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Complete Single Mode Condition for Silica-Titania
Rib Waveguides on Glass Substrates

Cuma Tyszkiewicz

Abstract—A single mode condition (SMC) for silica-titania rib
waveguides on glass is the subject of this work. There are two
mechanisms leading to the single mode propagation of a lightwave
in rib waveguides. Considering waveguides whose rib width is
greater than a thickness of a parent-slab waveguide, the one that
would be created by extending the rib in the horizontal direction,
the first mechanism is related to the leaking of HEq; and EHgp,
modes to slab waveguides on either side of the rib. The second
mechanism is related to cut-off of those modes. Presented condition
is expressed by two criterion functions. The first function, corre-
sponding with the first mechanism, was introduced in our previous
work describing the SMC for shallow rib waveguides. The second
one, allowing to predict when the first order modes are cut-off is
presented in this work. As a result, the complete SMC is formulated.
It allows to predict a range of morphological parameters in which
propagation is single mode, not only in shallow but also in deep rib
waveguides. Moreover, considering the leaking of the HEy; mode,
it is shown that the prediction is accurate by using coefficients of
criterion functions obtained by the linear interpolation.

Index Terms—Integrated photonics, optical design, rib optical
waveguides, single-mode conditions.

I. INTRODUCTION

IB and strip waveguides are the core components in variety
Rof optoelectronic [1],[2] and photonic devices [3],[4].
They are a part of many planar integrated circuit (PIC) de-
signs. Single mode propagation is favorable, or even neces-
sary, considering devices that are designed for application in
integrated optic telecommunication systems, [5],[6] quantum
communication applications [7] and integrated optic chemical
and biochemical sensor systems [8]-[10], especially those which
use the evanescent wave spectroscopy technique [11],[12]. Lim-
iting our attention to devices belonging to the second group, it
is interesting to note that rib waveguides are being used two
different ways. They can be a part of an optical measurement
transducer responsible for detection of a measurand directly
[13],[14] or via interaction of the latter with a sensitive film
[15],[16]. In this case PICs contain planar interferometers, which
are converting variations in the optical phase to light intensity
changes [17],[18]. Sensitivity of interferometric measurements
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Fig. 1. Schematic of the rib waveguide investigated in this paper. A parent-

slab is the slab waveguide having thickness H whereas a side-slab is the slab
waveguide having thickness H-t. Parameters description: w - rib width, ¢ - rib
height, ng, ny, n. - refractive indices of a substrate, waveguide film, and cover
(ambient).

is limited by interferometric contrast. Therefore application of
single mode waveguides is necessary to achieve high interfero-
metric contrast. As shown in the paper [19], the ability to guide
the light in the single mode regime by SOI rib waveguides is
necessary for resonant spectroscopy measurements. However, it
is not the only reason to which single mode propagation regime
is of the great importance. The homogeneous sensitivity of slab
waveguides are maximum if those waveguides are single mode,
have a step-index refractive index profile and their thickness is
slightly greater than the cut-off thickness [20]. Whereas authors
of the paper [9] showed that surface sensitivity of rib and strip
waveguides is higher in a single mode propagation regime. The
second function of rib and strip waveguides is the distribution
of an optical wave among the components integrated in a PIC
[21]-[23].

Research on single mode propagation conditions began with
the search for such geometrical parameters of rib waveguides
which allow to achieve efficient coupling between single mode
rib waveguides and single mode optical fibers. Researchers
began studying so called “large cross-section rib waveguides”.
As a result, several single mode conditions (SMC) for rib
waveguides were formulated. They have a form of inequalities
operating either directly on the morphological parameters of rib
waveguides that are characterizing their transversal sizes - H,
w and ¢ (Fig. 1) - or on the dimensionless, effective parameters
u and r derived using the equations in the footnote of (1). The
first SMC was given by Petermann [24]. It was derived solely
on a basis of the effective index method (EIM) [25],[26] and
therefore is being referred as the EIM condition:

1/2

u<r/(1-r?) (1)
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Fig. 2. The diagram presenting subsequent steps of the analysis presented in
this paper. Morphological parameters of rib waveguides and side-slab waveg-
uides are presented in Fig. 1. S(r), C(r) - functions approximating u(rss¢) and
u(rcfp), a,b,c.d - coefficients of S(r) and C(r).

where u = Weg/Hett, ¥ = het/ Hott, hett = h+q, Hogg = H+q, Wefr
= w2y {k(nf-n?)"?), q = vl (k(nf-n )" )4yl {k(ng-
nHY?},n 1> s and n. are refractive indices of the guiding region,
substrate and cover, respectively. The parameter v depends on
a polarization of the guided wave, 7.5 = 1 for HE,, modes
(quasi-TE) and .5 = (nc’s/nf)2 for EH},, modes (quasi-TM).
Finally, k = 27/A where A is a wavelength. The equations in the
footnote of (1) are from [27].

