 pm for sinusoidal, trapezoidal and 1 |+29.3% +4.18% 001746 |-99.5% -266%  10.01726
triangular, 1_4.03],um fo_r sawtooth, and 14.033m f_or rect- 5 az07%  |-794% 000637 1601% a11% 0006738
angular profile, respectively. However, the change is very mo

erate, so demonstrating that the grating period which matchey 3 [75%  |-676% 10003792 1-33.6%  |-248.6% 0.003732
the best the field distributions of perturbed structure modes ¢ 3 joz2%  |-s5% 0002444 1755% 33% 0.002403
pends very slightly on the index profile, even for strongly asyn
metric GADC (in this caseé = 0.1 ;:m) 5 [-99.8% -80.2% 0.001716  |-99.6% -244.2%  [0.001687
For instance, the presence of the grating in the GADC strL g [-99.9% 9% 0.001275 | -86.8% 299%  10.001253
ture causesthree fundamental effects. The firstisthateach gui
7 |-99.9% -85.5% 0.0009857 |-68.6% -242.3% 0.0009682

mode generatesinfinite space harmonics (with —1formode
Aandn < 0formodeB),radiating powerinthe substrate andir g [-59.9% -90.8% 0.0007847 |-83.8% 28.4%  0.0007706
the overlay. The second is that only two space harmonics (“fu

” . g . . -99.9% -88.3% 0.0006387 [-99.7% -242.1% 0.0006271
damental”) carry significant guided power in the upper and low ° ’ ° ’
slabs (withn = —1 andn = 0 for moded andn = 0,n = 1 Mode B
for modeB). The third effectimplies that the e.m. fields of spac ) m (D) (TR) Q) D)
harmonics having.q(xz) > Oare confinedinthe grating region 2 |-2306%  -1972%  10.06504  |+647% | +111.6% |0.06086
(hereinafter“spurious”harmonics). This circumstance 0cCUrst 5775 [7as%  [ooms7  |55%  |-1478% [o02201
the harmonics having > 0 (modeA) orn > 1(modeB) for
the structures considered in this paper. These confinements 4 |[1028%  |-1342%  10.01270  |-1529% | +104.2% |0.01195
pends on the permittivity coefficients of the Fourier series expa 3 5565 =% 0008103 [-99.9% 159%  looo7eas

sion (3) of the grating profile, which are containedip(x), and
cause a distorsion of e.m. field distribution of fundamental hg 6 |-1902%  [-1212%  |0.005654 |-645%  |+993% 0.005322
monics from “ideal” condition in absence of grating, i®= 0. 5 o0 872% 0004182 |883% 1581% 10003938
As aconsequence, at the resonance the influence of spurious
monicsis minimalsincetheiramplitudes, dependingontheequ ®
alent permittivity, are globally minimized. 9 |-100% 893%  |0002566  |-99.9%  |-1612% |0.002417
The amplitudes of spurious harmonics have been calcula
at the resonance and near the resonance for different profiles (D
= sawtooth, S= sinusoidal, T= triangular, Q= squared, TR=
trapezoidal). Table | summarizesthese amplitudes for both modig8y components in rigorously decreasing order, the space har-
A andB for sawtooth profile at 14.028m and 14.03um, and monic amplitudes are in decreasing order with increasirtgo
shows also the percentage difference of the amplitudes of otkgge Table ). Therefore, in Fig. 2 we observe that the curve for
profiles with respect to the sawtooth D, as calculated at 14.029= —1 (mode A) is closer to that fom = 0 (mode B) in
pm. The alternating signs in some cases are due to the releVégfe of sawtooth rather than for the sinusoidal profile, because
coefficients of Fourier series expansion of grating profile. the amplitudes of sawtooth spurious harmonics are smaller than
In case of sinusoidal profile, the amplitudes of the real paftose of the sinusoidal profile. In fact, the zeroth-order compo-
of E, field component of spurious harmonics fer= 1 (mode nente,(z) is larger in the sinusoidal than in the sawtooth profile,
A) and (modeB) are dominant (in absolute value) with respec© contributing to a weaker guiding of the spurious harmonics
to the other harmonics, and are at least two orders of magnitifl¢he grating region, a stronger coupling with the two slabs
lower than the amplitudes of fundamental harmonics. In fa@&nd larger amplitudes of spurious harmonics. In case of saw-
whenn = 1 (modeA) and (modeB), the equivalent permittivity tooth profile, it can be noted from Table | that the amplitudes
assumes a minimum value because the sinusoidal profile adraitg globally (for both moded and B) smaller than those for
only one spatial frequency, i.e, > 0, ¢, = 0, n # 0. There- Other profiles at the same period (14.029). As a conclusion,
fore, the guided spurious harmonics are weaker in the gratitht¢ curves in Fig. 2 are explained by considering that the contri-
region forn = 0 thann > 0, giving stronger guiding, less bution of spurious harmonics to the total e.m. field is minimum
coupling with the two slabs and much lower amplitudes witft the resonance condition for sawtooth profile, while this con-
increasingn. In a similar way, the resonance conditiah € tribution is increasingly greater for triangular, sinusoidal, trape-
14.031,:m) for sawtooth profile arises when the spurious haroidal and rectangular (50%) profile.
monics in the grating region have minimum amplitudes. This In particular, the rectangular profile exhibits a Fourier se-
can be seen in Table | by comparing the amplitudes for saties expansion like a sin&() function, so giving both positive
tooth profile calculated at 14.029m and 14.031:m. Since and negative not ordered components. This can be clearly seen
the Fourier series expansion of sawtooth profile has its pernifiom the amplitudes of space harmonics for metilend mode

