
ISSCC	
  	
  2018

SESSION	
  6
Ultra-­‐‑High-­‐‑Speed	
  Wireline



6.1: A 112Gb/s PAM-4 Transmitter with 3-Tap FFE in 10nm CMOS© 2018 IEEE 
International Solid-State Circuits Conference 1 of 38

A 112Gb/s PAM-4 Transmitter with 
3-Tap FFE in 10nm CMOS

Intel, Hillsboro, OR

Jihwan Kim, Ajay Balankutty, Rajeev Dokania, 
Amr Elshazly, Hyung Seok Kim, Sandipan Kundu, 

Skyler Weaver, Kai Yu, Frank O’Mahony



6.1: A 112Gb/s PAM-4 Transmitter with 3-Tap FFE in 10nm CMOS© 2018 IEEE 
International Solid-State Circuits Conference 2 of 38

Outline

● Background

● TX architecture

● Circuit implementation

● Measurement results

● Summary



6.1: A 112Gb/s PAM-4 Transmitter with 3-Tap FFE in 10nm CMOS© 2018 IEEE 
International Solid-State Circuits Conference 3 of 38

Data Rate Scaling for Datacenter

● Per-lane data rate has doubled every 3-4 years

Source: ISSCC Wireline Trends 2017

56Gb/s
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Data Rate Scaling for Datacenter

● Per-lane data rate has doubled every 3-4 years
● PAM-4 has been adopted for long-reach wireline starting at 56Gb/s 

PAM-4

112Gb/s

Source: ISSCC Wireline Trends 2017
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Clock speed & MUX interleaving rate

PAM-4 112Gb/s (56GS/s)Data 
Path MUX DrvPre

Drv

TX Architecture Considerations

Clock Speed
14GHz 28GHz

MUX
Rate

2:1
Half-rate

 Local clock doubler
 Poor timing (1UI window)
 Lowest clocking power
 Good clock distribution BW

 No clock doubler/divider
 Poor timing (1UI window)
 High clocking power
 Clock distribution BW limit

4:1
Quarter-

rate

 Quadrature clock gen
 Good timing (3UI window)
 Low clocking power
 Good clock distribution BW

 Quadrature divider
 Good timing (3UI window)
 High clocking power
 Clock distribution BW limit
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TX Architecture Considerations
Data serializationAt pre-pad At pad

4:1 2x

4:1 1x

MSB

LSB

Main
EQ

4

4

MSB

LSB

4

4

4:1

Main
EQ

2x

4:1 1x

 Low clock load
 Pre-driver power
 High ISI
 Large area

 High clock load
 No pre-driver power
 Low ISI
 Small area
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NRZ/PAM-4 Dual-Mode 112Gb/s TX
● Intel 10nm technology
● Quarter-rate architecture
● 3-tap FFE
● Regulated 14GHz clocking
● Merged 4-to-1 MUX/driver
● -coil for pad BW extension
● 250V-CDM/1kV-HBM ESD
● 2.07pJ/bit energy efficiency

(PAM-4 112Gb/s)

CK4 I/Q

4

4

4

Main

Pre

Post

Tap
Coeff

Control

VCC (1V)

Regulator

To Adjacent 
Lane

4
4 4

4

4

4

MSB/LSB Bias 
& EQ Control

Drv

VCCHV (1.5V)

14GHz
LC-PLL

LSB slice

MSB slice

DIG

ESD

π-coil

ESD

π-coil

TXP

TXN

32UI 4UI

/2

CK8

MSB

LSB
4:1

4:1

DCC/
QEC
FSM

Injection-locked 
Quadrature Gen

PRBS
Gen

DCD/QED

TX

FFE/
Retimer

Control

Control

32:4

1V

4:1

DCC/QEC
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Outline

● Background

● TX architecture

● Circuit implementation

● Measurement results

● Summary
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8UI16UI32UI 4UI

8:416:832:16
TX Dig
PRBS
Gen

/2 /2 /2

CK32

4UI
Post-cusor

Cursor

Pre-cursor

Pre-cursor

Cursor

Post-cursor

tck-q

CK8CK16CK32

DCC
QEC

I/Q 
CK4

I/Q 
CK4

4:1
MUX

FFE/Retimer/Fan-up

td

Data-Path

MSB

LSB

● NRZ/PAM4 support with built-in PRBS generator
● 32:4 serializer with dedicated MSB/LSB data-paths
● 3-tap FFE and fan-up/retimer

