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A strip waveguide-based bi-directional mode-division multiplexer is proposed. A mathematical model has been
proposed to analyze the performance, and the results are simulated. The design concept of this device to (de)
multiplex three modes simultaneously has been studied previously for slab waveguides, both mathematically
using the perturbative mode-coupled theory and by simulation using 2D FDTD Solutions (FDTD, finite differ-
ence time domain). As slab waveguides are not suitable for extracting fabrication parameters for most silicon-on-
insulator applications, we apply the concept to a more practical device that involves strip waveguides rather than
slab waveguides. The effective index method (EIM) has been used to develop the mathematical model and to get
approximate forms for both the profiles and coupling coefficients. The return loss of different modes is taken into
consideration to fully characterize the device performance. Simple formulas for both insertion and return losses of
all multiplexing modes have been derived. In addition, full vectorial 3D FDTD simulations are performed so as to
validate our mathematical model. Different design parameters have been used to get numerical results of the
proposed device. Our results reveal that the EIM has enough accuracy to characterize the performance of
our device compared to that of the complex full vectorial simulation. In order to validate the used model,
the device has been fabricated and tested. Good insertion losses and crosstalks for all modes have been
obtained. © 2017 Optical Society of America
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1. INTRODUCTION

one laser source, a multicore-division multiplexing technique still
requires a large space, which is a valuable resource for on-chip

Various multiplexing techniques have been reported to meet the
high-bandwidth capacity required for on-chip interconnects
[1-4]. By using many light sources at different wavelengths,
wavelength-division multiplexing (WDM) techniques have been
adopted since the 1980s to make use of the high bandwidth
available in optical fiber [2]. The current community goal is
to increase the capacity of a single channel in order to increase
the aggregate data rate of the network [5-7]. Recently, space-
division multiplexing (SDM) has been standing as a promising
candidate to achieve the above goal [3,8,9]. In 1979, the first and
most obvious SDM approach was reported [10]. Now, it has
become an attractive technique for optical interconnects in data
centers [3]. Multiple laser sources are hard to realize and manage,
which makes WDM not a convenient technique for on-chip
communications. Although SDM techniques would use only
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communications [11,12]. On the other hand, mode-division
multiplexing (MDM) techniques have received increasing inter-
est in recent years for on-chip (de)multiplexing, as they reserve
both space and laser sources for the system [13]. In MDM, dif-
ferent data streams can be carried by different modes at the same
wavelength by engineering the dimensions of the interconnect to
support multiple orthogonal modes.

The (de)multiplexer is one of the key components in the
MDM system [13-29]. In Ref. [14], a four-mode MDM has
been realized using a multimode interference (MMI) coupler
with an on-chip area of more than 2 mm?®. Tapered directional
coupler-based MDMs have been proposed in Refs. [18,19].
In Ref. [19], TE; and TE; (de)multiplexers have been reported
with low insertion loss (IL) and crosstalk (-0.3 dB and -16 dB),
while the device length is more than 50 pm. In Ref. [18], the
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same idea has been reported for TM;, and TM; with short
common coupling length for both modes of 15.2 pm and
low IL of -0.7 dB. An eight-channel mode (de)multiplexer
has been proposed in Ref. [20] using six cascaded directional
couplers. The total length of the (de)multiplexer is more than
330 pm. Although the simulated IL for all channels is promising
(< - 0.5 dB), the measured IL ranges from -0.2 to -3.5 dB for
different modes. A (de)multiplexer has been designed in
Ref. [21] that is based on asymmetric ¥-junction with length-
dependent frequency response. It has been used for two modes
with IL less than -1.5 dB and length more than 100 pm. In
Ref. [22], a three-mode (de)multiplexer has been proposed. The
maximum measured IL is about -5.7 dB at a wavelength of
1550 nm, and the worst crosstalk is -9.5 dB. The length of the
(de)multiplexer for the three modes is more than 350 pm. In
Ref. [25], an add/drop MDM for both TE,, and TE, has been
proposed, which is based on a Mach—Zehnder interferometer
assisted with a periodic structure on the arms. The IL for both
modes is less than 1 dB, while the length is more than 100 pm.
Another add/drop MDM has been proposed in Ref. [30] using
two waveguides and a Bragg grating.

