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Abstract: In this paper, we propose an ultra-compact wideband filter (WBF) with high sidelobe
suppression. The filter consists of a single microring resonator incorporated with a proposed new
structure of double modulated subwavelength gratings. The double modulated subwavelength
gratings are obtained via two different fill factors with the same period. The ultra-compact
WBEF achieved FSR-free, flat response with a 3 dB bandwidth of 1.0734 THz and a sidelobe
suppression of 19.79 dB. In addition, a low insertion loss of <0.6 dB and a low in-band ripple of
less than 0.2 dB were obtained. The filter has a compact device footprint of 380 um?.

© 2022 Optica Publishing Group under the terms of the Optica Open Access Publishing Agreement

1. Introduction

Optical filters are essential components in modern optical communication systems and sensing
applications. To meet the ever-increasing demands for wideband applications, such as coarse
wavelength division multiplexing (CWDM) [1,2], dispersion engineering [3], and others, a
filter with a flat band is essential. Especially for WDM systems, the ever-increasing demand
for broadband access in data centers and high-performance computing systems need high-
performance filters [4]. Also, such wideband filters (WBF) must be implemented in a small
chip area. Therefore, silicon-based photonics filters, which are compatible with complementary
metal-oxide-semiconductor (CMOS) technology, are considered an excellent choice for realizing
high-performance filtering. Besides, silicon-based techniques provide compact size, low cost,
robustness, and large-scale integration. Several researchers have demonstrated silicon-based
photonic filters using Mach-Zehnder interferometer (MZI) [5], Bragg grating [6], microring
resonators (MRRs) [7-10], arrayed-waveguide gratings [11], and contradirectional coupler [12].
Among those devices, filters based on MRR recently attracted many interests because of their
compact size and flexibility in their functions. Large bandwidth (BW), wide free spectral range
(FSR), and flat-top response are required for multiplexing/de-multiplexing to meet the demand of
WDM-based links. Hence, the conventional MRR, which gives a Lorentzian shape with very
sharp peaks, is unsuitable for broadband filtering. Numerous researchers have developed various
filters based on MRR with different configurations [13,14]. In [13], a flat-top response is achieved
by using four two-stage cascaded MRRs that has a maximum passband width of 300 GHz and a
good shape factor (SF) of >0.2 (the ratio between the —1 dB and —10 dB bandwidth), but it has a
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high insertion loss (IL) of ~4 dB. In [14], a flat-top filter is proposed with five cascaded MRRs,
which shows a maximum passband width of 125GHz and an IL of 0.5dB but has a large ripple.
Although cascaded MRRs can obtain a relatively good filtering performance, the footprint issue
is challenging with an increase in the order of MRR. A filter based on combining the MRR and
MZI was demonstrated in [15] with a flat top response and a maximum bandwidth of 173 GHz,
but it has a limited FSR (maximum value is 25 GHz). All the WBF mentioned above are based
on MRR and use multiple MRRs. Hence, in this work, we propose a new design technique that
uses a single MRR to demonstrate a WBF that provides low IL, high FSR, and a small footprint.
In this paper, we propose a wideband filter based on a novel structure of double modulated
grating-assisted MRR on a silicon-on-insulator (SOI) platform to provide a wide band, high
sidelobe suppression, FSR-free response, and a compact size. The proposed scheme consists
of a waveguide and a single MRR ring with double modulated grating-assisted MRR. In the
design, the waveguide formed by Bragg grating is adopted [16]; as a result, there is only one
prominent peak and no FSR [16]. For the MRR ring, a new structure of Bragg grating is proposed.
The proposed Bragg grating structure in the MRR consists of a subwavelength grating (SWG)
waveguide with two gratings of the same period but with different fill factors. Different fill factors
with the same periods induce variation in refractive index along the direction of the propagation,
causing double modulation of the signal. With proper selection of the design parameters, the
double modulation can be coupled, providing a wider bandwidth. In addition, in our proposed
design, the combined effect of the double modulated grating-assisted MRR and waveguide
grating coupling suppress the sidelobe significantly. In our design, silica is chosen as upper
cladding, a protective layer for the SWG. A taper in the straight waveguide is adapted to couple
the mode between the strip and SWG waveguide [17]. A flat-top response with a 3dB bandwidth
of 1.0734 THz and 1.0750 THz at the passband and stopband, respectively, are demonstrated
through our proposed WBF with a double modulated grating-assisted MRR. Furthermore, an IL
of less than 0.6 dB, an in-band ripple of <0.2 dB, and SF of 0.44 at the in-port (input port) are
observed. The proposed scheme uses only a single MRR of 5 um radius; thus, a small device
footprint of about 380 wum? (35 x 10.857) is obtained. Hence, the proposed device is promising
for optical communication systems, where wide bandwidth and a small footprint are essential.

