7486

JOURNAL OF LIGHTWAVE TECHNOLOGY, VOL. 39, NO. 23, DECEMBER 1, 2021
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Abstract—A converter that manipulates the energy exchange
between two arbitrary guided modes having different mode orders
and polarization states is proposed. This objective is achieved
through engraving a periodic grating on a strip waveguide. The-
oretical analysis, based on the coupled-mode theory, is developed
to match the proposed structure. In addition, coupling analysis is
addressed to provide a comprehensive view regarding the various
couplings that can be achieved, including acceptable margins for
perturbation designing parameters and their optimum values for
each coupling. Moreover, our converter is implemented via both
3D-FDTD simulation and computational solution to examine the
validity of the proposed approach and verify the coupling analysis
through performing two conversions, namely TM;-to-TE, and
TM; -to-TE3. The first conversion is obtained with an insertion
loss of —1 dB and a crosstalk lower than —17.5 dB at a conversion
length of 9.15 pum. The second is executed with an insertion loss
of —1.5dB and a crosstalk lower than —15 dB at a conversion
length of 16.937 pum. Furthermore, tolerance fabrication analysis
is implemented to confirm the degree of stability that the proposed
structure can achieve. Finally, the findings reveal that the proposed
design achieved its function at a compact length and without being
restricted by the hybridization approach.

Index Terms—Bragg grating, coupled-mode theory, integrated
optics devices, mode chart, mode-division multiplexers, optical
converters, polarization-division multiplexers, polarization
rotators, silicon-on-insulator.

I. INTRODUCTION

ILICON-ON-INSULATOR (SOI) is one of the most
S promising silicon platforms utilized to develop inte-
grated photonics devices in the field of optical communi-
cations and sensing applications [1], [2]. In addition, it is
compatible with well-established complementary metal-oxide-
semiconductor (CMOS) fabrication technology. This allows the
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integration of both photonics and electronics devices on the same
chip [3]. The high refractive index contrast between Si and SiOo,
and cross-sectional geometry can support multi-guided modes
with polarization diversity. By manipulating those guided modes
and exploiting their orthogonality feature, advanced photonics
multiplexing technologies can be utilized, such as mode-division
multiplexing (MDM) and polarization-division multiplexing
(PDM) [4]. Accordingly, scalability is significantly upgraded.

In general, the ability to convert a given mode to the desired
mode can be classified into two main types: mode converter
(MCQ) [5]-[10] and polarization rotator (PR) [11], [12]. At the
same time, the earlier conversion among modes with different
mode orders is performed without switching the polarization
type, whereas the latter switches the polarization for similar
mode orders. Hence, the main purpose of this work is to simul-
taneously manipulate mode order and polarization state using
a single device rather than combining the previously reported
MC and PR. Interestingly, few prior studies have investigated
this area [13]-[15]. However, they are inadequate due to some
limitations in their methods, as will be discussed later.

Converter devices are mainly based on three approaches. One
conversion approach depends on a gradual modulated refractive
index, such as tapers and directional couplers, and thus a gradual
variation is applied to the field of a given mode while propagating
until being transformed into the desired mode. Therefore, these
structures usually have a large footprint. Dai ef al. examined
the conversion between TM and TE3 modes based on regular
lateral tapers, where mode hybridization was observed in the
modal chart [13]. Although the tapper structure exhibited well-
functionality, the device was 750 pm long to reach the insertion
loss (IL) of —1.5dB dB. Another example by Dai et al. was
performed by switching TMy to TE; of 80 um length and IL
of —1dB. The same converter occurred at double length with
similar IL. when modifying the tapering region to be bilateral. It
is known that using long devices results in non-uniformity chal-
lenges in the waveguide thickness, which causes a significant
harmful effect on the performance [3]. Furthermore, Dai and
Hao have used air as a cladding layer to convert TMj into TE;
at a length of 15 ym with IL of almost —1 dB using the same
hybridization approach [14]. Nonetheless, it is important to note
that using air as a cladding layer is impractical to implement
photonic integrated circuits.

