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Electrical Channel Bandwidth Limitations

Chip package
(crosstalk)

Line card trace

(dispersion) On-chip termination
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[0 Electrical channel bandwidth has not scaled to
match I/O bandwidth demands and the CMOS

technology speed

[0 Motivates more spectrally-efficient modulation
schemes (PAM4)

Package via
(reflections)

56Gb/s Legacy Backplane Channel
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ADC-Based Receiver Front Ends

—I Channel
Data : 'g X ] DSP + Data
(%)) —-o0
°_/{ CTLE & VGA ‘ I
TX RX <J
Ref
CI_GK — > PLL CLK CLK CDR

ADC-based receivers perform ISI cancellation in digital domain, allowing for
flexible advanced equalization and symbol detection

Well suited for more spectrally-efficient modulation schemes (PAM4)
Benefit from improved area and power with CMOS scaling
Power dissipation of both the ADC and digital equalizer is a major issue

OO0 O
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Outline

[0 ADC Resolution Requirements & Topologies
[0 Key ADC Circuits

[0 ADC Calibration Techniques

0 Digital Equalization

0 Analog Front-End

[0 Conclusion

© 2018 IEEE ) . . . .
International Solid-State Circuits Conference Tutorial: ADC-Based Serial Links: Design and Analysis 5 0f 82



ADC Resolution Requirements

Impact of FEC on RX

[0 The required ADC resolution is a Front-End Raw BER

function of

IEEE KR4 /KP4 Input/Ouiput BER

B Channel loss o e it (6.7%)
B Amount of TX and RX front-end analog KR4~ RST0528514 if
equalization L o
B Modulation scheme -
B Required BER (FEC) mameeeees———) :
gwo'“‘

[0 Quantization noise must be
accurately modeled to select the
necessary ADC resolution

i | i } L il 1 i =Li
10° 340" 107 107
Input BER —

[Frans JSSC 2017]
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Quantization Distortion Modeling

4 : Digital FFE )
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Scaled noise PDF’s

[0 Quantization noise is shaped by RX-side digital FFE

O Allows for direct convolution w/ other noise/distortion PDFs
B Assuming small INL/DNL and front-end non-linearity
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56Gb/s PAM4 Example

37 2dB Channel

9 4dB Channel

0
T T ke P DO P P
SO e R e
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%‘“ 0k NG b ‘é,
U)E T T P S S E

a0k NG oo S O ISR S L SO A J— T———
S N A o T e — N — — |l statistically-

14GHZ LOSS A0 —— g R | 1§ ...... C‘OI’T\bII’lEd PAM4
40 ——sgagg | s S ........... e o S : Voltage Margln

——37.20B : : : : : 8| : : _ : : : :
_450 é -:1 F; é 1ID 1I2 1l£1 16 12 -GID -4ID -QID 0 ED 4D GD -GID -4ID -20 6 20 4ID GID

Frequency (GHz) Voltage Margin (mV/) Voltage Margin (mV)
[0 High-loss channel requires 3-4b ENOB for FEC BER Key Simulator Settings
- i - » 3-tap TX w/ 1Vpp swing
(3e-4) and >5b ENOB to achieve a 1e-12 raw BER . CTLE/AGC FE w/ 7.4dB peaking and
_ - _ - 16GHz BW
[0 Low-loss channel can achieve 1e-12 raw BER with . 200my ADC FSR
only 3b ENOB - Digital 14-tap FFE & 1-tap DFE
. . . * 3mV,,,s ADC input noise
[0 Motivates configurable resolution ADCs * RI=300fS
* No TI effects (more later)
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Recent ADC-Based XCVR/RX

Specification I-=ran,s Gopalakri’shnan Cui’ ﬁyloy Shaf-,ik Zhar!g
JSSC’17 ISSCC’16 ISSCC’16 ISSCC’16 JSSC’16 JSSC’15

Data Rate (Gb/s) 56 56 32 25 10 11.5
Modulation PAM4 PAM4 PAM4 PAM2 PAM2 PAM2
ADC Sample Rate (GS/s) 28 28 16 25 10 11.5
ADC Structure Asynchronous SAR Slx;‘g:gag::niﬁR Asxr;Z;zr:;t;?jR Flash Asynchronous SAR Rectifying Flash
ADC Resolution (bit) 8 7 8 5 6 6
ADC ENOB at Nyquist (bit) 4.9 4.9 5.85 3.8 3.9 4.6
ADC TI Factor 32 32 32 4 32 4
TX Swing (V,,4) 1.2 1.4 NA NA NA NA
TX FFE Taps 3 3 NA NA NA NA
RX FE Equalization CTLE w/ 7dB Peaking | CTLE w/ 8dB Peaking | CTLE w/ 7dB Peaking CTLE Embedi‘:]eig'éap FFE | CTLE w/ 6dB Peaking
RX Digital FFE Taps 24 Multiple NA 8 4 Multiple
RX Digital DFE Taps 1 1 NA 8 3 Multiple
Max Channel Loss (dB) -31 -35 -32 -40 -36.4 -34
TX Power (mW) 140 NA NA NA NA NA
ADC/FE Power (mW) 370 NA 320 310 79 195
DSP Power (mW) NA NA NA 143 10 NA
Clocking Power (mW) 40 NA NA NA NA NA
Area (mm?) 2.8 30.87 0.89 0.39 0.81 0.82
Technology 16nm FinFET 28nm 28nm 32nm SOI 65nm 40nm
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Some Observations

[0 PAM2 systems are generally implementing 5-6b ADCs and
achieving close to 4-4.5b ENOB at Nyquist

B A mixture of flash and SAR architectures are utilized

0 PAM2 digital equalization enables robust implementation of RX-side
FFE and multiple DFE taps

[0 PAM4 systems are generally implementing 7-8b ADCs and
achieving close to 5-6b ENOB at Nyquist
B SAR architectures are well suited for this resolution

0 PAM4 digital equalization employs large tap count FFEs to
effectively cancel residual ISI, but few DFE taps due to complexity
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Common ADC Topologies

Flash Binary (Multi-Bit) Search SAR

Ves+ | VFS+%
é — + (XX}
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Flash ADC

VEs-+

0 Comparators at each reference level allow <
for simultaneous parallel conversion 12 -
(1)
[0 Single cycle operation allows for high =L §
speeds 12 o
B Typical interleave factors of 4-8 Vin | TH 1 : : §
[0 Main downside is large comparator count = ‘h+fi é
B Rectifying flash architectures can reduce this P m
. . =L 9
OO0 Flash ADC is a reasonable choice for +fi 8
PAM2, but resolution is a bit low for PAM4 . P )