The EIM condition was reformulated by Soref et al. [28] by
adding a constant parameter to its right-hand side. Moreover it is
accompanied by a range of applicability provided by the second
inequality:

1/2

u<as+r/(l1—r?) 2)

05<r<10 3)

The authors reasoned that in this range the rib waveguide first
order modes (HEy; or EHy) leak to slab waveguides on either
side of the rib. The latter are further referred to as “side-slab”
waveguides. In that range side-slab waveguides are thick enough
to sustain the fundamental mode, of the corresponding polar-
ization. Actually, the necessary condition, reflected by various
SMC inequalities [28]-[34], is that effective indices of first order
modes should be less than the effective index of the fundamental
side-slab mode of the corresponding polarization. In majority of
papers this inequality was derived for HE,; and EH;; modes.
It has one of the following forms: u<S(r) [24],[28],[301,[35],
u<S(r,H) [311-[34] and u<S(r,H,t,w) [29], where S is some
continuous function. There are also papers dealing with rib
waveguides in which HE;y and EH;y modes appear prior to
HE,; and EH,; because w<H [19].

There is also a second mechanism leading to the single mode
propagation. Modal characteristics of rib waveguides are contin-
uously decreasing functions of the rib height 7, as one can observe
in Fig. 3 placed in the section IITA. If the parent slab thickness H
is small enough, it is possible that a higher order mode is cut-off
before a value of the rib height reaches r = H. A SMC inequality
corresponding to this mechanism has a form of u>C, where C
is also a continuous function of rib waveguides morphological
parameters. So far the only SMC condition incorporating both
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Fig. 3.  Modal characteristics of rib waveguide EH modes and its associated

side-slab waveguide TM mode as a function of the rib height .

mechanisms was presented in the paper [32]. Authors proposed
the function of the same form for both S and C. However it has
as many as seven free parameters and takes both r and H as its
independent variables.

In this paper the SMC is formulated as a set of two inequalities:
u<S(r) and u>C(r) corresponding to both described mecha-
nisms. The new function C(r) is proposed. In association with
the function S(r), presented in my former paper [35], they form
a complete single mode propagation condition. Both of them
have only one dimensionless independent variable r, which is
an advantage over those SMC whose right-hand side is expressed
also in terms of H, t or w.

So far investigations of single mode rib waveguides con-
cerning directly SMCs [28],[29],[30],[32],[36],[37] or other
properties of rib waveguides (e.g., birefringence) in a con-
text of the SMC [31],[33],[38],[39], were carried predomi-
nantly for SOI waveguides. Nevertheless, there are also pa-
pers concerning rib waveguides characterized by refractive
index values corresponding to other materials: GeSi-Si [28],
polymer-silica [36], GaAs-AlGaAs [40], Si3N4-SiO4 [41], Yb-
YAG/YAG [34] and SiC-SiOq [42]. When it comes to rib geom-
etry and calculation methods, researchers investigated vertical-
walled [24],[27],[28],[36],[38],[32]-[34],[40],[43] and sloping-
walled [29]-[31],[39] rib waveguides, using for this purpose
the EIM [24],[28], the method of Film Mode Matching (FMM)
[32]-[34],[36].[38],[44], the Beam Propagation Method (BPM)
[29],[301,[37],[40],[45] and the Finite Element Method (FEM)
[43],[46].

This paper presents the results of theoretical analysis of
the SMC for silica-titania rib waveguides fabricated on glass
substrates, using a sol-gel method [47]. These waveguides were
elaborated with the intention of their application to design pla-
nar optical sensing transducers for chemical and biochemical
sensors. Therefore, an assumed value of the ambient medium
refractive index is equal to a value typical for water (n. =
1.332 for A = 635 nm). Analysis of the SMC for shallow
rib waveguides in the aforementioned paper [35] was carried
out for n, = 1.0. The silica-titania rib waveguides investigated
in this work have substantially higher aspect ratio (Ww/H>8),
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than those investigated by the researchers cited in this paper
(w/H<4.5). This way, results presented in this paper expand our
knowledge about the single mode propagation conditions for rib
waveguides.

