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A bidirectional mode-division multiplexer (BMDM) with antireflection gratings is designed, and its performance
in terms of S-parameters is presented. A BMDM can (de)multiplex three modes with only two waveguides
and a Bragg grating. The impact of return losses on the performance of BMDMs is studied and antireflection
gratings are designed to reduce their effects. A theoretical analysis of the proposed (de)multiplexer is developed
based on the perturbative coupled-mode theory. Analytical expressions for the coupled-mode equations
of the proposed device are obtained, taking into account the effects of return losses. Both duty cycle and teeth
depths of the antireflection gratings are determined based on optimizing a cost function. In addition, FDTD

simulation of the proposed device is performed, and its S-parameters are obtained and studied.
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1. INTRODUCTION

Space-division multiplexing techniques are promising
candidates to meet increasingly required demand of high trans-
mission rates in optical fibers and data centers [1-4]. One im-
portant scheme to achieve space-division multiplexing is to use
multiple modes in few-mode fibers or multimode waveguides.
Furthermore, hybrid mode- and wavelength-division multi-
plexing techniques can be used simultaneously to achieve
petabit/s transmission rates [5,0].

Accordingly, mode-division multiplexers (MDMs) are get-
ting increasing interest in recent years [3—28]. MDMs based
on asymmetrical directional couplers have been proposed and
studied by many authors, e.g. [8,9]. MDMs based on
tapered asymmetrical grating-assisted directional couplers have
been studied in [10,21]. Microring-based on-chip WDM-
compatible mode-division multiplexing has been shown in
[14]. Design and fabrication of a two-mode SOI ring resonator
for MDM systems have been presented in [16]. An on-chip
simultaneous MDM and a wavelength-division multiplexer
using a tapered directional coupler and a multimode interfer-
ence waveguide have been proposed in [24]. An ultra-
broadband 16-channel mode-division (de)multiplexer utilizing
densely packed bent waveguide arrays has been demon-
strated in [28]. An on-chip reconfigurable optical add-drop
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multiplexer for mode- and wavelength-division multiplexing
has been proposed in [6].

In [25], we have proposed a compact mode-division (de)mul-
tiplexer, called a bidirectional MDM (BMDM), which can (de)
multiplex three modes with only two waveguides and a Bragg
grating. The input waveguide is multimode, while the output
waveguide is single mode. Both first- and second-order modes
of the input waveguide are coupled to the output waveguide,
propagating at opposite directions, while the fundamental mode
is kept in the main input waveguide. Simulations have shown
that the device is very compact in size, about 17 pm. Two ex-
amples have been presented in [25], specifically, a slab waveguide
with three TE modes (TE, TE;, and TE,) as well as a slab wave-
guide with two TE modes and one TM mode (TE;, TM,, and
TE,). It turned out that in the former case both TE1 and TE2
modes have high insertion losses due to contradirectional cou-
pling between them in the input waveguide. These losses are
reduced in the latter case. However, owing to some back reflec-
tions in the main waveguide, the insertion losses of the device are
still somewhat high, about -0.57 dB for fundamental TE,
mode, while it is about -2.85 dB and -3.8 dB for TM,; and
TE, modes, respectively. Furthermore, the loss in TM; mode
limits the device bandwidth to about 20 nm. In [26], we have
extended the concept to strip waveguides. A BMDM based on
strip waveguides has been fabricated and tested [29]. In [27], we


mailto:shalaby@ieee.org
mailto:shalaby@ieee.org
https://doi.org/10.1364/AO.57.000476
https://crossmark.crossref.org/dialog/?doi=10.1364/AO.57.000476&domain=pdf&date_stamp=2018-01-16

Research Article

have proposed a simple and compact mode-division demulti-
plexer using a slightly modified rib waveguide. The structure
can demultiplex three modes, and has low insertion losses
and crosstalks over a wide bandwidth.

Antireflection (AR) design can be used in the waveguides
to eliminate the conventional Bragg reflections. This is
accomplished by placing two different gratings on each side
of the waveguide. If the gratings are phase shifted by 180°, com-
plete cancellation of Bragg back reflections can be achieved.
This idea has been adopted in WDM add-drop filters and
demultiplexers [30,31].