VFS__ q)latch
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Binary (Multi-Bit) Search ADC

O Binary (multi-bit) search ADCs combine "= i
desirable properties of flash & SAR ADCs : S~ .
TS ®
[0 Efficient binary search algorithm allows § —f/) 3
only necessary comparator evaluation Vin (o] T §
: . . H~_11 =
[0 Avoids the DAC settling and logic delay % > ST 2
present in SAR ADCs, but slower than : ] "Iy B
flash due to serial comparator evaluation =" \‘ En
[0 Good choice for PAM2 applications, area $ }> ' %
may be a bit high for PAM4 applications % 5
"1 O t
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SAR ADC

[0 Performs a binary search conversion
over multiple clock cycles

0 Simplest implementations only Vio—| TH +Qvi"’°°mp
require one comparator per unit ADC Vesr
[0 Slower unit ADC relative to
flash/binary search - f
B Typical interleave factors of 32-64 gy Vs Pt
O Excellent choice for 6-8b resolution N bits Async aanl
to support both PAM2 and PAM4 Logic

O The dominant architecture for PAM4
ADC-based receivers
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Pipeline SAR ADC

0 Looking forward, pipeline SAR
architectures are attractive in
order to further push sample
rates (100+Gb/s)

[0 Pipelining allows for higher
sample rate and fewer unit ADCs

[0 Inter-stage gain block can reduce
impact of comparator noise to
allow for higher resolution

............................. FirstStage ... o2 CONd Stage
‘c/eluﬂ Ref. VrefA ‘ gextB Ref. vreiB
| buffer CDAC O (<1V) (-1 CDAC
A le 5 B |e
i T&H [ Amp <
Vin Veoacan 1 N Vicoacs.n T]
i . : 2 ] 5445
Viel_1 | [Veoacar H A Vepace
i s 5115 E T
| S Jofrs. call [T <5 [ofrs. call [Tt Cal &
: Reset
+\u\ +\U\ Logic
Cmp> hhh Ckamp Cmp> h.‘
‘Ym - E v PR
Ack; 2 k x
> CIk|,. Cal & Cik |,
4 Reset . *
Sl [[[[ 5 |osic|| =S NI[[] 6

o 7 i
{ CKsmp CKean..5 CKeats.11

Sampling Reset CDAC

CKox: ]_\/ 1 \‘ [ ! \

ckys W ~1-5 12345 \ s
Kamo | \

ke B9 UTOUTIIL__ B-11 f ffe\h\ls\fgthouu\ b-11 [e\U7\

Amp. & Smp 2nd Stage

Offset Cal.

[Kull ISSCC 2017]
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State-of-the-Art ADC Performance

State-of-The-Art ADC Performance (ISSCC & VLSI 2010~2017)

— ¢ g
® 103} ;
g | : -
E L I I ]
P D I
FoM == 2% 5 ‘ | :
~ENOB > g . A
* Z10°F ! ;
® [ "
S - - ® Flash
(o) = SAR
L ¢ Pipeline|;
] ABS
10 | | | | | | | | | | I I | I | | |
5 ©6 7 8 910 12 15 20 25 50 100

Sampling Frequency (GHz)

[0 SAR is the most popular architecture and provides best power
efficiency for >10GS/s 6~8b ADC design

© 2018 IEEE
International Solid-State Circuits Conference Tutorial: ADC-Based Serial Links: Design and Analysis 16 of 82



Time-Interleaved ADCs

First-Line S/H

32x Time-Interleaved Switch  BUF (,/ \Q\
SAR ADC - T/H1 =M UnitADC|-5, { Second-Line  Unit SAR ADC x
458D Switch
_ 4% 8b
o Tm2 | >>—<@x unit Abc| =2
~| TH3 =M Unit ADC |25+
% VGA | s }-[>>—-<axunitanc | x5
- 4x 8b
e [ e |->—-<Gx unit ADC TX,;» ‘
| TH7 | >—<axunitanc| - SAR Logic |-
4x 8b 7
> > i L - » B1~n- Y
TiH | ~>—-<Zx unit ADC | Brw )
[0 Wireline ADCs are time-interleaved to achieve high sample rates

[0 As the SAR ADC is the dominant wireline ADC architecture, we will
walk through it's key circuits
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Outline

[0 ADC Resolution Requirements & Topologies
0 Key ADC Circuits

[0 ADC Calibration Techniques

0 Digital Equalization

0 Analog Front-End

[0 Conclusion

© 2018 IEEE ) . . . .
International Solid-State Circuits Conference Tutorial: ADC-Based Serial Links: Design and Analysis 18 of 82



Time-Interleaved ADCs

. Fifst-Li S/H P
32x Time-Interleaved m BUE = \Q\
SAR ADC - T/H1 ~M Unit ADC —/—>4X 8b ..-| Second-Line  Unit SAR ADC 4x
/ Switch
: _4%8b
» T/H2 4x Unit ADC |———
: 4X 8.
» TH3 |— 4x Unit ADC |——"--_
: 4x 8b
RXin CTLE/ > TIH4 | — 4x Unit ADC |——
4x 8b
VGA | T/H5 4x Unit ADC |——
- 4x 8b
»| T/H6 4x Unit ADC|—
Vew \ 4x 8b -
| TH7 A >—<axunitabc |- SAR Logic |-
/
4x 8b 7
A TH8 f>—<Bxunitapc|—==- | Biws W

py ———

[0 Because we can only generate a relatively small number of low-jitter, low-skew
clock phases (4-16), input sampling is performed in 2 stages

0 The input T/H must track and sample (hold) the full-bandwidth input signal for
further sampling to the unit ADCs
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Input T/H

CLK
Vin ;-—l-[ Vout _

o 58 in

—== Vout
|

s
7 tesues T B W B

B On-resistance

| Track Hold |
B Signal-dependent hold instant
B Hold-mode input feedthrough
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Sighal-Dependent On-Resistance & Sample Point

During track-mode, the MOS operates in triode

VCLK —> VDD
Ip = uC K(Vas—v —@)VS V, L v
b XL TH 2 )P in 7 . out
_1 1
Ryy = |HRtriode) = 1 Ves=Veik - Vin T ©s
ON = avp w 1
Vps—0 HCox T Verk = Vin = Vru) =
Track - Mode
[1 Issues

B R, is modulated by V;, — Distortion
B Signal dependent hold instant, occurs when V- = Vi + Vqy4
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Sighal-Dependent On-Resistance & Sample