II. METHOD

Adopted methodology is shown in Fig. 2 in a form of the
workflow diagram. The SMC was derived from the analysis
of a rich set of effective index (modal) characteristics of rib
waveguides and side-slab waveguides whose morphological
parameters are described in Fig. 1. Modal characteristics were
calculated as a function of the rib height ¢, using the rigorous
and robust FMM method implemented in the FIMMWAVE 6.3
solver. As shown in the paper [37], the analysis relaying on
modal characteristics is sufficient for rib waveguides that do not
support higher order vertical modes, i.e., HE,, or EH,,, modes
having p>1. Silica-titania rib waveguides studied in this paper
fulfill this condition. Directional couplers based on them are
single mode despite the fact that effective indices of the first order
horizontal modes HE(y; and EHy; are bound — their effective
indices are higher than the substrate refractive index [48].

Assuming that the thickness H of the parent-slab waveguide
is a constant parameter, one can associate a given modal char-
acteristic n.p(f) of the side-slab waveguide with a set of rib
waveguides modal characteristics, calculated for different value
of the rib width w. The exemplary modal characteristics are
presented in Fig. 3. One can observe from this figure, that there
are two special values of the rib height. The first one, denoted
by #sst, 1S a value for which effective indices of rib waveguide
modes are equal to an effective index of the fundamental mode
of the associated side-slab waveguide. The second one, denoted
by t.g, is a value of the rib height for which the rib waveguide
becomes cut-off: nx = n,.

In the next step, obtained values of 7,4 and 7. were grouped
into characteristics in function of width w and transformed into
a space of dimensionless variables (r,u) by using the equations
written in the footnote of (1). As a result, two kinds of char-
acteristics exist for the given value of H: u(rss) and u(rqg).
These characteristics were subsequently approximated. by the
following functions:

u:S(r):a+b-r/(1—r2)C %)

u:C(r):a+b-r/(c—r2)d 5)
where a,b,c and d are approximation coefficients calculated by
using the curve_fit method implemented in the Scientific Python
environment [49]. As one can observe, S(r) becomes identical
to a function proposed by Soref (2) if » = 1 and ¢ = 0.5. It
is noteworthy that from a formal point of view C(r) becomes
S(r) if ¢ = 1 and d becomes c. Finally the determined values of
the approximation coefficients a,b,c and d were presented as the
functions of the constant family parameter H.

Approximation errors were calculated for each approximated
characteristic. A measure of the approximation error E was
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defined as follows:

1 & [ — gl
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where u; represents values of u,,; and u.g characteristics, u,;
represents values of approximating functions S(r) and C(r), N is
number of points on each characteristic. Both u(rss;) and u(r )
are monotonic therefore each of them was determined in 60
points. The Soref’s function (2) was also fitted to the u(rgst)
characteristics of HE;; and EH;; modes. The aim of this was
to find if the function S(r) gives better approximation. As a
result, the values of the Soref’s correction coefficient and of
the approximation error were determined as functions of H.

Every n () characteristic was calculated in the interval £ €<
0, H >and has Ny = 150 points. The values of the parent slab
thickness H varied from 135 nm to 240 nm with a step increase
of 15 nm. The values of the rib width w varied from 1.0 um to
2.0 pm with a step increase of 0.02 pm. It was assumed that a
wavelength is L = 635 nm. The refractive indices of a waveguide
film, glass substrate and ambient at this wavelength are n; =
1.8186, ng = 1.5150 and n, = 1.3320, respectively.

III. RESULTS AND DISCUSSION
A. Modal Characteristics

The exemplary modal characteristic of a silica-titania rib
waveguide for EH modes and a side-slab waveguide are pre-
sented in Fig. 3. If a given mode of the rib waveguide or side-slab
waveguide is guided, its characteristic is plotted using a solid,
bold line. One can observe that the rib waveguide is single mode

in two intervals of #: (t3%,,t0%,)and (t2};, H). It is so because

in the interval (¢}, 0} ;) the mode EHp, is guided, whereas in

the interval (0, 29, )both EHqo and EHy; leak into the side-slab.
In the present context, the rib waveguide can be single modal in
one or two intervals of ¢. depending on specific values of H, w,
n. and on the polarization. This is because the parameters 7,4
and ¢ does not always exist for polarization and mode orders
relevant to the subject matter: HEo, EHoo, HEo1, EHo1. The ts;
for HEy, in particular, does not exist in the considered range of
morphological parameters.

