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2000 2004 2008 2012 2016 2020 2024
Standard Completed

T. Musah, “Wireline Link Standard,” [Online]. Available:
Marvell, ISSCC2022  Wireline - [Online]
https://mics.engineering.osu.edu/iostandards

Per-lane data rate has doubled every 3-4 years.
—

Data Center
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Process DR
(Gb/s)

5nm 4 224 PAM-4 RX

10nm 224 PAM-4 X

5nm 112 PAM-4 TRX

7nm 60 PAM-4 TRX

7nm 112 PAM-4 TRX

7nm 112 PAM-4 TRX

7nm 112 PAM-4 TRX

7nm 112 PAM-4 TRX

7nm 112 PAM-4 TRX

7nm 10-112 PAM-4 X

14nm 100 PAM-4 RX -
14nm 128 PAM-4 X 3 FFE
40nm 112 PAM-4 X 4 FFE
10nm 112 PAM-4 X 3 FFE
14nm 112 PAM-4 X 8 FFE
16nm 19-56 PAM-4 TRX 4 FIR
16nm 64 PAM-4 TRX 3 FFE

BB TR SR, AR B

DAC-CML

DAC-SST
DAC-SST

DAC-SST/CML
DAC-CML

DAC-SST

DAC-SST

CML

DAC-SST

CML
SST
CML
DAC-SST

SST

SST

AEQ
CTLE/VGA

CTLE/VGA
CTLE/VGA
CTLE/VGA
CTLE/VGA

CTLE/PGA
CTLE/VGA

CTLE/PGA

CTLE/VGA

CTLE/VGA

CTLE/VGA

POWER
STRUCTURE EFEE.

6BI TADC+DSP

7BIT ADC+30 FFE/1 DFE

14 DFE 3.03

7BIT ADC+25 FFE/2 DFE 5.9

ADC+DSP 6.51

7 BIT ADC+32 FFE/1 3.2
DFE

7BIT AD(I:)-I-F8E-24 FFE/1 4.29

7 BIT ADC+31 FFE/1 5.38

- 1.56

8 FFE/1 DFE 11

- 13

- 3.89

- 2.07

- 2.6

7 BIT ADC+14 FFE/1 9.7
DFE

1+5BIT ADC+FFE/ DFE 5.84

LOSS
(dB)

38.9

37.5

20

5.5
31

32

29.5

REFERENCE

Intel, ISSCC 2022
Intel, ISSCC 2021
Marvell, ISSCC 2022
Broadcom, ISSCC 2022
Huawei, ISSCC 2021
Inphi, ISSCC 2021

eTopus Technology, ISSCC 2021
MediaTek, ISSCC 2020

Xilinx, ISSCC 2020

Rambus, ISSCC 2020
IBM, ISSCC 2019
IBM, ISSCC 2019

Teletrx, ISSCC 2019
Intel, ISSCC 2018
IBM, ISSCC 2018

Xilinx, ISSCC 2018

University of Toronto, ISSCC 2018
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PAM-4 PAM-4 PAM-8 Multiwire Bidirectional
112 Gb/s 224 Gb/s 224 Gb/s Encoding Signalling Digital
224 Gb/s 224 Gb/s FF Ef"ﬁ
Nyquist 28 GHz 56 GHz 39 GHz 67 GHz 28 GHz + DFE
Frequency
XSR-USR <106 <106 <10? <10% <10° l
PAMA4/6/8 -
channel - - - » - - Til"l"lll"lg
Chip-to- <10°® >10 >10 <10 (<45 dB) <10 HEEGUEW
module
ADC Resolution 6 bit 6 bit 8 bit 8 hit
Echo FFE/DFE
ADC Power 1x 3x 2.8x 3x nceller | | Equalizer |
Equalizer 10tapFFE& | 10tapFFE& | 10tap FFE& | 8tap FFE& 10 tap FFE & =
1 tap DFE 1 tap DFE 1 tap DFE 3 tap DFE 1 tap DFE & Detected Bits
5-tap Echo-Canceller @?(b
1
Jitter Requirement 150 fs 80 fs 130 fs 125 fs 130fs e:g:[)—ﬂj; T I
L]
Power 1x 2.8 25X 25X 3 b
,--*’"H.. —1 Transmitter Bit
vl - ) PAM-4
T —1R224Gb/ sy &1k
SM n j_‘ v /

7 R HETFADCHDSPH 28

Ref: 2021-TCPM-Toward 224-Gb/s Electrical Signaling—
Modulation, Equalization, and Channel Options
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Gen 1: 112G XSR AUl Gen 2: “Direct Drive

[Mrect Drive Analog lnta-rl‘ane

=i

Ref: Facebook KSR COM nteriacs

FBER

 oPNCS

f L E B E B F N _NE FS |
XS 4! D8P l OPTICS T g o SIERCE P
) Ees s I IR RN EE NN __5_"'1"__"”:”': o ' 1| SUBSTRATE

SWITCH DIE | ESR OPTIV & PHG SUBSTRATE
i = _ —COCKET

e
HOZT PCE
»  Switch Generation: 102.AT

* Lane Speed: 212 Gb/s (?)