-100.1% -115.7% 0.003224 -125% +96.8% 0.003037
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Fig. 3. Mode radiation loss (dB/mm) versus grating period for different index profiles, +++: sawteottx: symmetric triangularpoo: sinusoidal,. . .:
symmetric trapezoidal, ***: squared (50%). GADC parameters= 3.18, n, = 3.282,n, = 3.18,n,. = ny. = 3.282,n, = 3.45,n, = 3.18,t; = 0.2
pm,t,. = 0.1 pm,t, = 1.45 pm,t;. = 0.45 pm,t, = 0.257 pm.

B, as changed with respect to those of sawtooth profile (s#t small values of period support the power scattering from
Table 1). Amplitudes larger than those occurring in sawtootlgwer to upper slab, while with large periods (> 14 um)
sinusoidal, triangular or trapezoidal profile have been obtaingtle power scattering is favored in the opposite direction. This
Therefore, the resonance condition occurs with a larger deveplains the decreasing (increasing) behavior of radiation loss
tion wavenumber. for mode A (B). Moreover, the radiation loss of Fig. 3 is very
small for both modes (sawtooth profile), even in the presence
of a large number of harmonicgV( = 9, i.e., 19 harmonics,
have been considered). This is due to the fact that, as depicted

The mode radiation loss depends strongly on the grating pin-Fig. 4, the structure with sawtooth profile radiates power
file, as it can be seen in Fig. 3, where the radiation losseswith changing the period in an orderly way, the2S space
both modes 4 and B) are given versus the grating period foharmonic efficiency of model [-25(A)] being always larger
the index profiles above described. than—2A4 and—35, the efficiency of harmonie-15 of mode

The behavior of radiation loss curves can be explaindgl being larger thar-14 and—25, and so on.
by considering the amplitudes of radiating harmonics. For More symmetric profiles than sawtooth, as triangular or si-
sawtooth profile, the amplitudes of radiating harmonics arasoidal, also exhibit losses quite low, but an increasing con-
in strictly decreasing order as those of spurious ones, thiibution to total loss of the modd with respect ta3 occurs,
the harmonicn = —1 for mode B andn = —2 for mode since the dominant radiating harmonic of madlér = —2, see
A are dominant with respect to the others. In Fig. 4, theig. 5 for triangular profile) scatters more power (compare with
normalized radiation efficiency of space harmonics scatterifigg. 4). It is immediate to think that index profiles described by
in the substrateq) and in the overlay 4) is sketched as a a larger number of harmonics presents an increasing radiation
function of the grating period for the sawtooth profile. Theffect, as confirmed by the curves relevant to the rectangular
normalization is referred to the net sum of all the radiatiofb0%) profile (***) in Fig. 3. Here, the losses of both modes are
harmonics for each mode. It demonstrates that the domingarger than in other profiles, since a significant power is radi-
harmonics radiate the most of lost optical power in the substratieed by a number of space harmonics, ranging frosm —2 to
and in the overlay {15 and —14 for n = —1, and—-2S -9 (modeA) and from to—9 (mode B). The curves of radia-
and —2A for n = —2, respectively), i.e., the space harmoniction losses are characterized by an increasing (decreasing) and
having propagation constant closer to guided harmonics radittien decreasing (increasing) behavior for medéB), as it is
the most of optical power. Therefore, the curves of radiatiartear in the curves of rectangular profile and, more slightly, in
loss for sawtooth profile (Fig. 3) follow the behavior of thes¢he others. This behavior can be understood from Fig. 6, where
dominant harmonics with changing the period. It must be not#lte normalized radiation efficiency is reported as a function of