B. Characteristics of Tsey and T g

Characteristics of 74, and 7.4 as a function of the rib width
for a fixed value of the parent slab thickness have been obtained
from modal characteristics. Staying with EH modes, such char-
acteristics for the family of rib waveguides, whose parent slab
thickness is H = 180 nm, are presented in Fig. 4. The mode
EH; is not cut-off in all considered range of w. The value of 7.5
corresponding to it quickly reaches H at some w = wy, rendering
the rib waveguide single modal in a single interval (t22,,¢%L,).

One can observe from Fig. 4 that calculation of the crucial
values 74 and t.g is enough to determine whether the rib
waveguide, having a certain value of the parent slab thickness
H and rib width w, is single mode or not. However, the main
goal of this work is to formulate the SMCs using normalized rib
width # and normalized side-slab thickness r.
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Fig. 4.  Characteristics of the fss; and 7. as a functions of the rib width w.
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Fig. 5. Characteristics of the normalized rib width u as a function of the

normalized side-slab thickness r corresponding to the 745 and f g values of
rib waveguides EH modes.

C. Single Mode Condition

The characteristics #s5(w) and t.(w) of EH modes after
conversion into normalized dimensionless parameters u and r
are presented in Fig. 5. The values of u; and u g, determined
from modal characteristics, are marked with squares and circles,
respectively. Every fifth marker was plotted in order to avoid
obscuration of thick solid and dashed lines representing the val-
ues calculated using the functions S(r) and C(r) approximating
ussi(r) and u.p(r), respectively. As one can see the functions
(4) and (5), are an excellent approximation to the u%%,, u%},
and ug}fcharacteristics. The dashed line representing the EIM
condition (1) is a very poor approximation to the u!,. This
condition is better approximating the u2%, characteristic. The
Soref’s condition (2) is the much better approximation to the
u?L, than the EIM condition. Calculated value of the Soref’s
correction coefficient is equal to ag = 2.74. It is significantly
different from the value 0.3 derived in Soref’s work [28]. That
is because rib waveguides considered in this work have an aspect
ratio in a different range. It was shown in [35] and also in this
work is confirmed by characteristics showing how a; is varying
with the rib height H.
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Fig. 6. Characteristics of the normalized rib width u for which effective

indices of EHpp modes are equal to effective indices of the side-slab waveguide
TMo mode. The solid lines are approximation curves calculated by using the
function (4).
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Fig.7.  Characteristics of the normalized rib width u for which effective indices

of EHp1 modes are equal to effective indices of the side-slab waveguide TM
mode. The dash and solid lines are approximation curves calculated by using
the formulas (2) and (4), respectively.

The range of u values returned by the Soref’s condition is not
extended to an overall range determined by the minimum and
maximum value of w. This is due to the fact that the values
of r introduced into (2) were not calculated for the interval
(0,H), but for the range of 7.5 values of the EHy; mode. It is
indicated by a bold line on the vertical axis in Fig. 4. A different
procedure was applied in the case of the EIM condition. The
r values were calculated for an overall range of u by using (2)
inverted. Otherwise, calculating u for the same interval of r as
in the case of the Soref’s condition, one would get as a result a
characteristic lying below the horizontal line corresponding to
w = 1.0 um (Fig. 5).

The characteristics uy, , uJy, and u)} ;were determined for
more than one value of the parent-slab thickness H in order
to check whether the functions (4) and (5) give equally well
approximation in a broad range of u values. In Figs 6, 7, 8§,
and 9 are presented series of u(g;, ul}, and u_} ; characteristics
and functions approximating them. Only u0!, characteristics are
presented for both polarizations (Figs. 7 and 8). Considering the
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are cut-off. The solid lines are approximation curves calculated by using the
function (5).

