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Abstract. We present a new architecture for generation of
multilevel pulse amplitude modulation (PAM-4) signal
generation based on cascaded 4x4 multimode interference
(MMI) structure used for optical interconnects and data
center network. The proposed device can generate two ring
resonator structures with capability of critical coupling
control. The push-pull configuration then is used at two
ring resonators for PAM-4 level generation, so a zero
chirp can be achieved. In this structure an M-shape trans-
mission can be created for the first time. We use this prop-
erty for an extreme reduction of power consumption with
a lower level than 4-28 times compared with the PAM-4
generation based on the Mach Zehnder Modulator (MZM),
respectively. Based on this structure, an extreme high
bandwidth and compact footprint are also achieved. The
whole device is designed and analyzed using the existing
VLSI (Very-Large Scale Integration) silicon photonics.
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1. Introduction

In the literature, on off keying (OOK) modulation is
used for the transmitter and receiver architectures in short
reach optical links of optical interconnect and data center
networks. Recently, configuration of 200 Gb/s and
400 Gb/s systems utilized OOK modulation have been
deployed [1]. However, the OOK modulation is limited if
the high bandwidth is required. In addition, the complexity
of the system increases. As a result, a new efficient higher
order modulation is required to avoid complexity. Conse-
quently, various modulation formats with higher spectral
efficiency such as discrete multi-tone (DMT), 4-level pulse
amplitude modulation (PAM-4) and quadrature phase shift
keying (QPSK) have been studied to replace OOK [2].
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Multi-level pulse amplitude modulation (PAM-4) is
a good candidate for high data rate transmissions with
suitable cost and complexity. Compared with other higher
modulation such as M-PSK, M-QAM, PAM-4 requires
only a limited resource of digital signal processing (DSP)
requirements. The PAM-M modulation allows for direct
direction of optical intensity signals without requiring
complex DSP, although good signal-to-noise ratio is re-
quired. PAM-4 has been used for data center and high
performance computing systems instead of other modula-
tion methods [3].

In order to generate PAM-4 signal, a significant work
has been presented such as silicon photonic microring
modulators (MRMs) and travelling-wave Mach-Zehnder
modulators (TWMZMs) [4], and segmented electrode MZI
[5], vertical-cavity surface-emitting lasers (VCSEL), sili-
con-germanium electro-optic modulators, silicon hybrid
modulators, electro-optic polymer modulators and LiNbO3
modulators [4]. These approaches require a complex circuit
and have low fabrication tolerance. In addition, these
structures use directional couplers, so it is very difficult to
control the directional coupler to achieve exact coupling
ratios. Another limitation of the published approaches is to
generate PAM-4 levels with high power consumption due
to the requirement of the required phase shifts.

Therefore, in this study, we propose a new architec-
ture to implement a PAM-4 signal generation system by
using cascaded 4x4 MMI couplers with the capacity of
a zero chirp. Two 4x4 MMI couplers act as two microring
resonators with controllable coupling ratios. We control the
microring resonator to work in the over coupled-region.
Two phase shifters at the ring waveguides are used in the
push-pull configuration to obtain the zero chirp parameter.
As a result, significant reductions in power consumption
can be achieved compared with the conventional MZI
architecture. Here we show that bandwidth and fabrication
tolerance of the proposed configuration can be achieved,
compared to the conventional structure. In addition, silicon
photonics is an emerging technology for photonic VLSI
systems. Photonic circuits with large scale integrated cir-
cuits become feasible and practical with silicon photonics
[6]. It uses the CMOS existing technologies so it is com-
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patible with CMOS processes. Optical interconnects are the
major commercial application of silicon photonics. They
are driven by the quickly increasing demand for high-speed
optical links in data centers.

2. Design of New PAM-4 Generation
Based on 4x4 MMI Cascaded MMIs

Figure 1(a) shows a schematic of the PAM-4 genera-
tion architecture based on cascaded 4x4 MMIs. The struc-
ture of the phase shifters used for PAM-4 generation and
control of the critical coupling for microring resonators are
shown in Fig. 1(b). The waveguide structure with the Si
core without doping P and N region is shown in Fig. 1(c).
In our study, we use a microring resonator with a radius of
15 um. The waveguide has a width of 500 nm and a height
of 220 nm, and it is on a 90 nm slab for a single mode
operation [7].

We use two PN junction phase shifters at the push
and pull configuration inside a microring resonator wave-
guide for two bits bgb;, which use the plasma dispersion
effect in silicon waveguides as shown in the box of
Fig. 1(a). The mode profile of the optical waveguide at
1550 nm is shown in Fig. 1(c), where the effective refrac-
tive index is n.g=2.61 by using the FDM (Finite Differ-
ence Method).

