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Abstract: We demonstrate 20-Gb/s 4-level pulse amplitude modulation (PAM-4) signal
generation using a silicon Mach-Zehnder modulator (MZM) in the O-band. The modulator is
driven by two independent binary streams, and the PAM-4 signal is thus generated directly on
the chip, avoiding the use of power-hungry digital-to-analog converters (DACs). With
optimized amplitude levels of the binary signals applied to the two arms of the MZM, a pre-
forward error correction (FEC) bit-error rate (BER) as low as 7.6 x 107 is obtained. In
comparison with a commercially available LiNbO; modulator, the penalty is only 2 dB at the
KP4 FEC threshold of 2.2 x 107",

© 2019 Optical Society of America under the terms of the OSA Open Access Publishing Agreement

1. Introduction

To cope with the demand of increasing bit rates for a limited bandwidth, 4-level pulse
amplitude modulation (PAM-4) is considered as a promising economical solution to replace
on-off keying (OOK) with a strong potential for large volume short-reach optical
communications such as inside data centers, in high performance computing (HPC) or in
centralized radio access networks (CRANs) [1-3]. For this purpose, silicon photonics is a
well-suited technology, benefiting from both the complementary metal-oxyde-semiconductor
(CMOS) mature fabrication process and from its possibility of integration with electronics [4—
9].

High-speed silicon modulators are generally based on phase modulation by free carrier
concentration variations. Various structures have been investigated in order to generate PAM-
4 signals, including Mach-Zehnder modulators (MZMs), ring resonator modulators (RRMs)
[10-22], ring-assisted Mach-Zehnder modulators (RAMZMs) [23-25], Mach-Zehnder
assisted ring modulators (MZARMSs) [26,27], or Michelson interferometer-based modulators
(MIMs) [28]. Until now, most of the reported demonstrations have been done in the C-band
of communications, while the development of PAM-4 modulators in the O-band is still in its
infancy [6-10]. The O-band is however of a major importance for PAM-4 data-centers
communications since it was shown that high-baudrate PAM-4 transmissions in the C-band
PAM-4 transmission may suffer from important penalties due to standard single-mode fiber
(SSMF) chromatic dispersion [29].

PAM-4 signals are usually generated in the electrical domain by means of power-hungry
digital-to-analog converters (DACs), before being converted to the optical domain by the
modulator. To reduce the overall power consumption, new DAC-less configurations have
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been proposed, enabling the generation of the four intensity levels in the optical domain from
two independent binary electrical sources [5-9,14-21,25-28]. A common approach to
generate PAM-4 levels with two driving sources is to use segmented electrodes, as it has the
advantage of lowering the power consumption and allowing high symbol rates [14]. However,
segmented electrode structures are designed only for PAM applications, while dual electrode
structures are more flexible and can also be used for phase-shift modulation formats [30].

In this context, we present a carrier-depletion based Mach-Zehnder modulator operating in
the O-band and generating 10 Gbaud PAM-4 signals without using any DAC. The modulator
is driven by two independent binary streams, with well-chosen amplitudes, to obtain 4 equally
spaced optical power levels. After introducing its design, we describe the method used for
driving the modulator, and then demonstrate its performance experimentally in terms of eye-
diagrams and bit-error-rate (BER). The power penalty compared to the same generation
scheme but employing an LiNbO; MZM is furthermore assessed experimentally.

2. Device design and characterization
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Fig. 1. Schematic cross section of the phase-shifter. Doped regions are used to achieve phase
modulation by carrier depletion in the rib waveguide.
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Fig. 2. MZM top view. Coplanar electrodes are used to drive independently the 2 arms, while
heaters are used to control the operating point.

The device was fabricated at STMicroelectronics using a 300-mm SOI technological platform
[31] and has been previously used to demonstrate 25 Gb/s OOK modulation [32]. The cross-
section of the phase shifter can be seen in Fig. 1. The waveguide width is 400 nm, its height is
300 nm, and the thickness of the slab region is 50 nm. Targeted doping concentrations are 5 X
10" cm™ and 4.5 x 10'7 cm™ for the P and N region, respectively. These concentrations were
extracted from a numerical model, as a compromise to obtain an efficient phase-shifter while
benefiting from sufficiently high bandwidth and low losses [33,34]. Near the contacts, P™ and
N*" regions with doping levels of 10" cm™ were placed to reduce the access resistance of the
device. It can be noticed that the PN junction is slightly shifted (25 nm away from the vertical
axis of symmetry of the rib waveguide towards the N-doped region), leading to a higher
overlap between the P region and the optical mode, to benefit from the higher efficiency of
hole concentration variations on the induced phase shift. The phase shifter length is 1 mm
(Fig. 2). Thermal heaters (resistors) were added at the end of each arm. They are used for
tuning the operating point of the MZM with a direct current (DC) supply. The data stream is
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applied to the phase shifters through coplanar travelling wave electrodes (CTWs), designed
for GSGSG probes. Light is coupled in and out of the chip by means of grating couplers. The
splitter and combiner are 3 dB 1 x 2 multi-mode interference (MMI) designs.