Another conversion approach utilizes a strongly modulated
refractive index structure, such as photonic crystals, plasmonics,
and deeply etched trenches. Here, the intense effect on the given
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modes produces ultra-compact devices. For instance, Cheng
et al. designed a hybrid plasmonic tapering waveguide to convert
TE( into TM; with only 11 um device length and high IL of
—4.1dB [15]. The plasmonic effect was obtained by adding
an extra golden layer. Unfortunately, this is inconsistent with
CMOS fabrication technology [16].

The third typical approach is based on grating structures,
such as long-period grating and Bragg grating (BG) [8]-[10],
[17]. Here, the refractive indices are modulated periodically to
match the phase difference between given and desired modes,
and to maximize the associated field overlap. Although periodic
structures were used to design MCs [8]-[10] and PRs [12], they
did not achieve both functions simultaneously.

It is noteworthy that decreasing the device length is accom-
panied by constructing impractical and inconvenient devices,
such as using air cladding medium [14] or adding extra noble
material (gold layer) [15]. On the contrary, when simplifying the
fabrication process, the privilege of compactness cannot be ob-
tained [13]. Furthermore, the hybridization approach promotes
specific combinations of conversions at specific widths, and any
deviation in these widths causes the device to lose functional-
ity. In order to solve this dilemma, an elite periodic structure
composed of Bragg grating engraved on a strip waveguide has
been proposed. By controlling the grating parameters, (e.g., its
obliquity, duty cycle, and etching depth), promising coupling
efficiencies can be achieved, between modes having different
mode orders and polarization states in a single device.

In [18], [19], the features of this tilted structure were thor-
oughly examined by analyzing the coupling between modes hav-
ing the same polarization states. The remarkable performance
was the main impetus to expand the couplings to cover modes
having different mode order and polarization states. First, a
theoretical analysis is developed, based on coupled-mode theory
to illustrate the working principle of the proposed conversion.
This is followed by a comprehensive numerical analysis to show
the versatile scope of the proposed structure, while keeping it
compact and simple. Moreover, the proposed structure is verified
by simulating two examples of converters, TM;-to-TE; and
TM; -to-TE3 via 3D-FDTD (from Lumerical Inc.). Additionally,
these results are confirmed by solving the coupled-mode equa-
tions computationally using MATLAB. Finally, performance
response of the TM-to-TE3 converter is analyzed with regard
to errors that may occur during fabrication. It is found that
the proposed converter reveals an acceptable level of stable
performance.

The remainder of the paper is organized as follows: The pro-
posed structure is illustrated in Section II. The theoretical anal-
ysis is described in Section III. Section IV is divided into three
subsections. The first subsection provides coupling analysis to
demonstrate the effect of grating designing parameters on the
conversion process and extract its optimum values that acquire
the functionality efficiently. The second subsection addresses the
spectral response obtained via both 3D-FDTD simulation and
computational solution. A comparison with other reported work
on some performance measures, e.g., insertion loss, crosstalk
and device length, is also presented in this part. The third sub-
section develops an additional analysis to evaluate the tolerance
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Fig. 1. Effective indices for the guided modes of a silicon strip waveguide

surrounded by a silicon dioxide as a function of the waveguide width.

of the proposed device with regard to fabrication errors. Finally,
the concluding remarks are discussed in Section V.

II. PROPOSED STRUCTURE

In this section, the hybridization concept is discussed to
explain its weakness point. Subsequently, the proposed structure
and its properties are illustrated.

The proposed SOI-based strip waveguide consists of a silicon
(Si) layer of thickness A = 220 nm, width W = 1.5 ym, and
refractive index n; = 3.475, placed on buried oxide (SiO2) layer
of thickness 3 ym and a cladding with silicon-dioxide (SiO3)
layer of thickness 2 um, both layers have a refractive index of
ny = 1.444. Using a finite-element method (FEM) mode solver
(from Lumerical Inc.), the number of supported guided modes is
eight modes: five TE and three TM modes. It must be noted that
the guided modes are not pure TE or TM polarized anymore,
due to lateral and vertical confinements. To be more precise, the
guided modes are TE- or TM-quasi, depending on whether they
are predominantly polarized in y or z direction. For the sake of
simplicity, TE- and TM-quasi modes will be denoted as TE and
TM modes, respectively.