Y -junction- and MMI-based MDM:s cannot conveniently ac-
commodate more than two modes and require high fabrication
tolerance and complex design. Tapered directional couplers-based
MDMs are intrinsically limited in bandwidth. However, some
studies have been done to increase the bandwidth and reduce
the sensitivity to fabrication errors [23,31]. In Ref. [29], a
three-mode (de)multiplexer has been proposed based on two slab
waveguides and a Bragg grating. It has been referred to as a bi-
directional mode-division multiplexer (BMDM). The device con-
cept has been verified both mathematically and with the aid of
2D FDTD simulations. However, a slab concept is not always
suitable for extracting parameters for silicon-on-insulator (SOI)
fabrication process.

In this paper, we use strip waveguides to provide practical
insights to the performance of the BMDM assisted with 3D
FDTD simulation. We develop a mathematical model to study
the performance of the BMDM with strip waveguides. The rig-
orous analysis makes it possible to design the device at any
wavelength, for any modes, and for any waveguide dimensions
by using only the final equations. Specifically, the mode profiles
for all involved modes in a strip waveguide are written using the
effective index method (EIM). The EIM has proven to be in
good agreement with full vectorial methods, yet is much sim-
pler [32-36]. In Ref. [32], the implementation of EIM has
been proven to be applicable to a wide range of guiding struc-
tures (strip, buried, and diffused guides) and has been tested
against analytical solutions and against other methods’ results
to prove good agreement. Using this method, a 2D problem
is transformed into 1D problems (slab) that are easy to express.
The first slab is in the horizontal direction and has a thickness
as the height of the strip waveguide. The second slab is in the
vertical direction and has a height as the width of the strip
waveguide. The vertical slab uses modes resulted from solving
the horizontal slab. In addition, we drive approximated expres-
sions for different coupling coefficients in the strip waveguide
using perturbative coupled-mode theory. The return loss (RL)
in the input waveguide due to the existence of Bragg grating is
taken into account in our analysis to fully characterize the
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device. Expressions for both the ILs and crosstalks are obtained
and examined for different device parameters. Furthermore,
a 3D FDTD simulation is provided to ensure the consistency
between our mathematical model and a 3D vectorial method.
The dispersion of the silicon is not taken into account in the
theoretical analysis for simplicity; however, it is taken into ac-
count in the 3D FDTD simulation. Finally, the device is fab-
ricated and tested to validate the used model. The IL of the
proposed device ranges from -0.5 to -5.4 dB for different
modes with a length of only 18 pm. Compared to other
MDMs mentioned in literature for more than two modes,
our device has about 10-fold reduction in size [14,20,22]
and easy to be extended to higher-order modes.

The remaining of this paper is organized as follows. Mode
profiles of the proposed structure are presented in Section 2.
It includes the normalization factors for the modes and orthog-
onality property. Section 3 is devoted to the development of the
coupled-mode equations for both forward- and backward-
propagating modes in both device waveguides. The solutions
to these equations are provided in Section 4. 3D FDTD sim-
ulations based on our numerical results are presented in
Section 5 along with some parametric studies. The fabrication
process is described in Section 6. The experimental data are
analyzed to get the ILs and crosstalks for all modes. The exper-
imental results are presented in the same section. Finally, our
conclusions are given in Section 7.

2. DEVICE STRUCTURE AND MODE PROFILES

The structure of the proposed BMDM (de)multiplexer is illus-
trated in Fig. 1 with the origin of the axes at the center of the
input facet of the lower waveguide.

It consists of two strip waveguides and a Bragg grating in
between. One of the waveguides is 2 multimode (also called
input) waveguide of width w, while the other is a single-mode
(also called output) waveguide of width . Port 1 represents the
input port where three modes are launched: TE,, TE;, and
TE,. The fundamental mode TE; is kept in the input
waveguide and propagates to port 2. The first-order mode TE,
couples via a traditional directional coupler to the output wave-
guide and propagates forward to port 3, while the second-
order mode TE, couples via the Bragg grating and propagates
backward to port 4. Every tooth from the Bragg grating dif-
fracts a small amount of the second-order mode to the output
waveguide, causing the coupling in the backward direction.
The height of both waveguides is 4, and the device length is
L. The grating period is A, and the teeth width is # < 7, where
7 is the coupler gap.

