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Abstract

The goal of this research is to come up with a new optical structure for the generation of multilevel pulse amplitude
modulation (PAM-4) signalling, which is used for optical interconnects and data center networks. The Fano effect is made
with a structure made up of a 4x4 MMI coupler, feedback waveguides, and phase shifters. For the production of PAM-4,
we employ the Fano effect. The new proposed approach can reduce power consumption and extend the linear region of the
device transfer function compared with conventional approaches based on Mach Zehnder Interferometers (MZI) and ring
resonators. We show that an extreme reduction of power consumption of 3 to 30 times, compared with the conventional
structure based on MZI and ring resonators, is achieved. In addition, the proposed structure based on silicon wave guides
has the advantages of extreme high bandwidth, large fabrication tolerance, and a compact footprint. The proposed structure
can be applied to generate the PAM-4 based on the Fano effect with low power consumption, and it is suitable for complex
systems with a lot of transceivers. The device is numerically simulated and designed using the Finite Difference Method
(FDM) and Finite Difference Time Difference (FDTD). The PAM-4 structure based on silicon waveguides can be
compatible with CMOS’s existing technologies.
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1. Introduction

The utilization of higher modulation schemes is a potential strategy for attaining enhanced bandwidth efficiency. In the
literature, on-off keying (OOK) is frequently used for optical transmission in optical interconnects and data center networks
[1, 2]. However, systems based on OOK have a limited bit rate and complexity. To increase the bit rate, higher modulation
can be employed, with PAM-4 (4-level pulse amplitude modulation) being a suitable candidate [3]. In recent years, PAM-4
in the optical domain has gained attraction due to its simple requirement of digital signal processing (DSP) techniques [4,
5]. OOK built on the Mach-Zehnder interferometer can achieve PAM-4. However, these structures exhibit low linearity, and the
primary focus of current research is to enhance the linearity of the MZI for PAM-4.

To meet the growing demand for higher bit rates in optical communication and interconnect systems, we need to
improve spectral efficiency by switching from on-off keying to higher modulation formats like PAM-N and N-QAM
(Multilevel Quadrature Amplitude Modulation). PAM-4 is one potential modulation method where data is modulated using
two levels of signal amplitude, offering the advantage of direct detection [6]. Multilevel amplitudes can be achieved by
employing electrical digital-to-analog converters (DAC) [6] to drive either vertical-cavity surface-emitting lasers (VCSEL)
or Mach-Zehnder interferometers [7]. However, these structures have drawbacks such as the generation of imposed chirp in
directly modulated lasers (DML) and the challenge of designing high-frequency linear operating DACs. Another approach
for converting binary streams into two levels involves using all-optical DACs, which can be realized using segmented
phase shifters in the MZI. By employing suitable phase shifter designs, the total length of the phase shifter can be reduced
[8]. However, these designs still rely on directional couplers, which make it difficult to minimize device footprint while
maintaining fabrication tolerance and high bandwidth [9]. Although optimizing phase shifter design is a promising method
for reducing device footprint, in this research, we propose a new approach that utilizes multimode interference couplers to
achieve footprint reduction. Additionally, using the Fano effect can lower power consumption. We utilize the push-pull-
driven MZI, enabling long-haul transmission system operation without generating chirp.

To save even more power in optical transmission systems, it has been suggested that the PAM-4 signal could be made
without using electrical DAC or DSP techniques like pre-emphasis, pulse shaping, equalisation, etc. These methods have
been achieved by using various modulator structures [10-12], such as MZIs with microring modulators [13], traveling wave
modulators, dual microring resonators [14], segmented microring resonators [15], and push-pull segmented MZIs [16]. It
should be noted that the device is driven by 4-level signals; there are no DAC or DSP techniques used in the transmission
links. The electrical signals are achieved by combining two signals from a pulse pattern generator. In order to generate an
optical PAM-4 signal, there are some methods, such as PAM-4 generation using microring resonators and Mach Zehnder
Modulators (MZM) [17]. The drawbacks of these structures are their high power requirements. In addition, because the
previous structures used directional couplers as coupling elements, it was difficult to achieve the required coupling ratios.
The linear region of the transfer function of MZM and microring resonator structures is also limited. As a result, the eye
opening of the PAM-4 signal when using the conventional structure is also narrow.