*«  Switch Generation: 51.2T
* Lane Speed: 106 Gb/s

* Interface Architecture: Direct-Drive to Optics (analog)
B0O0OGBASE-FR4 compatible (& 400G-FR4)

* Interface Architecture: XSR based AUI, 400G-FR4 PMD (& 200G-FR4 [Requires new standardization work on direct drive. note: will
down-speed) not support BiDi, or lane gearboxing] b - o
R . . A 17
*  Motivation: System Power Reduction, Ecosystem & Operational * Motivation: System Power Reduction & Bandwh___4 Ycadi E”J— 2
Readiness {Densification) Facebook — OIF CPO Webinar 2020

larget: Lower Power

. . DSP: Optical Loss, dispersion, nonlinearity...
Method: Short Connection Distance

.A‘\
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Lasar < WG0 >
MO0 — niE

S e

Hybrid

lll?flv

260G serdes
560G serdes

—‘—i.—_
A

Coherent Recever

Encoder

Framer/Mapper
TX Filters

400GE 3 250 = H E
T HEEEE E
Interface toff ° %9 | 3 HEHE K N—
Switch 566 serdes = RN @ o a0 ADC XUXQVIVG
o g 3) m @ g %_ o Interface fo
m .
5BG serdes E b E E’- 3 5@ Optical Frontend

Coherent ASIC
Ref: OFC-2022-Marvell-Development of Low-power Coherent ASIC

Table 1: Definition of an ASIC for 400ZR

Type of line interface 400ZR

Symbol rate of line interface 59.87GHz

Number of electrical lanes 4

Diriwer l::ah:rem Pl latosr .
{mm ~ T Light
. ' t

v ey OV

Modulation of line interface DP-QAMI16

FEC of line interface C-FEC with 15% overhead

P — Light
In
f — e I%I
Hybrid

Pilot overhead of line interface 3%

ROSNR Tolerance 26db
Chromatic Dispersion Tolerance 2400ps/nm
Type of Host interface 400GAUI-8
Number of host lanes 8

Symbol rate of host interface 26.5625GHz
Modulation of host interface PAM4

FEC of host interface RS(544.,514)
Link Loss Budget 10.2db

|

56G serdes DAC
XIXQVING
5BG serdes DAC Interface to
Kodulators

Bandwidth: 40GHz

Sample rates: 97Gsamples/s
Resolution: 8bit

Jitter: 150fsrms

Energy Efficiency: 35fJ/conversion-step
ASIC Energy Efficiency: 40-60pJ/bit

32 HEBERME TN, M0
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2.5D/3D G FEAE T L EIE-ADCHDSPEA KR 96

1 S— 1 25D Table 8 Power budget for 6.4T/s coherent transceiver
Power, W |Efficiency, pJ/bit
Integrated IC/PIC
------ Interposer substrate SRRt PIC 2.5 0.4
Fibertio Driver 16.3 2.6
ADC-DSP . TIA 12.8 2.0
- f memaipatn 3D TSV in IC Integrated IC/PIC 316 4.9
1 | DFB lasers
P ASIC 4 LO Lasers 4.4 0.7
Floer /0 4 Tx lasers 5.8 0.9
. Total 8x DFB Lasers 10.3 1.6
? f memaipan D TSV In PIC Transceiver optics (IC/PIC + lasers)
| | Transceiver optics 41.9 6.5
...... O | e /0 DSP ASIC predicted
SIS DSP ASIC, predicted 32.0 5.0
. B _ o _ _ Transceiver
B D i el gt i 1 ot D5 i, predicted
as 2.5D (upper), TSV in IC as 3D (middle), and TSV in PIC (lower). Transceiver, predicted 75.9 C 119D