2. Device structure and operation

The schematic diagram of the proposed ultra-compact WBF is illustrated in Fig. 1. The proposed
structure uses an SOI wafer with a 0.22 um thick silicon layer, 2 um thick buried oxide layer, and
an extra 2 um thick silicon dioxide cladding to protect the device from environmental interference.
The proposed device structure mainly consists of a waveguide and the MRR. The device structure
is divided into four regions, as illustrated in Fig. 1(a). The waveguide comprises tapered SWG
(Region I and IT) and SWG (Region III) and an MRR ring (Region IV), which consists of a new
structure of double modulated SWG. The tapered SWG converts a conventional waveguide mode
propagating in a silicon strip into a Bloch mode in the SWG waveguide and vice versa, making
the device compatible with other devices on the chip. The parameters of the taper waveguides,
sections I and II, are represented as follows: the width of the strip waveguide and the start of
the taper is Wy; the end of the taper (end-width) is W5; the period and fill factor of the SWG
taper are A; and Dy, respectively; and the length of the taper is Lp.-. The width of the taper
varies linearly from W, to W, over the length, L;4p,, as shown in Fig. 1(b). Region III comprises
the SWG waveguide, which comes immediately after the SWG taper, Region 1. The width of
the SWG waveguide is the same as that of the strip waveguide, W;. The period, fill factor, and
length of the SWG waveguide are A., D, and L, respectively, as shown in the inset of Fig. 1(b).
Region IV is the MRR ring with a radius of R. The MRR ring comprises a novel structure of a
double modulated SWG waveguide with different fill factors (f; # f,) but with the same periods
(Aswc1 = Aswez) unlike in the conventional SWG MRR with a single period and fill factor. The
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fill factor refers to the ratio of silicon to the period of the SWG. The width and the gap between
the MRR ring and SWG waveguide of the proposed structure is W, and G, respectively.
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Fig. 1. Schematic diagrams of the proposed double modulated grating assisted MRR with
design parameters labeled: (a) Three-dimensional perspective view. (b) Two-dimensional
top view.

In the proposed scheme, a new structure of the Bragg grating with two SWG waveguides with
the same period but different fill factors are used to enlarge the FSR and significant sidelobe
suppression. When the Bragg reflection occurs at one of the resonance wavelengths of the MRR,
the other side modes of the MRR are suppressed due to the vernier effect [16]. As a result, the
FSR can be large enough and considered infinite compared to conventional MRRs and single
modulated SWG MRRs, whose FSRs are limited by radius [18]. With the proposed structure, not
only can we achieve the flat-top amplitude response of the Bragg grating for the MRR. The double
modulated gratings give two different resonant peaks for different fill factors. The coupling of
these resonant modes, which can be obtained by the proper selection of the parameters of the
structure, provides the flat-top response. The higher side mode suppression is achieved due to the
combined effect of the double-modulated grating-assisted MRR and the grating coupled MRR,
and Bragg reflection coincides with one of the resonance wavelengths of the MRR. For the MRR,
the resonance wavelength can be expressed as follows [19]:

n/lMRR = neﬁL N (1)

where Aygp is the resonance wavelength of MRR, # is an integer, ney is the equivalent effective
refractive index of the ring waveguide, and L is the circumference of the MRR.
For Bragg grating, the first-order Bragg wavelength is given as:

/lBragg = 2ABragg”eﬁv (@)

where Apge is Bragg reflection wavelength, Ap,,, is the period of Bragg grating (A =
Aswg1 + Aswgz). To attain higher FSR, A4, and Aprg should be identical. Therefore, the
circumference of the MRR ring, L = 2nApq4q,, Which is obtained by combining (1) and (2),
also shows that the number of a period should be even. Also, it should be noted that all the SWG
waveguides (including SWG1 and SWG2) are set to work in subwavelength operation regimes
[20].