An 18 GHz electro-optical bandwidth was measured and the static characterizations
reported in [32] showed a 2.5 dB insertion loss (IL). The measured efficiency of the PN
junction is in the range of 1.2 V X cmto 1.45 V x cm for 0 V to —7 V bias, respectively.

3. PAM-4 generation

The principle used for PAM-4 generation was described in [16]. By applying two independent
binary non-return-to-zero (NRZ) electrical signals V; and V, with different peak-to-peak
voltages on the arms 1 and 2 of an MZM operating at the quadrature point, four distinct levels
are reached in the output power. In case of modulation by carrier depletion in Si PN diode,
both the losses and the efficiency of the phase-shifters present a non-linear behavior. The
electric field traveling through each arm will therefore go through a non-linear phase-shift
and voltage-dependent losses at the same time. Modeling can thus be used to find out the
voltages required to reach 4 equally spaced power levels, while exploiting the full dynamic
range of the MZM transmission.
The electric field at the output of the arm labelled » of a MZM can be expressed as

E 2z

E, :T‘; exp(— (e, +Aa,, (7)) L) eXp(JT(neﬂ +Aneﬁ(Vn))Lj (1)
with E) the electric field at the input of the MZM, L the length of the phase-shifter, ¥, the
voltage applied on the phase-shifter 7, A the laser wavelength, ¢, the effective attenuation
factor of the phase-shifters, A¢,

off
application of the voltage V, on the phase shifter n, n

(V,) the effective attenuation variation introduced by the

i the effective index of the phase

shifters, An,, (V,) the effective index variation introduced by the application of the voltage
V., on the phase shifter n . Then, the electric field at the output of the MZM can be written as

6y OH

J— —J
Ee ? +FEe 2

E,, 6 =—F 2
our \/E ( )

where E,, are the fields at the output of the phase-shifters 1 and 2, respectively, calculated

according to Eq. (1), and 8, is the phase difference between the two arms introduced by the

thermal heaters.

The efficiency of the phase shifters (i.e. An_,(V)) has been extracted experimentally by

of
measuring the resonance shift of a ring resonator with the same PN junction, as a function of
the applied voltage, while simulations of the phase shifter optical losses due to free carrier
absorption, depending on the applied voltages, are considered to determine ¢, and

Aa,; (V) . The modulator operating point is tuned to quadrature by setting 6,, to n/2.

Based on this modeling, we can see in Fig. 3 the PAM-4 levels on the transmission of the
MZM (| Eo;/Ey '), depending on the phase difference A¢ between the electric fields
coming out of each arm into the combiner

80= 22 (8 (1) =y () L+, G

For a dual-drive silicon modulator, V; and V, are defined as
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V],z = VDC +AV],2 4

Where V. is an offset voltage used to bias the PN junction in reverse way, and AV is the
alternative voltage applied on the phase shifter n to control Ag .

In Figs. 3(a) and 3(b), the black curve corresponds to the push-pull transmission
AV, ==AV,)for 0<A¢p<x. Two examples of PAM-4 levels are then displayed for

different values of AV, andAV,, with| AV, |>| AV, |. In Fig. 3(a), it can be seen that when
| AV, |=2] AV, | the separation between the two center power levels is larger than between the

extreme levels, which is not optimal in terms of signal-to-noise ratio and BER performance. It
is then possible to tune the ratio AV, /AV, to achieve equally spaced power levels, as

illustrated in Fig. 3(b). In this case, | AV, |=3.82 V and | AV, |=2.2 V (voltage ratio of 1.74),
simultaneously leading to equally spaced power levels and maximum extinction ratio.

(I 01 0.7 Fmsgommmmmmmmenns ) SO
< g6l — AV, =-AV, < 6] — AV, =-AV,
[T} --- PAM-4 levels i) --- PAM-4 levels
3 e BO0.5 N
7 0.4 0.4
§ 0.34 5 0.3
» D femeecccmcccccmccceetlee e N
I e ere IR N £ 0.2 -

5 V, = -4V £ 4V £ V, = -4V +3.82V
=4 4 c i =
& 0.1 V,=-ave2v 5 0.1 V2——4V12.20V10
e = 0.0 f=mssosmosponnonnonss e =
0 PI/2 PI 0 PI/2 PI

Ad Phase difference between the 2 arms at the combiner ~ Ad Phase difference between the 2 arms at the combiner

(a) (b)

Fig. 3. Reached PAM-4 levels for different ratios of AC voltages applied to each arm: (a) a
ratio of 2, (b) a ratio of 1.74.