32 HEBERME TN, M0
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Requirements ——» — Sign-off

S
Ll AR B ARAL
RGMEE

15 B IE
- \ / AL
Specifications Correlation

EERE. FM2EET- O ABERR 7 BERTETR
(EL 1= AR SR RSB, FIRSLULSE

Ref: 2022-DesignCon-Aleksey Tyshchenko, et. al-Parametric System Model of a 112Gbps ADC-based SerDes for Architectural, Design & Validation Project Phases
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HEFSerDesE S ZRISUESERR Coveapnaoet
RIEXBERERNREREL L |heEn
:P){_i : ;_ ;_TPU_ _ _TF*:::Ir | _i
® LTI M AT RS S i ?ﬁi”‘ gl T i a4

& Y HEE SR E T - | e |
PRK j
& LB — = =

o = At ML Hrelf) H»{RaH—p S il S h—w S L—iRq
& BRI ERHES A i e

Channel under test

Path termination Device package

|

|

Crosstalk |
|

I

I |

Transmitlersl
® K - .

Package-board interface

32 HEBERME TN, M0 | COM Reference Model
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(R

& I EEE- K E
& BRI T ST G ) e P
& BEAIA] AT

NN

P15 B 0]

& BEEREE E E

¢ BLIRE

& B R R “ ' “
& T/EHE (PVT, ftH — e

%‘W 300V, EW = 195

Ax\

<A o [ Rl 22 A B AR AT, X TE R Ref 2022-S1-224 Gb/s Modulation and Channel Characteristics



System-Level-Simulation-Bf i bit-by-bit# % {5 & 1536

Simulation Configuratiqn N

Data Rate: 224 Gb/s ﬁ[‘%*ﬂ ,%i —’?&ﬁ%ﬁ]’ﬂ
Modulation Scheme: PAM4, PAM6, PAMS

Test Pattern: PRB5-31 with PAM4 /PAM6/PAMS coding
Transmitter Configuration:

20 to 80 percent Rise/Fall Time: Correlated to Intel 224

Gb /s test chip?

AFE Characteristics: Correlated to Intel 224 Gbps test
chip!

TX EQ: 4 pre-taps and 1 post-tap

Separation Level Mismatch (RLM): 0.95

Jitter: duty-cycle distortion (DCD): 0.019 Ulpeak-peak,
bounded uncorrelated jitter (BUJ): 0.04 Ulpeak-peak,
random jitter (R]): 0.01 UIRMS

Noise: 11.19 mVRMS (corresponding to transmitter output
SNR of 33 dB)

Package: 31 mm, per Intel package 2024-2025 projection

& MAMRER: REWZEIHMETT R/IBFNITECHY . Ao e selated to Intel 224 Gbps test
& FERIE Ff‘ N ﬁhﬁ %ﬁﬂ}/ %%ﬁﬁ% %‘E El;];cz: continuous time linear equalization and RX
¢
¢

Ref 2022-S1-224 Gb/s Modulation and Channel Characteristics

AT

4

.’_l FFE+DFE: three pre-tap, 24 post-tap, floating taps with six
ﬁ/l%‘[ljﬁ ﬁ: ‘I ﬁﬁ?ﬂﬁ A % B banks of three consecutive taps up to 80 taps
RX Jitter /Noise: RX input referred noise: 4.1x10-9 V2/
. = —e
JEE A7 %r = NS5 R GH -

Package: 29 mm, per Intel package 2024-2025 projection.

‘ % *::__EI_% 5}*}"“ ﬁ% } ’ % The channel characteristics of all test channels is shown in

S0 FEAEEME TN, B0
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i
Tt

Cumtom Recesver o

S
\

"

e

EH 15.37mV, EW = 1.34ps |l EH = 13.09mV, EW = 135ps

O FrRFIRARR '3""%’4%? aa%ﬁ

& A[EH

) N

—
—

=PI

A A F A
TEHIRCR HLE

Ref 2022-S1-224 Gb/s Modulation and Channel Characteristics
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ﬁ%\ - Generator )
U Graycode (> FF]_E —)é_bé—b[ Port .snp Channel .snp ]

PAMA/D- Equalizer
PAM4

Adaptation
—
CTLE ADC Algorithm]
Noise Noise Y
j%‘l& g} hannel | P ‘ (DATA: FFE/DFE, Slicer|
Channe ort VGA [ADC DAC @ icer
ﬁ%ﬂ i Gl B ) T [ CDR:FFE/DFE, Slicer |