The transmission and reflection of the proposed device are calculated by using the transfer
matrix method. Each period of Bragg grating comprises SWG1 and SWG2 with an effective
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index of neg and nepr, and a loss coefficient of @ and a,, respectively. The period of SWG1
and SWG2 are the same. The fill factor of SWG1 is made constant at 0.5, whereas the fill factor
of SWG2 is varied. The effective index of SWG2 can be written as negy = nNef] = Aneg(fs),
where neg; is the effective index of the SWG with a 0.5 fill factor, and Aneg(f>) is a change in
the refractive index due to change in the fill factor. We consider both SWGs with different fill
factors as homogeneous, and thus the transfer matrix can be expressed as follows [21]:

/BiNswai 0

Tswagi = R 3
Swei 0 e IBiAswai )

where i = 1 or 2 to represent the SWG1 or SWG2, S; is the propagation constant of the equivalent
waveguide of SWG1 or SWG2 and given by §; = 2"3“7 L — ja;. At the interface of the SWG
waveguide of the ring, the transfer matrix can be expressed as [22]:

Neffi HNeffj Neffi —Neffi
Viefilteffj  \effiltefi 4

Neffi—Mefj  Meffi+eg

VHeffilleffj Vleffilleffj

Tswei-swai =

where i,j = 1 or 2 and i # j . The transfer matrix for Bragg grating with N numbers of the period
is shown as follows:

N
Trage, N = (Tswai - Tswai-swaz * Tswaz - Tswea-swa1)

Tu T Q)

T T

where T11, T2, T2 and Ty are the elements of the Tg, 44, n. For Bragg grating, the relationships
between electrical field E5, E4, E5 and Eg, as shown in Fig. 1(b), can be expressed as follows:

E4 E;
= TBragg,N . (6)
Eg Es

At the interface of the coupling region of the MRR ring and SWG waveguide, the relationship
can be described by [23]:

E E;
=T, (7)
E3 Ey4
Eq Es
= TC ’ (8)
Eq Eg
T Jk
where T, = is coupling matrix, and t and k are transmission and coupling coefficients,
jk T

respectively. Here, Eg = 0, hence, reflectance and transmittance amplitude response at the In
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port (input port) and Through port can be written as follows by combing (6), (7), and (8):

2 2
T = E " _ —1—k2+k(T1 +T22) (9)
Ey T22—2k+k2 T
2 2) 2
- |EL _ (kT 10
R= Ei | 7 |Tp—2k+k2Ty, (10)

3
With two fill factors f; = 0.46 and f, = 0.54, effective indexes neg = — 0.0009(%?3344) +

2
0.0083( 4524 )= ~0.062 (4434 ) + 14049, Aney () = 1.0927(F> - 0.5275)+0.0240, o = 3
dB/cm, k = 0.32, and N =58, the transmittance and reflectance can be observed, as shown in
Fig. 2, using (9) and (10). In Fig. 2, the two dips are seen due to two fill factors. These two

resonant modes can be coupled with proper selection of MRR parameters to provide a flat top.

Reflectance

Transmittance

50F

-100 |

Transmission (dB)
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Wavelength (um)

Fig. 2. Transmittance and Reflectance of double modulated MRR

3. Simulation results

All design parameters for the simulation of the proposed ultra-compact WBF are shown in Fig. 1.
To show that our chosen design parameters were optimized for desired performance, we illustrate
the design process for the waveguide, waveguide with MRR ring, and our optimized structure.
At first, we analyze the waveguide design. Considering the Bloch mode propagating in the SWG
waveguide of the MRR ring and the light mode propagating in the strip waveguide is essentially
different, two tapers, one at the beginning (input) and another at the end (output), are designed to
reduce the additional power losses. The strip waveguide connected to the taper act as an interface
from other devices. The width, Wy, of the strip waveguide is chosen to be 0.45 um, so that the
device works as a single mode for transverse electric (TE) polarization at 1.55 pm, as shown in
Fig. 3(a). To reduce the power losses substantially, which are caused by the mode conversion
between the strip and SWG waveguide, the length, L;qpe,, and the W is setat 15 umand 0.2 um,
respectively. Also, A, and D, are setat 0.2 um and 0.5, respectively. Depending on the period and
duty cycle of the SWG waveguide, three different working regimes can be achieved: diffraction
regime, reflection regime, and subwavelength regime. Negligible power loss is achieved only
when the SWG waveguide’s operating wavelength range lies within the subwavelength regime.
Hence, all the structures related to SWG waveguide, including the SWG waveguide in Region II1
and Bragg grating in Region IV, are selected to be in working wavelengths of the subwavelength
regime in the design. For this purpose, the period A, and D, are chosen to be 0.275 wm, and 0.5,
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Fig. 3. (a) E-field distribution of strip waveguide at 1.55 ym wavelength. (b) E-field
distribution of Bloch mode propagating in Region I, II, and III. (¢) Schematic of double
modulated Bragg grating waveguide. (d) Reflectance response of Bragg grating versus
wavelength versus fill factor f, . (e) Transmission response of Bragg grating with f; =0.5
and f, =0.54.

