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Abstract: A low-power 2-channel PAM4 transmitter front-end consisting of 65-nm CMOS PAM4
shunt LD drivers and flip-chip-bonded 1.3-um LD-array-on-Si achieves simultaneous 2ch x 53-
Gps PAM4 transmission over 2-km-long SSMF with power efficiency of 0.57 mW/Ghps. © 2020
The Author(s)

1. Introduction

Ethernet transmission capacity has grown rapidly. Corresponding to its rapid growth, the standard for 400GbE has
already been established. In the future, discussions of the standard for 800G/1TbE will start. Four-level pulse
amplitude modulation (PAM4), a key modulation technology for 400 GbE, will be important for 800G/1TbE. In
addition, for 400GbE, 800G/1ThE and beyond, low-power-consumption technology is important. The conventional
PAM4 transmitter front-end uses a digital-to-analog converter (DAC) and linear driver. The DAC generates a PAMA4
signal, and the linear driver amplifies it to drive an LD. Recently, to decrease power consumption of the transmitter
front-end, PAM4 drivers with DAC functions but without a linear driver have been reported [1-6]. As a low-power
NRZ transmitter front-end, we have demonstrated a 4 ch x 25-Gbps NRZ transmitter front-end consisting of shunt
LD drivers and flip-chip-bonded LD array [7]. Since the shunt LD driver is placed in parallel with an LD without
impedance matching, the transmitter front-end using the shunt LD driver is a low-power architecture. To avoid
multiple reflections due to impedance mismatch, the flip-chip-bonding interconnection technique, which can
minimize multiple reflections, is needed for the transmitter front-end. However, a PAM4 driver using the shunt LD
driver architecture and flip-chip-bonding interconnection technique have not yet been reported.

In this work, we devised a low-power 2-channel PAM4 transmitter front-end consisting of a 2-channel 65-nm
CMOS PAM4 shunt LD driver and flip-chip-bonded 1.3-um LD-array-on-Si. Each channel operates simultaneously
with 53-Gbps PAMA4 signals, resulting in record power efficiency of 0.57 mW/Ghbps. Clear digitally interpolated 53-
Gbps PAM4 eye diagrams after 2-km standard single-mode fiber (SSMF) transmission were observed in
simultaneous 2-channel operation using offline feed-forward equalization (FFE). The bit error rate (BER) was below
2.3 x 10™* with both channels operating simultaneously over 2-km-long SSMF.

2. Structure of low-power 2-channel PAM4 transmitter front-end

Fig. 1(a) shows a block diagram of the 2-channel PAM4 transmitter front-end. The dashed line outlines the 2-
channel driver IC. Each driver uses the CMOS PAM4 shunt LD driver architecture. The PAM4 driver consists of
two core parts and two equalizing parts on the least significant bit (LSB) and most significant bit (MSB) sides. The
core parts consist of NMOS transistor M; and M, PMOS transistor M, and M, and resistors. The equalizing parts
consist of capacitors and resistors. V,; and V, are supply voltages, and V, is the gate bias voltage of M; and M,. V3 is
the gate bias voltage of Ms and M. Since the operating voltage of M; and M3 is lower than that of the LD, the offset
voltage V, can be set so that the power consumption of the PAM4 shunt LD driver is decreased. In addition, Vy, V5,
V3, and V, are common voltages between both channels. The anode and cathode terminals of the LD are connected
to the output terminals of the driver, Vo, and Vo, by flip-chip bonding, respectively. Vo, Which is connected to
the ground lines inside the PAM4 driver IC, is connected to the ground terminal outside the PAM4 driver IC by wire
bonding. The parasitic inductance of the flip-chip bonding wire is denoted as Lrcyw. LD current and shunt driving
currents for each channel are denoted as I, p and Iprvnt, Iprve2, Iprvaa, @nd, Ipryes, respectively. I equals Iprypz
minus Ipryn: PIUS Ipryps MINUS Ipryna. FOr modulating 1, p in 53-Gbps PAM4, 26.5-Gbps NRZ signals are input into
the LSB and MSB sides. Fig. 1(b) shows the operation of core parts. Ipgryp supplies bias current and modulation
current to the LD and Ipgryn SUpplies modulation current to the LD. Ipryn iS proportional to the input signal Vj,, but
the logic of Ipryp and I p is inverted logic of Vi,. When V;, is high, M; and M, are in the on- and off-state,