Tck-q + td + tsetup < 3UI
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Gm

Gm

Gm

Gm

4:1 Data Serialization Approaches

Full-rate output
Low BW

d0

d1

d2

d3

d0 d1 d2 d34:1

4

CK_0,90,180,270
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Gm

Gm

Gm

Gm

4:1 Data Serialization Approaches

Full-rate nets are
expensive 
(power & area)

d0

d1

d2

d3

d0 d1 d2 d34:1

4

CK_0,90,180,270

[Kim, ISSCC 2015]

[Hafez, ISSCC 2013]
[Frans, ISSCC 2016]
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Pulse Generator and CML Summer: Prior Arts
[Hafez, ISSCC 2013] [Frans, ISSCC 2016]

d0
p

ck
0

ck
90 d0

n

● Good designs as a pre-driver, but not as a output stage

Unit
Quad
Cell

Unit
Quad
Cell

Unit
Quad
Cell

d0p

ck0

ck90

ck0

ck90

d0n

64Gb/s NRZ TX48Gb/s NRZ TX

To driver To driver
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Proposed Approach of 4:1 Data Serialization

● 1-UI pulse gen + CML config
● Simple & compact topology
● Optimized BW & power 

Gm

Gm

Gm

Gm
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Proposed Approach of 4:1 Data Serialization

● No unwanted series R at output
● Strong enough to drive pad
● Only one full-rate net at pad

Gm

Gm

Gm

Gm

● 1-UI pulse gen + CML config.
● Simple & compact topology
● Optimized BW & power 
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1 0

Proposed Pulse Generator and CML Combo

D

CK0

CK90

X

Y
M6

M4
M3

M5

Key devices: M1, M2, M4, M6
M3 & M5 improve ISI
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Proposed 4:1 MUX & Driver Combo
Dquad1 d0 d4 d8

CK0
CK90

d1 d5 d9
d2 d6 d10

d3 d7 d11

Xquad1
Yquad1

CK180
CK270

Dquad2
Dquad3
Dquad4

Yquad2
Yquad3
Yquad4

OP d0 d1 d2 d3 d4 d5 d6 d7 ... ... ............

d0 d4

d0

d1

d2

d3

d4

d5

d6

d7

● Inductor is used only at output pad
● ISI at pad is 600fs in the worst case simulation
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I/3 I/3 I/3
I = Vswing / 50

MSB LSB
PAM4 level control

EQ coefficient control

Swing control

Full Driver and Bias Circuit

● Driver is segmented to support NRZ and PAM4 modulations
 Separate input data paths feed driver slices

● IDAC control: driver swing (3b), EQ coefficient (5b), PAM4 level (4b)

ESD &
Pad

Network

Bias Control Bias Control Bias Control
MainPre Post

MSB

MSB
LSB

MSB

MSB
LSB

MSB

MSB
LSB
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Output Pad Network

Clamp

Driver

RT

L1 L2

L3DN1 DN2

DP1

TXP TXN
DP2

● Large Cpad due to ESD diode (250V-CDM/1kV-HBM), driver junction/metal, 
termination resistor, C4-bump

● Distributed ESD diodes for size optimization
● -coil is used to improve pad bandwidth and meet RL spec

L1 L2RXterm
L3 TXterm

ItermIout

High DC/RMS
Zero DC

Low RMS

Good 
RL

Drv

Proposed -coil network Full output pad network

One spiral inductor ( -coil)
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Output Pad Network