In this paper, we develop a theoretical analysis of the
BMDM when placing antireflection gratings around its outer
boundaries. We follow a similar analysis to that in [25], which
has been based on the perturbative coupled-mode theory.
However, in [25], we have neglected the effect of return losses
to simplify the analysis and have some insight on the concept.
The impact of return loss is considered in this paper, and the
effect of antireflection gratings is studied as well. Using the de-
veloped analytical expressions, we design antireflections gra-
tings that reduce the effect of return losses and increase the
bandwidth. In addition, 2D finite-difference time-domain
(FDTD) simulation of the proposed BMDM with antireflec-
tion gratings is performed for a slab-waveguide coupler under
different design parameters, and sets of S-parameters are deter-
mined. Our results reveal that the BMDM with antireflection
gratings can achieve acceptable values of insertion losses, return
losses, and crosstalks over a wide bandwidth.

The rest of this paper is organized as follows. The structure
of the proposed (de)multiplexer with antireflection gratings is
described in Section 2. The theoretical analysis of the device
and derivation of corresponding coupled-mode equations are
given in Section 3. Section 4 is devoted for the solution of
the coupled-mode equations and design of antireflection gra-
tings. In Section 5, FDTD simulations of the proposed device
are performed under different design parameters, and the re-
sulting set of S-parameters is discussed. Our concluding
remarks are given in Section 6.

2. STRUCTURE OF BMDM WITH
ANTIREFLECTION GRATINGS

Figure 1 shows the structure of the proposed MDM with anti-
reflection gratings (BMDM-AR). The structure is an extension

of a traditional BMDM. The widths of the multimode and sin-
gle-mode guiding layers are w and d, respectively. The period of
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the Bragg grating is A and the coupling length is L. The gap
between the two guiding layers is 7 and the depth of the grating
teeth is # < 7. Antireflection gratings at the boundaries of the
(de)multiplexer with phase shift of 180° are added to the tradi-
tional BMDM. This would reduce the back reflections and
increase the operating bandwidth. The depths of the antireflec-
tion gratings’ teeth at the single-mode and multimode sides are
t, and ¢, respectively. Each of these gratings has a duty cycle of
D. The refractive indices of the waveguides and claddings are 7,
and 7,, respectively. A taper at port 2 is used to convert the
multimode waveguide to a single mode. The taper length is
designed to be

(w-d)/2

tan (sin‘1 LM _ gin~1 22

¢

taper ™

n ny

’ (1)
)

where 7.g; is the effective index of the multimode waveguide
when excited with TM; mode. This taper would let the cross-
talk due to TM; leak away from the port 2 waveguide.

A. Perturbative Model
Using the perturbation approach, the refractive index of the
BMDM-AR structure can be written as

n*(x,z) = nl . (0) + Anl L (x, 2)

=n? (%) + Anfingle(x, z), (2)

single

where 72,(x) and 7. (x) are the refractive indices for
the unperturbed multimode and single-mode waveguides,
respectively. Using Fig. 1, they are given by

e {n%, x| < w/2,
7 AX) =
‘multi 71% ; Othel‘WiSC,
> i x-w/2-r-df2] <d/2,
nsingle(x) = 2

n3;  otherwise.

3)

Assuming that L > A, the periodic dielectric perturbations of
the refractive indices can be expanded using Fourier series as
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Fig. 1. Structure of a BMDM with antireflection gratings.
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where for any v € {...,-1,0,1, ...} and a = (3 - 2D)A /4,

2 2 .
b, = %sinc(vﬁ), ¢, = (n} - n3)Dsinc(vD) e /N,

(5)
3. THEORETICAL ANALYSIS

In this section, we aim at obtaining analytical expressions for
the coupled-mode equations of the proposed device when
excited with the first-order TM mode, TM;. The analysis is
developed based on the perturbative coupled-mode theory,
and the expressions are obtained for simple a slab-waveguide
coupler. We take into account the effect of return loss, which
has been neglected in [25]. The wavelength dependence of the
device is addressed by considering mismatching conditions.
In our analysis, we focus on TM; mode as it has a significant
return loss and a small bandwidth.