Fig. 1 exhibits the effective indices for the guided modes
as a function of core width within a range of 0.2 to 2 um. It
is evident that polarization discrepancy strongly appears. At
specific widths, mode hybridization occurs where the refractive
indices of TE and TM modes become equal. In [13]-[15], mode
hybridization was used as a simple approach to switch the
polarization state. However, it is obvious that limited conversion
cases can be obtained in addition to the obstacles illustrated in
Section I.

To overcome the limitation of the hybridization approach,
a periodic structure is introduced in which coupling among
any two arbitrary modes, having different mode orders and
polarization states, becomes feasible. Due to the orthogonality
feature between TE and TM modes, the symmetry should be
broken along one or both transverse axes, y and z. As shown
in Fig. 2, we utilize a partially etched periodic grating of depth
d, period A, and duty cycle 7, which indicates the percentage
between the widths of Si and SiO4 partitions in a single period.
The grating planes are tilted in the clockwise direction (with
respect to y-axis) by an angle. The total perturbed region is
L = NyA + W tan(§), where N, is the number of periods.
When the light is launched to the input port propagating in the
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Fig.2. Schematic structure of the proposed converter based on a Bragg grating
engraved on an SOI strip waveguide.

forward direction, the output is reflected at the same input port
as shown in Fig. 2. Therefore, circulators [20] are required to
drop the reflected light, but they are incompatible with CMOS
technology, as they are constructed from magnetic materials.
Directional couplers [10] and contra-directional grating cou-
plers [21] offer appropriate solutions by dropping the reflected
mode at another waveguide to avoid backscattering effect. These
solutions are consistent with CMOS fabrication technology.

By adopting the perturbation approach, the refractive index
of the proposed converter can be expressed as:

TL2 (x7 Y, Z) = ng\/aveguide (yv Z) + Anzrating(‘ra Y, Z)? (1)

where, nyaveguide (¥, 2) and Ngraing (, Y, 2) are the refractive in-
dices of the unperturbed strip waveguide and the Bragg grating,
respectively. The refractive index for the unperturbed waveguide
is written as:

2

n2:

2 _ 1»
nwaveguide(y7 Z) - 2.
na;

ly| <w/2,0 <z <h,
otherwise.

2

Considering that L > A, the refractive index of periodic Bragg
grating perturbation using the Fourier series can be expanded as
follows:

Anging (7, 2)
% be i (@eos(0)=ysin(0)),
= lyl <%, h—d<z<h, 3
0; otherwise,

where, b,, is the ¥ Fourier coefficient, given by:
b, = (nf —n3) (1 —7)sinc (v(1 - 1)),

vef. . ~1,0,1,...}. @)

III. THEORETICAL ANALYSIS

In this section, the coupled-mode theory (CMT) [17], [22],
[23] is reformulated to predict the coupling and interference of
optical guided modes in the presence of proposed perturbation
in (3).

When a given mode is launched into a strip waveguide, its
field and propagation constant are affected by the periodic per-
turbation. Accordingly, the perturbed field profile can be written
as a superposition of all the possible supported guided modes
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propagating in forward and backward directions:

E = Z ATE

gTE (y, )e—jﬁfy'fw + Bgf(x)é'gf(y, z)€+j,8§fx

+ Z ATM 8TM )6 ]B WES
+ B™M(2)EM (y, 2)e P, ®)

Here A and N denote number of the guided TE and TM modes,
respectively, and m € {0,1,... ,N'}and m’ € {0,1,... ,N"}
denote the TE and TM mode order, respectively. A'F(x) and
A™(z) are the z-dependent complex amplitudes of codirec-
tional electric fields for modes m and m’, respectively. BIE(z)
and B™ () are the z-dependent complex amplitudes of contra-
directional electric fields for modes m and m/, respectively.
E(y, z) denotes the electric field profile, 5 = 2mneg/Ao is the
corresponding propagation constant, Aq is the operational wave-
length, and n. is the effective index of the distinguished guided
mode propagating in unperturbed strip waveguide of width
W. The field profiles and corresponding effective indices are
calculated using FEM to extract each mode’s field components,
K., £y, and E., respectively.