Pad Bandwidth Return Loss

Proposed -coil network EM simulation results

● -coil improves pad 3-dB bandwidth by 2.7x while meeting RL spec 
● Area of -coil is minimized by leveraging mutual inductance (nested configuration)

and optimizing conductor widths to match current densities
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Clock Distribution

● 10-14GHZ LC-PLL

● Injection-locked I/Q clock gen 

● Per-lane DCC/QEC

● Regulated CMOS distribution

Regulator

DCC QEC
4:1

Pulse
Gen

Driver Output 
Stage
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VCC_Analog

DCD/QED

FSM

C
oa

rs
e/

Fi
ne

 
C

on
tr

ol
4 4 4

4
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BufferQuadrature 
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14GHz
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Clock Spacing Error Correction (DCC/QEC)

1-UI
Pulse Gen
(4:1 MUX)

FSM

DCD/
QED

CK
In

CKQ/QB
CKI/IB

Control
DCC

FineFine Coarse Coarse
QEC

● +/- 8ps coarse correction range  

● +/- 1ps fine correction range

● <80fs step size

● Low jitter amplification

Bias
Control 

(6b) 

Range
Control (4b)

DCC

Ctrl

Coarse QEC

Fine QEC

Ctrl

DecoderDecoder

Decoder



6.1: A 112Gb/s PAM-4 Transmitter with 3-Tap FFE in 10nm CMOS© 2018 IEEE 
International Solid-State Circuits Conference 24 of 38

Outline

● Background

● TX architecture

● Circuit implementation

● Measurement results

● Summary
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Real-time
Scope

Test Platform

MB
Package
Trace

Die

Package

6-inch cable

Adapter & DC block

Package
Top-side
Connector

Measure channel ILTX test platform configuration

<4dB loss @ 28GHz

Real-time oscilloscope
- Keysight DSAZ634A
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28GHz Clock Pattern

● PLL phase noise 
-108dBc/Hz@1MHz
-119dBc/Hz@10MHz

● CDR BW = 10MHz
● RJ=154fs
● DJ=0.49ps
● DCD=18fs
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56Gb/s NRZ Eye Diagram

● 2.5dB post-cursor EQ

● TJ=7.6ps, ISI=2.5ps @ BER=10-12

● EH=260mV
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56Gb/s PAM-4 Eye Diagram

● No EQ

● EH>98mV

● RLM=99.3%
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100 & 112Gb/s PAM-4 Eye Diagrams

● EH>30mV
● RLM=98.5%

100Gb/s 112Gb/s



6.1: A 112Gb/s PAM-4 Transmitter with 3-Tap FFE in 10nm CMOS© 2018 IEEE 
International Solid-State Circuits Conference 30 of 38

DCC & QEC Measurement
Duty-cycle Correction Quadrature-error (skew) Correction

● Correction range > +/- 8ps
● Correction step size < 80fs
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CK4 I/Q
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4 4
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& EQ Control

Drv

VCCHV (1.5V)

14GHz
LC-PLL

LSB slice

MSB slice

DIG

ESD

π-coil

ESD

π-coil

TXP

TXN

32UI 4UI

/2

CK8

MSB

LSB
4:1

4:1

DCC/
QEC
FSM

Injection-locked 
Quadrature Gen

PRBS
Gen

DCD/QED

TX

FFE/
Retimer

Control

Control

32:4

1V

4:1

DCC/QEC

Power Consumption
232mW for 112Gb/s PAM4 
(2.07pJ/bit)
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Die Photo

0.0302mm2
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Performance Comparison
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ISSCC '17
Dickson

ISSCC '17
Bassi

ISSCC '16
Frans

ISSCC '16

Te chno lo g y 28nm
FDSOI

14nm
FinFET
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FDSOI

16nm
FinFET
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TX Are a
(w/o  PLL) NA 0.035m m 2 0.28m m 2 0.32m m 2
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This Work
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On-chip  PLL
3-tap