The light PN doping concentrations are for reducing
the optical scattering loss in the rib waveguide. The widths
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Fig. 2. (a) Effective index change and (b) loss factor at

different bias voltage at the PN junction.

of the P doped layer and N doped layer in the 90 nm slab
waveguide are both 1 um. There are also P++ and N++
doped regions with a width of 6.35 pm, which are designed
for ohmic contact with the metal pads. They are both 1 pm
away from the edge of the rib waveguide. The simulated
peak doping concentrations in are 7.8x10'"cm” for P,
2.1x10"™ em™ for N, 3.9x10" cm™ for P++ and 9.7 x10"
em” for N++ [8]. The change in index of refraction is
phenomenon logically described by Soref and Bennett
model [9]. Here we focus on the central operating wave-
length of around 1550 nm. The change in refractive index
is An(at 1550 nm) = —8.8x10 AN — 8.5x 'SAP*® and the
change in absorption is described by Aa(at 1550 nm) =
8.5x10 AN + 6x AP [em']; AN and AP are the electron
concentration change and the hole concentration change
(cm). Figure 2 plots the simulated effective index changes
and the propagation losses when applying reverse bias
voltages on the four PN junction designs in Fig. 1(b).

By a proper selection of width, length and positions
of the input waveguides for a 2x4 MMI coupler in Fig. 1(a)
at the position in x-axis x;= (i + %) Wymi/N (i=0, 1, 2, 3),
WM 1s the width of the MMI coupler. We can find a 2x4
MMI structure to achieve a special characteristic [10]. By
using the mode propagation method, the width and length
of the MMI coupler are 6 um and 225 um, respectively
[11]. Figure 3 presents the field propagation through the
2x4 MMI coupler at the optimal length for input signal at
port 1.
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Fig. 3. Field propagation through the 2x4 MMI coupler at the

optimal width and length.

We showed that the characteristics of an MMI device
is described by a transfer matrix [11]. This transfer matrix
is a very useful tool for analysing cascaded MMI struc-
tures. The phase ¢; associated with imaging an input i to
an output j in an MMI coupler. These phases ¢; form
a matrix Sy.4, With i representing the row number, and j
representing the column number [12]. A single 4x4 MMI
coupler at a length of Lypy=3L,/2, where L, is the beat
length of the MMI, is described by the following transfer
matrix [13]:

1-j 0 0 1+]
I-j 1+5 O (1)
I+j 1-j 0 |

i 0 0 1-j

1| O
S peanvr = 5 0
+

1

The output and input amplitudes at 4 ports of the 4x4
multimode waveguide can be expressed by

E out,l E in,1
E out,2 E in,2 2
Eout = E t = S4><4 E = S4><4Ein ( )
out,3 in,3
E out,4 E in4

where Ei,; (i=1, 2, 3, 4) and Eo; (=1, 2, 3, 4) are
complex amplitudes at input ports and output ports 1-4,
respectively. From (1) and (2), we can calculate the
relationships between the input and output amplitudes of

Fig. 1 as follows:
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are coupling ratios of the microring resonator. The phase
shift A@ is induced by the PN junction and can be
calculated by [14]:

where

25 g 1) O

Ap =

where Lpg is the length of the phase shifter and An.g(V) is
the change of effective index on the applied voltage.
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Fig. 4. Control of the microring resonator coupling ratio based
on the PN phase shifter.

Fig. 5. 4x4 MMI coupler with feedback waveguide working
as a microring resonator.

As a result, the coupling ratios of the microring
resonator based on 4x4 MMI coupler in Fig. 1(a) can be
controlled by the phase shifter as shown in Fig. 4.

The 4x4 MMI couplers with feedback waveguides
work as two microring resonators shown in Fig. 5 [12].
Here we use two identical microring resonators. This
means that the coupling ratio, loss factor and radius are the
same.

For a microring resonator, the field at the output of
the microring resonator is expressed by using the Yariv's

model [15]:
E, (T K E, (5)
E, e oz E,

where x and 7 are the cross coupling and transmission
coupling coefficients of the couplers (two identical cou-
plers for two microring resonators); Eij Ei, Eyy. Ep are the
complex amplitudes of the input and output signals in
Fig. 5; Ep=o0exp(j@) En, ¢=—¢= ¢ is the phase shift
inside the microring resonator, including the phase shift
due to optical waveguide ¢y= 471" neR/A and a is the loss
factor of the field after one round trip through the micro-
ring resonator; ney is the effective index and Ly is the
microring resonator length.

The output field and input field of a single microring
resonator is:
—gtTe i
E,=E,— = ©6)
—ar +e’’
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Fig. 6. (a) Transmissions and (b) phase shift for different

cases of the single microring resonator working at
critical coupling, under-coupling and over-coupling
condition.

In order to accumulate the phase shift of single mi-
croring resonator into the overall transmission of the de-
vice, we carefully design both microring resonators work-
ing at the over-coupled condition [16]. The transmissions
of the device and phase shifts of the microring resonators
with radii of 15 and 16 um are shown in Fig. 6 for three
coupling conditions.