A. BMDM-AR Fields
The input electric and magnetic fields of the TE and TM
modes to the multimode waveguide of the BMDM-AR can
be written as

EP? = Ey(x)eP® + & (x)e 7%, H} = H,(x)e 7”7, (6)
respectively, where for any m € {0, 2}, £,,(x) is the electric field
profile of the mth order TE mode TE,,, H, (x) is the magnetic
field profile of the first-order TM mode TM,, and
B = 2mngs [, m € {0, 1,2}, is the corresponding propaga-
tion constant. Here, 4, is the operating wavelength, and 7
is the effective index of mode m at the input waveguide of
width w. Specifically, we have the following set of modes:
M = {TE,, TM,, TE,}. This selection would reduce both
the insertion losses and crosstalks [25]. The field profiles are
orthogonal, and each mode field is normalized (corresponding
to a power flow of one watt per unit width in y direction):
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/ £5(x)E, () dx = %  amel,
2, 2weg -
/ muln( ) |H1(x)| dx ﬁl ’ ( )

where &, is the Kronecker delta, yty = 47 x 10”7 H/m is the
permeability of free space, €, = 8.854 x 10712 F/m is the per-
mittivity of free space, and w is the angular frequency.

Let £y (x) denote the electric field profile of fundamental TE

mode TEZingle of a single-mode waveguide of width 4. In
addition, let #(x) denote the magnetic field profile of funda-

mental TM mode TMBingle of the single-mode waveguide. The
width d can be selected so that the effective index of mode TM;

of the multimode waveguide equals that of the fundamental ™

single
mode of the single-mode waveguide, 7., ~ " ff * where Effg

is the effective index of TMsmgle mode. In this case, mode TM,

will mostly couple codirectionally to TMsmgle In addition, a gra-

ting coupler of period A is designed so that mode TE, would
couple to the contradirectional mode of the single-mode wave-

single

. ingl . . .
guide TE;"® with effective index 7
0 eff;

The electric field in the coupling region (L > z > 0) of the
BMDM-AR can be written as

EP? = A @B + Ay(2)€) ()
AT @EDT + A @E ()
+ B @M 1 B, e,
= AF (2)H, (x)e % + A (2)H, (x) P

+ CH ()T ()P + Cy(2) Xy (x)ei™=, (8)
where A% (z), m € {0, 1,2}, is a z-dependent complex ampli-
tude of the electric/magnetic field of 7th codirectional/contradir-
ectional (+/-) mode of the multimode waveguide, B (z) is
the complex amplitude of the electric field of fundamental codir-
ectional/contradirectional (4/-) TE mode of the single-mode
waveguide, and Cf (2) is the complex amplitude of the magnetic
field of fundamental codirectional/contradirectional (4 /-)
TM mode of the single-mode waveguide. Here, the propagation
constants ﬁ;ng[e = Zﬂnzlgile /Ao an ﬁmgle =2z Smgle //10.

B. Coupled-Mode Equations
As mentioned earlier, the loss in TM; mode in the main source
limits the device bandwidth to about 20 nm. Our focus in this
and subsequent sections is to optimize the design of the anti-
reflection gratings based on this mode only (optimize the worst-
case scenario). Of course, a better design is to optimize the
system based on the three modes TE;, TM;, and TE, simul-
taneously. However, this leads to a set of tedious equations with
not much improvement than that based on optimizing the
worst-case scenario only. Following a similar analysis to that
n [25], the coupled-mode equations of TM modes are ob-
tamed as in Eq. (9) at the top of next page, where Af; =
p1(2) - /A and ABIEE = g8 (2) 2/ with B;(4) and
Smge(/1) are the propagation constants of TM; and TM,
modes in both the multimode and single-mode waveguides,
respectively, evaluated at wavelength A. Also, w,y and 4, are
relative waveguides widths, given by
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where the functions Q(-) and R(-) are defined as
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the coupling coefficients 1, 1y, {1, @1, 61, ¥1, 9y are given by
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4. SOLUTION OF THE COUPLED-MODE
EQUATIONS AND GRATINGS’ DESIGN

Noticing that Eq. (9) is a set of linear differential equations with
coefficients that depend on z, we make the following change of
variables to get a set of linear differential equations with con-
stant coefficients:

Al (2) = é22x,(2),

C (2) = @™ %, (2),

Aj(2) = e781%x5(2),

Ci(z) = ™ ox,(z).  (18)
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Dy1(2) D5(2) _ Az
|:d)21(z) ‘Dzz(z)] = (29)