π-co il
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154fs rm s

0.0302m m 2
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Summary

● 56GS/s NRZ/PAM-4 dual-mode TX was implemented in Intel 10nm 
technology

● TX achieves jitter (RJ/DJ) performance compliant with CEI-56G NRZ
LR spec

● TX achieves the lowest area and better energy efficiency at about 
twice the data-rate of previously published PAM-4 TXs
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Thank you!
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Motivation

The need for speed …

 I/O data rates growing to 100Gb/s + in the near future
 Standards like OIF CEI working on 112Gb/s
 Higher speed, higher losses  precise equalization
 Multilevel signaling (such as PAM-4) require more 

associated signal processing (FEC etc.)
 Increasing complexity and digital signal processing

DAC based TX
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Outline

• Introduction
• Block Diagram
• Circuit Implementation

– 4:1 Multiplexer
– Active Peaking Pre-Driver
– SST Driver Segment
– Clock Duty-Cycle Correction

• Experimental results
• Summary/Conclusion
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DAC based TX

• “Traditional” TX FFE structure
– time-delayed data streams x[k-n]
– variable weight sub-drivers with weight cn
– limited number of taps

NRZ: 3-tap FFE PAM-4: 3-tap FFE PAM-4: N-tap FFE

T T

c0

x(k) x(k-1) x(k-2)

c1 c2

+

y(k)=c0·x(k) + c1·x(k-1) + c2·x(k-2) 

• DAC based TX FFE structure
– digital FFE implementation  digital sample y#(k)
– sample bit data streams
– fixed binary weight sub-drivers
– suitable for larger number of taps 

 Maximum flexibility in # taps and weights

2b
T T

c0

x(k) x(k-1) x(k-2)

c1 c2

+

y(k)

2/3
1/3

4 2 164128

+

y(k)

c0·x(k) + c1·x(k-1) + c2·x(k-2) 
+ …+ cn·x(k-n)           (digital)

y#(k)

2b DSP

DAC
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Quarter-Rate 4:1 Multiplexer 

• Pulsed pass-gate 
mux with 25% duty-
cycle select pulse

• D4_0 launched on 
rising edge of CK4_0

• NSEL0 on the last 
U.I. of quarter-rate 
period

C4_180
C4_270

NSEL0
X

C4_90

C4_0
PSEL0Y

C4_0
C4_90
C4_180
C4_270

NSEL0
D0

D0 D1 D2OUT

D4_0

D4_1

D4_2

D4_3

NSEL0

PSEL0
NSEL1

PSEL1

NSEL2

PSEL2
NSEL3

PSEL3

OUT

4x2
4:1 SST22
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CMOS Pre-Driver

dout

dout_b

56Gb/s NRZ 
Segment Data
From 4:1 Mux

• Pre-driver: Motivation is to save power in the 4:1 mux 
• Conventional static CMOS speed performance is limited by technology 
• At 56Gb/s data rate the pre-driver no longer settles within 1U.I. in FO2 configuration
• Intersymbol interference

din

dinb

8/8 16/16

2/2 2/2

8/8 16/16
n1

n1_b

FO2

4x2
4:1 SST22
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Active Peaking CMOS Pre-Driver

8/8 16/16

6/6

2/2 2/2

8/8 16/16

6/6

VDD

VSS

VSS

VDD

din

dinb n1

n1_b
8/8 16/16

2/2 2/2

8/8 16/16
n1

n1_b

with active peaking

without active peaking

R

R

L

L

[6] H. W. Lu, et al.,”A Scalable 
Digitalized Buffer for Gigabit I/O,”
Proc. CICC, pp. 241-244, 
Sept. 2008.