EHy, mode, there are no characteristics of u(c)} ffor H>195 nm
because this mode is not cut-off. The same situation take place
for HEy; modes but this time for H>150 nm. There are no
u29, characteristics for HEyy modes in the considered range of
H. Tt is worth noticing that (5) gives very good approximation
to us, (Fig. 9) even though the first derivative of u}  varies
significantly with increasing values of the parent slab thickness
H. The intervals of r-values in which HEy; and EHy; modes are
leaky, belong to the interval (3).

Values of the approximation error, E, were calculated by using
(6). They are presented as a functions of the parent slab thickness,
H, in Figs 10 and 11 . The lines on these figures are only for
guiding the eyes. Approximation error values of u’}, modes are
presented in Fig. 10. One can observe that in considered range of
H, the approximation error for the Soref’s function (2) is several
times higher than for (4). Considering approximation of usg;
characteristics for EHj; modes by using (4), one can see a local
maximum of the approximation error for H = 165 nm. It results

from weaker fit at the beginning of the corresponding fit interval
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Fig. 11.  Values of the approximation error E for uss; and u. g characteristics

approximated by using the functions (4) and (5), respectively.

(see Fig. 7). In this respect it is to be noted that its magnitude
is the greatest for all considered u{!, characteristics. Moreover,
one can see similar behavior of characteristics approximated
by (2) and (4), namely for H<165 nm the approximation error
is decreasing for decreasing values of H. This may be ex-
plained by the fact that EHy; modes become weakly guided
for H<165 nm. Nevertheless, approximation of u%!, charac-
teristics with (4) gives small errors, which confirms that this
function is a good approximation to u; for both HEy; and EHy
modes.

The plots presented in Fig. 11 prove that (4) is also very good
approximation to u,,; characteristics of EHyg modes. However,
a magnitude of the approximation error for this mode order is
greater than for EHy; modes. Most of all, one can observe from
Fig. 11 that the newly proposed function C(r) gives very good
approximation to ug characteristics.

A flow chart diagram of the algorithm allowing to determine
whether a given rib waveguide is single mode is presented in
the Appendix.

Finally, the relationship between the Soref’s coefficient a,
and the parent slab waveguide thickness H indicates that the
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magnitude of that coefficient depends predominantly on the rib
waveguide aspect ratio. They behave similarly as the ones for
the cover refractive index n, = 1.0 which are presented in [35]
on Fig. 8b.

D. Single Mode Condition Based on Interpolated Criterion
Functions Coefficients

So far it has been shown that in order to determine the
coefficients a, b, ¢ and d of the criterion functions, S(r) and
C(r), it is necessary to select a value of the parent slab thickness
H, determine a set of modal characteristics in a desired range of
the rib width and carry out the approximation process. Suppose
that we have two sets of those coefficients, for two different
values (H; and H) and that there is a value H3 € (H;, Hs) for
which those coefficients are unknown. One can put a question
if the prediction about a value of the rib height for which a
waveguide becomes multimode will be correct provided that the
unknown coefficients a, b, ¢ and d will be linearly interpolated.
In order to answer to the problem put this way, the criterion
functions coefficients were determined two ways for the two
additional values of H: 0.17 pum and 0.20 um. The values
obtained by the procedure outlined in Fig. 2 are indicated by
shaded markers in Figs. 13 -16. These graphs show criterion
functions coefficients with respect to the parent slab thickness
H. The linearly interpolated coefficients are on the intersec-
tion of the lines linking the white-faced markers and vertical
dotted lines.

Considering the HEyy mode, there are no characteristics of
the S(r) and C(r) functions. That is because in the considered
range of H there are no ¢37, values, whereas ), exists only
for H = 135 nm. One can observe from the plots in Figs. 13-16
that linearly interpolated coefficients are greater or less to some
extent than those obtained by the procedure outlined in Fig. 2.
The particularly big difference exists for the coefficient a of
the S(r) of the EHyy mode. The more comprehensive picture
is unfolded on a characteristic of the approximation error (6),
which is shown in Fig. 17. Error values for the criterion func-
tions calculated using the linearly interpolated coefficients are
indicated by shaded markers.
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Those for H = 0.17 and 0.20 pm were calculated using criterion function whose
coefficients were determined by the linear interpolation.

The approximation error E made with the S(r) function whose
coefficients were obtained by the linear interpolation is the
lowest for the HE j; mode and the greatest for the HE yp mode. In
the latter case it may be caused by relatively narrow interval from
which r takes its values. As regards the C(r) function, taking
into account adopted gradation of the parent slab thickness,
the t.(w) or u.p(r) characteristics exist only for the EH;
mode and for H<195 nm. One can see that the approximation
error for H = 170 nm is approximately 10 times greater than
the value predicted from the corresponding characteristic in
Fig. 11.