L BOX

| —

Fig. 1. Structure of proposed BMDM with strip waveguides.
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By inserting a Bragg grating between the two waveguides,
every waveguide would see a different perturbation to the re-
fractive index. The perturbation An2 . (x, 3, z) seen by the in-
put waveguide can be obtained by subtracting the unperturbed
index from the total index of the system. This can be written as
a series of rectangles and expanded using Fourier series [29].
For any # >y > 0 and any z > 0, we have for L > A:

Anrznulti (X,}/, Z)
2by; |x-w/2-r-d/2|<d/2,
= Zz?cz—oo bveijy(zﬂ//\)ﬁ |x_ u//2— 7/2| < t/2, (1)
0; elsewhere,
where
n -m
b, = sinc(v/2), vel{.,-,0,1,..}. (2

Here, 7, and 7, are the refractive indices for the waveguide
material and its surroundings, respectively, and v is the grating
order. A similar expression can be deduced for the output wave-
guide: for any 4>y > 0 and any z > 0,

A”fingle (%, 3> 2)
2by; lx| < w/2,
= ® b eI w2 - r[2] <1/2,  (3)
0; elsewhere.

A. Mode Profiles

In this subsection, we use EIM to express the 2D mode profiles
of our BMDM (de)multiplexer. EIM converts original 3D
channel waveguides into effective 2D planar waveguides, which
is easy to be studied analytically. The profiles are written as
Y(x,y) = G(y)F(x), where G(y) and F(x) are the electric
fields of two slab waveguides in y and x directions, respectively.
Since the heights of both input and output waveguides are the
same, their electric fields in y direction are the same as well:

A cos(p)e?; if y <0,
A cos(py - ¢); ifh>y>0 (4)
A cos(ph - ¢)e 705 if y > b,

GO =

where A is a constant. The parameters p, y, and ¢ are given by

2 >
pP = ny — N2
AO 1 effg

2r >
Y= Z\/”effﬁ )

¢ = tan’! Z )
p

Here, e, is the effective index of a slab waveguide of height
b in y direction, and 4, is the operating wavelength. In x
direction, the electric fields are different, as both waveguides
have different widths:

F,(x)
%Cw cos(at,,w/2 4 mm[2) - e 0FwlD; i x < —w /2,
2

N,
= 7;‘%;”0 C,, cos(a,,x—mn[2);
:
&

% .
%’WCW, cos(a,,w/2-mm[2)-e 2D if x> /2,

if x| <w/2,

(6)
F(x)
Nah 0 cos(ad [2)- 50425 ifx<w/2 47,
2
_ Iiwg,-'/oCjcos[ax(x—w/Z—r—d/Z)]; if}x—%—r—%’ﬁa’/z,
eff§

Moty © cos(a,d [2) - 12-D; if x> w0 /24 7+ d,
2

()
where F,,(x) and F(x) are the fields for input and output

waveguides, respectively. 1y is wave impedance in free space
defined as \/py /€y where ugy and € are free-space permeability
and permittivity, respectively. Here, m € {0, 1,2} denotes the
mode order in the input multimode waveguide, while s labels
the output single-mode waveguide. For any i € {50, 1, 2},
N is the final effective index of the waveguide. In addition,
a; and o; are given by

2r
a; = %\/ neff; _ngf
2
6, = TZ’ /N, -7, )

respectively. The constants A and C; are chosen so that power
flow in z direction is unity. Using Eqgs. (4), (6), and (7), we can
extract the orthogonality property for strip waveguides:

2N,
//‘PZ (2, )W, (2, y)dxdy = o™ we,

Theff, <

“Boms ©)

where 8,,, is the Kronecker delta.

3. COUPLED-MODE EQUATIONS

In this section, we aim at finding a system of first-order coupled
differential equations that relates the amplitudes of the forward-
and backward-propagating modes for the input and output
waveguides using coupled-mode theory. The electric field in
the coupling region can be expressed as a superposition of
the unperturbed fields of both waveguides with amplitude
perturbation:

2
E(xy2) = ) (AL (e + A, (2)eP )P, (x, y)

m=0
+ (B* (2)e 7= + B (2)é’*) ¥ (x, ), (10)

where A% (2) and B*(z) are complex amplitudes of mode 7z in
the input waveguide and the fundamental mode in the output
waveguide, respectively. In addition, W;(x; y) is the electric field
profile for mode 7€ {5,0,1,2}, and Bi(z) = 22N, /1
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denotes its propagation constant. We start from the wave equa-
tion for perturbed and unperturbed systems and follow the pro-
cedures in Refs. [37,38] to get

2 dA; o dAL(z) .
Z -2ip,, ( a’z(Z) eTPn _ a’z(Z) e/ﬂmz> ¥, (x,y)

m=0

- 2jp; (445;;@) Pz dB (Z) = b Z) ¥ (x,y)

2
= —kj lZ(A$ (2)e P + A (2)ePn?)

m=0

C AR (5320, ()

+ (Bt (z)e?P* + B~ (z)efﬂfz)Anszingle (x3,2)P () |. (11)

From the last equation, we derive coupled-mode equations
for both AZ(z) and B*(z), as discussed in the following sub-

sections.