R ≈ 1/gmfb
L  ≈ RtgCg/gmfb

Rtg Cg

Invfb

• Active peaking enhances 
performance of static CMOS 
(at the cost of higher power 
consumption) 
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SST Driver Stage

• header & footer devices for impedance 
fine tuning

• R = Rlin (74%) + Rmos (26%)
(linearity)

• unit segment at 1/64R weight (bit 2)

• largest segment 16/64R weight (bit 6)

• custom scaled segments 
for 1/256 R and 1/128 R (bit 0,1) 

tunep[3:0]

tunen[3:0]

in out

VDD

tunep[3:0]

tunen[3:0]

inbRlin Rlin

4x2
4:1 SST22



Paper 6.2: A 112Gb/s 2.6pJ/b 8-Tap FFE PAM-4 SST TX in 14nm CMOS© 2018 IEEE 
International Solid-State Circuits Conference 11 of 26

Quarter-Rate Clock I/Q &
Duty-Cycle Correction

Clock Gen
2

2

DCC

DCC

div2

C4_0,   C4_180

DCC2

clock in
@28GHz

C2 to 
4:1
mux

C4_90, C4_270

• Duty cycle of input clock C2 defines
I/Q mismatch of divided C4 clocks

• 2 separate DCC’s in C4_I and C4_Q clock path

C4_0

C4_90

D0MUX OUT D1 D2 D3 D1

C2

qec[5:0] dccq[5:0] dcci[5:0]
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Duty-Cycle Correction 
• INV1,INV1B biased at trip point 

(equal PMOS / NMOS drive 
strength)

• Clock path  AC-coupled to INV1

• IDC injected at INV1shifts trip point 
and duty-cycle

• VDAC based on pull-up / pull-down 
MOS diodes (monotonic)

• RDC used to adjust tuning range

INV1

Rf

RDC
dcc[31:0]

C4_0
CAC

IDC
V+

INV1B

Rf

RDC
dccb[31:0]

C4_180
CAC

IDC

V-

C4_0 out

C4_180 out
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Chip Micrograph TX (1mm x 0.5 mm)
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Chip Micrograph DAC Test Chip
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Measurement Setup

Keysight
DCA-J 86100C
+70GHz sampling heads
+precision time base

Keysight
E8257D Clock
(40GHz)

Keysight
E4426B Trigger
(4GHz)

Keysight
EXA N9010B
Signal Analyzer
(44GHz)

GGB
Picoprobe 40A
(40GHz)

C2 Clock
28GHz

TX Data
112Gb/s PAM4

1m cable
H+S Sucoflex 102

1m cable
H+S Sucoflex 102

30cm cable
H+S MH86HE

Hyperlabs
HL9404 Balun
(40GHz)
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DAC INL/DNL
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DAC Frequency Response

0 5000 10000 15000 20000 25000

[d
B

]

Frequency  (lin) [MHz]

DAC Frequency Response

raw data

cable / probe 
compensated data

• Response measured with scope 
using synthesized sine waves at 
different frequencies 
(peak-to-peak values)

• 0dB corresponds to 920mVppd

• Compensation:
• Cable : 1m H+S Sucoflex 102 

(-2.2dB @25GHz)
• Probe:  GGB Picoprobe 40A

(-0.65dB @25GHz) 
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DAC Spectrum & SFDR @ 56GS/s
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HD2 : -60.2 dBc
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THD : 0.38%
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Quarter-Rate Clock DCC Correction
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D
C

D
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DCC code #

C4I / C4Q DCC tuning range @14GHz

DCD C4I [ps] DCD C4Q [ps]

• Quarter-rate clock C4I,C4Q
duty-cycle correction range
+/- 2ps  within 60 steps
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Pre-Driver: No Peaking vs. Active Peaking
56Gb/s NRZ, no equalization, no peaking 56Gb/s NRZ, no equalization, with peaking

• Active peaking in the pre-driver improves ISI jitter by ~3.2ps
• Power penalty is 20.9mW @0.95V supply
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PAM-4 Data Eyes

100Gb/s PAM-4 112Gb/s PAM-4

5ps100mV5ps100mV

Equalization: [0.005, -0.054,  0.733, -0.118, 
-0.057,  0.005, -0.020,  0.008]

Equalization: [0.007, -0.072,  0.726, -0.145, 
-0.034, -0.008, -0.005, -0.003]
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