Traditional analysis is applied to describe the coupling due to
periodic perturbation [22]-[25], by restating the coupled-mode
equations for tilted engraved grating (considering Fourier coef-
ficients for v € {0, 1}), as follows

d-A]:, lp P Z B (x STk ) TEP

dI m,n

JTM P

+]ZBTM m!n

Jenir

i (om: ‘;)x TE P

N TE (.
S B (e

jBTE( )lTE,TE

= dx
N’/
BN o gp e s (), e
dx - WL 'n
m’'=0
— BN @), ©)
where for any € {m,m'},
PP P p 2r
57‘,’” = /87" —|— BTL - X’ (7)

Here, the P notation indicates either TE or TM-polarized
mode, while x and [l are the coupling coefficient and self-
coupling components, respectively. It should be noted that the
wavelength at which 6,7, ™ equals zero, is the Bragg reflection
wavelength for coupling between modes that have different
mode orders and polarization states.

The coupling coefficient « indicates the overlap between fields

of given and desired modes in the presence of a perturbation
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effect. It is expressed as follow:

™P 7(n? — n%)ej”(l_ﬂ(l —7)sinc (1 —7) /w/2 /h
h

R

T )\neffszf —w/2 —d
O ™My By, 2]
X e Tn (y,Z)[ 1T(y7z)]
—‘,—Ey;l;M(y,z)[Eyf(y,z)}*
+ Ez};,M(ya Z)[Ezg(yv Z)]*> dy dZ’
)

Where (¥ = [*° [* EP(y, z) - [EP(y, 2)]*dy dz is the normal-
ized factor, which corresponds to a power flow of one Watt per
unit width in y-z plane of each mode.

The self-coupling component I gives arise to an induced shift
in the propagation constant of a mode n, and its effect is shown in
shifting the Bragg wavelength. That term must be compensated
while selecting the grating period to keep the Bragg resonance
at 1550 nm. It is calculated as:

PP 77(”% - n%)(l —7) /w/2 /h
o P - h—d

Mg &5 w2

(Em’é(% 2B (v, 2)]" + By (y, 2)[ By (3, 2)]

+ B (y, 2)[E=0 (v, Z)}*> dydz. (9

It should be noted that there are two main complementary
factors for manipulating the conversion process, the coupling co-
efficient, and phase matching condition. While the earlier factor
is pointed out to the coupling strength, the latter is responsible
for deciding whether coupling is present or no.

IV. NUMERICAL RESULTS AND FDTD SIMULATIONS

This section starts by studying the coupling coefficients as
functions of grating parameters, including tilt angle 6, duty
cycle 7, and etching depth d. After identifying the optimum
designing parameters, the performance of two different con-
verters is simulated using 3D-FDTD (from Lumerical Inc.), in
order to examine the validity of the current proposed concept
and to show its superiority compared to previously reported
work. Then, the simulated results and coupling analysis are
verified by computationally calculating the spectral responses
through which coupled-mode equations are solved via MAT-
LAB. Finally, the stability of the proposed converter is tested
by observing its spectral response in the presence of tolerance
errors in dimensions that may occur during fabrication.

A. Coupling Analysis

We used a grating with an etching depth about one-half of
strip thickness (d = 110 nm), aduty cycle of 0.85, and a period of
400 nm. The selection of these values will be explained later. The
coupling coefficients, given by (8), are calculated for any two
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Fig.3. Coupling coefficient as a function of the grating tilt angle of a given n
and a desired m modes, having different polarization states for: (a) [m — n| = 1;
(b) |m —n| > 2.

arbitrary modes having different mode orders and polarization
states. The results are plotted in Fig. 3 for different grating tilt
angles (ranging from 0° to 70°).

