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Higher order mode conversion induced by discontinuities in waveguides
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In this paper, we provide a theoretical prediction about the likelihood of producing high-order modes using, as far as we know, the simplest
mode converter. The mode converter is a simple discontinuous waveguide for which reflection and transmission have recently been reported
As a result of the scattering of the fundamental guided modg); Mz have found that the high-order mode excitation is highly dependent

on the position of the discontinuity. On the one hand, we discovered that in the presence of a discontinuity in the propagation direction,
only even modes (TEand TE) are excited, skipping the odd mode ()E When a lateral shift is considered, however, both even and

odd higher-order modes (TEand TE) are generated. Furthermore, after some lateral shifting, we found that only the puradte is
propagated.
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1. Introduction planar waveguide as a function of the bending angle was
proposed. Sub-strip waveguides have also been investigated
Planar waveguides with thickness smaller than the waveand manufactured as mode converters with variations in their
length of the transmitted light have been recently proposegopologies, using different silicon-based dielectrics, to con-
as promising components for nano-photonic devices. In thesgert the fundamental mode FEnto the higher-order modes
sub-wavelength thick planar waveguides, only a few discretqg,; and TE [12].
modes of light can be propagated [1]. High-speed and high-  \while a planar waveguide is typically used as a simple
capacity optical connections are expected to be possible withonnection between two components of an optical circuit, our
optical sub-wavelength wave guiding [2]. research has uncovered an unexpected phenomenon. Specifi-
Recently, the energy propagation in a planar waveguidgally, we have observed that the introduction of a discontinu-
was studied, with the transmitted and reflected energies esiiy in the planar waveguide leads to the excitation of higher-
mated as a function of a discontinuity gap [3]; in that work, order modes. This finding highlights the potential for planar
the authors compared some numerical methods in three difvaveguides to serve as more than just a basic connection in
ferent configurations. With the rapid development of pho-gptical circuits and suggests exciting possibilities for the de-
tonic integrated circuits, it is convenient to revisit the dis- Ve|0pment of novel devices and app"cations_
continuity problem from the standpoint of mode conversion, | an effort to answer the question that some authors have
which shall allow for more precise control of the flow of light. raised, of how to obtain the smallest possible mode con-
In recent years, there has been a lot of interest in the coryerter [13], the present work is devoted to describe the sim-
version of discrete modes in photonic waveguides due to itﬁlest mode converter ever reported in a waveguide. Taking
multiple applications [2,4-6]. A mode converter relies on thegne of the three structures shown in [3] as the starting point,
waveguide propagation of the allowed modes. It produces gur mode converter is a dielectric planar waveguide with a
spatial spectrum of modes which relates the eigenmodes @fep discontinuity that allows the mode T be converted
the system. It is therefore desirable to design a dependablgto the higher order modes TEnd TE. We believe that
tool for switching from one spatial mode to another. this configuration could be easily modified to create a wide
Several structures have been reported that enable convesariety of compact photonic integrated circuits.
sion between the transverse electric fundamental modg) (TE
and the first higher-order mode (TE[7-11]. Mode con-
version between two waveguides is obtained when these ad.  Theory
connected together with a specific geometry that allows for
mode change. For instance, it has been already investigatd¥e start by considering a planar dielectric waveguide that
how to optimize the topology of a photonic crystal in order to consists of an infinite slab of widith. It has a refractive in-
achieve mode conversion due to interference processes [7,8{eXn2 = 3.6 and it is surrounded by ainf = 1), as shown
Another method of connecting two waveguides together conl? Fig. 1. For the transverse electric polarization (TE), the
sists in using a cavity as a mode converter [10]. The modé&lectric field parallel to the-axis can be expressed as
conversion across a bent waveguide has also been taken into

consideration [11]; in that work, the mode conversion in a E(r,t) = E. (z,y,1) k. 1)
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FIGURE 1. Planar waveguide of widtll and refractive index
n2 = 3.6, surrounded by air; = 1).

3. Numerical method

The propagation of the electromagnetic field is simulated us-
ing the finite-difference time-domain (FDTD) method [15].
This computational technique is used to model the temporal
evolution of Maxwell's equations, based on the reformula-
tion of the differential equations in central finite differences.

For a dielectric waveguide, the electromagnetic wave§, the case of time-dependent Maxwell's equations, these

propagate inside the slab and vanish outside it.

are discretized by an approximation to spatio-temporal par-

The even and odd modes in a waveguide are given by W@y derivatives. The resulting system is written as a recursive
well-known transcendental equations [14]. The even-parity.ompuytational algorithm, which can be solved in the time do-

modes, related to the-axis, are given by the equation

_ Qy,l

t = , 2
an(mQy,2) 0y 2 )
while the odd-parity modes are given by
cot(mQy,2) = — @y , 3)
Qy,Q

where the reduced wave vectors are

Qya =1/ Q7 —niQ?,

main. In this work, we have performed the simulations of the
FDTD method by implementing the Meep package, a freely
available software [16].