A. Coupled-Mode Equation for Input Waveguide
Modes

Multiplying Eq. (11) by W} (x, y), integrating over both x and y,
and using orthogonality property Eq. (9), we get the coupled-
mode equation for A} (z):

dAS (2)
dz

2
_ _;@eo "effy (Yo BBt 220/ Dz
=7 4no N. o2 {Z,,:by (Z[Am @)e? -
WEx m=0
—’—A;ﬂ(z)gj(ﬂm""/jn’z”l’/l)z]

. // 5220 lPZ (X, .y) le (x) ]) dxd_y

lx-w/2-r2|<t/2

+ [BJr (Z)e—j(ﬂf—ﬂ,ﬂrbw/ﬁ)z + B (z)ej(ﬁ.r+ﬂn-2””//l)z]

8 // hzy=0 lP:: (x’ y)lPs (x; )’) d.X'd)/)

[x-w/2-7/2|<t/2

+ 2b,BF (2)eT PPz // ) Wi (x, y) P (x, y)dxdy},

|¥|<w/2
(12)

where Any i (%, 9, 2) and Angpgle (%, 3, 2) have been substituted
from Eq. (1) and Eq. (3), respectively. In addition, @ is the
angular frequency. We study Eq. (12) for n € {1,2} to get
the forward-propagating modes. In order to couple the first-
order mode HE,; of the input waveguide to the fundamental
mode of the output waveguide, both propagation constants
should be equal. The second-order mode TE, of the input
waveguide would couple contra-directionally via the grating
to the fundamental mode of the output waveguide. The cor-
responding phase-matching conditions are

ﬂl = ﬂf
2r
P2 +ﬂszx- (13)
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Applying these constraints to Eq. (12) and neglecting
phase unmatched terms, we get the coupled equations for

At (z), n € {1,2}:

d z
PG _ i A @) + Eai(e) + (4 4+ DB @)
dAT(2) _ + 1
e = j{EH A (2) + &, A1 (2) + K38 (2)}, (14)

where for any 7, m € {1, 2} and any v € {0, 1}, &, k%, and
¢, are coupling coefficients defined over different regions
of the proposed (de)multiplexer. Their values depend on the
overlap of different fields within the dielectric perturbation.
Specifically:

y Do Tl W (x, )P, (3, y)dxd
o = b [ / W), )dedy
[y )/z\<¢/2
. (h n ) L e

2y + p*) 6,40,

x 2 sinh {t (o, + om)},

e
K= 2’60 o, / / W3 (x, )W, (3, y)dxdy
Mo IV I« u//h2> 72\<:/2
h Y 1
[ _ V.~ r/20,+0)
- (2+7/2 +ﬂ2> G, -0,
x 2 sinh { (0, - 05)]
WE eff
=7 -0 -2, / / W (x, )W, (x, y)dxdy
Mo IV i
— dO (é+ 14 ) a,e
"2 ) (@A) R+ a2
Jo(1-e2) +6,(1 + 7)), (15)
where

of W€y Teff N,
aﬁmdzf?;)]\: gz b, - A? ngzﬂo C, cos(a,w/2 - nr/2)
0 wg, 2

%’70 C,, cos(a,,w/2 - mr/2)

2
def WEQ TPeff 2 N, Mo
&= Tty Ny, gz b, A 7 C, cos(@,w/2 - nn/2)
N,
« ™ 0 cos(ad /2)
5
e Teff, N,, N,
gdéfio £ 2b,y - A? 2,10 C, x gﬁo C, cos(a,d/2).
4770 ngﬁ ”effﬁ 2

(16)

It should be remarked that the inter-waveguide coupling co-
efficient k is a parameter of most interest to device performance.
Indeed, it controls the coupling from the input waveguide to
the output waveguide through the grating in both forward and
backward directions.
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Following the same procedure as in the last subsection,
we get dAZ(Z), n€e{l,2}:

d
3(2) = jEh A (2) + &L A7 (2) + () +¢1)B (2)}
d
JLLZZ(Z) = LA (2) + & AT (2) + BT (2)). (17)

Both Egs. (14) and (17) indicate that the back-reflection in
the input waveguide is directly related to &}, or &;.