respectively. In Fig. 3(b), a Bloch mode propagation is observed because Regions I, II, and III
are selected in such a way that they work in the subwavelength regime, as shown in Fig. 3(b).

Next, we investigate the Bragg waveguide consisting of two SWGs with the same periods but
different fill factors, as illustrated in Fig. 3(c). The fill factor of one SWG is kept constant at 0.5,
whereas that of another is varied. The Ansys Lumerical 2.5D FDTD solver is used to analyze the
variation of the Bragg wavelength with a change in the fill factor. The simulation parameters for the
analysis of the waveguide are as follows: Wr = 0.5 pum; f; = 0.5; Aswg1 = Aswge = 0.275 wm;
the length of the Bragg grating is equal to 27R, where R = 5 pum. Figure 3(d) shows the change
in the Bragg wavelength with a different fill factor of SWG2. This analysis is used as a reference
for designing a double modulated SWG MRR ring for a particular wavelength. Also, we observed
that with an increase in the fill factor f, , the bandwidth increases. For the wavelength of 1.55 pm,
the fill factor, f, = 0.54 is observed. Since we are focused on the communication band, we
analyzed the transmission and reflection response of Bragg grating at 1.55 um, which is shown
in Fig. 3(e). High ripples are observed in the reflectance, whereas no stopband is observed at the
transmittance response.

Further, we analyze the waveguide with the MRR ring, as illustrated in Fig. 4 that has a
cladding layer of the same thickness as shown in Fig. 1(a). All the parameters of the straight
waveguide are kept the same as that in Fig. 1. The MRR ring has a5 pum radius, 0.5 pwm width,
275 nm period, and a fill factor of 0.5, which are the same as SWG1 used in Bragg grating.
The coupling gap between the waveguide and the MRR ring is 0.65 um. The transmittance
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and reflectance response of the structure in Fig. 4(a) are shown in Fig. 4(b). The Through port
shows that maximum power is transferred to output with an FSR of ~31 nm, a Lorentzian shape,
and very narrow bandwidth. Figure 3(c) shows the effect of change in the fill factor in the
transmittance response. The shift in transmittance wavelength is observed with a change in fill
factor, whereas only a small change in the FSR and the bandwidth.
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Fig. 4. (a) Schematic of SWG MRR with a single period on a ring and the bus waveguide.
(b) Transmittance and reflectance response (c) Transmittance response with change in fill
factor

By observing Fig. 3 and Fig. 4, it is clear that the SWG waveguide can be chosen so that wide
bandwidth can be obtained, and with the use of the SWG MRR ring, ripples can be reduced
significantly. Therefore, we propose a new structure for the WBF by modifying the structure
of Fig. 4. We introduce a double fill factor in a Bragg period of the MRR ring in the proposed
structure, as illustrated in Fig. 1. Ansys Lumerical FDTD is used with extra mesh to analyze
the proposed design. For the MRR ring and tapers in Region I and II, the mesh size is set at
10 nm in both the x- and y-direction, and for the SWG waveguide in Region III, the mesh is
set at 5nm. The perfect matching layer (PML) boundary condition is set in all the simulation
regions. Furthermore, the distance between the PML boundary and the device is set to be more
than half of the maximum simulated wavelength. Also, the long simulation time is chosen
to sufficiently attenuate the electromagnetic field in the simulation region. The parameters
for the proposed structure are:W; =0.45 um, W2 =0.2 um, Lgper = 15 pm, Aprage =0.55 pm,
AswGt = Agwg2 =0.275 um, f1 = 0.5, and W = 0.5 pm. It should be noted that the asymmetry
waveguide width, W; and Wg, are chosen to obtain the best output sidelobe suppression, wide
bandwidth response, and single mode in strip waveguide [16].