Considering the polarization of the electric field along
the z-axis, described in Eq.[1}, we can rewrite Ampre-
Maxwell's equation as

0 0 0
5D2($7y7t) - %Hy(l‘,yﬂf) - @Hm(mayvt)a (7)

whereas for Faraday’s equation, we have

0 0
Qy,2 = 4 /n%Q2 — Q% (4) %Ez (LIZ‘, y7t) = &By (.f,y, t) ’ (8)
The reduced frequency is written as QE oy t) = —QB —_— 9
9 2 (@,9,0) = — 5. Ba (2,,1). 9)
wd d 5
T 9me N ©) Equations[7) to (9) can be reformulated in terms of cen-
and the reduced wave vector, on thaxis, is tral finite differences. Fo'r Eq.?[, considering a discretiza-
Ld tion at aroundz, y,t) = (iAz, jAy,nAt), we have
e = ==, 6 o o
Q 2w ( ) DZ(Z7],7L+%)—DZ(Z,],7L—%)
The dispersion relations for the even and odd modes are At
shown in Fig. 2. The allowed modes exist between the light HyGi+ L, j.n) — HyGi— L, j.n)
linesL; = n1Q and Ly = nof (gray dashed lines), corre- _ T e n y\! ~ 3,051 (20)
sponding to the air and the dielectric, respectively. At the re- Az
duced frequenc{2 = 0.32 (green line), only 3 guided modes Ho(i,j + %m) ~H (i — %’n)

are allowed: T, TE;, and TE, which exist at the reduced

wave vector value§), = 1.1, 0.87 and 0.43, respectively.
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FIGURE 2. Dispersion relation for a planar waveguide. The gray
dashed lines are the light lines for air;(Land the dielectric mate-
rial (L2). The guided modes are depicted with continue lines; TE
(blue), TE (red), and TE (purple). The green continuous line

indicates the reduced frequery= 0.32.

Ay

Now, considering the change for the poift, y,t) =
[(i + 3)Az, jAy, (n + )At] in Eq. 8), we have

By(i+3,5n+1) = By(i+3,4,n)
At

(11)
E.(i+1,j,n+3)—E.(i,j,n+1)
B Ax
Finally, by rewriting Eq.9) in terms of finite differences
at the point(z,y,t) = [iAz, (j + 3)Ay, (n + 1)At], we
obtain

At

(12)
EZ(i7j + 1,7’L+ %) B Ez(i7jan+ %)
Ay
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To suppress spurious reflections of waves radiated fronof the waveguide, as illustrated in Fig. 3. This setup is sim-
the artificial boundaries, perfect matched layers (PMLs) withilar to the one described in Fig. 8a), presented in Ref. [3]
a thickness ofl, were implemented [16]. in section B. It is worth mentioning that, in contrast to the

To validate the excitation of the guided modes, themethodology employed by the authors, we successfully repli-
Fourier transform (FT) of the electric field was implementedcated the results of those sections A and B (Figs. 5 and 7 in

through the expression Ref. [3]) using the FDTD method. Section C was not exam-
pa ‘ ined.
E.(Q)) ~ /Ez(x) exp (27TZQ:££U> 4. (13) The discontinuity length was taken frof = 0 up to
d L = 3d, as depicted in Fig. 4, where the spatial evolution of
P the electric field is shown for some cases. In Fig. 4a) (no dis-

wherep; andp, are the discrete limits of integration such continuity) the propagation of the fundamental mode is ob-
that the discontinuities in the waveguides near the origin anderved, while in Fig. 4b)-4d), the linear combination of the

the PMLs are avoided. TE, and TE modes is attested by those small lobes in the
spatial profile in the guided mode. In all cases, symmetrical
4. Mode Conversion profiles with respect to the propagation axis can be observed

because of the sole presence of even modes.