The signal is sampled when

Vok = Vin + Vo

0 The sampling clock fall
time should be much
faster than the maximum
dV,/dt to minimize the
sampling point mismatch

VDD

VintVry

VDD/2

VintVrH

Point

A

Verk o1 Veork o2
Actual \
sampling
instant \
\
Ideal \
sampling \
instant \\

it & ke

i |

Aty Aty
[Razavi 1995]

International Solid-State Circuits Conference

Tutorial: ADC-Based Serial Links: Design and Analysis

22 of 82



Bootstrapped Switch

75 . : :
Mz —Bootstrapped SW
) —| Cos 70 —PMOS SW
651
® | I II 60T
MN38r' )
¢ % 55
MN3’ Z
g[S 780
\/i MN1 45}
Oo—e 40 F
[Dessouky ELET 1999] _ I I N SN S B
Main SW 0 5 10 15 20 25 30 35

O & =0, switch off and Cyg is precharged to VDD Input Freq.(GHz)

O & =1, main switch is on with constant Vi = VDD and, to first order, both Ron
and sampling instant are signal independent
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Hold-Mode Feedthrough

= Voo
R CLK :I —
Cys Cga y I fi L Vour:
V/g T Vout IN* 71 rl I:
Csb Cdb T S VIN- L

= s N -
(\ % /) <+— Dummy grounded resistor
= ks g network
O High-pass feedthrough paths -
when switch ideally open L]
Vour CgaR - s
Vin (Cgs + ng)R s+ 1

Using a dummy path to generate an
opposite feedthrough for cancellation

[0 Make sure to place a proper impedance
on the dummy transistor gate

Cs>>CgS,gd
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How Much Track Time?

A : : 1 | Transient response_

CLK i - ol

0 ----- -1 —vin

t=Ts/2=62.5ps

—_— ==vout
in -1.57 f,=2/Ts=16GHz vout_transient
tau=RC=6.25ps —vout_steadystate
- == Vout | | 2 e
i i > 0 1 2 3 4 5 6 7
t=0 [ = TS/Z t <101
0 A cos(¢p — 6) L s Acos(wt + ¢ — 0) ) L tan 6 = RCw, vy (0) = —A
v(t) = — . e — v; - e
VTt k20207 TiRicIar " Vin = —Acos(at + )

Initial Transient Response Steady-State Response Worst-Case Natural Response

[0 The initial transient response (yellow) goes to zero quickly with proper N=t/RC
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How Much Track Time?

Initial Transient Response Error Steady-State Response Error Steady-state attenuation with 4*Fs Input

o1S5—mm—7——————————7 0.15 - - 1
=Error =Error 09} —Attenuation

—8 bit Res. —8 bit Res. 08}

1 50.7-
'EO.G-
2057
0.4}
T 057 1 <& I
N = 0.3_

RC 0.2
01

o

-
o
-

Voltage(V)
Voltage(V)

o
=)
o
(o )
=)
o
o

2 4 6 8 10 12 14 16 18 20 %0 40 50 60 _ 2 4 6 8 10 12 14 16 18 20
N N N
[0 The initial transient response error can be ignored by an 8 bit system when N>7
0 It is unrealistic to lower the steady-state error by dramatically decreasing RC

B Often compensated by digital equalizer

B N=12 gives ~0.7x attenuation with a Nyquist input and a common 8-way first-line
interleave factor
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Time-Interleaved SAR ADC: S/H Buffer & Second-Line Switch

. First-Line

o TIH1 4x Unit ADC |-——>..--{ / Second-Lin
. 458D Switch

» T/H2 4x Unit ADC |———
: 4% 8b.._

| TH3 4x Unit ADC |-

4x 8b
RXin CTLE o Tma H->>—p<ax unit Abc]|-=2-

Y

- 4x 8b
TIH5 =>$»@( Unit ADC |~

VGA
% 4x 8b
2 THe H- »@( Unit ADC |2

Vewm 4x 8b g
> T/IH7 [~ 4x Unit ADC |—— SAR Logic [+
- 4x 8b f )
~| T/H8 4x Unit ADC |——» B1-N-1 )4

. J

Active buffer isolates ADC loading from the bootstrap switch
Second-line switch (S/H) output should settle with e<LSB/2

[0 As this settling is a function of both the buffer bandwidth and switch time
constant, lets consider them together

O O
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S/H Buffer & Second-Line Switch

Vb
"'—__—__——__—__—I_I_——_\ ______ 7'_
. T/H “_ —El Ve i I R
| cLk Q! ' b ()R R S Vs IRoN Vour
| BS ] i = i 'l'; i Vour VvV
| 1 wHold | @ ; —o°
N N ST wOVess® = = = g
I =" I 1
| Vin C -]- VGE Om '—_____ ) T Cpac t !
' S = Second-Line = ra4//r
:‘ ______________ ]:_: o —,: Sourcl:)z :’%I'I’ower switch = O 02
oo g Ves + g BW2n=T T=Rov:Conc Vour(0) =0
ON C p
dVour k=——=2 V3(0) = 1 —max(|V5(t) — Vs(£)])
Vs = Ron * Cpac * +V, s\ = G s
S ON = =DAC dt ouT Cpac worst initial condition

O The settling time of Vg1 is related both to the buffer BW and switch ¢
O The worst case is when Vg settles from "0’ to max amplitude with a Nyquist input
O Note that C, can be larger than Cy,- due to long routing from buffer to unit-ADCs
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S/H Buffer & Second-Line Switch: 64GS/s Example

An example of 8x4-way 64 GHz TI-ADC (28nm) with 62.5ps hold time for second line switch and 32GHz Nyquist input

10%T 10°
|
! tau=6.25ps | . BW=32GH:z
: <+62.5ps Hold time : +-62.5ps Hold time
1072 107
|
: ]
[ 4 [ !
o i BW=15 GHz ! o t tau=12ps I
E10%r : E10%r :
] | ' |
| step=5 GHz ! 35 GHz | step=2ps ! 6 ps /
; | 40 GHz | | 4ps
1 0-6 | BW=40 GHz E 10-6 i tau=4ps :
=Error_total =Error_total
g —38 bit_Res. 8 =8 bit_Res.
10— 1 1 1 1 1 10— ) 1 1 1 1 ]
0 ) 10 15 20 25 0 1 2 3 4 )
N=t/tau N=t*BW

[0 For tau=6.25, the source follower BW should be larger than 35GHz for 8 bits

[0 A smaller BW=32GHz allows lower source follower power, but need smaller T = 5 ps
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Time-Interleaving Sampling Architectures