. @ CDR
REHTHI A BB $

R, TR
RGHE. WETESE S | mpoemi

‘ PLL \
Jitter

”?'77 BB R TR ST, AR B



PE 1836

- Q
spmjidwy jeay

3

&

>N

o
-
Z|
= |
S|
N=dll B
= |
E

‘il
Q|
-1 |
:|
21
7, B
> |

2D HEREBBA TN, LB



Matlab+RTL-FRbit-by-bité# i1 &

SEIN H &M B RTLZ %l

DSPHRTLAEMatlab
& 5| \SLRRET P

© 77 IR RN B BRI A T

S

S

r'v

I
3.8355 3.836 3.8365 3.837 3.8375 3.838 3.8385 3.839 3.8395
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ADC/DSP-Based LR SerDes -FZIEARIFHE 2036

——————————

I Digital 1<% ! )
o :} o e s = S o P e o
i = . |1 o)t BAS Data Path t CD 1 Logic |ngine]
Pl ST Gon | 1____psp____|
E__> _DSP LC-PLL LT AL LC-;’LL

Clock Path 1=
@ Precise Timing € Low Jitter
€ High Bandwidth @ Precise Phase
€ Large Swing @ Strong Tracking Ability

€ High Linearity
€ Adaptive Equalization

32 HEBERME TN, M0
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112Gb/s PAM-4

Analog FFE, DSP/8b-DAC
4:1 serialization

SST, CML

1.7 ~ 2.1pJ/bit [2,3]

106, 128Gb/s PAM-4

Analog FFE, DSP/7b-DAC

4:1, 2:1 serialization
CML
1.3 ~ 1.8pJ/bit [4,5]

16, 14nm, 10nm, 7nm
CML ---- SST

4:1 --—--2:1

Analog FFE -- DSP/DAC

112Gb/s PAM-4

Analog FFE, DSP/7b-DAC
4:1, 2:1 serialization
CML, SST, H-bridge

1.1 ~ 1.3pJ/bit [6,7,8]

T 56 \\ l / ) 200, 224Gb/s PAM-4

S ———

8 .%z Analog FFE, DSP/7b-DAC | UCLA, 28nm

9 4:1 serialization Intel, 10nm

e 128 CML

E @)) D .\ 4.59, 1.7p)/bit [9,10]

c

= 64 Q‘ 112, 116Gb/s PAM-4 | IBM

§ 4:1, 2:1 serialization Huawei

7 DSP/7b-DAC etopus

& % SST, SST+CML Inphi

2018 2019 2020 2021 , - b T

[Jihwan Kim, ISSCC2021] Year 1.4 ~ 3pl/bit [11,12,13,14]

Published in ISSCC in last four years

32 HEBERME TN, M0
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RETHL
T-coil UL e P 4%

Output Driver

@

eTopus 56/112G, ISSCC2022

Rterm

RXP
RXN

1

Cesd1 Cesd2

\,

Vbias

Cin

Marvell 112G, ISSCC2022

Inphi 112G, ISSCC2021

R L L L
Imi,  Lmr, Bl g 2 R
T-coil UL BL P 2%
Ly . L, V; R,
L3 1;”;7 L, C T ICESD/”- ICESD/n ICESD/H 1
— = = = = =
Pl T-coil ZHr i I |
{UB ~
(1—a VLC
Zout

Alphawave 200G PAM4, ISSCC2022

56/112G RXP
Tcoil/Tcoil Variants

>200G
Artificial Transmission Line /2N

Higher Speed Intel 200G PAM4, ISSCC2022
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. Re A LF Re w
it T~ LT
Ri Ri | Gm1 TIAS q W h.‘ —
L L ) |~ i
- — AN — "A"AY
R e
? D stage 1 stage 2
{lem o &n - R
5 c 2 c "' i I
. o Vi at D—C| Ry R Cl—o _— B|asP_d ", ’I:"_BlasP
- MP0  MPI1 : A
T 1 LT : Co W .
¥ Es + Vip_;’_d Vim } R, Jloutm lo # inm
ss Iss Lt Ru C“L'TEI ,#'
Ve + E . —'ﬁ e DI_
Inductive peaking "mll_l l|_1 BiasN Rdlg BiasN
Source degeneration :
Xilinx 56G , JSSC2017 Gm-TIA Topology to Archive High Bandwdith
Inphi 112G,ISSCC2021 IBM 112G, ISSCC2019 Huawei 112G, ISSCC2021  Marvel 112G, ISSCC2022
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' 7UGH2 ! ?UGHz

ST1 ]:[ ST2 ]:[ ST3 ]:g

10 100
Frequency [GHz]