In Fig. 1(a), by applying binary non-return-to-zero
(NRZ) electrical signal with voltage levels VO, V1, V2, V3
to the phase shifter in push-pull configuration, data bits 00,
01, 10, 11 are obtained in the output power. Modelling can
be used to find out the voltages required to reach 4 equally
spaced power levels, while exploiting the full dynamic
range of the output transmission:

1 —a+7e " —g+rei®
E,=—E, —t——— | D
2 —-ar +e’ —-ar +e’’

We apply data signal levels 0, 1, 2, 3 on the phase
shift of the 4x4 MMI coupler 1, the inverted data levels 3,
2, 1, 0 are applied on the phase shift of the 4x4 MMI cou-
pler 2 simultaneously to achieve the push-pull operation of
the device. The chirp of the modulator is estimated by the
chirp parameter [17]
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Fig. 7. Phase response of the proposed device with zero chirp.

where V' is the applied voltage, @, is the total phase in the
structure, / is the modulated optical intensity, both are the
functions of time ¢.

Figure 7 shows the phase response of the proposed
device. The simulations show that the phases are all zero,
no matter what input data value that is applied. As a result,
the proposed device is capable of zero-chirp modulation.

Figure 8 shows the simulations of the normalized
transmissions of the proposed device compared with the
MZM structure. By controlling the coupling coefficient
ratio to device work at the overcoupled region, we can
achieve a small power to obtain the desired levels of
PAM-4 and the M-shape transmission can be achieved.

In order to compare the power consumption with the
conventional MZI structure, we compare the results based
M-shape presented in this research with the conventional
Mach-Zehnder Modulator (MZM). This result shows that
the power consumption to achieve multilevel PAM-4 is
extremely low compared with the MZM based PAM-4
generation, but it provides a higher bandwidth and large
fabrication tolerance compared with conventional structure
based on the MZM in the literature. The simulation results
are shown for data bits 00, 01, 11, 10, the phase shift for
push-pull configuration in Fig. 1(a) must be 0.08w, 0.12x,
0.16m and 0.21m (rad), respectively. In order to achieve
a linear region, four normalized output powers at 0.2, 0.4,
0.6 and 0.8 are selected.
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Fig. 8. Comparison of the MZM and the proposed PAM-4
generation architecture in this paper.
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Required . Phase shifts | Phase shifts
Phase shifts
. voltages for . at the at the
Bit required for
PAM-4 the MZM resonator 1 resonator 2
levels (Push) (Pull)
00 V0 (0.2) 2.23 rad 0.08 rad 0.21 rad
01 V1(0.4) 1.77 rad 0.12 rad 0.16 rad
10 V2(0.6) 1.37 rad 0.16 rad 0.12 rad
11 V3(0.8) 0.92 rad 0.21 rad 0.08 rad

Tab. 1. PAM-4 levels based on two segmented phase shifters.
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Fig. 9. Phase shifts required for PAM-4 levels (normalization).

The required phase shifts to achieve four levels of
PAM-4 signal are shown in Tab. 1 and Fig. 9. From this
simulation, we see that the transmission of the proposed
architecture has a great linearity. Figure 9 shows the
required phase shifts to obtain four PAM-4 levels when
using the proposed structure and the conventional MZM.
The phase shift is reduced from 4 to 28 times with four
PAM-4 levels respectively, compared with the phase shift
required when the MZM is used.

The FDTD simulation of the whole device is shown
in Fig. 10 when the four levels of PAM-4, respectively 00,
01, 10 and 11 injected into the segmented phase shifters,
respectively. In our FDTD simulations, a Gaussian light
pulse of 15 fs pulse width is launched from the input to
investigate the transmission characteristics of the device.
The grid sizes used in our FDTD are Ax = Ay =5 nm and
Az =10 nm. The waveguide parameters are the ring radius
of 15 pm, single mode waveguide width of 500 nm and
height of 220 nm. The simulations show that there is
a good agreement between the theoretical predictions and
FDTD simulations. The normalized power levels at the
output are about 0.2, 0.4. 0.6 and 0.8, respectively. For this
structure, the laser input and receiver can be designed at
the same side. This is particularly suitable for integrated
circuit applications.

3. Conclusion

We have proposed a new approach for PAM-4 sig-
naling implementation using cascaded 4x4 MMI couplers
based on CMOS technology. The push-pull configuration
is used at two ring resonators for PAM-4 level generation,

Fig. 10. FDTD simulation of the whole device when input
signal is at port 1.

so a zero chirp can be achieved. The structure can create
a Fano like shape and we use this property for an extreme
reduction of power consumption with a lower level than
4-28 times compared with the PAM-4 generation based on
the Mach Zehnder Modulator (MZM), respectively. Based
on this structure, an extreme high bandwidth and compact
footprint are also achieved. The whole device is designed
and analyzed using the existing VLSI silicon photonics.
The approach is also suitable and useful for high perfor-
mance computing, multicore and high speed data center
systems.
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