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



Data Rate Scaling for Datacenter
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e Per-lane data rate has doubled every 3-4 years
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Data Rate Scaling for Datacenter
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e Per-lane data rate has doubled every 3-4 years
e PAM-4 has been adopted for long-reach wireline starting at 56Gb/s
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TX Architecture Considerations
Clock speed & MUX interleaving rate
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Clock Speed '
14GHz 28GHz

- ® Local clock doubler © No clock doubler/divider
® Poor timing (1Ul window) ® Poor timing (1Ul window)
© Lowest clocking power ® High clocking power

© Good clock distribution BW | ® Clock distribution BW limit
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41 ® Quadrature clock gen ® Quadrature divider
© Good timing (3Ul window) | © Good timing (3UI window)
© Low clocking power ® High clocking power
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rate © Good clock distribution BW | ® Clock distribution BW limit
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TX Architecture Considerations
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fm===
| I
Daa L MUX f; Drv PAM-4 112Gb/s (56GS/s)
T

Clock Speed '
14GHz 28GHz

® Local clock doubler
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5 © Good clock distribution BW
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® Quadrature clock gen
© Good timing (3Ul window)
© Low clocking power

© Good clock distribution BW
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© No clock doubler/divider
® Poor timing (1Ul window)
® High clocking power

® Clock distribution BW limit

@ Quadrature divider
© Good timing (3Ul window)

® High clocking power
® Clock distribution BW limit




TX Architecture Considerations
At pre-pad Data serialization At pad
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NRZ/PAM-4 Dual-Mode 112Gb/s TX
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e Intel 10nm technology

e Quarter-rate architecture

e 3-tap FFE

e Regulated 14GHz clocking

e Merged 4-to-1 MUX/driver

e 17-coil for pad BW extension

e 250V-CDM/1kV-HBM ESD

e 2.07pd/bit energy efficiency
(PAM-4 112Gb/s)
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Outline

e Circuit implementation
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Data-Path

FFE/Retimer/Fan-up

32UlI 16Ul 8ul 4Ul

ck324 CK32 CK16
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CK4

DCC
QEC

e NRZ/PAM4 support with built-in PRBS generator
e 32:4 serializer with dedicated MSB/LSB data-paths
e 3-tap FFE and fan-up/retimer
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4:1 Data Serialization Approaches
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4:1 Data Serialization Approaches

[Kim, ISSCC 2015]

Full-rate nets are

a2 I expensive
_ (power & area)

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

[Hafez, ISSCC 2013]
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e Good designs as a pre-driver, but not as a output stage



Proposed Approach of 4:1 Data Serialization

e 1-Ul pulse gen + CML config
e Simple & compact topology
e Optimized BW & power




Proposed Approach of 4:1 Data Serialization

e 1-Ul pulse gen + CML config.
e Simple & compact topology
e Optimized BW & power

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




Proposed Pulse Generator and CML Combo

e R
1 ;

_ﬂf‘mcho_ _|E"M5 __I%M(\;/bias_|
JL_| L | o

CKO
M1
Key devices: M1, M2, M4, M6
M3 & M5 improve Sl
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Proposed 4:1 MUX & Driver Combo

EJ’S unad1 X__do X d4 X d8 X
unadz X di1 X_d5 X d9 X

r / a2 unad3 X_d2 X _ dé A_d10
' Swadi] Dquads X a3 X _d7 X aii
—ﬁ CKgﬂ_—uﬁ ﬂﬁ Ves |Ell- Ff’“’"Fﬂ— cKo .
nop | 7 T 5o CK90 |
2 = pel CK180 — ] —
] 0 H ckaro —

o OP ON = -
JJ)«"J))/ Xquad1 %= \i;/ —_/ L
Yquad1 \Q/ \ﬁ/ \_/

Y quad2 \a1/ \as/ /

Yquad3 \da2/ \I_G/ ./
Yquad4 \E/ \E/ \.
e Inductor is used only at output pad oP

e |S| at pad is 600fs in the worst case simulation
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e Driver is segmented to support NRZ and PAM4 modulations
- Separate input data paths feed driver slices
e IDAC control: driver swing (3b), EQ coefficient (5b), PAM4 level (4b)
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Output Pad Network

Proposed m-coil network Full output pad network

o RI High DC/RMS 1 [ N
Low RMS I
| ‘ DI'V@ T | Clamp -I
<4 lout lterm —_— J=- Dp+ Dp,

HF TXP TXN

RX term L1 L2 p— L3 mterm
- Good J=- J=- ]2: ]2: -
RL

One spiral inductor (r-coil)

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

e Distributed ESD diodes for size optimization

e t-coll is used to improve pad bandwidth and meet RL spec
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Output Pad Network