B. Mode Radiation Loss
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Fig. 4. Normalized radiation efficiency of space harmonics in the overgyafd substrateY) versus grating period for sawtooth profile (modésnd B).

the grating period. A comparison of curves in Fig. 6 with thossith n = 0 and+1) have been calculated at the resonance for
in Fig. 3 clearly shows that 1.5 constitutes the dominant spacea number of profiles, i.e., sinusoidal, sawtooth, rectangular and
harmonic of the modé3. By similar considerations, the curvetriangular. For example, in case of sinusoidal profile it is clear
of radiation loss for model mainly depends or-2A space har- that the overlapping of these field distributiofgss + ¢ 5) pro-
monic, which is dominant too. Then, the strong increase of modeces the field reinforcement in the upper slab and the field re-
radiation loss (Fig. 3) for the rectangular profile with respectuction in the lower guide (first case). The contrary occurs in
to other profiles (in particular, sawtooth) is connected to largére second case, whén,s — ¢5).
radiation efficiency of dominant harmonics and larger number Since each guided mode is given by only two space har-
of harmonics radiating significant power at each grating periadonics, we can write
(i.e., stronger power mixing among the higher order harmonics). " " ik o4

Results for sinusoidal profile demonstrate that the small losgPa (@) = [f5 (@) + f21 (@)™ " lexpli(By + joa)?]
decrease for mod® (see Fig. 3) is due to the behaviorefl  ¢p(z) = [f3*(z) + L1 (z)? " *lexp[i(BF + jap)z] (13)
harmonic radiating in the substrate 1.5), which strongly de- o
creases up th = 13.95 um, and then increases. Since th&nd the total EM-field is
behavior of—1 harmonic radiating in the overlgy-1A4) is ab-
solutely symmetric, the radiation loss curve Z(ZLmorZstrates tha{m(x) * (,mi(x)' -
n = —1 radiating in the substrate again constitutes the dominant = [¢/™ [fg* (z)e ™4 + f (z)e™ 47717
space harmonic for mod# and, similarly, the curve of radiation + ciBs [fB(x)e="* + fP(x)e™>m*e/ K= (14)
loss for mode A depends on2A space harmonic. The curves
of radiating efficiency for triangular profile (Fig. 5) confirm thatwhere 4, cp are the relevant leakage factors. Singg¢ =
the dominant harmonic is 15 for modeB and—2A for mode 85t — K — &, (14) can be rearranged in the form
A. This profile has intermediate characteristics between saw-

tooth and rectangular both for shape, coefficients of Fourier se- |pale) £ ¢B($)| ’ .

ries expansion and harmonic amplitudes, and the distribution ~ | £t (x)e™ 4% 4 fA (z)emazemiR=

of radiation gfficiency presents intermediate prope_rtie;, too. In + fB(x)empF eI Kzt

fact, the radiated power mixing among the harmonics increases + [B(x)emnEemi%. (15)

from sawtooth to triangular to rectangular profile.

. - In z = 0, we have
C. Coupling Length and Efficiency

The electric fieldy-component for the moded (4.4, in- [palz) + dnle)| = |f'(2) + f2(2)
cluding then = —1 and “0” space harmonics) anlt (¢z, + f3(z) + fP(2)]. (16)
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In other words, the EM-field is given by two contributionson the coupld f3!, fZ) and the latter on the couplg,, /&)
in both cases [sigH or — in (14)—(16)], the former depending of quasi-synchronous components, respectively. By minimizing
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one contribution with respect to the other, the condition of maiateresting to note that the optimal period increases with in-
imum power transfer (coupling length,.) in both cases can be creasingn, for moderate asymmetric structures (having<

found by (17) at the bottom of the page. 3.3), while it decreases for strongly asymmetric ones. A signifi-
The coupling efficiency in both cases is given by (18) alscant discrepancy<0.12%) in the evaluation of resonance con-
shown at the bottom of the page. dition has been observed with respect to results given in [15] for

