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ABSTRACT

As the data rate of high-speed I/Os continues to increase, four-

level pulse amplitude modulation (PAM-4) is adopted to improve

the bandwidth density and link margin at 50 Gb/s and beyond.

Compared to non-return-to-zero (NRZ) signaling, however, the

PAM-4 eye height is reduced, which calls for larger transmitter

swing to maintain signal-to-noise-ratio. A new energy-efficient

transmitter is proposed to generate large swing PAM-4 signals

with a cascode voltage-mode driver and supporting pre-drivers and

logic circuits. By reconfiguring the pull-up and pull-down branches

based on the transmit data and steering the bypass currents, the pro-

posed voltage-mode driver significantly reduces power consump-

tion compared to conventional implementation while maintaining

impedance matching. Voltage stacking technique is adopted for

pre-drivers to further improve energy efficiency. To demonstrate

the new transmitter design, a prototype 56 Gb/s PAM-4 transmitter

is designed using a generic 28-nm CMOS technology with a 2-V

power supply voltage. It achieves a overall output swing of 2 V and a

minimum eye height of 490 mV with good linearity (98.7% level sep-

aration mismatch ratio). Compared to a conventional voltage-mode

transmitter design with the same swing, the static power consump-

tion of the new transmitter is reduced almost by half (from 30 mW

to 16 mW), and its overall energy efficiency improves from 0.7 pJ/b

to 0.5 pJ/b.

CCS CONCEPTS

· Hardware → Metallic interconnect; Wireline communica-

tion;

KEYWORDS

PAM-4, high swing, low power, transmitter driver

ACM Reference Format:

Lejie Lu, YongWang, HuiWu. 2018. An Energy-Efficient High-Swing PAM-4

Voltage-Mode Transmitter. In ISLPED ’18: ISLPED ’18: International Sympo-

sium on Low Power Electronics and Design, July 23–25, 2018, Seattle, WA, USA.

ACM, New York, NY, USA, 6 pages. https://doi.org/10.1145/3218603.3218651

Permission to make digital or hard copies of all or part of this work for personal or
classroom use is granted without fee provided that copies are not made or distributed
for profit or commercial advantage and that copies bear this notice and the full citation
on the first page. Copyrights for components of this work owned by others than ACM
must be honored. Abstracting with credit is permitted. To copy otherwise, or republish,
to post on servers or to redistribute to lists, requires prior specific permission and/or a
fee. Request permissions from permissions@acm.org.

ISLPED ’18, July 23–25, 2018, Seattle, WA, USA

© 2018 Association for Computing Machinery.
ACM ISBN 978-1-4503-5704-3/18/07. . . $15.00
https://doi.org/10.1145/3218603.3218651

1 INTRODUCTION

Driven by the ever-increasing demands by data centers, mobile

devices, video streaming services, internet-of-things, and automo-

bile sensor fusion, the I/O bandwidths of CPUs, GPUs and ASIC

switches continue to double every 3-4 years, now reaching 50 Gb/s

per lane. To enable such ultra-high speed communication in in-

tegrated circuits, spectral efficient PAM-4 modulation has been

widely adopted to increase the bit rate while keeping the baud rate

relatively constant [1ś3]. Several limitations of PAM modulation,

however, need to be addressed in circuit design:

Compared to conventional non-return-to-zero (NRZ) signaling,

PAM-4 suffers a 9.5-dB reduction in signal-to-noise-ratio (SNR) due

to the splitting of signal levels from 2 to 4 in the voltage domain.

The current practice is to rely on advanced equalization techniques

to compensate for the SNR loss, at both the transmitter and receiver

sides. The complex equalization circuits, particularly the decision-

feedback equalizer (DFE), consume large amount of power. The

link power budget fundamentally limits the transmission distance

of PAM-4 signals in a lossy channel [4].

Another solution to overcome the SNR penalty is to use a larger

PAM-4 signal amplitude at the transmitter output. [4] shows that

1.5-V transmitter output swing (peak-to-peak amplitude) is required

for PAM-4 signaling in an 8-cm on-chip channel (or 4-cm in PAM-8).

Such a high-swing transmitter allows the link to use less complex

equalization. It also relaxes the gain requirement of the receiver

front-end, which improves the bandwidth and reduces noise [4].

More importantly, a high-swing transmitter can extend the trans-

mission distance of the link, and hence enables new interconnect

architectures based on a transmission-line link bus (TLLB). The

latter is recently proposed as an alternative for on-chip communi-

cation [5, 6]. Compared to network-on-chip (NoC) designs, it offers

significantly lower communication latency. This not only improves

the performance of the multi-core chip, but also reduces the overall

system power consumption [7].

Still, the energy efficiency of a high-swing PAM-4 transmitter is

critical in the overall system power budget, especially at 50 Gb/s

and beyond. For this reason, PAM-4 modulation is typically imple-

mented within the output driver and therefore avoids amplifying

analog waveforms. Instead, digital driver circuits such as a voltage-

mode driver is preferred. Further, to ensure the generated PAM-4

signal is delivered to the channel faithfully, impedance matching at

the transmitter output is required. The high-swing PAM-4 trans-

mitter design has to be optimized to meet both goals.

Linearity issue is another challenge in PAM modulation. Com-

pared to NRZ, PAM has more than one eye openings in the voltage

domain. Non-linearity will result in different eye heights among

them, which degrades bit-error-rate (BER). This effect is usually
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