Proposed m-coil network EM simulation results
Driver, i
\/ ) Pad Bandwidth D Return Loss
| | 7 RC Load

Do 25 _ -5
Dp4 £ . | Dp4 25 ] - 15
I:)N1 h g ﬂ DN1 -5.0— ! -20—
d ' A 5 . s 7-coil
T™XP << 20um »v ’ D?.UOG freqj ::G 0.0G -3[1).005 freq1| ol__:(Z)G 60.0G

e 17-coil improves pad 3-dB bandwidth by 2.7x while meeting RL spec
e 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

e 10-14GHZ LC-PLL
e Injection-locked I/Q clock gen
e Per-lane DCC/QEC
e Regulated CMOQOS distribution
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Clock Spacing Error Correction (DCC/QEC)

CKQ/QB

I CKI/IB T
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= = — — QED
pcc . QEC [
Fine Coarse Fine Coarse p Control l FSM
_ DCC Coarse QEC
® +/- 8pS coarse correction range ﬁ o
] ] I__l /Ll Ctrl %“
e +/- 1ps fine correction range ‘ h

Control Control (4b)

e <80fs step size & r“-I b Fine QEC
e Low jitter amplification @ T cm—ﬁ
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Outline

e Measurement results
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Test Platform

TX test platform configuration
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28GHz Clock Pattern
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e CDR BW =10MHz
e RJ=154fs

e DJ=0.49ps

e DCD=18fs

e PLL phase noise
-108dBc/Hz@1MHz
-119dBc/Hz@10MHz
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56Gb/s NRZ Eye Diagram
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56Gb/s PAM-4 Eye Diagram
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100 & 112Gb/s PAM-4 Eye Diagrams
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DCC & QEC Measurement

Duty-cycle Correction Quadrature-error (skew) Correction
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f o 9 |
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. ® i 1| coarse Control Oy ... CoarseControl | |
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Duty Cycle Control Code Skew Control Code

e Correction range > +/- 8ps
e Correction step size < 80fs
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232mW for 112Gb/s PAM4
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Power Consumption
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Power Consumption
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Performance Comparison
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Steffan Dickson Bassi Frans This Work
ISSCC "17 ISSCC "17 ISSCC '16 ISSCC '16
Technology 28nm 1.4nm 28nm 1.6nm 1.0nm
FDSOI FinFET FDSOI FinFET FinFET
Architecture Quarter-rate Half-rate Half-rate Quarter-rate Quarter-rate
Modulation PAM-4 PAM-4 PAM-4 NRZ NRZ PAM-4 PAM-4
Data Rate 64Gb/s 56Gb/s 45Gb/s 64Gb/s 56Gb/s 56Gb/s 112Gb/s
Clock Source On-chip PLL External External On-chip PLL On-chip PLL
FFE 4-tap 3-tap 4-tap 3-tap 3-tap
Driver Type CML SST SST-hybrid CML CML
Output Network Double T-coil None T-coll T-coll n-Coil
Output Swing w/o FFE 1.2V ppg 0.9V ppd 1.3V ppd 0.8V ppd 0.75V ppg
RJ - Clock Pattern 290fS s 318fSms NA 1501S ims 1541S1ms
RLM 94% NA 94% NA NA 99.3% 98.5%
SNR NA NA NA NA NA >31dB 31dB
(TX+CE:irg£fﬂ';uﬁon) Z(VZV?SJP/EE) (mp;/ﬂ't) NA 5.31pJ/bit | 4.14pJibit | 1.9pJ/bit | 2.07pJ/bit
(TE;‘;EVO/:S) NA NA 2.66pJ/bit | 3.51pJ/bit | 3.44pJibit | 1.7pJ/bit | 1.72pd/bit
(VB(OAFIGLE) NA 0.035mm* 0.28mm* 0.32mm° 0.0302mm?
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Summary

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

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

e 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 ...

= |/O data rates growing to 100Gb/s + in the near future
» Standards like OIF CEIl 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



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

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

X(K)—x(k-1)— x(k-2)| 2b [x(k)—x(k-1)— x(k-2) Zbl’CO.X(k) + c1-x(k-1) + c2-x(k-2)
_]" T T '/ | T T [+ en-x(k-n) (digital) bSP
,; | I S LT S —
0 c1 0 c1
DAC
u 2/3
! 1/3 1
y(k)=c0-x(k) + c1-x(k-1) + c2-x(k-2) vy(Kk) y(K)
« “Traditional” TX FFE structure  DAC based TX FFE structure
— time-delayed data streams x[k-n] — digital FFE implementation = digital sample y#(k)
— variable weight sub-drivers with weight cn — sample bit data streams
— limited number of taps — fixed binary weight sub-drivers