A. Cost Functions
To minimize the effect of return losses and increase bandwidth,
we define the following cost functions:

fgcl)zt(tw) def bo¢y + cora

Accordingly, we get Eq. (21), which can be written in matrix _ (7’11)2 o [sinh(ylt) o D sinh(y,t,,) 1], (26)
form as ny) Pruweg 2y; 71
X = AX, (19)
where
. X
X def %) X(2) = { 1(2)]) fcost(td) def o1y + o9y
X2 (Z) _ <n1> 2 Qszingle |:Slnh(ysinglet) o Vnde”
-\ single ¢
X (2) = {xl(z)} X,(2) = [xS(z)], (20) m) B deg L 2Wsingle
%,(2) x%4(2) N D sinh(¥ingle?.4) e_ysingletd:| @7)
and A is given by Eq. (22). Knowing the initial and final values, Vsingle '
as follows:
1 dx; | (AB
w IE = l + (6o81 + cox1) |x1(2) + (boky + 2b061)%2(2) + (6181 + c1x1)x3(2) + bikix4(2) |,
1 dxz single .
4o dz -7 | (boki + 26y )% (2) + d + (boto + co90) |%2(2) + b1k7x3(2) + (b11g + c190)x4(2) |,
1 dx A
| dz 3 =J [(5*51 + ix)xi(2) + bikix,(2) + ( ﬂz + (6o + fo)(1)>x3(z) + (boxy + 2[70g1)x4(z)],
1 dX4 * * * ;\i;gle
| dz :] bixixy (2) + (6719 + ¢190)x2(2) + (boki + 2byw1)x3(2) + A + (botg + cod) |x4(2) |, (21)
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]'dre|b>1kl<'>lk jdrel (leo + CT'go) jdrel(bolq< + 2bO'w'l) (Aﬂsmgle + drel(bolo + 50190))
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R e
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X,(0) -®3) (L)@, (L)X, (0) ’

(24)

where

(22)

1
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+ Dsinc(D) cos (ZZa> sinh(y17,) o T1te ] (28)
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Cost functions [dB]
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(a) Duty cycle, D

Fig. 2. Cost functions for antireflection gratings versus: (a) duty cycle D with teeth depths of 7, =

7 with a duty cycle of D = 0.62.
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fcost(tﬂ’; D) def (bllo + C1190 + b% i) + 51190)

2 .
_ (”I ) 2 Qsingle |:Slnh(YSinglet) o~ Veingie”
= [ — —
ny j:,‘[]g edeff ﬂysingle
2ra sinh (}/smgle td)
A

+ Dsinc(D) cos< eneld | (29)

ysmgle

Minimizing f coee Would reduce the effect of return losses in the
multimode waveguide, while minimizing f o Would reduce
the effect of reflection losses in the single-mode waveguide.
On the other hand, maximizing both f £})Z[ and f Eﬁir would
reduce the dependence of the wavelengths in both multimode
and single-mode waveguides, respectively. In turn, this would
increase the bandwidth of the device. This leads us to define a
combined cost function as

©l(t,,, 14, D) def flok(t,) + fiom(ty)
~ O (tyy D) - FO 2y, D). (30)

The selection of these functions can be explained by looking
carefully at Eq. (9) or Eq. (21). To reduce the effect of return
losses in the multimode waveguide, the coefficient of the third
term of the first equation in Eq. (21) has to be minimized. Also,
the coefficient of the ﬁrst term of third equation has to be mini-
mized. Accordingly, f cost is defined as in Eq. (28). Similarly, to
reduce the effect of reflection losses in the single-mode wave-
guide, the coefficient of the fourth term of the second equation
in Eq. (21) has to be minimized, and the coefficient of the sec-
ond term of fourth equation has to be minimized. Accordingly,
f cost 18 defined as in Eq. (29). On the other hand, looking care-
fully at the 7th coefficient of the ith equation, i € {1, 2, 3, 4}, in
Eq. (21), one can notice that these coefﬁaents depend on the
wavelength through the terms Af; and A/)’smge To reduce the
dependence of the wavelengths in both waveguides and increase
the bandwidth of the device, one would diminish the effect of

these terms. Accordingly, f cose and [ ﬁiﬁt are defined as in

Egs. (26) and (27), respectively.