B. Coupled-Mode Equation for Output Waveguide
Mode
Again, multiplying Eq. (11) by W} (x, y), integrating over x and
9, and using the orthogonality property, we get
dB*(z)
dz

where * and w,, are new coupling coefficients defined as

=ik} + @) A (2) + k1A (2) +1°B* (2)}, (18)

we neff
SN // g Fr P E oDy

Mo 2 lx-w/2-r, /2\<z/2
_ . ( ) _,, sinh(zo,)

— = s ——

2 }/ +p O
WE, neff
m =G [ b
0

Jx w/Z 4/2\<1/2

0 <é+ 4 ) (1567
TP vt a

) [0_5(1 + e-a,,d) + o‘n(l _ 6_6”4)], (1 9)
where
€] e NW 2
fud f W€y "eff, b, - A2 < gzﬁo C, COS(a;d/2)>
4’70 Ny "
ggdef wey Melfy by - A2 22 Nugllo C,
4;/]0 N & effz
Mo C, cos(a,w/2 - nx/2). (20)

2
Similar to ¢,,, @, quantifies the intra-waveguide coupling in the
output waveguide. Finally, we can get the coupled-mode equa-
tion for B7(z) as
dB (z)
dz

= H{) + @) A () + 1547 (2) +1°8(2)}. (21)

4. SOLUTION OF COUPLED-MODE EQUATIONS

To solve the system of differential equations described by
Egs. (14), (17), (18), and (21), we need to introduce a phase
correction term to phase-matching conditions in Eq. (13):

Pr+él=p+0

Br+ &% +/)7:+10=2Kﬂ- (22)

Accordingly, the grating period is determined as
ngz + Ny 522 + 07!

7o 21 (23)
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The new mode amplitudes are defined as

Af (z) = Cl(2)e 1% A{(2) = Ci(z)é®
A (2) = CF (2)e72%  Aj(2) = Cy(z)é2?
Bt (z) = D*(z)e "= B (z) = D (2)e"=. (24)

The new set of coupled-mode equations are thus

dC;z(z) HEL A0 (2) + (K + ¢))e T EDTDH (2)}
dC;z(z)_ H{EL T HRC (2) + k1 HERD (2))
dD;z(z) ) + )" EVCT () 4 ideCTEAC ()}
dc[}z(z) = j{EL eI ENTEICE (2) + () + ¢)) 8D (2))
dcjz(z) = &L, TN HEICH (2) + keI DT (5))
dlj{z(Z) Hibe TR0 (2) + (k9 4 @) e 7D C (2) ).

(25)

These equations indicate that some unavoidable back-
reflections exist. The first-order mode C{ () not only couples
to the forward direction of the output waveguide D (z), but
also to the second-order mode in the backward direction of the
same waveguide C3(z). The second-order mode experiences
the same effect by coupling into the first-order mode in the
backward direction of the same waveguide. This system of
differential equations can be written in a matrix form:

dE(z)

= S1E), (26)

where

Ci(2)
Cy (2)
D*(2)
Ci(2) |
C5(2)
D (2)

E(z) = {‘?((zz))] = 27)

and S (z) is the coefficient matrix. To solve this system of dif-
ferential equations, we define another matrix S,(z) =
J& 81 (r)dr and make sure it commutes with S, (2). The solu-
tion will be in the form of E(L) = ¢(L)E(z;). In addition,

we introduce some transformation to ¢(L) to get the solution

in the form
EX(L)| _ E*(0)
[E‘(O)] —M(L){E_(L)}, (28)

where M (L) is the transformed matrix.

5. NUMERICAL RESULTS AND 3D FDTD
SIMULATION
In this subsection, we use our developed theoretical expressions

to determine the device parameters to be used in 3D FDTD
simulations. First, we plot the mode chart for a strip waveguide



Research Article

of height 220 nm, provided by most foundries, from which
we choose a proper width for both waveguides to support
the desired modes and satisfy the phase-matching conditions.
The equations from the previous section would help in
characterizing our proposed device. Next, we feed chosen
parameters to a 3D FDTD simulation in order to verify our
mathematical model. The challenge here is to design a BMDM
that has good performance for both first- and second-
order modes simultaneously.