. - . I I 1 1 1 1
Two different architectures to implement a 32-way TI-ADC <l od1 o Inline demux Ny /N1 x N |
o i e [Kull, 3SSC 16] | DrectM/Me
o—0 I 0—0 smp~pulse = Is/
CS CS.ADC () § I Lsmp=pulse = Is
o) :_E ® j_: , ) ® =) j_: CS_ADC 30 | 82 fsmgiml,w =21
—O/b12 oo —0’10—_|2 D, —0/5112 XX 0 Zoj Direct ©¥1%2 16/1¢ = fsmp-pulse = 415
Vin o= LA 4 (@2/1 24 Lsmp-pulse = 815
j_: CD j_: (D3 I I < 25 - |, fmlp-pulsr - ]6’s
= o = 13 = D3 = = = 41x2@16/2| O Smp clk 50% duty cycle
° —o— —o— eoe < 8/4gy ©1/1x8
®  Direct sampling T P, T Inline demux sampling g @22 ©2/1 %8
= = SN 32/1
CDB (D14 - CD14 = g 20 ) | 4/Ix?§00 -
oo b 2 4/3@8; 6§'1/1x16 22 6
T T M 82x40
PP =3 Sampling time (2/fs = 15 | \ Inline d US| 30
Sampling time (4/fs) @842 niine demux ®1/1x32
) |'\ | | o 1\ | 16/8)
1l I o L I @8/4x4
LI ¢ e VTS 2 V7 LD g N T 2n U 2un D 2un N ¥ 2o 328
D NN/ QD N/ 10 | .
1 U 1 1 _/-0—0—\| | @32/16
1 ] —\ [ |
e | i ing ti — 7 —{  Sub-Samplingtime Y — o S R S TR T T ve T a—
— ! I ! T Sub-Sampling time —! ! ! 2 2 2 2 :
1/fs 4/fs 1/fs 12/fs Hold time (1, = 1/ f5)

Direct sampling has better BW due to the shortest path from Vy, to the Cy,c. But

the sub-sampling time (second-line SW hold time) is just 4/fs (50% duty cycle).

increased hold time and a relaxed buffer design
B Note, this often requires a higher sampling clock, which also decreases sampling time

Serialized SW (¢,, ¢,,) lowers the BW of the inline demux arch, but allows for an
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Time-Interleaved SAR ADC: Unit ADC

. First-Line  S/H g o
32x Time-Interleaved Switch  BUF = — \Q\
SAR ADC T L 2x Unit ADC |22, | sefond-Line  Unit SAR ADC 4x
. 458D Switch
» T/H2 > 4x Unit ADC |——— —{ S/H
4%°8b. T
J TH3 | 4x Unit ADC |25 | +—0.5Vrer
: 4x 8b
RXin CTLE > TIH4 |— 4x Unit ADC |—— ‘

Y

9900040

! 4x 8b
VGA T/H5 4x Unit ADC |——
- 4x 8b
v ~| T/H6 - 4x Unit ADC |——» \
CM
4x 8b
»| TIH7 > 4x Unit ADC |—— \ / SAR Logic [+ /
4x 8b 7
- _T/H8 g 4x Unit ADC ﬁXI_> \__ m\_// )/}

Unit SAR ADC speed sets the interleave factor
It's noise and linearity limit the achievable ADC ENOB

Mismatches between the unit ADCs (and the preceding individual T/Hs and S/H
buffers) will need to be calibrated

O O O
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Unit SAR ADC: Critical Timing Path

SAR ADC consists of S/H, DAC,
comparator and SAR logic

The conversion speed of SAR
ADCs depends on the delay from
comparator, logic and DAC in the
critical timing path

. | [0 Various techniques to reduce the
/ SAR Logic delay for faster SAR ADC speed

tCLK = z(tcomp + tlogic + tDAC)
N
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Unit SAR ADC: Advanced Techniques

[0 Asynchronous SAR operation 0 Loop-unrolled SAR

From N-1 v From \ To other
DAC comparators
VDAC () e e

DAC
[Chen JSSC 2006]

tere 2 ) (bcompHiogic @

r

.DA_CSX\SVCSQC_G—_ [Jiang JSSC 2012]
[0 Redundant SAR algorithm (trade-off N
0 Multi-bit/stage conversion O J ( )

S To comparator

Vin [Nl _L _L _E“_E 1J_ _L _L _LC
——] = |— I - __I ’

To SAR M \%‘i BV OWYW \;\%
From SAR J; s for M-bit/stage g-gll/REF ! —
P [Cao JSSC 2009] [Liu ISSCC 2010] eNbl
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[0 DAC generates residue
signals by subtracting
binary weighted reference
from input

[0 Capacitive DAC is the most
popular DAC structure due

g _ to low power consumption
SAR Logic [+
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DAC Implementation

Worst case error w/ cap mismatch

120 nm 120 nm
P i =y 250 . ; r : ; ; :
0.64 ym 1.28 ym opn= 0.025 LSB
Cunitac = 0.5fF Cunit = 1fF D[ ot st S = < st mam “ 0_0_0‘01
Cwvss CiLsB
' Jr— Vm LN T B —
= ST, | [ — S— -
EE 4KTR 4KTR
U 00— 2
DAC { : 100 V n,refp ﬁ \’ \f
. d
ontots | Em 0.5VRer
{1 | EEeTeper =
'O-5VREF %7
..... e siiee s n ey V2 ; G N D
= 08 -0.06 -0.04 —0.02 0 002 004 006 008 n.remn

DNL (LSB)

[Shafik JSSC 2016]

[0 Minimize cap size for medium resolution SAR (6~8bit)

0 Minimum unit cap size limited by matching requirement and KT/C noise (noise
usually dominated by front-end and comparator)
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Comparator

’ — A
s 0-5Vrer 0 Comparator makes decision
on the DAC signal and
- DAC generates binary search

- codes for SAR logic and DAC

'O-5VREF
/ SAR Logic [«

B1~/N1
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Dynamic Comparator

CLK ><
Voutn
s
Vinp
o—]
CLK

CLK Reset | Evaluate| Reset

Voutp V
Vinp>Vinn

Vo \_ [

[0 Dynamic latch specs
B Noise
B Offset
B Metastability
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Comparator Noise

[0 Device noise causes random decisions
even with zero input signal

Count

[0 Noise variance can be found by fitting
output to a Gaussian CDF as the input
is swept and transient noise is enabled

Pr(1)=0

P N rputretered Baussian [1 Noise can also be simulated with
A  Prob PSS+PAC+PNOISE, but requires post
Ve 3 [ processing to find ISF from sideband

transfer function [Kim TCAS-I 2009]