— suitable for larger number of taps
» Maximum flexibility in # taps and weights

© 2018 IEEE Paper 6.2: A 112Gb/s 2.6pJ/b 8-Tap FFE PAM-4 SST TX in 14nm CMOS
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TX Block Diagram
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Quarter-Rate 4:1 Multiplexer
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CMOS Pre-Driver
241 -2 [>—%-{ssT|

................................................... ¥
'// n1 b \\‘
| din 7% 1 1—dout |
' 56Gb/s NRZ T T I
i Segment Data NG - —
| From 4:1 Mux 1
| dinb "° ° _L _L dout_bi
| o2 T T I

————————————————————————————————————————————————————————————

* 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.l. in FO2 configuration
 Intersymbol interference
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Active Peaking CMOS Pre-Driver

with active peaking

] o .
8/8 ‘gR on 1 jb_ =T=
V —
o

2
time (ps)

without active peaking

[6] H. W. Lu, et al.,”A Scalable R = 1/gmfb * Active peaking enhances

g'rg'éa'glech“ﬁerzzo{ gﬁab't o, L = RtgCg/gmfb performance of static CMOS

Sept. 2008. PP ’ (at the cost of higher power
consumption)
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SST Driver Stag

242> ssT[
IVDD / * header & footer devices for impedance

fine tuning

------ | tunep(3:0]

tunep[3:0] -
« R=Rlin (74%) + Rmos (26%)
(linearity)

. Rlin inb
n out «—MV * unit segment at 1/64R weight (bit 2)
| ‘ « largest segment 16/64R weight (bit 6)
tunen[3:0] _| | tunen[3:0]

« custom scaled segments
%‘__ for 1/256 R and 1/128 R (bit 0,1)
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Quarter-Rate Clock 1/Q &
Duty-Cycle Correction

Clock Gen C4.0, C4 180 c2 [ <o [ = [

|occ|—>= 1o {—
C2 2Jl\pcc Hdiv2 ry 4:1 C4.0 I Jk_’

clock in' - 2 : :
@28GHz DCC > Mux = -
T f C4 90, C4 270 C4_90 [ 4—&» /_

qec[!‘S:O] dccq[5:g] dcci[5:0] MUX OUT_; D X DZX D3 X DOX D1 )

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

« 2 separate DCC’s in C4 | and C4_Q clock path
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Duty-Cycle Correction
VA N/ VR — > Fj - INV1,INV1B biased at trip point

\/ Rf (equal PMOS / NMOS drive
decf34:0 strength)
CC[ ...... ' ], Vit RDC C4 0 out
\T( [] WV |DE-. * Clock path AC-coupled to INV1
"""" . j__ CAcC INV * IDC injected at INV1shifts trip point
C40 — | RN and duty-cycle
J Rf & 4o
_ * VDAC based on pull-up / pull-down
dC.c.:P.[.?.1 O][ij- RDC MOS diodes (monotonic)
% ..... > Ipc INV1B C4_180 out, RDC used to adjust tuning range
1 CAC

C4_180 —» |
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Chip Micrograph TX (1Tmm x 0.5 mm)

DAC
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150pum Serial IF
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Chip Micrograph DAC Test Chip

DAC
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Ext. CIk

32KB
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Sequencer logic
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Measurement Setup

N

i ¢

“‘\

Keysight
E8257D Clock
(40GHz)

e C2 Clock
- o 28GHz

Keysight
E4426B Trigger

aot) TX Data

112Gb/s PAM4

Keysight | N = 1 cablo

DCA-J 86100C
+70GHz sampling heads H+S Sucoflex 102

+precision time base

Picoprobe 40A

1m cable (40GHz)
Keysight H+S Sucoflex 102
EXAN9010B
Signal Analyzer 30cmcable W8 = Hyperlabs
(aachz) H+S MH86HE HL9404 Balun
(40GHz)
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DAC INL/DNL

INL DNL

0.3 0.2

0.2 0.1

0.1 ! 0.0
) )
A | A
\_I./ 0.0 1 ! <=-0.1 | | I
= Z
Z | S

-0.1 -0.2

-0.2 -0.3

-0.3 -0.4

-128 -96 -64 -32 0 32 64 96 -128 -96 -64 -32 0 32 64 96
Digital Code 8b # Digital Code 8b #
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DAC Frequency Response

DAC Frequency Response

0  Response measured with scope
R using synthesized sine waves at
2| cable /|probe different frequencies
N rompepsated 1 (peak-to-peak values)
4
ol ; * 0dB corresponds to 920mVppd
6
| raw|data . Compensation:
: « Cable : 1m H+S Sucoflex 102
Al (-2.2dB @25GHz)
9 * Probe: GGB Picoprobe 40A
10 ¢ (-0.65dB @25GHz)