A. Choosing Dimensions of Waveguides

The mode chart of a strip waveguide is illustrated in Fig. 2 for a
height of 220 nm and a wavelength of 1550 nm using the full
vectorial method. The polarization of each mode and its profile,
calculated using the EIM at the desired width, are indicated in
the same figure. The EIM has been used to get the effective
indices and profiles for all modes, which are used later to cal-
culate all coupling coefficients from Egs. (15) and (19). The
vertical dotted lines indicate the dimensions of the input
and output waveguides. The upper horizontal line has two in-
tersections, which represent the phase-matching conditions be-
tween the first-order mode in the input waveguide and the
fundamental mode in the output waveguide. For both modes
to couple co-directionally, they are supposed to have the same
phase. The lower horizontal line represents the effective index
of the second-order mode in the input waveguide, which is
used to calculate the period of the Bragg grating. The output
waveguide is selected to have a width of 4 = 450 nm. Using
EIM, the fundamental mode has an effective index of
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Ny = 2.4109. The width of the input waveguide is selected
to support the first three TE-like modes, w = 936 nm. For TE,,
TE,, and TE, the EIM gives effective indices of V., = 2.7316,
Ny, = 2.3833,and NV, = 1.7747, respectively. The discrep-
ancies between the full vectorial method and EIM are 0.38%,
0.73%, and 5.39% for the three modes. This result is expected,

as the EIM is most suited for lower-order modes.

B. Choosing Gap

The coupling gap is chosen so that the inter-waveguide cou-
pling coefficients are high enough to guarantee the highest cou-
pling between both waveguides. In Fig. 3(a), we plot various
coupling coefficients, %, &}, ¢, @, and &l,, versus the
gap. From Eqs. (15) and (19), we can describe each coupling
coefficient as follows. & and 1 represent the intra-waveguide
coupling due to the existence of the Bragg grating in the input
and output waveguides, respectively. ¢ and @ represent the in-
teraction between modes from both waveguides over the input
and output waveguides, respectively. As ¢ and @ represent the
interaction between modes from different waveguides, they are
monotonically dependent on the gap. The inter-waveguide
coupling k increases with the coupler gap until a maximum
value then decreases again. Indeed, for small values of the cou-
pler gap, many rays would miss the introduced perturbation,
and k becomes small. On the other hand, as the gap increases,
more rays would see the perturbation, and the interaction with
the grating teeth would increase. As the gap increases further,
both waveguides will be separated enough to reduce the cou-
pling between them, and, accordingly, k would decrease. As the
ILs for both modes are functions of the coupling coefficients,
they will be functions of the gap. For the first-order mode, IL

8 decreases as the gap increases because rays miss the other wave-
275 guide. For the second-order mode, IL will increase with the gap
5 as the rays see more perturbation (tooth depth). After a certain
25 . . .
X value, IL will decrease again because rays miss the other wave-
2 225 guide. It is also clear from the figure that £},, which is a main
2 , contributor to the back reflection, increases with the gap.
k3 Indeed, as the gap increases, the two waveguides are separated
o175 enough to prevent inter-waveguide coupling. Accordingly, back
15l reflection would increase. For further gap increase, £}, reaches
200 000 600 300 1000 its maximum steady value and the back reflection cannot in-
Width [nm] crease any more. The peaks of k! and k) are calculated to
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Fig. 2. Strip waveguide mode chart of 220 nm height and 1550 nm beh 3'2:65 xhl() nnll. and 8'422 x 107 nm™, r;spec}tllvely.
wavelength. Choosing the coupling gap as 140 nm ensures that the IL
would be minimized for both modes at the same time.
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The corresponding period can be calculated from Eq. (23) to
be 364.4 nm for r=r. Another parameter that affects
inter-waveguide coupling coefficients is the tooth width .
Figure 3(b) shows a monotonic dependence of k on the tooth
width. To get the highest coupling value, we choose r = r for
subsequent simulations.

C. Insertion Loss and Return loss

The ILs and RLs for first- and second-order modes are plotted
versus the coupling length in Fig. 3(c) for a coupler gap of
140 nm. As the first-order mode couples via the traditional direc-
tional coupler, it has a periodic behavior with constructive and
destructive interference points. The second-order mode has
damping oscillations with the length. This is a direct result of
the increase in the reflected power as the length increases.
The RL is almost the same in the case of first- or second-order
mode excitations. This RL value cannot be suppressed, as it is a
direct result of the existence of the Bragg grating. In order to
achieve good IL for both modes and a compact device length
simultaneously, we choose the device length at the first peak
of IL,, 30 A.