B. Gratings Design
In this subsection, we determine the duty cycle and teeth depths
of the antireflection gratings. We use a BMDM with the follow-
ing parameters: a coupler gap » = 140 nm, a grating period
A =282 nm, a grating teeth depth # = 7, a coupling length
L = 10.46 pm, and a taper length £, = 216 nm at port 2.
The widths of waveguides are w = 650 nm and 4 = 287 nm.
These parameters are determined by following the design
method described in [25]. To determine the duty cycle we plot
in Fig. 2(a) the cost functions versus the duty cycle for antire-
flection grating teeth depths of z,, = t;, = r/2. The figure
shows that both f C(,St(tw, D) and f cos:(f D) are minimized
at a duty cycle of D = 0.5, while both £4X(z,) and £E(z,)
are maximized at a duty cycle of D = 1. On the other hand, the
combined cost function is increasing until about D = 0.62,
after which it remains almost constant around 70 dB.

In addition, we plot in Fig. 2(b) the cost functions versus
antireflection grating teeth-depth-to-coupler-gap ratio 7 =
to]r = td/r for a duty cycle of D = 0.62. The figure shows
that both f Cost(tw, D) and f Cost(td, D) are decreasing functions
in 7, while both fcmt(tw) and fﬁﬁ!t(td) are increasing func-
tions. The combined cost function is rapidly increasing until
about 7 = 0.5, after which it is slowly increasing and is almost
constant around 70 dB.

5. NUMERICAL RESULTS AND FDTD
SIMULATIONS

In this section, we use 2D FDTD Solutions to simulate
the performance of the proposed BMDM-AR with a slab-
waveguides coupler. In our simulation, we use the same param-
eters as given in Subsection 4.B. The simulation results are
sets of S-parameters, defined as follows. When exciting input
port 1 of the BMDM-AR by TM, mode, the corresponding
S-parameters are
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o _ A AT L+ Cper)
T AT (0) e AR
_ G _C(0)
31 _AT(O)) 41 _A?_(O) (31)

The notation M1 in Sy, indicates that the S-parameter is
determined for TM; mode at output port 1 of the multimode
waveguide, while the notation M in S, , 7 € {2, 3, 4}, indi-
cates that the S-parameter is determined for the fundamental
TM mode at output port 7 of a single-mode waveguide. Similar
definitions can be made when exciting the BMDM-AR by TE,,
mode, m € {0, 2}, as follows:

L) _ A0
e AL T T AL
A;’_ (L + ftaper)
B TR
_ By ) _ B0
T R 0 M

A. BMDM without Antireflection Gratings

Figure 3 shows the simulation results for traditional BMDM
without antireflection gratings. Specifically, the resulting
S-parameters are plotted versus wavelength in Figs. 3(a)-3(c),
when exciting the (de)multiplexer by TE,, TM;, and TE,,
respectively. The crosstalks between TE and TM modes are too
small to appear in the figures. It is clear that the device has
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acceptable values of crosstalks. However, it has high values of
both insertion and return losses. For example, when exciting
the BMDM by TM; mode, the insertion loss is about §3;, =
-3.3 dBat 4 = 1550 nm. The return loss is as high as Sy, =
-2.5 dB at 4 = 1565 nm. When exciting the BMDM by TE,
mode, the insertion and return losses are about Sy, =
-4.5 dB and §,;,, = -8.8 dB, respectively, at 1 = 1550 nm.

It is clear that the device bandwidth is limited because of the
high return losses. The estimated bandwidths of the device are
about 85 nm, 50 nm, and 20 nm, for TEg, TE,, and TM;
modes, respectively.

B. BMDM-AR with Antireflection Gratings of 0.5

Duty Cycle

Figure 4 shows the simulation results when placing extra gra-
tings at the outer sides of the waveguides, phase shifted by 180°
with respect to the inner side gratings. The gratings’ teeth depth
at each of the outer sides equals 7, = r, = /2, and the duty
cycle is D = 0.5.

The results show that the high return loss of TM; mode is
reduced. In addition, the bandwidths of both TM; and TE, are
significantly increased. Specifically, when exciting the BMDM-
AR by TM; mode, the return loss is reduced to about Sy, =
-5.7 dB at 4 = 1550 nm. The insertion loss is about S5, =
-2.92 dB at A = 1550 nm, while the crosstalks to other TE
modes are negligibly small.