0 5000 10000 15000 20000 25000
Frequency (lin) [MHZz]
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DAC Spectrum & SFDR @ 56GS/s

1 Spectrum Mkrl 5.280 GHz SFDR [dB]
Scale/Div 10 dB Ref Level 0.00 dBm -6.955 dBm 60
1 . .60.2 dBc
. -50.4 dBc 50
-64.5 dBc
.53.6 dBc 40 raw d3gta

0.38%

SFDR [dB]
(S%)
o

N
o

-
o

Fout=3089/32768 x Fs 0
0 5000 10000 15000 20000 25000 30000

Frequency (lin) [MHZz]

Start 0 Hz Video BW 1.0 MHz Stop 28.00 GHz
#Res BW 1.0 MHz Sweep 46.7 ms (28001 pts)
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Quarter-Rate Clock DCC Correction

C4l / C4Q DCC tuning range @14GHz

« Quarter-rate clock C41,C4Q
duty-cycle correction range
+/- 2ps within 60 steps

-32 -24 -16 -8 0 8 16 24 32
DCC code #

-e-DCD C4l [ps] =e=DCD C4Q [ps]
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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

File Comtrol  setup  Measure  Calibrate  Utilties  Help j File  Control  setup  Measure  Calbrate  Utilities  Help J
Jitter hode Jitter hode

wlll, wlll,

RJ.FJ RJ.PJ
Histociram Histooranm
Do Do
Histociram Histagram

\ | duy \ Aauanbay \ awn)
\ aproduwg \ Auanbaiy \ awn)

Td Tl
Histagran Histooran
a 1
AT AT
D0 s DD s
Bit Bit
Al . Jitter i A . Jitter
(mj Bit Rate: 56.00000 Ghes Pat Length: 127 bits Div Ratio: 1:32 Src: 11 (mj Bit Rate: 56.00000 Ghis Pat Length: 127 bits Div Ratio: 1:32 Src: 11
Histogram TJEIE-123: 9,47 ps DJEE-83: B.83 ps Rlirmsy: 193 fs Sedup Histogram TJE1E-123: B.12 ps DACE- &3 3.94 ps Rl{rmsy: 188 fs Sefup
RiETE PJCE-83: 420 fs DDJip-pi: 6.71 ps BCD: 150 f3 S Infn St PJCE-8): 360 fs DDJip-pi:  3.55 ps DCD: 00 fs S dnfo
{1 0f 2) PJirms): 188 fs [Jip-p}y B.71 ps LMy {1 0of 2) Pdirms: 127 13 SlJip-p} 3.55 ps A b
06 Sep 2017 1037 06 Sep 2017 10:40
1)@ Precision Timehase... 3 332 miAdine 4 324 miidine Time:3.0 psdiv Trin: Pattem - 1)@ Precision Timebase. . 3 8330 miAdiv 4 82 3 midiv Time:3 .0 psddiv Trig: Pattem -
J J Reference: 2800000 GHz | 2 236.0 | ) 243 2 ~ Delay:40.1044 ns = EBit: 0 | L J J Reference: 28 00000 GHz 24 2367 m | ) 2450 v ~ Delay:40 11630 = EBit: O |

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

A File  Control  5etup  Measure  Calibrate  Utilities  Help ﬂ

File  Control  Setup  Measure  Calibrate  Utilities  Help
Eye/bask hMode

Eveddask Mode
< | bal |
Y=X & 1409754 4PAM PREST 1 O O G b / S F) A M _ 4 X=X = 1409754 4PAM PREST
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B idh  § Eyve Widh
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200 B LI | |=
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Signal — Signal —
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x| | =
O cEe |= O Cie |=
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T T
X | |5 x| |2
EitRate = BitRate  L—
— —
Eye Eye
Amplitide Amplitude
More More
{3 of 3} (3 of 3}
30 Aug 2017 1736 30 Aug 2017 1752
Precision Timebase... 47 4 i 47 8 A Time:5 .0 pssdiv Ttig: Pattem - Pattem Precision Timebase. .. 47 2 il 491 i+ Time:5 0 psddiv Trig: Pattem - Patiem
Y@ Rererence: 2500000 GHz § 3)241.4 Y 324813 11k Delay:40.1158 ns €2 Bit: 133 =l Lack Y@ Rererence: 2800000 GHz § 3)243_4 my 3248_4 my Delay:40.1030 ns <& Rit: 88 = Lock

[0.005, -0.054, 0.733, -0.118, Equalization:  [0.007, -0.072, 0.726, -0.145,

Equalization:
-0.057, 0.005, -0.020, 0.008] -0.034, -0.008, -0.005, -0.003]
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