ne = 3.45. This is probably due to the limited number (12) of
space harmonics retained in that algorithm, while in this work 19
space harmonics radiating in the overlay and 19 in the substrate
A detailed investigation of Marcuse structure [8] as a fundrave been used. The coupling lengths and coupling efficiency,
tion of lower slab refraction index has been carried out. Firsis calculated by (17) and (18), are shown in Figs. 7 and 8, re-
the resonance condition has been determined-at0.1 xm, spectively, for different grating profiles (solid lines). An optimal
no = 3.282, for sinusoidal and rectangular (50%) profilesrectangular profile, with optimized duty cycle has been also de-
Results giveA = 26.775 pm (sinusoidal) and\ = 26.799 termined by reducing the coupling length as much as possible.
pm (rectangular). Then, the coupling length and efficiency hahe minimum coupling length is obtained with a duty cycle
been determined by (17) and (18) for rectangular profile at  ranging from 42% (forh, = 3.282) to 32% (forn, = 3.52). In
26.775 andA = 26.799 pm. The values show a very little dif- Fig. 7, the increase of coupling length fes > 3.47 obtained
ference £0.088%), i.e.L. = 1.4726 mm and1.4739 mm, re- with a lower duty cycle (29%) is also shown for comparison.
spectively, which is shorter than one grating period. A slightigoupling lengths calculated far, > 3.42 are practically the
greater difference{0.97%) has been obtained7at = 3.45, same if the duty cycle is included between 32% and 50%, but at
t =01 pm,ie,L. = 14730 mm (A = 14.029 xm) and the expenses of a lower coupling efficiency (see Fig. 8). There-
1.4875 mm A = 14.033 pum), which is of the order of one fore, the “inf’ and “sup” section lengths of the grating period
grating period and, then, negligible. In this last case, the efre demonstrated to be not critical parameters even for strongly
ficiency results 98%. This circumstance demonstrates that #symmetric GADC. In Fig. 7 the coupling length as calculated
resonance condition obtained by sinusoidal profile representsyaMarcuse [8] is also given, showing that results derived by
very good, practical approximation of grating period, even f@MT and similar methods are usually underestimated. Our re-
strongly asymmetric GADC's. Since only five space harmonicilts demonstrate that the coupling length increases versus the
(N = 2) are to be used in the calculations with sinusoidal profiladex profile as closer as the effective index of metwith re-
instead of a minimum of 19Y = 9) for more complicated pro- spect to that of mod® (see Fig. 2), as expected. In other words,
files (such as sawtooth, rectangular or triangular), the requirgtth sawtooth profile represents the worst case with respect to the
average CPU time is much lower (3 s instead of 85 s by usingupling length and the best to the radiation loss, while the con-
a 233-MHz compatible PC). This allows a very fast proceduteary occurs for rectangular profile.
for real time optimal design of arbitrary GADC structures, since The curves of coupling efficiency (Fig. 8) show a strong de-
the search of resonance condition is the more critical aspectpendence of asymmetric profiles on the degree of GADC asym-
The resonance period&) have been calculated by sinusoidaimetry, while a slight dependence of symmetric profiles, such as
profile in a number of cases, ranging from = 3.282 to sinusoidal, triangular and rectangular (50%) can be noted. This
ne = 3.52, together with the grating period\(), approxi- circumstance occurs because the symmetric profiles scatter the
mated by CMT. The percentage error is less than 0.07%. Itrediated power by higher order space harmonics toward the sub-

D. Influence of Lower Slab Refraction Index

(L) = minfp(2)] 17)
where
+oo +oo
cos(z/2) [ Ui @eeor £ Peee dut jin(oz/2) [ U3 fPeon ] do
p(z) = oo e :
cos(s/2) [ (A (e fPemon] o jsin(02/2) [ A @ F e do

/ T cos(62/2) [f4 (e)eabe & fBeanle] 4 jsin(52/2) [f4 (e)eabe 3 fBeanle] 2 gy
n="—> T : (18)
/ FA () T S de
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strate and overlay in a similar way, less influenced by the indéifferent scattering in the substrate and the overlay, depending
difference between the two GADC slabs. On the contrary, asyn the GADC structure, and the coupling efficiency varies a lot.