') ] ( Vad Rd Vg \ ( Vg l[m_ Vg \
| vilaspz —4 ! . ’{ . psw psw
EW“PI "':l Eﬁﬂ i " ‘DE;‘P !“I ()Elapb ‘ pbiasef F %—NW% ‘%"Phla
: e g nd | NS T
i ‘ ::l E nblaﬂﬂ{g m Eknh'as nhlE ﬂ}ﬂw
\ ’ \. Rd J\__= : )

SD-Gm-Cell Intel 200G , ISSCC2022

Intel 200G , VLSI2021 drivi hi

Negative Miller C extend bandwidth (S1) flzl/lots r1v1n1§. e 1t§cture q Gon (CTLE
Small Ls extend bandwidth (SZ) nauctive peaking and source acgencration ( )

Series-shunt inductive peaking (VGA)
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Analog et N
ot | i Vil T T T T T I

) > Dout

Vbias o—d I'LI' i 18) -*
cccccc SAR<I>P | _ _ _ _
| 2 BootStrapped 64%64C 32132 1691_1@ sd sq sc_fsc acf o 2q 2d d
3 . J | Switch
== 2 Eﬂjn ﬂ W U TTTITITITITITTIIIITLIN o
I | | jf
- |

0
L T Vref
' ' CLK 64 =

d L1 Ll1IIITTTTTTITLY .
3 vin © L-gL i 1F _s ArEE !_ Switch | 645%4132 iz?w 16¢ s%gc sch 4C¥4 _2¥2c _c-g %_E_a,;_
Even Bufe>] 6 el 33T 3rits -;*;rT— Asynchronous
i Clock

Generation

A

& 8X8 1HEHIFTiR, T RaBiL25GHz, 3ZLRHTIRINE

E100mW |\ TR

& TREHEEBAR, Splitting & MonotonicHIFFLTREE IJ\ %ﬂi

& XHDouble-Tai | LLES, BITSKFABIER
® 6-8bitsiRIIAT

INDhFE

IRE: 16S/s; Th#E: 3.5mW; $2[F: 500mV; SFDR:>55dB; ENOB:>6.5

=y
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ADC:

Oftset/Gain/Time
Skew Calibration

v

Channel

—4q —\

CTLE

—>)

CDR: 8-Tap FFE

Channel
estimation

nE

8 5 A 01 |7

VGA

CDR: MM-PD

v

26/36

Data Path:
16-Tap FFE

q 1

— -
D] x;ﬁ | HP{F] I-Tap
ADC = o —) —® — DFE
- " DFE -
FFE P
i I 1 1
CDR | CDR LMS
Analog | Digital FFE/DFE

-
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DLL&HE

X2 0
IhiE

Marvel ISSCC2022
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PHO® PH225" PHOO®  PHI15
- BUF l— VCDL vCDL Je=d vCDL '— VCDL VCOL P
PH=T:0>
4 F PH 180" PH45 PH270" PH135°
o BUF VCDL veDL e VDL VCDL veoL -
DAC
DAC
A PICLKP,
DCC DLL deriapin]
o= CLKO,
CLKS0,
CLK180, —
CLE_PH<7:0=> CLK2T0 ]
VDL fed VCDL - " DIV-2 s }l DCC 80° shift
e el VCDL
DAC DAC
Skew Phase Shifter

SV FERERME TR, HER

IMECAS



B iR - TFILOR Z B $h 24 29/36

Pl code from CDR

igﬁt%‘ 14GHz ;
A v A
fRTo#e optase

=i

Xilinx ISSCC2020
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O X FADC/DSP PAMA4 J& & .

A
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FHFADC-DSP Hi#SerDesikil kL

O RGEZ. YWEEHRZ. . fE. LDO. ADC. DAC. PLL.
FFE/DFE. Adaptation Algrithom,

. #4

@ FREE. WRFRZ:

matlab. systemverilog. EMX/HFSS

Calibration

S W WM. 55 RS

35/36

CDR.

BrE 5.

@ hEERE. WATMZ.: REGERETEN. BAERTEM. S TEM.
R E TREW . $Farm TEF. SR TEN. $iEEm TEM., MRt
T, PCB¥# it LM MK TR

@ TZEXR: 7= GEM, 33 BAREAE.

Year of Production 2012 | 2015 | 2017 | 2019 | 2022 | 2025
CMOS node 40nm | 28nm | 16nm | 7nm 3nm | 2.1nm
Power, W/100G 50 20 7 2 1 0.5
Power efficiency, pJ/bit 500 200 70 20 10 5
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