As shown, each curve has multiple peaks and nulls due to the
impact of field overlapping between the coupled modes in the
presence of periodic Bragg perturbation presented in terms of
exponential form, as described in (3). A unique global maximum
coupling value exists at an optimum tilt angle 0, for each
curve. In fact, the possible couplings are divided according to the
difference in mode orders between given mode m and desired
mode n: If [m — n| = 1, then the global maximum coupling
coefficient occurs at 0, = 0°, whereas for the coupled modes
with |m —n| > 2, the global maximum coupling coefficient
appears at 0o, > 0. For instance, as shown in Figs. 3(a) and 3(b),
Oope are equal to 0° and 18° for TM;-to-TEg and TM; -to-TE3
couplings, respectively. These findings will be further explained
later in the following discussion.

Since the coupling coefficient is calculated by summing three
dot products related to three electric field components, as ex-
pressed in (8), the electric field components for TEq, TM;, and
TE3 modes are plotted in Fig. 4, to explain TM;-to-TE and
TM; -to-TE3 couplings. The dot product of £, can be ignored, as
it causes a minor effect on the coupling coefficients for each con-
version. Focusing on the E, and I, components, it is required
to manipulate the field distributions of the given mode TM; to
increase their dot products with corresponding components of
the desired mode TE,. Consequently, the coupling coefficient
is maximized. Along z-axis, it is observed that the components
of the given mode show anti-symmetrical distributions and have
opposite signs compared with to those of the desired mode. So it
is required to break the structure symmetry via partially etching
the upper part of the strip waveguide to make the distribution
of the given components symmetrical along with z-axis. When
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applying dot products in the presence of the etching region, both
EM - [EfFo]* and EJM - [ETF]* have similar sign; hence,
their the resultant summation is maximized.

Interestingly, there is no need to add perturbation along the
y-axis, because the field components of both given and desired
modes are symmetrically distributed to each other in the pres-
ence of perturbation along z-axis. In contrast, when the desired
mode is TE3, the corresponding field components show a high
degree of contrast compared with the given mode TMy, and to
achieve the maximum resultant summation of corresponding dot
products, the symmetry must be broken partially in z-axis and
diagonally in y-axis.

Conventionally, when dealing with coupling among modes
that have different polarization states, breaking the symmetry in
the transverse directions (y and 2) is required. This deduction
reasonably agrees with the designing concept reported in [12]
for the fundamental-mode PR with anti-symmetrical grating.

In a related context, the coupling coefficients are examined
as a function of grating duty cycle and etching depth, as they
affect the perturbation strength. A simple approach is introduced
to figure out the appropriate ranges of grating duty cycle and
etching depth that efficiently perform within the Bragg grating
region.

First, the average value of the core refractive index of the
proposed structure is calculated as a function of both grating duty
cycle and etching depth [17], through the following equation:

h—d
navz\/<h>n%

Subsequently, the propagation characteristics, including the
effective refractive indices and their associated fields, for the
guided modes are determined, considering a strip waveguide
having a core refractive index of n,y, as expressed in (10), instead
of n;. Changing the grating duty cycle or etching depth affects

+ d [Tn? + (1 — 7)n3]. (10)

h

the coupling coefficient values calculated at 0, for each case,
as illustrated in Fig. 5.

It is pointed out that if the mode order of either the given
or desired mode increases, the acceptable ranges of grating
duty cycle and etching depth (where the coupling coefficient
has a non-zero value) become narrow. Since the average core
refractive index decreases due to reducing the grating duty cycle
and increasing the etching depth. Accordingly, higher modes
are no longer supported. For instance, the grating duty cycle
should not be less than 0.75 at an etching depth of 110 nm
for TMs-to-TE,4 conversion, while the duty cycle has a broader
range of validity (greater than 0.2) for TMy-to-TE; conversion at
the same etching depth. In Fig. 3, a duty cycle of 0.85 is selected
as a compromised value to show all cases of couplings.

Additionally, it is observed that there is a single maximum
coupling coefficient for each case along with the change of the
grating duty cycle or etching depth, as shown in Fig. 5. Accord-
ing to (8), the dependency relation between coupling coefficient
and grating duty cycles is in the form of a sinc function. When
increasing the grating etching depth, the coupling coefficients
accumulate progressively to the optimum breaking symmetry
depth of 110 nm. This is because the field distributions have only
a single peak along z-axis centered at half waveguide thickness,
as shown in Fig. 4.