As it can be seen from this modeling, to reach four equally spaced power levels while
benefiting from the full dynamic range of the transmission, the ratio AV, /AV, must be

different from 2. It can be noted that the level differences between the two upper and between
the two lower levels of the PAM-4 signal is set by AV, . On the other hand, AV} is directly

related to the difference between the second and third levels.
4. Experiments

4.1. Experimental setup

The setup used for the PAM-4 BER experiments is shown in Fig. 4. Light is produced by an
O-band tunable external cavity laser (operating at 1310 nm) and amplified by a
semiconductor optical amplifier (SOA) before being coupled in the device though grating
couplers. Coupling losses are around 5dB per coupler. At the output, the beam is amplified by
a praseodymium-doped fiber amplifier (PDFA) and a 3 dB directional coupler splits the light
into two paths. One goes directly to an oscilloscope (25 GHz optical module), allowing the
visualization of the eye diagram in real time, while the other is input to a 40-GHz PIN
photodiode followed by a 35 GHz traveling wave amplifier and feeding the error counter of a
BER tester (BERT).
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Fig. 4. Experimental setup for PAM-4 eye diagrams and BER measurements. Amp.: electrical
amplifiers, BERT: BER tester, PD: photodiode, PDFA: praseodymium-doped fiber amplifier,
PRBS: pseudo-random binary sequence (source), TDL: tunable delay line.

For the electrical part, a 10 Gb/s pattern generator generates two complementary pseudo-
random binary patterns (PRBSs) with 2'°-1 lengths. One of them is delayed by 200 ps
(corresponding to the duration of 2 symbols) by a radio-frequency (RF) tunable delay line
(TDL), so that both outputs can be considered as uncorrelated. The two data signals are then
amplified. The gain of each amplifier can be tuned specifically in order to reach 4 equally
spaced levels as detailed in the previous section. A —4V DC voltage is added to both signals
through bias tees to bias the PN junction, and GSGSG probes transmit the resulting signals to
the device. At the output of the MZM RF electrodes, 50 Q terminations absorb the RF power
after DC blocks. A DC voltage is also applied on the thermal heaters to tune the MZM
operating point to quadrature.

4.2. Experimental results

First, we show in Fig. 5 the eye diagrams that are obtained for different peak-to-peak voltages
applied on each arm of a quadrature-biased MZM. On the left panel are reported the
equivalent modeling, showing a good correlation of the simulated levels with the
experimental results for each of the voltage couples used in the experimental setup. It can be
seen from Figs. 5(c) and 5(d) that equally spaced levels can be obtained for a voltage ratio of
2.47, which is different from the optimum ratio of 1.74 mentioned in Section 3. This comes
from the fact that the ratio of 1.74 fulfills both the even-spacing and the maximum extinction
ratio conditions, whereas in the eye diagrams represented in Figs. 5(c) and 5(d) the extinction
ratio is limited.

BER measurements were performed at 20 Gb/s using an error analyzer (EA) designed for
conventional binary modulation using the method described in [7,35]. The applied peak-to-
peak voltages were set to 7 V and 4 V, to benefit from an almost full dynamic range of the
transmission while obtaining 4 equally spaced levels. These voltages are slightly lower than
the ones stated in Section 3, due to limitations of the RF amplifiers maximum output power,
but the voltage ratio of 1.75 is maintained. The received power was swept from —8.5 dBm to
0.5 dBm.

The results were compared to the case of a commercial 32 GHz-bandwidth push-pull
LiNbO; MZM. The modulator was driven by two NRZ electrical streams with peak-to-peak
voltages of 3.25 V and 1.90 V. The static V, of this LiNbO; modulator was measured to be
4V and the extinction ratio was 9 dB in the O-band. The SOA was removed from the set-up
as coupling losses in the LiNbO; MZM are lower than for the Si modulator. The eye diagrams
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at 0 dBm received power corresponding to the two different modulators are plotted in Figs.
6(b) and 6(c).
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Fig. 5. Simulated transmission levels (a) (c) (¢) and corresponding measured eye diagrams (b)
(d) (f) for different applied voltages.

From Fig. 6(a) it can be seen that the power penalty of the silicon device is about 2 dB in
comparison with the LiNbO; modulator in the O-band at a BER of 2.1 x 10™*. This penalty
can be explained by the lower bandwidth of the silicon modulator in comparison with the
LiNbO; MZM, and the additional noise due to the necessity of using an SOA for the silicon
MZM, because of grating coupler losses. With the Si modulator, the BER is below the hard-
decision forward error correction (HD FEC) threshold of 3.8 x 107 at an average received
power of —6 dBm and under the KP4 FEC threshold of 2.2 x 107 for an average received
power of —3.4 dBm.
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Fig. 6. (a) 20-Gb/s BER versus average received power for the Si MZM, compared to a
LiNbO; MZM. (b) Eye diagram of the Si MZM. (c) Eye diagram of the LiNbO; MZM.

5. Conclusion

DAC-less modulators for PAM-4 generation have been a topic of increasing interest over the
past years within the silicon photonics community. We experimentally demonstrate an O-
band 20 Gb/s PAM-4 generation using a simple silicon MZM driven by two independent
binary streams. Interestingly, this generation method can be applied to higher bitrates, up to
100 Gbit/s, by phase shifter optimization. Modeling has been used to evaluate the influence of
the voltages applied on each arm to the output optical transmission levels. By doing so it is
possible to benefit from the full dynamic range of the transmission, while obtaining 4 equally
spaced levels. The BER obtained with the Si PAM-4 modulator is below the KP4 FEC
threshold of 2.2 x 107 for an average received power of —3.4 dBm and corresponds to a
penalty of 2 dB compared to a commercial push-pull LINbO; MZM.
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