metric profiles such as sawtooth and rectangular ones exhibitlzerefore, a

smaller coupling length must be paid by a lower
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Fig. 9. Coupling length (mm) versus grating deptim() for different index profiles, +++: sawtoottx, x x : symmetric triangularoo: sinusoidal, ***: squared
(50%), boxes: optimized rectangular (42%). GADC parametess= 3.18, n; = 3.282,n, = 3.18, n,. = ny. = 3.282,n, = 3.18,t; = 0.2 pm,
to = 0.4238 um,t, = 1.5 — ¢,./2 pm, t,. = 0.5 — £,./2 um, t,. ranging from 0.01 to 0.15m. CMT and TMM predictions are included.

coupling efficiency. Results have been compared with those cafth ¢ ranging from 0.01 to 0.1%xm. The curves have been
culated by (12) and by the following approximated expressiatetermined by evaluating the resonance condition versus the

given in [16]: groove depth by using the sinusoidal profile. The symmetric
profiles exhibit higher efficiency with respect to the asym-
6L, 6 metric ones with increasing the groove depth, but the best

tan < ) ~ 2 (19)  condition (lowest coupling length) is obtained again with the

optimized rectangular profile (42%), which is characterized by

The agreement of our results with those obtained by (12)adarger value ob. In our calculations the resonance condition
very good, the error being less than 2.4%, while (19) leadsltas been compared with that predicted by CMT and TMM
more approximated values, with an error of about 4.9%. Fig.approaches with changing the maximum difference being
shows the predictions by (19) as dashed lines, while in Fig.-80.067% (CMT) andt+0.73% (TMM) att = 0.15 um. Then,
the relevant coupling efficiencies are sketched. This is becatbke coupling length and efficiency have been calculated by
the mode radiation losses are not usually negligible and, in pére three methods (LMP, CMT, and TMM). The aim was to
ticular, are not equal (particularly in rectangular profiles), as agstablish how critical is the evaluation of grating period and its
sumed in [16]. Therefore, the LMP approach, derived by Flinfluence on the predictions of coupling length and efficiency,
quet theory, is confirmed to be an extension of the coupled mogleen in GADC with moderate asymmetry. It is clear that an
theory involving leaky modes and an arbitrary number of high@rcreasing discrepancy of LMP results from those obtained by
order space harmonics, where the (12) can be again used wiibre approximated methods can be noted as large as the groove
the values of propagation constants corrected by the presenceeyith. Predictions of coupling length by CM¥42.25%) and
the grating. This is a general result, not depending on the GADO®IM (—45.45%) att = 0.1 pm are strongly underestimated,
parameters, such as lower slab refraction index or groove degtlso for very small groove depths. Moreover, the coupling
or grating profile. efficiency as calculated by both CMT and TMM is much lower
than that in Fig. 10, of the order of 60%.

Finally, an investigation of the influence of the grating period
on the coupling efficiency has been carried out for the GADC
Calculations of coupling length and efficiency have beestructure withn, = 3.45 andt = 0.1 xm. Results demonstrate
also performed as a function of groove depth. Figs. 9 and fltat the fabrication tolerance is greater for rectangular (about
show the coupling length and efficiency obtained for differerit.2 .m, with efficiency changing from 98% to 60% and duty
grating profiles atn, = 3.282 (quasi-symmetric GADC), cycle from 33 to 50%) than for sinusoidal profile (about 0.16

E. Influence of Grating Depth
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Fig. 10. Coupling efficiency (%) versus grating deptim() for different index profiles, +++: sawtootl, x x : symmetric triangulagoo: sinusoidal, ***: squared
(50%), boxes: optimized rectangular (42%). GADC parametess= 3.18, n; = 3.282,n, = 3.18, n,. = ny. = 3.282,n, = 3.18,t; = 0.2 um,
to = 0.4238 um,t, = 1.5 —¢,./2 pm, t;. = 0.5 — ¢,./2 um, ¢, ranging from 0.01 to 0.1Em.

M), since the former is less influenced by the period changesculations by LMP with respectto TMM and CMT as large as

around the resonance condition. the grating depth. As a conclusion, the rigorous LMP method
has allowed to determine how critical is the grating period
IV. CONCLUSION on the GADC design parameters and performance. Further

vestigations will be possible by this method for studying
ﬁ%e wavelength dependence (spectral behavior) of strongly
gaymmetric structures as a function of grating depth.

The rigorous approach of leaky mode propagation h
been used for the optimal design of InP-InGaAsP—InP—I
GaAsP-InP grating-assisted directional couplers. A detail
explanation of GADC behavior versus index profile is given,
showing that the minimum wavenumber deviation is obtained ACKNOWLEDGMENT
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