In recent years, microring resonators (MRRs) have emerged as versatile components in on-chip interconnects and
photonic integrated circuits [18]. The creation of Fano resonance through MRR structures has garnered significant
attention, particularly for on-chip integrated functions [19]. Unlike the symmetric Lorentzian resonance exhibited by single
MRRs, Fano resonance provides asymmetric and sharp slopes. The narrow wavelength range for tuning transmission from
zero to one in Fano lineshapes offers favorable characteristics such as low power consumption, high sensing sensitivity,
and a high extinction ratio [20]. Fano resonance is a well-known phenomenon in physical waves, arising from the
interference between continuum and discrete localized states [21]. In photonics, Fano resonances can be generated by
coupling MRRs with Mach-Zehnder interferometers or Fabry-Perot cavities, considering resonant modes in MRRs as
discrete states. The generation of Fano resonance is a topic of great interest due to its applications in high-sensitivity
sensing, low-power switching, low-power modulation, and fast-slow light generation [22, 23]. Fano resonance exhibits an
asymmetric lineshape, while Mach-Zehnder interferometers generate a symmetric lineshape [22]. The slope rate of Fano
resonance is much higher than that of the MZI [24], enabling low-power operation in modulation and switching based on
Fano resonance. Various methods have been proposed for generating Fano resonances, such as photonic crystals, plasmonic
structures, metamaterial structures, Bragg gratings, air hole resonators [25], and microring resonators [26]. However, most
of the existing methods for generating Fano resonance using microring resonators rely on directional couplers. In this
research, we introduce a novel approach to realize Fano resonance based on the multimode interference effect in multimode
waveguides with a feedback waveguide. Previous studies have explored Fano-like resonances in photonics using
configurations involving cavities and partially transmitting elements (PTE) coupled systems [27], ring and Mach-Zehnder
interferometer (MZI) coupled systems [28], 2D photonic crystal cavities, or coupled 2D photonic crystal cavities [29].
Many of these approaches require complex fabrication technologies, such as electron-beam lithography for patterning
photonic crystals. For silicon photonics foundries to be able to use CMOS-compatible processes or DUV (deep ultraviolet)
lithography, it is very important to show that devices with Fano-like resonances can be made that are small, have low loss,
have a wide bandwidth, are easy to make, and are compatible with CMOS technology [29, 30].

Therefore, we present a new architecture to generate an optical PAM-4 signal based on the Fano resonance. Our
structure can generate the Fano effect, which is used for PAM-4 signalling, to solve the above limitations. The proposed
structure can provide a high bandwidth and low fabrication tolerance due to the use of a multimode interference coupler
with the feedback waveguides. The whole device is simulated and designed using the existing CMOS technologies for
silicon photonics [31, 32]. Due to their compatibility with the existing Complementary Metal Oxide Semiconductor
(CMOS), silicon waveguides are used for photonic integrated circuits. The advantages of silicon waveguides are low loss,
low cost, and compact size.
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2. Silicon Photonic PAM-4 Structure Based on an MMI with a Microring Resonator

Figurel a presents the proposed structure for PAM-4 generation, where an MMI coupler is used for a microring
resonator with the feedback waveguide. For a 4x4 MMI coupler, we use only input ports 1 and 3 (Ein and Eow). In our
design, the silicon-on-insulator (SOI) rib waveguide and the plasma effect on the PN junction are used for the phase shifts.
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Figure 1.
(a) The proposed structure for optical PAM-4 generation, (b) fundamental mode of the SOI rib waveguide calculated by the Finite Difference Method
(FDM).

Note: * indicates the complex conjugate.