D. 3D FDTD Simulation

In this subsection, we use the obtained values for the (de)multi-
plexer’s parameters from the last subsections to perform 3D
FDTD simulations. In our simulation, we uses a 220 nm height
strip waveguide with SiO, cladding and BOX of 2 pm. Since we
are studying the performance of the device for different wave-
lengths, the refractive index-wavelength dependence of Si and
SiO, are taken into account. A Lorentzian model has been used
in our simulation to fit the silicon data from Palik’s handbook
[39]. The coupler gap, grating period, and length are chosen to
be 140 nm, 364.4 nm, and 30 A, respectively. Figure 4 shows
the resulting ILs and crossalks versus wavelength for each of the
excited three modes. In addition, the RLs versus wavelengths for
both first- and second-order modes are plotted in the insets of
Figs. 4(b) and 4(c), respectively. It is clear from these two insets
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Fig. 4. 3D-FDTD simulations of proposed (de)multiplexer with
coupler gap » = 140 nm, grating period A = 364.4 nm, and length
L = 30A when excited with: (a) fundamental mode, (b) first-order
mode, and (c) second-order mode.
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that the RLs are almost the same, which is consistent with our
mathematical model.

At 1550 nm, the ILs for the fundamental, first-, and second-
order modes are -2.76 dB, -5.402 dB, and -4.2002 dB, re-
spectively. It is worth noting that the IL of the first-order mode
can be reduced further by operating at a slightly different wave-
length. Specifically, at 1543 nm, the IL of this mode would be
reduced to -2.744 dB [Fig. 4(b)]. Accordingly, our device can
be integrated in a WDM/MDM system to carry different
modes at different wavelengths. Specifically, TE; and TE,
can be carried at 1550 nm, while TE; and TE; can be carried
at 1543 nm. However, this comes with the price of increasing
the complexity of the operating system. In addition, the (de)
multiplexing function can be transferred to 1310 nm wave-
length by applying design equations to that wavelength.
Finally, it is clear from the figure that the crosstalks in all cases
are always less than 20 dB. We also emphasize that changing
the duty cycle and/or tooth width of the Bragg grating can also
be used to improve and optimize the IL for the modes.
Specifically, making the duty cycle equal 0.2 results in a reduc-
tion of the IL of the fundamental mode to 0.5 dB, while other

modes’ ILs remain the same.

6. EXPERIMENTAL RESULTS

Our device has been fabricated using 100 keV electron beam
lithography. A SOI wafer of 200 mm diameter, 220 nm silicon
thickness, and 2 pm buffer oxide thickness has been used as the
base material for the fabrication. After fabrication, the device has
been inspected using a scanning electron microscope (SEM) to
verify patterning and etch quality. A 2.2 pm oxide cladding has
been deposited using a plasma-enhanced chemical vapor depo-
sition (PECVD) process to protect the functional device.

Spectral responses have been measured using an Agilent
81600B tunable laser source with a wide tuning range
(1500-1600 nm) in 10 pm steps. A polarization-maintaining
fiber array has been used to couple light in/out of the chip. The
fibers have been spaced by 127 pm from each other. To allow
automated measurements for the device, all on-chip grating
couplers are spaced with the same distance.

A. Circuit Description

Figure 5 shows a schematic of the whole circuit with different
parts. The used grating couplers couple light from the fiber to
the fundamental mode on a waveguide of width 500 nm.
Waveguides with different widths are connected by tapers in
order to reduce back reflections and maintain the power in

the desired mode. The taper to the right of Fig. 5 is used to

Coupler 1 for TE1 circuit
Coupler 2 for TE2 circuit

|

Directional Coupler BMDM T
o -----=-=-t------  Taper
l Terminators Contra-propagating Co—propagatingl

Input port port port  Through port

Fig. 5. Schematic diagram of the whole device with different
components (not to scale).
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allow the detection of the fundamental mode in the 936 nm
waveguide via a grating coupler.

We have designed different terminators to end waveguides
propetly so that the back reflection is minimized (less than
-25 dB). The tip of different terminators is 60 nm, which
is the minimum feature size of the fabrication process. For
the fabricated BMDM, we have used a Bragg grating with a
duty cycle of 20% and period of 378 nm. The length of both
waveguides is 18 pm with a coupler gap of 192 nm. We have
used an indirect calibration method to extract the IL of our
BMDM, which depends on reference circuit(s) to eliminate
the loss due to irrelevant components. The first is only a grating
coupler pair with a waveguide between them, from which we
can get the IL of the grating coupler alone. The second is a
grating coupler pair with a pair of directional couplers. By com-
paring the performance of the second reference circuit with the
first reference circuit, we get the IL of the one-directional cou-
pler. Finally, we design a circuit with the grating coupler pair,
directional coupler, and our proposed BMDM [Fig. 5]. In the
last circuit, we know the performance of all components except

our BMDM. Subtracting all other components’ ILs, we can get
the IL of our BMDM.