When exciting the BMDM-AR by TE; mode, the insertion
loss is about S, = -1.68 dB at A = 1550 nm, while the
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Fig. 3. FDTD simulation of S-parameters versus wavelength of traditional BMDM without antireflection gratings, when excited by (a) TE,,

(b) TM,, and (c) TE, modes.
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Fig. 4. FDTD simulation of S-parameters versus wavelength of proposed BMDM-AR with antireflection gratings of duty cycle D = 0.5 and

teeth depths of ¢,

= t, = r/2, when excited by (a) TE,, (b) TM;, and (c) TE, modes.
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return loss and crosstalk are about §y;, = -23.5 dB and
S41, = -21 dB, respectively, at same wavelength. It should be
noticed that in this case the insertion loss S5, is increased a bit
compared to that in the case without antireflection gratings.
Indeed, antireflection gratings would give rise to TE(-TE,;
mode conversion in the multimode waveguide [32]. This part
of TE; mode would be coupled into a radiation mode in the
taper section and result in some losses.

Finally, when exciting the BMDM-AR by TE, mode, the

insertion loss is about Sy, = -1.88 dB at 1= 1550 nm,
while the return loss and crosstalk are about Sy, = -16.5 dB
and S, = -23 dB, respectively, at the same wavelength.

It is also clear that the insertion loss is more flat over a larger
bandwidth than that without antireflection gratings.
The estimated bandwidth of the device is about 85 nm for

both TE, and TE, modes, while it is increased to about 40 nm
for TM; mode.

C. BMDM-AR with Antireflection Gratings
of 0.62 Duty Cycle
To reduce the return loss and increase the bandwidth even fur-
ther, the duty cycle is increased to D = 0.62. Figure 5 shows
the simulation results for this case.

The results show that the high return loss of TM; mode is
reduced even further, and its bandwidth is increased. Specifically,
when exciting the BMDM-AR by TM, mode, the return loss is
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significantly reduced to about Sy, =-15.5dB at A=
1550 nm, and the insertion loss is significantly improved to
about S3;, = -1.88 dB at the same wavelength.

When exciting the BMDM-AR by TE; mode, the insertion
loss is about S, = -1.33 dB at A = 1550 nm, while the
return loss and crosstalk are about §;;, = -22 dB and
S41, = -21 dB, respectively, at the same wavelength.

Finally, when exciting the BMDM-AR by TE, mode, the
insertion loss is about Sy, = -1.91 dB at 4= 1550 nm,
while the return loss and crosstalk are about Sy;,, = -16 dB
and §,;, = -19 dB, respectively, at the same wavelength. Also,
the insertion loss is about g, = -1.33 dB at 4 = 1543 nm.

In addition, the estimated bandwidth of the device is
increased to about 45 nm for TM; mode, while it is about

85 nm for both TE, and TE, modes.

D. Analytical Results

In this subsection, we compare our analytical results, as given in
Section 4, with that of the simulations. In Fig. 6, we plot the
S-parameters as obtained from the analytical equations when
exciting input port 1 of the BMDM-AR by TM; mode.
Both duty cycles of D = 0.5 and D = 0.62 are considered.
The figures show general consistency with the corresponding
simulation figures as given in Figs. 4(b) and 5(b). Of course,
some discrepancies exist due to the approximations and ideal
material used in the analysis. We have the following remarks.
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The high return loss of TM; mode (S;,,,) is significantly re-
duced when using a duty cycle of D = 0.62. In addition, the
device bandwidth is increased at this duty cycle. One more re-
mark is the crosstalk to port 2 (S,;, ) is higher in the analytical
results than that in the simulations. The reason is that the ana-
lytical results are obtained without a taper at the output of the
multimode waveguide, while the simulations have been done
with a taper. Indeed, the taper helps in radiating away the cross-
talk due to first-order mode.

6. CONCLUSIONS

The impact of return losses on the performance of BMDMs
have been studied, and antireflection gratings have been
designed to reduce their effect. Approximate analytical expres-
sions that obtain the optimal design parameters have been de-
rived based on the perturbative coupled-mode theory. Both
duty cycle and teeth depths of the antireflection gratings have
been determined based on optimizing a cost function. In
addition, FDTD simulation of the proposed device has been
performed, and its S-parameters have been obtained and pre-
sented for different design parameters. Our results reveal that
for antireflection gratings with a duty cycle of 0.62, the inser-
tion losses, return losses, and crosstalks are significantly
reduced. In addition, the estimated bandwidth of the device

is significantly increased to about 45 nm for TM; mode, while
it is about 85 nm for both TE, and TE, modes.
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