Within the framework of optimizing grating duty cycle and
etching depth of Bragg-based devices, this conclusion is consis-
tent with the findings of [26] in which Giuntoni ef al. measured
the appropriate ranges of grating duty cycle and etching depth
of Bragg reflector filter, focusing on the fundamental mode
propagating through a rib-silicon waveguide.

B. Simulation Results

In this section, the performance of the proposed structure is
evaluated by determining the insertion loss (IL), crosstalk (CT)
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states.

TABLE I
GRATING DESIGNING PARAMETERS FOR DIFFERENT CONVERSION CASES
Converter A [nm] 0 [Degree] T d[nm] Ny
TM; -to-TEqg 365 0 0.7 110 25
TM; -to-TE3 470 18 0.65 110 35

and device length (L), then compared to the reported conversions
in previous research activities [13] and [15]. The IL is the power
ratio between the desired and given modes, which estimates
the energy loss across the converter, while the CT measures
the mode purity and is defined as the ratio between maxi-
mum interfering and desired modes. Two different converters
are designed, namely; TM;-to-TEq and TM;-to-TEs3, in which
their performances are shown in Fig. 6 using both 3D-FDTD
simulation and computational method. These conversion cases
are chosen because the high contrast between effective indices
of the coupled modes prevents hybridization from occurring at
W = 1.5 um, as shown in Fig. 1. Consequently, it is suitable to
demonstrate the potential of the proposed structure.

First, the grating period for each case is obtained by satisfying
the phase-matching condition in (7) between the given and
desired modes. Subsequently, the optimum grating parameters
are determined as discussed in Se. IV-A. Then, the spectral re-
sponse is determined via two methods, 3D-FDTD simulation and
computational solution, by solving the coupled-mode equations
given by (6) via MATLAB. The whole designing parameters
of the proposed converters are listed in Table I. The shortest
distance between two adjacent silicon structures in the grating
are 109.5nm and 164.5 nm for TM;-to-TE; and TM; -to-TE3,
respectively.

These sizes are larger than the minimum resolution of the
Electron-Beam Lithography, which was 50nm as reported
in [27], when fabricating a device based on a grating structure.

Contour plot of coupling coefficient as a function of grating duty cycle and etching depth for different modes having dissimilar mode orders and polarization
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Wavelength, A [nm]
(®)
Fig. 6. FDTD simulations of insertion loss and crosstalks versus wavelength

for: (a) TM1-to-TEq and (b) TM; -to-TE3 converter devices.

Fig. 6(a) shows the results for the TM;-to-TE( converter. It
is clear that the IL and maximum CT are —1 dB and —17.5dB,
respectively, over a 50 nm bandwidth (from 1520 to 1570 nm).
Propagation length is L = 9.125 ym. Compared to what has
been reported in [15], a length slightly shorter than theirs is
achieved without adding extra material (gold layer) and with-
out being restricted to the hybridization approach. In addition,
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the proposed converter has a lower IL by 3 dB approximately.
Moreover, noble materials, including gold, are incompatible
with CMOS technology [16].

An additional conversion case is introduced to show the
eligibility of the proposed structure, by which TM; is converted
into TE3 using designed parameters as stated in Table I. This
is shown in Fig. 6(b), where IL of —1.5 dB is achieved over
a 45 nm bandwidth (between 1528 and 1573 nm) with a device
length of 16.937 pum, while maintaining the maximum CT less
than —15dB. It is evident that there is a massive reduction in
device length (~97 %) by analogy with TE3-to-TMg converter
reported in [13].

Moreover, it is obvious that spectrum responses generated
by both simulation and computational methods, by solving
differential coupled equations using MATLAB, are clearly in
a good-fit, which confirms the validity of proposed approaches
in Sec. IV-A.