Figure 5 illustrates the response of the proposed structure of double modulated MRR WBF. The
effect of the fill factor of SWG2 on the center wavelength of the filter is shown in Fig. 5(a). With
an increase in the fill factor of SWG2, the effective refractive index of the device increases. Hence,
a linear redshift in the center resonance frequency is observed. Also, we observe the increase in
the bandwidth with increasing f>. By using the curve fitting results from 2.5D FDTD, the effective

3 2 2
refractive index gy = ~0.0009(4=5554 )" + 0.0083( 443524 ) - 0.062( =555, and the

Aneg(fp) = 0.018 £, + 0.0142 [24]. The coupling coefficient is fixed at 0.3 in the calculation. The
center wavelength obtained from the reflection using Eq. (10) is indicated with a dashed white
line in Fig. 5(a). It is clear from Fig. 5(a) that the calculated center wavelength of the structure is
matched with that of the simulation results for various fill factor f,. To observe the filter response
with center frequency 1545 nm, the 0.54 fill factor of SWG2 is chosen. Figure 5(b) shows the
transmission at input wavelength versus gap, G. The coupling coefficient changes as we change
the gap between the MRR ring and the waveguide. Figure 5(b) shows that a relatively better
flatness is achieved when the gap equals 0.35 pm.

The filter’s response and the electric field profile at 1.545 um wavelength with a gap,
G = 0.35 um, are shown in Fig. 5(c) and (d), respectively. Figure 5(c) shows a flat-top bandpass
response with 1.0734 THz bandwidth, 0.52dB IL, and 19.79 dB sidelobe suppression is achieved
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(d) E-field distribution of the device at 1.545 pm wavelength showing the coupling of light
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at reflectance. The SF is 0.44, and the reflectance ripple is lower than 0.2 dB. A bandstop response
is observed at the Through port with an extinction ratio over 30 dB, no FSR, and bandwidth
of 1.0750 THz. To further investigate the effect of the variation of both fill factors (f] and f>),
f1 is kept constant at 0.45 and f, is varied from 0.51 to 0.6 with the step of 0.1 at first and
later repeated the same for different f; (0.5 and 0.55), while changing the fill factor, f> . The
reflectance response at the In port is presented in Table 1 and shows the change in the center
wavelength and the bandwidth. Table 1 shows that the proposed structure of double modulated
WBEF can be tuned to a wide range of center wavelength and bandwidth by changing the fill factor.
Since both SWGs’ period is the same, setting the fill factor of either SWG1 or SWG2 constant
and varying the other or vice-versa has no effect on the output response.

Table 1. Bandwidth and center wavelength for different fill factors f;

and f,

Bandwidth (THz) Center wavelength (um)
~ fi =045 | 1=05 | f1=055 | fi =045 | f1=0.5 | f1 =055
0.51 2 0.5 0.9625 1.515 1.534 1.552
0.52 22 0.6625 | 0.70375 1.539 1.538 1.556
0.53 2.3625 0.8625 | 0.52375 1.523 1.542 1.559
0.54 2.5375 1.075 045 1.527 1.545 1.563
0.55 2.6875 1.2625 / 1.532 1.549 /
0.56 2.8 1.4375 | 0.38125 1.535 1.553 1.571
0.57 29125 1.5875 | 0.44125 1.539 1.557 1.575
0.58 3.013 1.7 0.595 1.542 1.560 1.579
0.59 3.075 1.8125 0.7 1.547 1.565 1.583
0.60 3.125 1.825 0.845 1.55 1.569 1.587
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4. Conclusion

In conclusion, we proposed and demonstrated a new structure, double modulated SWG MRR, for
a wideband, high sidelobe suppression, and a flat-top filter. Double modulation is obtained using
two SWG in the MRR with different fill factors but the same period. Unlike in other designs of
WBF based on MRRs, where either multiple MRRs are cascaded or used MRR and waveguide to
obtain a wideband flat-top filter, our proposed structure used only one microring without any other
waveguides. By appropriately choosing the device’s parameters, we obtain a 3-dB bandwidth
of 1.0625 THz, IL of 0.6 dB, a reflectance ripple of less than 1 dB, free from FSR, and a small
fabrication footprint of 380 gm?. The minimum feature of our device is 100 nm, which makes it
possible to be fabricated by electron beam lithography and is in consideration for fabrication
as future work and to carry out further experimental analysis of the output performance of the
proposed WBEF. Given the output performances of the proposed device, it is suitable for the
application of CWDM and other broadband applications.
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