To produce the simplest mode converter reported so far, to As light propagates through the original waveguide with-
the best of our knowledge, we have considered a planaput discontinuities { = 0), the fundamental mode THs
waveguide with two kinds of anisotropies: first, a disconti- predominant as expected (Fig. 5; blue line). By implement-
nuity along the propagation axis{axis), and second, a lat- ing the FT through Eq. (13), we can clearly see that as the
eral shift ¢-axis). To simulate the propagation of light in discontinuity gapl increases, the Fourier component of the
the waveguide, a continuous and monochromatic light sourceodes varies, as illustrated in Fig. 5, for the vallies 0, d,

was defined with a reduced frequen@y= 0.32. Accord- 2d, and3d. We have found that a simple horizontal disconti-
ing to Eq. ), the wavelength of the source ls= d/Q2 =  nuity in the waveguide can induce high-order mode conver-
3.125d. These two straightforward configurations, presented

in Secs. 4.1 and 4.2 respectively, have the purpose of estab |

lishing two kinds of mode converters. — iy
—L = 2d
l y . , 0.75 =L =3d TE,
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FIGURE 3. Planar waveguide of widtt, with a horizontal discon- TE,
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FIGURE 5. Fourier transform of the electric field for the horizontal
shift: L = 0 (blue), L = d (red), L = 2d (black), andL = 3d
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FIGURE 4. Propagation of the electric field, in the horizontal-shift
converter (T and TE modes), for the cases (&)= 0, (b) L = d, . , , ) , ,
(c) L = 2d, and (d)L = 3d. 0 0.5 1 Ls 2 25 3
4.1. Horizontal shifting FIGURE 6. Evolution of the Fourier transform of the electric field

. . _ as a function of the horizontal shift. The intensity of the even
We shall first analyze the mode conversion caused by a sinmodes Tk and TE are represented by the blue and red lines, re-
ple discontinuity gap of length in the propagation direction spectively.
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FIGURE 7. Planar waveguide of widtt, with a lateral shiftS.
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£ FIGURE 9. Fourier transform of the electric field for the lateral
shift: S = 0 (blue), S = 0.3d (red), S = 0.6d (yellow), and
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FIGURE 8. Propagation of the electric field, in the vertical-shift 1 A S
converter (from Tk to TE; and TE modes), for the cases (a) :12'
S =0, (b)S =0.5d, and (c)S = d. sk
sion from the Tk to TE;, skipping the TE odd mode (no 3

051 i

peak at), = 0.87). Therefore, with this setup the TEhode S
is not excited. To better appreciate the evolution of the mode
conversion with even parity, we present Fig. 6, frém= 0 0251 1
up to L = 3d. In particular, in the range fromh = 1.5d to
2d, it was observed that the Fourier component splits equally o ' : ' ' :

. . 0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
in the two excited modes. 5

FIGURE 10. Evolution of the Fourier transform of the electric field
as a function of the lateral shiff. The intensity of the modes TE
. . . . TE; and TE are represented by the blue, red, and black lines, re-
Considering a second configuration, whose geometry is pre- —
. . . . spectively.
sented in Fig. 7, we obtain a distinct mode converter. In this
case, a lateral shiff is defined in the range frorfi = 0 (the
original waveguide) t& = d. Figure 8 shows the lateral dis- .
placement for the cases whén= 0, S = 0.5d, andS = 4, - Conclusion

where the spatial evolution of the electric field is illustrated. Th basic high-ord id d .
In Fig. 8a), the spatial profile of the propagated funda- " ¢ most basic high-order waveguide mode converter in-

mental mode is presented again; in Fig. 8b), an asymmetric:guced by discor_wtinuitie_s Is pr_op(_)segl here. On the one h?”d’
profile is observed due to the presence of the G&d mode, y allowing a simple discontinuity in the propagation axis

in a linear combination with the TEand Tk modes. Finally, Or]: thi W_I<’3_lvegu(|jd_(|3_ we c(rjeated a m9d§ .corr:\./erter. We JoEnd
Fig. 8c) shows a symmetrical spatial profile due to the pres'E atthe T and TE; modes are excited in this setup and the

ence of the TE mode only since there is no contribution of TE, odd mode is skipped and consequently not excited. On
the other modes f[he other_hand, the fundamental mode, T&n be converted
As presented in Fig. 9, by increasing the shiftifiga into the higher-order modes Tiand Tk by means of a lat-
conversion from the TEmode to the higher-order modes eral shift in the yvaveguuje. Here, we found that .the)'E\IEd
TE, and TE is induced. Here it can be seen that, for val- TE, .modes entirely vanish after some Iateralldls.placement,
ues greater than.6d (Fig. 9; black line), the TEand TH leaving only the TE mode. We believe that this high-order

modes have almost no contribution. In fact, Fig. 10 showé"’aveguiOIe mode converter might be easily implemented for
the evolution of the FT in the range frofi— O,to 4. When the design and manufacturing of compact integrated optical

the lateral shiftS is about0.7d, the fundamental mode be- circuits.

comes negligible; likewise, whe$ = 0.8d, the TE mode is

practically extinguished. In the figure it can also be seen thafcknowledgments

the maximum for the TEmode is aroun®.35d, and around

0.55d for the TE, mode. We have found that aftsr= 0.8d, This work was supported in part by Universidad de Sonora
only the TE; mode propagates. US0O315007906.

4.2. Lateral shifting
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