Finally, in order to assess a relation between a magnitude of
the approximation error E and the conformation to single mode
propagation regime, the last type of characteristic is presented
in Fig. 18 and 19. They are showing the difference between
values of #,; and 7 .y determined from criterion functions, whose
coefficients are linearly interpolated, and those obtained from the
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initial set of modal characteristics. An example of the latter is
shown in Fig. 4.

One can observe from characteristics presented above, that
values of ¢,,; are approximated significantly better than values of
t.f. The absolute of At g is increasing sharply, finally exceeding
12 nm. This stems from the fact that the function C(r) has
greater number of parameters than S(r). The smallest differences
are observed for f,4 of the HEj; mode. They do not exceed
0.1 nm, which is less than the accuracy of AFM measurements
in vertical direction [50]. Interestingly, values of At of the
EH ), does not exceed 0.2 nm, for both H = 170 and 200 nm,
even though a magnitude of the approximation error for this
mode is the greatest. But as one can see in Figs. 17 and 18,
taking into account the EH,; mode, even though the error for
Aty is smaller (~0.014), the magnitude of Aty exceeds 1 nm
in broad range of values of the rib width w.

The analysis carried out in this section is showing that
criterion functions whose parameters are linearly interpolated
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cannot provide satisfactory approximation to #. and .z for
both polarizations and all modes involved in the complete single
mode condition. One can observe the oscillatory behavior in
Fig. 16. Namely, the decrease in values of the coefficient a
(circle marker) is accompanied by increase in values of the
coefficient b (square marker), H = 0.165, 0.18 and 0.195 pm.
If variations of these coefficients with respect to the parents
slab thickness H were monotonous then one would expect that
the linear interpolation would give smaller errors for decreasing
distance between the interpolation nodes H;. The transformation
of the original geometric parameters of rib waveguides (H, w and
1) to dimensionless parameters (u,r) may be the source of such
behavior. As result of it the dimensionless side-slab thickness r
is limited to some subinterval of the interval r € (0, 1)making
approximation more difficult. Probably approximation of #,4,(w)
and 7.(w) would give better results.

IV. CONCLUSION

The single mode condition presented in this work is composed
of two criterion functions. It allows to resolve whether a rib
waveguide conforms to single mode propagation regime, both
as the result of leaking of first order modes into adjacent slab
waveguides, or as the result of first order modes being cut-off.
Both criterion functions in broad range of parent slab thick-
ness values give very good approximation to normalized u(r)
characteristics corresponding with two mechanisms leading to
single mode propagation. Coefficients of the criterion functions
are only varying with the parent slab thickness. Therefore, one
can try to calculate their values using linear interpolation in a
range determined by two values of the parent slab thickness for
which those coefficients are determined by fitting the criterion
functions. As shown in the section III.D, only the rib height for
which HE;; modes start leaking into adjacent slabs, are well
approximated by the criterion function S(r) whose coefficients
have been obtained by linear interpolation.

It must be made clear that in order to determine the coefficients
a, b, ¢ and d of the criterion functions S(r) and C(r), it is
necessary to generate characteristics #,5;(w) and f.(w) whose
knowledge is sufficient to determine single mode propagation
range. As practical matter, calculation of 74 and 7.z is more
than enough if one searches for a single mode propagation
range in some space of rib waveguides having the same parent
slab thickness. Transformation to rib waveguide dimensionless
and effective geometric parameters (r,u) is necessary if one
wants to establish the criterion functions and compare them
with others presented in the literature. The method proposed in
this work may find practical application. Namely as an element
of an optical CAD software that perform optimization of more
complex structures (e.g., directional couplers, ring resonators)
embodying rib waveguides that should operate in single mode
propagation regime. However, the necessary condition is the
possibility to operate on interpolated coefficients of the criterion
functions. In that case it would not need to be necessary to
calculate #,4; and 7.5 for any change of the parent slab thickness
H and rib width w.
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Fig. 20. A flow chart diagram of the algorithm for determination whether a
rib waveguide is single mode. Values of functions us; and u g are calculated
based on adequate coefficients a, b, ¢ and d.
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