L» / Vos1 VOSm VOSn VOS

Pr(1)=1
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Comparator Offset

[0 The input referred offset is primarily a
function of Vth mismatch and a weaker
function of B (mobility) mismatch

= , O =
- IwL MIE wL

[0 To reduce input offset 2x, we need to

® | Increase area 4x
BEEN WA [0 Not practical due to excessive area and
530 .......... . — power consumption
T """"“:;_'_'_'_'_‘_'_‘_': [0 Offset correction necessary to efficiently
= ? achieve good sensitivity

20 -0 0 10 20
Comparator Threshold (mV)
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Comparator Metastability

Cout ! : i 1 Cout . : .
% % o5 Norlmallzed dglay Vs. normallzed mput

20+
V°‘||: :“;; £ 15|
. . .

in inn ~a

i CoutVrup 10
% tsamp™ i -

O_I l)\/ 1

CLK
L + :

10710 1078 107 107 1072 10°
V. IV

VDD in " DD
treg~In Vm) [0 Comparator evaluation is exponentially

-
C _L_[ ]__I_C proportional to input voltage
o out 0 Probability of metastability error
+— T

depends on ADC architecture
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Synchronous SAR Logic

time wasted

2" Stage 3~N-th Stage

1:Iogic
SAR Logic [  Tiak | 1Stage
7 TJ(N+1)  TJ(N+1)  To/(N+1)

[0 Need an internal clk at N+1 times sampling frequency
0 Maximum frequency limited by worst case stage delay

1
fs =
(N + 1)ml.ax(tcomp,i + tiogic,i T tDAC,i)
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Asynchronous SAR Logic

1:Iogic
SAR LOgiC < Ttrack 1° Stage 2" Stage 3~N-th Stage
/ < > < > >

B1~/N-1 T T2

0 Comparator triggered in a ripple fashion, no need for (N+1)fs

0 Maximum frequency speeded up by reducing the non-worst-case stage delay

1
fs =

N
TTrack + z 1(tcomp,i + tlogic,i + tDAC,i)
1=
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Metastability Error Rate

Pr of a 32-way 8b 32GS/s TI-SAR DeS|gn - SNDR of a 32-way 8b 32GS/s TI-SAR Design
10° == ‘ | | | | |
B =125 Prmea>target BER Ideal 8b SNDR
-10 DTCOmp = Gpe 50
1077 ] = T=6ps =
© 345 B
)
. B4 B
o Z 40+
n
-30 | |
m | | |
10-40 I I I || 30 I | 1 | 1 I I
128 1 4 6 8 10 12 14 16
I\/Ietastablllty Error LSB Comparator Time Constant (ps)

[0 Metastability error rate can be improved with a faster comparator

[0 Metastability error could be propagated through digital FFE and impact RX BER
performance even if it meets the ADC SNDR specification
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Outline

[0 ADC Resolution Requirements & Topologies
[0 Key ADC Circuits

0 ADC Calibration Techniques

0 Digital Equalization

0 Analog Front-End

[0 Conclusion
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Time-Interleaving Errors

- A

P4
BW, —I} -~ ? —>D;
L5
0, |

Channel Response

; Combined Pulse Response
0 ‘ — P2 120
o 1 | Bw, \ G, - +)—>D, s
= A : > 530
g O S = 0O, ' t 3
| . ' : > £a0
-60 : : H : 5 a a a ] : a r-% P
0 2 4 6 8 i - - - - - E | i/
Frequency (GHz) : . - - - ' . < o
: 3210123456789
Time (UI)

....................

[0 Mismatches between time-interleaving channels degrade performance

[0 Modelled as an effective pulse response from each time-interleaved ADC channel,
including offset, gain, bandwidth, and skew effects

[0 Both analog and digital calibration techniques are employed to correct these issues
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Offset Errors

--------------------------------------------------------------
<

:" 0 Due to offset fnoise=k;fs/M

i BW; \ G, BTN R mismatch  p=channel, k=1,2,3...

' > «<Signal _ - /T\ /3?5/\

201 (st) <2f/8) \ /8)

: T30

E _GN’ Channels = 8

E G BW2 \ GZ (_EU ‘40 i Oofrset = 0.04

' > = Amp.=0.5

E . . 2 g0}

' ° °

: 70}

AN mr

s BWy Gy w0 dolUdul

> 0 3.2 6.4 9.6 12.8 16
RN W 7 Frequency (GHz)

[0 Caused by device mismatches in T/Hs, DACs, and comparators

© 2018 IEEE ) . . . .
International Solid-State Circuits Conference Tutorial: ADC-Based Serial Links: Design and Analysis 46 of 82



Offset Error Correction

[0 Most commonly corrected in the analog [0 Background calibration includes

domain in the comparators monitoring the average digital
B Current-mode/Capacitive DACs output or adding extra ADC
m Parallel diff pair driven by ref voltage correction cycles
O Common foreground calibration schneme [ Can also be corrected in the digital
involves shorting inputs and adjusting domain with the loss of some
' 0 dynamic range
offset DACs until 50% output 1/0 Yl g Background Offset
' & Calibration w/
| s | . Extra SAR Cycle
Ve Jocklogie |
+ bE?ffér cky
oo | — ~ [Kull JSSC 2013]
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Gain Errors

-----------------------------------------------------------
<

0"' (pl ‘\ O I T T T

: G ; fnoise=ifin +(k/M)fs M=channel, k=1,2,3...

; BW; N\ : >(? > D, ol

E s 0, E 20t | Signal Due to gain g:irl"::)s; 8

; ; . error o= 1

i ) i E -30 ¢ / Amp.=0.5

4 o, 2 -50

E ° ° ° ° ' ° E

' ' o

: L

i i Dy

Y ; 0 3.2 6.4 9.6 12.8 16
R - Frequency (GHz)

[0 Caused by device mismatches in T/Hs, DACs, and comparators
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Gain Error Correction

O Effective background calibration involves O SAR ADC

digitally monitoring the ADC peak output B Adjusting capacitive DAC reference
and correcting it to match the FSR voltage
0 Flash ADC B Introducing additional

B Adjustment of comparator thresholds programmable capacitors

be implemented in the DSP

Programmable é }é = e Unit SAR DAC Programmable Reference
l !

Gain Amplifier (From Gain

Cal DAC) 3
_| I: :| I_ Vmaster % %\ dsw Ea- J_ ] R 3/4 Vr ¢
_%7 ) - q :L: " ref RI 1/2 Vr .
N G T |cref R 1/4 Voo
a0 sssc2010] P ArmmH T [yunassc 2013 i (]

—_ — from ADC ref. ladder =
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Bandwidth Errors

Channels =8
- Opw = 800 MHz
Amp.=0.5

frise=2fin +(k/M)f; M=channel, k=1,2,3...