W3G.4.pdf OFC 2020 © OSA 2020

I, I 1
/?_\{)3 Vs Vi V,
[ | i
| —
Core: i
126.5 Gbps part § Rz, ‘:1: 3
I NRZ M '
| L il
LUL % N v,
: ™ Equalizing part
i LSB i My — i Vin
: Iorupal ] - i 53 Gbps
izs.z:zhps o ?1: ornn; }:/ i 3 Sbp n
: M, i i i
i : ;
PoUL | [[% o i Lrow o Time
| ;
MsB L{Mg B Vou Iio I = lorve = lprn ———
i
Ioruad H17 5 H | ||2-channel
L ' LD-array- (b)
»JJ ! on-Si
CMOS + i L,
VoS PAA
shunt LD driver i FCW

V, :
4 V, =
] I Newe 1o = Tomrz — lons
———————————— P e L L e P PP + -
2-channel driver IC lorves = lorvns

(@
Fig. 1. (a) Block diagram of 2-channel PAM4 transmitter front-end. (b) Operation of core parts. Simulated 53-Gbps/ch PAMA4 optical output
waveform for simultaneous operation (c) without equalizing part and (d) with equalizing part.

respectively, and Ipryn and Iprye are high and low, respectively. Therefore, I p is low. When V;, is low, M; and M,
are in the off- and on-state, respectively, and, Ipryn and Iprye are low and high, respectively. Therefore, I, is high.
Since I p equals Ipryp Minus Ipryn, the amplitude of 1, equals the amplitude of Ipgryp, lamep, plus the amplitude of
Iorvny lamen. Compared with our previous driver [7], since our new CMOS PAM4 shunt LD driver does not use
PMOS transistors as sources of constant current, but for modulation functions, this driver has a low-power
architecture and operates with low input signal amplitude. Fig. 1(c) and (d) show simulated 53-Gbps/ch PAM4
optical output waveforms for simultaneous operation without and with the equalizing part, respectively. We
configured equivalent circuit models of the LD and rate equations in our HSPICE environment to simulate the
electric-optic conversion behavior [8]. As shown in Fig. 1(a), (c), and (d), the equalizing part consisting of RC filter
on the M, side suppresses overshoot of PAM4 optical waveforms. In addition, the equalizing part consisting of a
capacitor on the M, side decreases the fall time of PAM4 optical waveforms.

Fig. 2 shows microphotographs of the 2-channel PAM4 transmitter front-end, 2-channel membrane LD-array-
on-Si, integrated with a spot-size convertor (SSC) [9], and 2-channel PAM4 driver IC. In the driver IC, the left and
right pads of channel 1 and 2 are Vo and Vo, respectively. The ground pads of the 2-channel driver IC are
connected to the ground terminal through the GND posts by wire bonding. LSB; and MSB; are input terminals for
channel 1; LSB, and MSB, are those for channel 2. The driver IC chip was fabricated in 65-nm CMOS technology.
Dummy pads, which the dashed line outlines, are used to prevent the 2-channel LD-array-on-Si from leaning when
the LD array is flip-chip bonded to the driver IC. The face-down LD array is stably connected to the driver IC by
flip-chip bonding through Au bumps bonded to Vo, Vous, @and the dummy pads. Vo, and Vo Of the driver are
connected to the p and n terminals of the LD array, respectively. The flip-chip bonding interconnection technique
minimizes the parasitic inductance between the LD array and driver IC. Therefore, bandwidth degradation due to
bonding interconnections is suppressed.

3. Measurement results

We measured the BER performance for discrete and simultaneous operation of the 2 channels with 53-Gbps PAM4
signal after 2-km transmission using SSMF. Lasing wavelengths were 1296-1300 nm. The 26.5-Gbps NRZ pseudo-
random bit sequence signals with a word length of 2'°-1 from the pulse pattern generator were input into both the
LSB and MSB sides of the 2-channel PAM4 driver with RF probes. The input signal amplitude was 0.3 V.. The LD
bias current of channels 1 and 2 was set to 9.9 mA. The measurement was carried out via a single-mode high-
numerical-aperture fiber that was butt-coupled with the SSC on the LD chip and was spliced to SSMF at the
opposite side. The optical PAM4 signals from the LD chip were measured through 2-km-long SSMF and a variable
optical attenuator. To measure the BER, we used a receiver (DSC-R409, Discovery Semiconductors, Inc.) consisting
of a photodiode and transimpedance amplifier. Received signals were acquired with a digital storage oscilloscope
with a 20-GHz analog bandwidth and 50-GS/s sample rate. We demodulated the received signals with offline digital
signal processing, where we used adaptive FFE. Fig. 3 shows 2-channel digitally interpolated 2-km-transmission 53-
Gbps/ch PAM4 eye diagrams of the received signal after the offline FFE with 17 taps. The PAM4 eye diagrams of
both channels have equally spaced and clear eye openings. Fig. 4 shows the measured BER dependence of received
power for discrete and simultaneous operation over 2-km-long SSMF. The crosstalk penalties between discrete and
simultaneous operation are negligible in both channels. The BER at 2-km SSMF output of channels 1 and 2 are
below 2.3 x 10, assuming 5.8% overhead RS (544, 514) FEC [10]. At a BER of 2.3 x 10™, the minimum receiver
sensitivities of channels 1 and 2 for 2-km transmission are -3.3 and -3.1 dBm, respectively. The power margins of
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channels 1 and 2 are 3.2 and 1.5 dB, respectively. These results show that we successfully transmitted 2ch x 53-
Gbps PAM4 optical signals for simultaneous and discrete operation over a distance of 2 km without an optical
amplifier. The total power consumption of the 2-channel PAM4 transmitter front-end, including the 2-channel
PAM4 driver and LD array, is only 60.7 mW, resulting in 0.57 mW/Gbps.