In order to create the micro ring resonators, two feedback waveguides are used. The rib SOl waveguide has a width of
450nm and a height of 220nm for single-mode operation. The slab height is 90nm. At a wavelength of 1550nm, the
refractive index of Si, ns;=3.45 and the refractive index of SiO2, nsio2=1.5. Two shifters are used for two bits byb, to

generate 4 levels of PAM-4. We use the plasma effect on the PN (N- type and P-type semiconductor) junction for phase
shifters. The width W, and the length L, of the 4x4 MMI coupler and the positions of the input and output

waveguides are selected carefully to achieve the required Fano resonance. The Fano resonance can provide a steep slope
and linear region. We use this property to achieve the device with smaller power consumption compared to the
conventional structures based on ring resonators and MZMs. By using the Finite Difference Method (FDM), the mode
profile of the optical waveguide at 1550nm is shown in Figurelb. The effective refractive index is calculated ti
beng =2.61. For the phase shifter designs, we use the structure given by Samani, et al. [33] for optimal low losses. For

optimal design, we use the phase shifter with 6 doped regions as given in the reference [34].
There are two phase shifter regions with the lengths of L1 and L2, whereL, =2L,, applied voltage V;, and V,

respectively. The phase shifter having length of L; is used for least significant bit (LSB) and L, is for Maximal
Significant bit (MSB) of input data bitsb,b,. In this research, phase shifter in silicon photonic platform is based on the

plasma dispersion effect. The phase shift is created by changing of the refractive index of silicon waveguides, which can be
changed by changing the carrier doping in the waveguide. Therefore, to achieve phase-shift in silicon waveguide, PN
junctions are embedded in silicon waveguide by doping the waveguide. By applying an electrical external voltage to the
PN junction and driving it to depletion or injection mode, the refractive index of the silicon waveguide changes and as a
result, the group velocity of the optical wave travelling in the silicon waveguides changes. By implementing the PN doped
silicon waveguides, the Mach-Zehnder interferometer structure with amplitude modulation can be achieved. It is noted that
doping the silicon waveguides results in higher optical losses. The change in refractive index at 1550 nm wavelength
formulated by Soref and Bennet can be expressed as follows [35]:
An =—5.4x10"22 ANYOM _1 53x10718 Ap0-838 (1)
Aa. =8.88x10 22 ANF167 4 5, 84x10720 AP109 (2)
Where AN and AP are carrier concentrations of electrons and holes, respectively. The research focused on optimizing
the doping concentrations in silicon waveguides to obtain high modulation efficiency and low loss. Six different doped
concentrations are now available in the process offered by the foundry services. In the case of modulators that have a

silicon waveguide, when subjected to a voltage, the figure of merit (FoOM) varies non-linearly due to the non-linear change
of the Si refractive index. In this way, the modulation efficiency can be calculated according to Dourado, et al. [36].
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[[ nsi+ ancynECyF dxdy
Angfr =

”\E(x,y)\zdxdy ®

Equation 3 presents the effective index change due to the plasma effect. Multimode interference (MMI) is based on the
idea that if you make a single-mode waveguide thicker, multiple higher-order modes can travel through it and interfere
with each other. Because each mode moves at a different speed and the energy in higher-order modes is spread across
multiple nodes laterally, this component can be used to split signals into N separate paths (NxN). As a consequence of the
interference between different modes, z-dependent lateral standing wave profiles are obtained. By carefully selecting the
length of the MM, a high electrical field node within it can be directed as a single guided mode in the output waveguides.
MMIs are easier to manufacture compared to directional couplers, which require sub-mm gaps, as they possess a higher
tolerance for dimensional variations during the fabrication process compared to most other optical couplers. Moreover, this
component exhibits inherent advantages such as low loss and wide optical bandwidth. One limitation of ordinary MMIs
arises from rear reflections, which utilize the same self-imaging principle observed in the forward direction of the MMI.
However, this drawback can be addressed through clever design alterations, such as introducing slanted input and output
sidewalls instead of completely straight configurations. The multimode interference (MMI) device is a wide rectangular
waveguide. To solve for the electric field in the waveguide, the field in the MMI waveguide can be expressed by Okamoto
[37]:

d?E(x)

o 00 -B*EC9 =0 (4)

Where K is the free-space wavenumber. The important thing is to design the 4x4 MMI coupler to achieve the desired
matrix property to create the Fano effect. We use the MPA (mode propagation analysis) and numerical simulation based on
the Finite Difference Time Difference (FDTD), and the locations of the input and output waveguides of the MMI are

