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Abstract 

In this paper we outline a simple procedure to obtain an equivalent z-invariant waveguide for a given graded index segmented 
waveguide. In particular, the proposed model is shown to predict accurately the modal spot size and the effective indices of the 
fundamental and the first higher order modes of a planar parabolic-index segmented waveguide over the entire range of duty 
cycles. The result should be useful in simplifying the analysis of general graded index segmented waveguides. 

1. Introduction 

Segmented waveguides consisting of a periodiz lin- 
ear array of high index regions embedded in a lower 

refractive index surrounding have recently attmcted 
considerable attention for applications to both nonlin- 
ear [ 1,2] and linear [ 3,4] devices. These waveguides 
differ from the conventional waveguides in having a 
periodic linear array of high index regions along the 
propagation direction which are responsible for wave- 

guidance (see Fig. 1). In order to fully exploit the 
special characteristics of such waveguides, it is very 
important to model these waveguides to obtain the 
propagation characteristics such as the effective index, 
mode field distribution, loss etc. in terms of various 
parameters such as period of segmentation, duty cycle, 

transverse dimensions and refractive index profiles of 

the guiding regions. There have recently been ,jome 
studies on the modelling of linear characteristics of 
step-index [ 4,5] and parabolic-index segmented wav- 
eguides [6] and some experimental studies of 
segmented waveguides in LiNbO, [7-91 and KTP 

[lOI. 

An exact analysis of segmented waveguides is com- 

plicated due to sharp transitions in the refractive index 

along the direction of propagation. It was pointed out 

in Ref. [ 51 that the modal effective index and the cor- 

responding field distribution of step-index segmented 

waveguides can be obtained from an equivalent z- 

invariant waveguide (where z is the direction of prop- 
agation) whose refractive index profile is given by a 
weighted average of the high and low index regions. 

This result was also confirmed by using BPM for step- 
index segmented waveguides [4]. The equivalent 

waveguide model makes the study of segmented wave- 

guides much simpler. 

In a recent letter, we have shown that the fundamen- 
tal mode of a graded index segmented waveguide with 
an infinitely-extended parabolic refractive index profile 

in the transverse direction has a Gaussian field distri- 

bution [6]. The modal characteristics such as the 
dependence of the effective index on the duty cycle and 
the period of segmentation were similar to those 
obtained for step-index segmented waveguides [ 4,5] 
with the exception that, since this waveguide was 
assumed to be infinitely extended in the transverse 
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Fig. I. (a) A generic planar periodic segmented waveguide with 

period A consisting of alternate regions of high index (shown 

shaded) and low index segments. (b) The Longitudinal cross section 

of a buried periodic segmented waveguide. A is the period of seg- 

mentation. 

dimension, the waveguide does not possess any loss. 
In this paper we show explicitly for the first time the 
validity of the concept of an equivalent z-invariant 

waveguide to graded index segmented waveguides by 
considering the specific example of the parabolic-index 

segmented waveguide. The values of the spot size and 
the effective indices of both the fundamental and the 
first higher order modes obtained for the segmented 
waveguide and the equivalent z-invariant waveguide 
match very well. This result should prove useful in the 
analysis of graded index segmented waveguides with 
different types of refractive index profiles. 

2. Theory 

Consider a parabolic-index planar segmented wave- 
guide with high-index segments of length d (along the 
z direction) having the following refractive index var- 
iation: 

n*(x, z)=n:(l-c#), O<z<d, 

=n Z, d<z<A, 

with 

n(x, z+n> =n(x, z), 

where A is the period of segmentation, n, is the axial 
refractive index and CY is a measure of gradation of the 
refractive index profile. The low index regions of length 

(A - d) are assumed to be homogeneous segments of 
refractive index n2 (see Fig. 2). Thus the above struc- 
ture corresponds to an embedded segmented wave- 
guide with a symmetric parabolic index distribution 
about the z axis. The variation in the density of dots in 
the high index region in Fig. 2 is a qualitative represen- 

tation of the parabolic index distribution. Although seg- 
mented waveguides with an infinitely extended 
parabolic index profile are rather unrealistic, it permits 
analytic solutions which can be used to approximate 

propagation through buried graded index segmented 
waveguides. By using the ABCD matrix formulation of 
Gaussian beam propagation, in Ref. [ 51 we had shown 

that the fundamental mode of such a segmented wav- 
eguide has a Gaussian field distribution, and had 
obtained analytical expressions for the Gaussian spot 

size and the effective index of the mode as a function 

of the period and duty cycle of segmentation. It was 
shown that the spot size of the mode varies along the 

propagation direction and reproduces itself after every 
period of segmentation. Since the Hermite-Gaussian 
field distributions form a complete set of orthogonal 
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Fig. 2. A parabolic index planar segmented waveguide described by 

Q. ( I ) with period A. The dotted regions represent the high index 

segments. The mode field distribution in the transverse plane P is a 

schematic of the fundamental mode field. 
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functions, the higher order modes of this wave,guide 
would also have Hermite-Gaussian field patterns. with 

the same beam-width parameter as that of the fluida- 
mental Gaussian mode. 

In order to extend the concept of equivalent z-invar- 

iant waveguides, as put forward for step index seg- 
mented waveguides in Ref. [ 61, to the case of graded 

index segmented waveguides, we determine the equiv- 

alent z-invariant waveguide corresponding to the seg- 
mented waveguide given by Eq. ( I ) as follows: 

At every value of x in the transverse plane (perpen- 
dicular to the direction of propagation) we deter- 
mine the periodic variation of the refractive index 
along the z-axis. This periodic index variation 

would obviously be a step function having the same 
period and duty cycle of segmentation for all values 
ofx (see Fig. 2). 

