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An gpproximate theory, giving indght into the effects of device parameters on loss in segmented
waveguides, is presented. Computationa results on low and high loss structures, and structures showing
anomalous length dependence of the loss are discussed.
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Introduction

Segmented waveguides (SWs) have raised a lot of interest due to their potentid as devices for
quas-phase maching in second hamonic generation (SHG)[1], for tuning the sze of the modd
fidd [2] and for senaing [3/4]. In the latter use is made of the dependence of the loss on the index of
the segments. Optimization of SWs for any of these or other purposes involves many parameters,
relaed to both the basc dructure of the waveguide (WG) and its segmentetion, i.e, the digtribution
of trandtions adong the propagation direction. In order to be able to get indght into the effects of
these device parameters we have developed the spectrd decomposition method (SDM). This 2D
method, which is correct only in the limit of low losses leeds to andyticad expressions for the
rdaivelossin termsof the ssgmentation and the parameters describing the basic structure.

The rest of the paper is organized as follows bdow the man feaures of the SDM ae
introduced. This is followed by a section in which results are shown, discussed and compared with
that of the finite difference beam propagation method (BPM) [5] and the mode expanson method
(MEM))[6]. The paper ends with conclusions.

Theory

Bdow andyticd expressons will be given for modd losses in a 2D SW for an abitrary
segmentation. The polarization is assumed to be TE, TM polarization can be treated dong the same
lines. A time-dependence exp(iwt) is assumed but suppressed. The wave equation to be solved is
o An Layer 1 given by (see dso figure 1):
P 2 =
= Segmentation Mo+, +koe(x, 2} E, 0. @
layer, m Here ko(o 2p/l) is the wavenumber and

ubstrate e(x,2)(° n’(x,2) is the reaive permittivity.
layer p Inthe below it is assumed that we may write
Figure 1. Schematic picture of the considered e(x,z) =e,(x) +h(x)g(2)De, ()

waveguide, with segmentation in one of the layers where e, describes the socaled basic

dructure, assumed to be mono-modd, De describes the change in permittivity, which is here
assumed to occur in one layer, layer m for which h(x)=1; h(x) =0 in the other layers. The
segmentation is described by g(z), which may be of any form. It is assumed that the segmentation

occurs for, say z3 0, and tha for z<O0 the incoming fidd is that of the fundamentad mode,
corresponding to the basic Sructure, given by:

By =ey(X)exp(-ib,2), €)



with propagation condant b, °© k,N,, where N, is the modd index. It is assumed that the
fundamental mode propagates undepleted dong z. The tota field iswritten as
E,=E,+E, @
where E; is the fidd excited by the perturbation. Below we will concentrate on solving the radiative
part of it. Subgtituting (4) into (1) leadsto:
{1, +1, +tkie }E, = A(E, + E,) » AE;; A° -g(z)h(x)k;De. )
Here we used the moda fidld equetion for E,, and for the second equdity that the effect of
moduletion is week. In the SDM (5) is solved by taking the Fourier transform of (5) with respect to
z, and solving the reaulting equation for each velue of the spatid frequency, k,, corresponding to

radiation modes.
A lengthy but rather draightforward derivetion [3] leads to the following expresson for the

power, radiated into the substrate and the dladding, Pp and B, , respectively:
K Ky K
P, +R = GoH, [P dk, + GoH,|* dk,° ¢HIG, I dk, , (6)
-K - Ky -K
with K, © kyn,, K© kongand H°|H, |> +|H . Therdativeloss, h,isgivenby:
h :(Pp+Pl)/P0! )
with R, the power of the incoming fundamentd mode The characterigic functions, H,,,
introduced in (6) are given by:
[H, la, It (T, +S) {2D(K; - b} I* /(2k,Z,) ©)
and [Hi 0 lay 1t (T, + S,) 2D (k7 - bg)} I* /(2koZo), ©
with Hy, , =0 if | k, [> k;n,, ,. Inthe above the following notations have been used:

a, ° k- ksnf,1=1p,m; D°exp@,d,)- rufep(-a,d,); Z, °Jm/e,;

T ° Ti&m(0)A+rm) /an - €m(0)d- Fmm); To © M€ (dm)d+rg) /@y + € n(dy)@- Fip);

§ ={exp(ad,) - ry exp(-a,d,)}e, (dy) - {exp(ad,) + ry exp(-a,d ) .8, (dn) /2,

S, =-{exp(a,dn) - M eXP(-a ndr)} & m(0) - {€Xp(@ dpm) + Iy XP(-a A )} 1580 m (0) /@ -

d,, is the thickness of segmentation layer m, reflection and transmisson coefficients are denoted by

r and t, respectivdly and should be evauated for k.. The fidd of the incoming zero-order mode in
layer mis denoted by €, (x), ad we have used a locd coordinate system for layer m (x=0- d,)).