X; :(i+%)% (i=0, 1, 2, 3). The field of the MMI coupler can be written by Heaton and Jenkins [38].

mm

M 2
E(x,2) = exp(~jkz) Y Eexp( j%z)sin( x) (5)
=1

Wimi

Equation 5 presents the field within the MMI region. When considering 4x4 MMI couplers, it is necessary to carefully
design and select the positions of the input and output waveguides, along with their specific lengths, in order to achieve the
desired characteristic matrix. The analytical design of MMI couplers follows the principles outlined above and is relatively
straightforward. However, there is currently no universally applicable approach that guarantees optimum performance for
MMI couplers. As a result, it is important to investigate the impact of various parameters on the characteristics of MMI
couplers using numerical methods.

In this study, the optimization of MMI couplers focuses on analyzing the effects of specific geometrical parameters.
These parameters include the width and length of the MMI coupler itself, as well as the position and width of the input and
output waveguides. By studying the influence of these parameters, we aim to enhance the performance and effectiveness of
MMI couplers. From the numerical simulations, the desired MMI coupler with special length, width, and positions of input
and output waveguides can be achieved [39]. We found out that the lengths of the MMI coupler are 6um and 225um,
respectively [40]. The field propagations through the optimal 4x4 MMI coupler calculated by the Finite Difference Time
Difference are shown in Figure 2. The mode profile is studied by the Finite Difference Method (FDM). Figure 2 shows
the propagation going over the MMI coupler for input signals at ports 1 and 2. Two 3dB couplers can be achieved.

(a)

Figure 2.
Optical field transmission over the MMI coupler for different input signals (a) input signal at port 1 and (b) at port
2.
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In this research, we show that high bandwidth and large fabrication tolerances can be achieved. Figure 3 shows the
simulation results for normalized output powers at ports 1 and 4 for different widths, lengths, and wavelengths. The
simulation results show that fabrication tolerances in width of +10nm and in length of £500nm for 10% variation powers are
obtained. These fabrication tolerances are feasible with the existing CMOS technology [41]. The -1dB bandwidth is
calculated to be 20nm.
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Figure 3.

Output signals at port 1 and 3 of the MMI coupler at (a) different locations of the outputs, (b) different length (variation) and (c) wavelength.

By using the transfer matrix method, the fields at output of the single ring resonator in Figurel a is expressed by Yariv

[42]:
E T k) E;
t2 -x* 1t )\ Ep;
Where k and 7t are the cross coupling and transmission coupling coefficients of the coupler; Ei = ocexp(j(p)Et2 , o

is the loss factor and Ly is the length of the ring waveguide. The loss factor of the ring waveguide can be calculated by:
o = exp(—0.50psLps ) €XP[—0.505; (2R — Lps)] (7
Where R is the radius of the ring waveguide and ag =0.1-0.4dB/cm is the loss coefficient of the Si rib waveguide
[43]. Lpg is the loss due to the phase shifters based on PN doped regions. From (2) and relation between E;> and Ey, the
relation between the output and input fields of the ring resonator is expressed by:
—o 418

E..=E; -
t1l il * -
—at +e7l®

(8)

Where ¢ is the phase shift, which includes both the phase shift of the waveguide ¢, = 47:2neff % and the phase shift

due to the segmented phase shifters for PAM-4 generation? The output field of the device can be calculated by:

Eout :lEin (ﬂ"'eﬂ-e) (9)
2 7 —at +e

Where 6 is the phase shift at the arm connected between output ports 3 and 4?

In order to accumulate the phase shift of the micro-ring resonator into the overall transmission of the device, we
carefully designed the micro ring resonator to work in the over-coupled region [44]. The transmissions of the device and
phase difference are shown in Figure 4. We can see that the Fano effect with the highest on-off ratio (maximal difference
between two peaks) is achieved if the over-coupled requirement is met.
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Figure 4.
(a) Transmissions and (b) phase shifts of the device at critical coupling, under-coupling and over-coupling condition.