Table 1 compares our 2-channel PAM4 transmitter front-end with state-of-the-art low-power PAM4 transmitter
front-ends designed for DFB-LD and VCSEL optical transmission systems. Refs. [1]-[3] reported only simulation
results. The figure of merit (FOM) is defined as power consumption divided by single data rate. The FOMs of our 2-
channel PAM4 driver, 0.25 mW/Gbps/ch, and transmitter front-end including an LD array, 0.57 mW/Gbps/ch, are
the lowest in the table.

4. Conclusion

We have devised a low-power 2-channel PAMA4 transmitter front-end consisting of a 2-channel 65-nm CMOS
PAM4 shunt LD driver and flip-chip-bonded 1.3-um directly modulated LD-array-on-Si. Each channel of the
transmitter front-end operates simultaneously with 53-Gbps PAM4 signal, resulting in power efficiency of 0.57
mW/Gbps. A 2-km-long SSMF transmission with 53-Gbps PAM4 signal, with the 2-channel transmitter operated
simultaneously, was successfully demonstrated with a BER below 2.3 x 10™. To the best of our knowledge, our 2-
channel PAM4 transmitter front-end achieves the best power efficiency among reported PAM4 transmitter front-
ends. This transmitter suggests the feasibility of transmission over a distance of 10 km with a low-power
architecture.

References

[1] N. Quadir et al., “A 56Gb/s PAM-4 VVCSEL driver circuit,” ISSC2012, June. 2012.

[2]J. Y. Li et al., “Design of 20-Gb/s four-level pulse amplitude modulation VCSEL driver in 90-nm CMOS technology,” EDSSC2016, pp. 195-
198.

[3]1 T. Wu et al., “Design of a 25-Gb/s PAM-4 VVCSEL diode driver with an equalizer in 90-nm CMOS technology,” ISCAS2019, May. 2019.
[4] G. Belfiore et al., “Design of a 56 Ghit/s 4-level pulse-amplitude modulation inductor-less vertical-cavity surface emitting laser driver
integrated circuit in 130 nm BiCMOS technology,” IET Circuits, Devices & Systems, vol. 9, no. 3, pp. 213-220, 2015.

[5] J. Chen et al., “An energy efficient 56 Gbps PAM-4 VVCSEL transmitter enabled by a 100 Gbps driver in 0.25 um InP DHBT technology,”
IEEE J. Lightw. Technol., vol. 34, no. 21, pp. 4954-4964, Nov. 1, 2016.

[6] G. Belfiore et al., “90 Ghit/s 4-level pulse-amplitude-modulation vertical-cavity surface-emitting laser driver integrated circuit in 130 nm
SiGe technology,” LAMC2016, Dec. 2016.

[7] T. Kishi et al., “A 137-mW, 4 ch x 25-Gbps low-power compact transmitter flip-chip-bonded 1.3-um LD-array-on-Si,” OFC2018, M2D.2.
[8] T. Kishi et al., “A 45-mW 50-Gb/s linear shunt LD driver in 0.5-um InP HBT technology,” CSICS, 2016, pp. 1-4.

[9] T. Fujii et al., “1.3-pm directly modulated membrane laser array employing epitaxial growth of InGaAlAs MQW on InP/SiO2/Si substrate,”
ECOC, 2016, Th.3.A.2.

[10] IEEE 802.3 Beyond 10 km Optical PHY's Study Group: http://www.ieee802.0rg/3/B10K/public/17_11/lyubomirsky b10k_01_1117.pdf.