Due to BW error

- -
- -
- -~

~
~~o

dB (Normalized)

0 32 6.4 9.6 12.8 16
Frequency (GHz)

[0 Caused by layout asymmetries and device mismatches in T/HSs,
DACs, and comparators
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Bandwidth Error Correction

0 Simply design the signal path with [0 Digital domain compensation treats
sufficient bandwidth such that any each sub-ADC as a unique channel
variations don’t translate into major B Per-slice independent adaptation of
differences in the pulse response FFE and DFE taps
B Shunt peaking PGAs L1 s R G

i IO = | S
LT e _,%J]j«_
oo RS B i
Eﬂ ]_Ii N e E m,j]j&,
inP o N - a?nDces - . FFE1 DFE _Reco'vered
) mt " :r.]u S10(§IIJIS ¢2 o
ﬂ:._w,_ - control ¢3' FFE2
Suszaun [Varzaghani —
¢ 9 JSSC 2013] Gl e e

- - FFE3
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Skew Errors

0 . |
Channels =8 Due to skew e L aom
‘1 0 - Oskew = 2 ps error noise——fin fs
Amp. = 0-5 / M=channel, k=1,2,3...
By A o

-~
-~

O
S
1

—>
o
Z
v
Y
\ &
O
+
\/
&
dB (Normalized)
now
(@) o

®
S
1

-70

’l“x“hll [T TP Hll TNRNTLY

3.2 6.4 9.6 12.8 16

Frequency (GHz)

[0 Caused by device mismatches and layout asymmetries in the multi-
phase clock generation and distribution to the input track-and-holds

© 2018 IEEE ) . . . .
International Solid-State Circuits Conference Tutorial: ADC-Based Serial Links: Design and Analysis 52 of 82



Skew Error Correction

[0 Calibrated with per-phase __ Divideby4 _
digitally-adjustable delay cells in | [ | Clockoistibutions
g ymacdjus’ ) Y ' g [[*™].— _ SkewCalibration _ __
the clock distribution buffers or mputputersDuy (g || g CB.iEodeTLsaﬂml
hase interpolators with 777777 IEES . A  N—  E
P P et D> DSt L8 [T S S |
independent phase offset codes @r2soHs H N D> > [t To Front
g || LI R A A | @3.125GHz
. ] ] CLKBy 14 o 1 ; |
O Similar to bandwidth errors, skew I = e i el b ol
errors will cause each sub-ADC to R R |
generate a pulse response with a CML Latch S el !
slightly different ISI characteristic T o L L. LI 1 -
— . o [ L[ L. LI L -
[0 Efficient approach to detect skew D—H e P15 :
1 1 1 CLK_”;| l:“_czu(n o ! | | | | [ -
errors is to monitor the differences T ® 1 [ T T
in the converged tap coefficients o 40ps 320ps

of a per-slice adaptive equalizer

[Cai JSSC 2017]
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Outline

[0 ADC Resolution Requirements & Topologies
[0 Key ADC Circuits

[0 ADC Calibration Techniques

O Digital Equalization

0 Analog Front-End

[0 Conclusion
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Feed-Forward Equalizer

—————————————————————————————————

N-tap FFE

O Symbol by symbol linear equalizer Vin

0 Parallel implementation often matches |
or exceeds the ADC time-interleaving a, a ay

factor

0 Timing constraints can be easily met
through pipelining e o e .

O FFE power efficiency can be improved Energy efficiency of an 8-tap FFE vs
. supply level [Toifl ESSCIRC 2014]
through several techniques such as _

4

— Vout

T e -

B Power supply scaling
B Employing CSD representation for taps = . =
B Tapering coefficient range for taps far 3, FFE / i
from main tap g / .
[0 FFE architecture is independent of S DFE
modulation format . | | | | |
0.5 0.6 0.7 0.8 0.9 1

Voo[V]
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Decision Feedback Equalizer

—————————————————————————————————————

0 Non-linear equalizer that cancels —~ N-tap DFE i
post-cursor ISI Vin (DT Ve
[0 Conceptual full rate implementation i
has all the summers, 1 multiplier and “ o |
1 comparator in the 1-UI critical path :
0 Loop critical path delay in the full rate Z' Z'|s j

implementation is significantly longer ~ ~--------------------o--o-oooooooooo- ’
than the iteration bound
(1*(summer + multiplier + slicer) / 1UI)

Total Logic Delay

Iteration Bound = Max( ) over all loops

Total Loop Time

[0 DFE often implemented to have the same number of parallel slices as the
preceding FFE

B Does this effectively solve the critical path issue?

© 2018 IEEE ) . . . .
International Solid-State Circuits Conference Tutorial: ADC-Based Serial Links: Design and Analysis 56 of 82



Parallel Slice Decision Feedback Equalizer

P-way Parallel 2-tap PAM-2 DFE Timing Paths

“““““““““““““

[0 DFEs are implemented with P
parallel slices operating with a
clock period of P Uls

0 This still results in a maximum of P
adders in the timing paths for the
timing loops

OO0 Even though the clock period
increases by a factor of P, the logic
delay also effectively increases by
the same P factor

0 While the parallel implementation
brings the loop critical path period
much closer to the iteration bound,
advanced techniques are NECeSSary g pan vaverses ane
tO Operate at hlgh data rates slices and P*1 summers slices and P/2*2 summers

T
Y ]
~pf_— e — -

" Loop 2 Timing Path corresponding to 2"’ DFE tap

" “Loop 1 Timing Path corresponding to 1% DFE tap

NP I
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© 2018 IEEE

Loop-Unrolled DFE

O Loop-unrolling involves precomputing

O

O

all the possible decision for the

current symbol using all possible
decisions for the preceding decisions

that are part of the DFE

Results in 2N precomputed decisions

for PAM-2 and 4N precomputed
decisions for PAM-4

The adder is removed from the loop
critical path as the precomputations

can be pipelined
The loop critical path primarily

contains 2:1 muxes for PAM-2 and

4:1 muxes for PAM-4

o R R M R EE R R EE EE Em O Em Em Em
]

Precomputation section

- = =

;>

_az

o

-

Y ——— g O

N

<
[~
=

—

e —

1-Ul Loop Timing Path

I

I

I

L

I

I

I

I

I

| e

g gy S S

A T T T T e

N-Ul Loop Timing Path
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Example: PAM-4 2-tap Loop Unrolled DFE