In order to get the required coupling and transmission ratios k, T, the directional coupler of the micro-ring resonator
needs to be carefully designed. The FDTD simulation shows that for a micro-ring radius of R=5 pum, the power coefficient

Mz can be expressed by an approximation of a curve with a polynomial |r|2 =-1.4368\ +2.8362 ; the refractive index of
silicon material is used in theoretical simulations (transfer matrix method) by using the Sellmeier equation:
BA?
22 _/112
Where e=11.6858, A=0.939816/m?, B=8.10461x10~% and I, =1.1071mm.

n2(1) =g+/1—A2+ (10)

Figure 5 shows the FDTD simulations for the design of the directional coupler used in the ring resonator of Figurel a.
The coefficient of the directional coupler depends on the gap between two waveguides and the radius. For the previous
architectures of PAM-4 based on only one micro-ring resonator, the directional coupler had a great effect on the performance
and working principle of the device [17, 45]. In this study, we only need the over-coupled condition to generate the Fano
effect. The transmission of the proposed device is not significantly affected if the over-coupled condition is met, as shown in
Figure 6.
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Figure 5.
Transmisison coefficient at different gaps with different waveguide widths.

Figure 6 shows the simulations of the normalized transmissions at different waveguide loss factors inside the micro-ring
resonator. We can see that the coupling ratio has a great effect on the working principle of the PAM-4 generation based on
the Fano effect. By controlling the coupling coefficient ratios, the desired levels of PAM-4 can be obtained with lower power
consumption.
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For PAM-4 generation, we use four levels at 0.2, 0.4, 0.6, and 0.8 in normalized output powers, as shown in Figure 7.
Figure 7 b presents the comparison for the PAM-4 generation using the MZM and the proposed Fano effect structure in this
research. From the simulation results, the phase difference between two arms was calculated to be -0.06 ., -0.02 =, 0.02 rt,
and 0.06 = (rad), respectively, for bits 00, 01, 10, 11 of the 4 levels of PAM-4. From these simulation results, we see that a
power consumption reduction of 3 to 30 times can be achieved compared with MZM structures used for PAM-4.
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Figure 7.

(a) PAM-4 levels based on the Fano effect transmission and (b) The PAM-4 levels based on MZM and Fano effect.

Table 1 presents the phase shifts required for the PAM-4 signal using the MZM and the proposed structure. Figure 8
shows the comparison between two structures.

Table 1.

PAM-4 levels based on two segmented phase shifters.

PAM-4 bits PAM-4 levels | Phase shifts if using the MZM | Phase shifts for this work
00 V0 (0.2) 2.237 rad -0.06m rad

01 V1 (0.4) 1.77xn rad -0.02xm rad

10 V2 (0.6) 1.37xn rad +0.02x rad

11 V3 (0.8) 0.92n +0.06m rad
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Finally, we use the FDTD simulation to verify the working principles of the proposed structure. The FDTD simulations
for bits 00, 01, 10, 11 with 4 levels of PAM-4 are presented in Figure 9. The FDTD simulation parameters are: Gaussian
pulse width of 15fs is used for input signal. The grid of the dimensions are Ax=Ay =5 nm and Az =10 nm.

(a) 00

(c) 10

(d) 11

Figure 9.
FDTD simulation of the proposed device.
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3. Conclusions

In this study, we have introduced an innovative approach for the implementation of PAM-4 modulation. Our technique
utilizes Fano resonance, which is formed from a single 4x4 multimode interference (MMI) coupler with an over-coupled ring
resonator. Notably, our approach is built upon complementary metal-oxide-semiconductor (CMOS) technology. The
suggested structure demonstrates a notable Fano resonance, which facilitates a substantial decrease in power consumption for
PAM-4 production. The reductions seen range from 3 to 30 times. In addition, the design offers a fabrication tolerance in
width and length of £10nm and +500nm, respectively, and a -1dB bandwidth of 20nm. This design is particularly suitable for
photonic integrated circuits. The proposed approach has significant potential for utilization in the domains of high-
performance computing, multicore systems, and high-speed data centers, where the efficient and dependable transfer of data
bears utmost importance. By capitalizing on the advantages of Fano resonance and harnessing the capabilities of our
suggested structure, it is possible to improved performance and energy efficiency in these challenging systems. The
architecture exhibits a high level of compatibility with photonic integrated circuits.
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