The function G, correspondsto the Fourier transform of g(z) asfollows

¥

Gy(k,) © k2Decp (2 expli(k, - b,)Zdz/+/2p (10)

Results and discussion

To illugrate the above we condder a three-layer structure, with refractive indices of 1, 1.8 and
1.457. The wavedength is chosen to be | =1nm. The centrd layer is segmented, and its thicknesses

ae chosen to be ether d,=500nm or d,=591nm, corresponding to modd indices of
N, =1.6795 and N, =1.7034, respectivdly. The thickness d, =591Inm corresponds to a specid
Stuetion (see below) for which the first order mode isjust below cut-off,i.e, | D |~ 0 a k, ~<k;n,.



The characterigic functions H as a function of ng (° k,/k,) ae given, for both consdered
thicknesses, in figure 2. As follows from the above H is an even function of n, . For the relaively

gmple (threelayer) dructure the functions H ae adso smple showing only a few maxima and
minima Choosng n, 3 n,, the large vaues & |ny [<~n, (note here p=3) ae typicd, and ae
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Figure 2. Characteristic functions H, for the two considered thicknesses and a modal power of P, =1W/m

(Ieft hand side). The right hand side shows a detail.
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Figure 3. Relative loss as a function of z for two

different grating periods (see text, Ce = 0.01).
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Figure 4. Decay condant, g, as a function of
(De)? for two different grating periods (see text).

related to the teem (k- by )? occurring in the denominator of (8). At |ng |=n, usudly H =0, as
there a , =0, unless there is a resonance (i.e, D =0) exactly a that postion. Then it can be shown
[3] that H p 1/ \/KZ - kZ . This explains the strong enhancement of H at | n,, [<~n, in figure 2, for

d, =591nm, for which the resonance (i.e. | D |~ 0), occurs just below cut-off.
In this paper we condder gratings with segments of egud lengths (duty cycde 0.5; period L ).
From (10) it can be shown that then |GZ| consists of a centrdl pesk a n, =N, and pesks a



« =Ny +(2m+2)I /L, where m is an integer. The weight of the latter pesks is proportiond to

1/(2m+1)?. All pesks narrow if the length of the grating isincreesed.

The above features in H can be utilized to desdgn low-loss or, as desred for SW sensors, high-
loss SWs. Examples thereof are given in figure 3, showing the relaive loss h, as a function of z
according to the SDM for the cases of indicated grating periods, both caculations used Ce =0.01.
The considered grating periods correspond to afirs-order (m = - 1) peak of | GZ | coindidingwith

10’ the pesk in H atng =141 and with the zero of
| H a ng =126, Ieadlng, as expected, to high
SOM " and low loss SWs, respectively.

28 s e ] If the index contrast increases the large
k. g o 1 difference between the losses for the two grating
.5 - | periods remains until De » 0.3. This can be seen
2 ,a’” from the MEM cdculaions given in figure 4,
! P 1 showing the decay condant g, defined by
i 1 R@=R0Oen(-®).

o . . ; L N If there is a resonance at cut-off and if dso the
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_ iy _ 1™ order pesk of |G, | is dso podtioned exactly
Figure 5. Anomalous length dependence in the With ny = n, it can be shown with the SDM [3]

SW, with d, =591nmand Ce = 0.0036 .

that h p z*°. Hereby the relativey small effect
of the other pesks in |G/ | has been negleded. The above behaviour is similar to the anomaous
length dependence of Cerenkov SHG [7,8]. Figure 5 shows the gpproximate h p z-° dependence,
according to both SDM and BPM, for the case that d, =591nm and a graing peiod of
L =4.0577mm, coresponding to a 1% order pesk in |GZ| @ ng, =n,. This remarkable result is
dightly counterintuitive, but well underdandeble in the light of the above on increesng the length
of a grating the k,-region of the excited radiation modes (i.e, pesks of |GZ |) dways narrows; if

the excitation to these modes (i.e, H) in the consdered region is pesked the reative loss will
increase faster than linearly with the length.
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Conclusions

An gpproximate theory, leading to andyticd expressons for the loss in SWs has been presented.
The theory opens the way to study the effect of device parameters on dl kind of phenomena that
may play arolein SWs
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