Y(n-1) Y(n-2)

o

O— ()

-a
Digital FFE Digital FFE
Output ? -0.33a2 Output ﬁ: -0.33a2

al 0.33a1

1
11

clolelolo
][] (][]

e
w
@
=]
IN)

0.3302

o |
2 a2
o0 e
. =
A$—.
Digital FFE Digital FFE
Output 4?7 -0.3302 Output 4?7 0332
-0.33a1 AGE_—@ -a1 ‘?—@D
0.33a2 0.(12 & (15)
% ® ? ® O Edn

a2 2

0 4% = 16 decisions are precomputed with a 2-tap loop-unrolled DFE
The output of the summers is sliced and fed into a 16:1 mux

Select lines to the multiplexers come from the two immediately preceding
decisions that have been made

O O
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Example: Timing Paths for PAM-4 2-tap Loop-Unrolled DFE

[0 Assuming P is even, each timing loop Egj
goes through P 4:1 muxes B

0 The total loop critical pathis P 4:1 Siice 1
muxes, 1 Clk->Q delay, 1 setup time
delay and routing delay

[0 For the Nt tap of the DFE, the timing
loop contains (1 + {%‘) * N 4:1
muxes

[0 For high data rates, further EB—

techniques to reduce the number of 5
muxes in the loop critical path ;

Y(n-1) Loop 1 Timing Path corresponding to 1 DFE tap
Y(n-2) Loop 1 Timing Path corresponding to 2" DFE tap

- Z_1 b -

Slice P
/
becomes necessary = Smmmmmmmomssmmmmoeeees
y Timing path traverses all P Timing path traverses only P/2
slices and P*1 muxes slices and P/2*2 muxes
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Look-Ahead Multiplexer Loops

[0 Look-ahead architecture reduces the number of muxes in the loop critical path

A(n-1)

. . Am) —{os
O A mux loop is described by R ) BT
- YTL — ATLY,TL—l + BnYTl—l"'(l) and > :n: _H:S wmw B(n-1) :'Y ¥Y(n)
N Yn—l — An—lyln—Z + Bn—IYn—Z"'(Z) A(n) —-OSY

B(n) —|1

OO0 Substituting (2) in (1)
BV, = (44 -1 +BuAn_1)Y n_s + (A4B'n_1 + ByBy_1yYy_5...(3) [Parhi TVLSI 2005]

O In (3)Y,'s dependency on Y,_; has been removed! (Iteration bound halved)
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Look-Ahead Multiplexer Loops

[0 The look-ahead multiplexor loop comes at [ In the case of PAM-4, the

B(n-1) B(n-2) B(n-3) 1 Y Y(n) Dy

=1
} D(n-1
A(n) —|0s 0s 0s } 2 2
Y Y b Y } A(n) 7ZL> o~
B(n) —» y 1 1 } B 7 Y
i cn) F>2
2

D(n) >3

the cost of extra muxes number of 2:1 muxes needed is:
0 The feed forward section can be pipelined AN(LF -1+ YN 4N %23
but the feedback section cannot be 1-tap PAM-4 4-way look-ahead mux architecture
O In case of PAM-2 N tap DFE, with LF way i
look-ahead the number of 2:1 muxes s ﬁ 1
needis: 2N(LF—-1)+ YN, 2N~ AN T |
1-tap PAM-2 4-way look-ahead mux architecture - 7,:\/% %ﬁ ﬁ .
'k ai o AL TR || B » }
A(n) —|0s 0s 0s ‘ 2( ) C;n-Z) Z(n.a, 2|, e
P == T IR
o
S

Feed forward section i Feedback section
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Example: PAM-4 Look-Ahead Loop Timing Path

_______________

[0 Select lines of the mux come from decisions made
LF-Uls ago where LF is the look-ahead factor

i
T

- ——— i ——

OO0 Input lines of the mux are fed from a bank of look-  “----ememmmamamo
ahead muxes which can be pipelined '

i
T

OO0 Critical path for Nth DFE tap consists of 1 Clk->Q

__Critical Timing Path .

P-1 : l
I 1 { ‘ * N 4:1 mux 1 ime and | =
de ay, (1+ LF+N-1 ) uxes, 1 setup t | Slice 1+LF | -
routingdelay — NTtomommmomooooas E £
B Approximately divided by the look-ahead factor pmTTmmm (W
= .
E I W
Y ey
| 3 |
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Maximum Achievable Data Rate

[0 For P-parallel path, N-tap DFE if Td is the 4:1 mux delay
O DFE timing constraint with no look-ahead must satisfy
P*UI = (1 +{ ‘) *N*(Td) + clock uncertainty + 1 Clk->Q delay + setup time

[0 With look-ahead factor LF the constraint is
PHUL =(1+| ——

© 2018 IEEE
International Solid-State Circuits Conference

Symbol Rate (GS/s)

LF+N-— 1‘)
For 65nm Technology

100 T T T T T T I I
: : : : : : —+—LF=2
, , , , , , —+—LF=4
80 E E ; ; ; ; —+—LF=8
""" I
1 : : i i i i —+LF-16
10 NN U A A R A R R
A0 Mg ]
4
20y T
-+
0 1 1 | i i | | |
1 2 3 4 5 6 7 8 9 10

Number of DFE Taps

Symbol Rate (GS/s)

*N*(Td) + clock uncertainty + 1 Clk->Q delay + setup time

For 14nm Technology (Pro;ected)

180‘ T T T T T T
: : : : : : ——r2
160 A ----- re-n-ee- R SanERCEEETTEEE PP EEPERRPEEEREEY —— LF=4 [
: : : : : : —+— LF=38
140 -\ - ——————— —————— —+— LF =12
120 _______________________________________________________________________
4 : : : : : : :
L S E e e e

Number of DFE Taps
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Complexity

32 Gbis 64 Gbis
—d— 55"'“ | I I I —— ESnm | l I
1(]5_— —¥— 14nm :prnjected} s P — H —%— 14nm :pm]ected}

2:1 mux count
21 mux count

| | |
1 1.5 2 2.5 3 1 1.5 2 2.5 3
Number of DFE Taps Number of DFE Taps

[0 The 2:1 mux count for different number of DFE taps employing the
minimum possible look-ahead factor necessary for that tap number

shows the dramatic increase in going from 1 to 3 taps of DFE
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Digital DFE Take-Aways

[0 PAM-4 system unit delay element is a 4:1 mux, as opposed to
2:1 mux for NRZ

B At the same baud rate makes timing closure much harder than NRZ

[0 Loop-unrolling and look-ahead techniques can significantly
reduce the critical path delay and enable high data rates