1. Grating Coupler Pair Layout

The grating coupler pair layout and data are shown in Fig. 6.
The two fiber grating couplers are designed for 1550 nm quasi-
TE operation. We limit our analysis to the top 10 dB of the
grating coupler response to avoid noise introduced at the end of
the spectrum. The following analysis is limited to the corre-
sponding wavelength range.

B. Mode Excitation

To provide first- and second-order modes to test our device, we
introduce two-directional couplers to couple the input funda-
mental mode to the desired mode in the 936 nm waveguide.
Coupler 1 and 2 can couple the fundamental mode to the first-
and second-order modes, respectively. The width of 450 nm
has been chosen, instead of the conventional 500 nm, for cou-
pler 1, as it gives the best couple to the first-order mode in the
936 nm waveguide. For coupler 2, we choose the width of
270 nm to couple the fundamental mode to the second-order
mode in the desired waveguide, as depicted in the mode chart
in Fig. 2. The length and gap values have been obtained
through a 3D FDTD simulation sweep to get the best coupling

-20 \
g -30
9]
8
£ 40 —— Measured data

= == Polynomial fit
50 == truncated data
15 1.52 1.54 1.56 1.58 1.6
Wavelength [um]
@) (b)

Fig. 6. (a) Grating coupler pair layout. (b) Measured, fitted, and
truncated data.
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efficiency to the desired mode while agreeing with the shot
pitch and minimum feature size of the fabrication process.
Figure 5 shows a circuit that has two options. The first is using
coupler 1 for TE)/TE; conversion. The second is using cou-
pler 2 for TE(/TE, conversion.

C. Experimental Data

Figure 7 shows the experimental and fitted data for both cou-
plers 1 and 2. The length and gap for coupler 1 are 21 pm and
144 nm, respectively, while they are 12 pm and 174 nm, re-
spectively, for coupler 2. The corresponding ILs for couplers 1
and 2 are -0.8183 dB and -0.6197 dB, respectively, at
1550 nm. The grating couplers used in the fabrication process
can inject/detect only the fundamental mode. As a result, the
crosstalk to higher order modes cannot be addressed.

The calibration process has been done by subtracting the loss
of the grating coupler pair and the used directional coupler from
the whole system response. Performing the calibration process,
we get the ILs for the fundamental, first-order, and second-order
modes, as shown in Fig. 9. Specifically, at 1550 nm, the ILs are
-3.127 dB, -1.465 dB, and -2.384 dB, respectively. The cross-
talk is less than -21 dB for all modes. Working at a wavelength
of 1540 nm can improve the ILs of the fundamental and second-
order modes to -2.042 dB and -0.9292 dB, respectively. From
Figs. 8 and 9, we can see the similarity between the simulation
results and the experimental data in the same wavelength range.
The litde difference can be attributed to some unavoidable fab-
rication deviations. Functional Si layer non-uniformity and tilt of
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Fig. 7. Experimental and fitted date for: (a) coupler 1 and
(b) coupler 2.
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Table 1. Comparison with Previous Work

Number
References  of Modes Method Dimension
[14] 4 MMI 2 mm?
[18,19] 2 Tapered DC >50 pm, 15.2 pm
[20] 8 6-cascaded DC >330 pm
[21] 2 Asymmetric ¥-jun >100 pm
[22] 3 Asymmetric Y-jun >350 pm
(25] 2 MZI >100 pm
BMDM 3 2-waveguides and 18 pm

Bragg grating

the waveguide side walls from the vertical position are a few
examples. However, the used theoretical model still gives a good
indication for the performance of the fabricated device.

Table 1 provides a comparison between our proposed
BMDM with previous MDMs. From this table, we can see
the reduction of the size accomplished for our device.

7. CONCLUSION

A compact BMDM with strip waveguides has been proposed,
and its performance has been analyzed and simulated. The (de)
multiplexer is very compact and can separate/combine three
modes (TE;, TE;, and TE,) in a simple and efficient way.
Both EIM and coupled-mode theory have been adopted in
our mathematical analysis. Simple formulas for both ILs and
RLs of all multiplexing modes have been obtained with their
dependence on the coupler gap. In addition, approximate
closed-form expressions for inter- and intra-waveguide cou-
pling coefficients have been introduced for the strip waveguide.
The validity of our developed mathematical model has been
verified by 3D FDTD simulations. Numerical results of both
the ILs and crosstalks predict good performance of the pro-
posed device. Fabrication results show acceptable ILs and cross-

talks for all modes.
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