The output field components of each conversion are plotted
in Fig. 7 to illustrate the spectral analysis. It is observed that the
dominant field components of output TE mode, |E,| and |E,|,
are comparable to the similar components of unperturbed TE
mode as shown in Fig. 4. However, the weak component of the
output TE mode, | E. |, is a portion of the dominant component of
the unperturbed input TM mode, | E, |. This observation matches
with the monitored maximum CT due to TM; displayed in
Fig. 6.

C. Fabrication Tolerance Analysis

In this section, performance stability is examined to ensure
that it respects the likelihood of fabrication errors. During this
part, the mode converter TM; -to-TEj is identified as an example
to determine the response towards deviations in grating param-
eters, including duty cycle 7, etching depth d, period A, and
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0.6
0.4
0.2

Y [pm]

The output electric field profiles are displayed for TEq (first column) and TE3 (second column) when the input light is TM; .

waveguide width W, at an operating wavelength of 1550 nm,
as depicted in Fig. 8.

It is obvious from Fig. 8(a) that when the duty cycle is chosen
to be within the range of 0.6 and 0.7, that is typically 20 nm
variation, the IL never exceeds —2 dB, whereas CT decreases
as the duty cycle goes up within the range mentioned above.
In Fig. 8(b), the spectrum response is predicted while changing
the etching depth d within the range of £20 nm. It is observed
that as the etching depth increases, the CT losses become more
significant, while the IL does not exceed —2 dB.

When the grating period varies within =10 nm, the IL remains
almostunchanged at —1.5 dB, but CT decreases with the positive
tolerance and vise versa, as shown in Fig. 8(c). Since the duty
cycle is fixed at 0.65, as the period deviates incrementally, the
perturbation strength is relaxed, and the interference ability
with unwanted modes decreases. Finally, fabrication variation
in waveguide width is analyzed and displayed in Fig. 8(s) with
1400 < w < 1600 nm. It is obvious that both IL and CT are
almost stable within the variation range of +60 nm.

In summary, it can be inferred that the proposed structure
shows good fabrication tolerance, and its response is consistent
with the coupling analysis performed in Sec. IV-A. It is notewor-
thy that, the main sources of errors during any fabrication process
are due to Electron-Beam Lithography and etching processes.
The earlier process puts a constrain on the minimum size that
can be implemented. Interestingly, the proposed structure has
dimensions that not only exceed the minimum resolution value
mentioned in [27], but also have an acceptable margin of devia-
tions. Regarding the etching depth, there is an expected error of
< —10nm compared to what has been reported in [27], which is
compatible with the allowable tolerance range of etching grating
depth for the proposed structure. Consequently, the practical
results would highly match the simulation and computational
results.
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Fig. 8. Fabrication tolerance with deviations of (a) grating duty cycle;
(b) etching depth; (c) grating period; and (d) width of the waveguide.

V. CONCLUSION

An elite periodic structure was introduced through in which
coupling among arbitrary modes having different mode orders
and polarization states can be accomplished simultaneously. The
implication of the proposed structure would open the door to
incorporate advanced multiplexing systems in integrated circuits
efficiently. Also, coupled-mode equations were reformulated
to adapt the presence of engraved grating with oblique plates.
The proposed periodic structure was explored by investigating
its grating parameters, including tilt angle, duty cycle, and
etching depth, to determine the optimum designing values and
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the available limits for all possible couplings. In addition, the
proposed concept was verified by simulating two converters,
namely TM;-to-TEy and TM;-to-TE3, and both revealed re-
markable spectral responses with IL of about —1 and —1.5 dB,
with compact lengths of 9.51 and 16.937 um, respectively. The
spectral response was determined using a 3D-FDTD simulation
and verified numerically by solving the coupled-mode equations
via MATLAB, a good-fit was observed between both responses.
Based on these results, the current proposed converter outper-
formed other related converters reported in previous studies.
One of the most remarkable findings is the ability of miniatur-
izing the converter length while being compatible with CMOS
technology. Furthermore, the proposed structure achieved stable
performance accompanied with varying grating parameters, in-
cluding duty cycle, etching depth, period, and width of the strip
waveguide. It is worth noticing that rotating the polarization
state with the same mode order can be achieved using the same
proposed concept.
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