We then construct the refractive index profile n,(x) 
by using the values of the weighted average Iof the 
refractive index variation at each value of x: 

n,(x) =n(x) + +n* 
( 1 

l- ; . 

neq(x) given by the above equation represents the z- 

invariant refractive index profile of the corresponding 

equivalent waveguide. Thus the equivalent waveguide 
corresponds to a graded index planar (non-segmented) 
waveguide with a refractive index distribution nCq(x). 

In order to test the validity of this model for the 
parabolic-index segmented waveguide, we first obtain 

the refractive index profile of the equivalent z-invariant 

waveguide by employing the above procedure. The 
resulting equivalent waveguide also has a parabolic 
refractive index profile with the following distribution: 

with 

n,P* 
n,,.,=n,y+n,(l-y); a$= -, 

h.q.1 

where y ( = d/A) is the duty cycle. The modes of the 
refractive index profile given by Eq. (4) are the Her- 
mite-Gauss distributions. The effective indices of these 
modes are well known (see, e.g. Ref [ 1 1 ] ), and are 
given by 
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Fig. 3. Variation of the spot size parameter and the effective indices 

of the fundamental and the first higher order modes of a parabolic- 

index segmented waveguide with the duty cycle of segmentation. 

The curves corresponding to the above variation obtained by using 

the equivalent waveguide model are indistinguishable from those 

obtained by direct calculations for the segmented waveguide. 

I/Z 

ndf ) 

where k, is the free space wave number and m = 0, 1, 
2, . . . The corresponding expression for the spot size of 
the Gaussian mode is 

weq= &. 
3. Results and discussion 

Fig. 3 shows the variation of the effective index of 
the fundamental and the first higher order mode of a 
parabolic-index segmented waveguide with the follow- 
ing values of the various parameters: 

ni = 1.875, n2= 1.85, 

ar=O.O3 pm-‘, Ao=0.85 pm, A=5 pm. 

The values of n, and n2 are typical of rubidium 

exchanged waveguides formed in KTP [ 11. In a seg- 
mented waveguide since the spot size varies periodi- 
cally with z, we define an average spot size as 

A 

1 
wav= - 

A 
w(z) dz. 



30 K. Thyagarajan et al. /Optics Communications I2I (1995) 27-30 

Table I 
Comparison of the spot size and the effective indices of the funda- 

mental and the first higher order modes of the segmented waveguide 

and the corresponding parameters calculated using the equivalent 

waveguide model for different values of duty cyle 

Duty Segmented waveguide 

cycle 

Equivalent waveguide 

0.01 6.9586 I .850046 1.849637 6.9585 I .850046 1.849637 

0.1 3.9123 1.851854 1.850563 3.9119 1.851854 1.850562 

0.3 2.9707 1.856383 1.854149 2.9704 1.856383 1.854147 

0.5 2.6124 1.861060 1.858180 2.6125 1.861060 1.858176 

0.7 2.3997 1.865799 1.862396 2.4001 I .865798 1.862390 

0.9 2.2522 1.870574 1.866721 2.2525 1.870573 1.866712 

0.99 2.1987 1.872731 1.868692 2.1988 I.872730 I .868683 

In Fig. 3 we have also plotted the variation of the aver- 
age spot size. The results obtained using the equivalent 
waveguide model described above are indistinguisha- 
ble from the corresponding curves shown in Fig. 3. In 

view of this, in Table 1 we have shown a comparison 

of the values of the effective indices of the fundamental 

and the first higher order modes and those obtained 

using the equivalent (z-invariant) waveguide for dif- 

ferent values of the duty cycle. The spot sizes of the 
Gaussian mode obtained using both the methods are 

also given. The effective indices obtained using the 

equivalent waveguide agree with those of the seg- 

mented waveguide to six significant digits over the 

entire range of duty cycles from 0.01 to 1.00. The 
corresponding spot sizes also agree to four significant 

digits. Thus, just like the case of step index segmented 

waveguides, the equivalent z-invariant waveguide 
model is also applicable for the case of a parabolic- 

index segmented waveguide. By explicitly demonstrat- 

ing the applicability of the equivalent waveguide 

concept to parabolic index segmented waveguides, we 

have shown that the concept is also applicable to 

graded-index segmented waveguides. 
Although the infinitely extended parabolic profile 

that we have considered above is unrealistic, one can 
approximate1.y model practical symmetric graded index 
waveguides by a parabolic refractive index profile close 
to the axis of the waveguide. And, since the fundamen- 
tal mode would be mainly confined near the axis of the 

waveguide, the propagation characteristics of the fun- 
damental mode of a practical hurried waveguide would 
be very well approximated by the mode of the infinitely 
extended parabolic profile that we have analyzed. Thus 
the present analysis can be. used for studying more 
genera1 embedded graded index segmented wavegui- 
des. 

4. Conclusion 

In this paper we have outlined a procedure to obtain 
an equivalentz-invariant waveguidefor a givengraded- 
index segmented waveguide. The model is shown to 
work extremely well for an infinitely extended para- 

bolic-index segmented waveguide over the entire range 
of duty cycles. This result should prove to be useful in 
the analysis of general graded index segmented wave- 
guides. 
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