[0 High data rates come at the cost of huge complexity
B Grows as power of 4 for PAM-4 systems
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Outline

[0 ADC Resolution Requirements & Topologies
[0 Key ADC Circuits

[0 ADC Calibration Techniques

0 Digital Equalization

O Analog Front-End

[0 Conclusion

© 2018 IEEE ) . . . .
International Solid-State Circuits Conference Tutorial: ADC-Based Serial Links: Design and Analysis 67 of 82



Analog Front-End (AFE)

7 T To First-
\/in°_”-_j - _”:I - _”:I - _”:1 _”: Line T/Hs
o \V \\ YV Y Y \.:_: I
Vi o n—l /1"' | = — = — = ||j
b Il.1 -EJI | | . ) | | | . | | 1 1
" CTLE T VGA1 T VGA2 " Buffer

[0 Provides CTLE equalization to partially compensate for channel loss

[0 Variable gain amplifier (VGA) stages sets the ADC input to match
the FSR for different channel and equalization configurations
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AFE Impact on ADC Resolution & Digital FFE Taps

TX=3-tap, RX= 14 -tap FFE & 1- tap DFE 6b ENOB

Do R T gzlu :;?EEEE:::Q _____ - _________________ QM-:;??EEE:EEQ ........... ........... __________ .......... __________
% pob 535- o F:'eakmg s} s o AR : 535- .ND Peagmg e e R : e ;
% o] RSB U % ORIt g
S Z
v Frequency (G1I-D|12) " ENOB i N " 14FFE1'?'aps18 " " a
[0 CTLE peaking allows reduction in digital FFE K;?VTSXITltllator Settings
ap w pp swing
tap count and strength + 400mV ADC FSR
] ] ] ] o ] * 3mV,,,s ADC input noise
0 This reduces quantization noise amplification | }J=300%m.
and allows for a lower ENOB
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AFE Bandwidth

TX=3- tap, RX 14- tap FFE & 1 tap DFE

S BRI REREE T T T T T T s

]
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Front-End Responses (dB)
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Frequency (GHz) Front-End Bandwidth (GHz) FFE Taps

[0 Additional ISI is introduced if the AFE Key Simulator Settings

« 3-tap TX w/ 1Vpp swing

bandwidth drops below Nyquist - 5b ENOB

* 400mV ADC FSR

0 This can be partially compensated with " 3MVrms ADC Input noise

- RI=300fs,

additional digital FFE taps * No TI effects
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AFE Linearity

Finite 1dB Compression

No Compression
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AFE compressive non-linearity degrades performance

Setting the AFE 1dB compression voltage to >1.25X
ADC FSR allows for minimal impact

Severe degradation as the 1dB compression falls below
the ADC FSR

]
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Normalized 1dB Compression (% FSR)

Key Simulator Settings

« 3-tap TX w/ 1Vpp swing

» CTLE/AGC FE w/ 7.4dB peaking and
16GHz BW

* 400mV ADC FSR

« Digital 14-tap FFE & 1-tap DFE

* 3mV,,s ADC input noise

* R1=300fs,,

* No TI effects
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Embedded FFE in ADC

[0 Partial analog equalization in the form of an FFE
filter can be efficiently embedded inside a SAR ADC

0 Translates into reduced power and complexity in
both the ADC and the digital equalizer

TX=3- tap, RX=14- tap FFE & 1- tap DFE

T T

()]
]

Key Simulator Settings

« Same 56Gb/s PAM4 over the 37dB
channel

« 3-tap TX w/ 1Vpp swing

« CTLE/AGC FE w/ 7.4dB peaking and
16GHz BW

*« 400mV ADC FSR

- Digital 1-tap DFE

* 3mV,,s ADC input noise

« R1I=300fs, ¢

o =
= n

1e-4 Voltage Margin {(mV)

L)
I
[n]
-1
oa

o 10f , _ ; .
* No TI effects (more later) i Vs ST SO Wwi3-Tap Emb FFE ).
: No Emp FFE '
D I
ENOB
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Unit SAR ADC with Embedded FFE
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taps have ~33 LSB range

. . and ~1.1 LSB resolution
[0 3-tap FFE efficiently embedded in the SAR CDAC

[0 Main trade-off is increased T/H loading (3X)
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10Gb/s NRZ ADC-Based RX 65nm CMOS Prototype

FR4 Channels Responses

Reference Buffers Attenuation:
- ‘4 -19.5dB, -23.8dB .. __|
- ~ > - y ¢ - i' -30.21dB, -34.9dB
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\ A‘ : A > - P ~+ included due to RX ~
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ADC Characterization Output Buffers u Embedded Equalization Only
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T I I I

{ | ==——25" Channel (PRBS 23) | :
i | === 30" Channel (PRBS 23) | :
| | m=—35" Channel (PRBS7) | !
i..|===40" Channel PRBS7) | .}

O 10GS/s 32-way interleaved SAR ADC with
embedded 3-tap FFE 102N
0 Digital 4-tap FFE and 3-tap loop-unrolled DFE 1\

0 Embedded equalization alone is sufficient for the B
two lowest-loss (21, 25dB) channels 10
[0 Additional digital equalization is necessary for the o

TS N B
0.2 -01 0 0.1
Timing Margin (Ul)

two highest-loss (32, 36dB) channels -
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Conclusion

[0 CMOS ADC-based receivers enable powerful digital equalization
and symbol detection techniques for high data rate operation over
electrical and optical wireline channels

[0 Time-interleaved ADCs are implemented to achieve the high
effective sample rates

B Calibration is necessary to compensate for channel mismatches

[0 Digital equalization allows for straight-forward implementation of
large-tap digital FFEs, but PAM4 DFEs suffer from large complexity

[0 Analog front-end (CTLE & VGA) is critical to reduce ADC resolution
requirements and match the input signal to ADC FSR

B Must be designed with sufficient bandwidth and linearity
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Suggested Papers at ISSCC 2018

[0 6.4: A Fully Adaptive 19-to-56Gb/s PAM-4 Wireline
Transceiver with a Configurable ADC in 16nm FinFET

0 6.5: A 64Gb/s PAM-4 Transceiver Utilizing an Adaptive
Threshold ADC in 16nm FinFET

O 22.1: A 24-to-72GS/s 8b Time-Interleaved SAR ADC with
2.0-to-3.3pl/conversion and >30dB SNDR at Nyquist in
14nm CMOS FIinFET

© 2018 IEEE . . . :
International Solid-State Circuits Conference Tutorial: ADC-Based Serial Links: Design and Analysis

77 of 82



References

Motivation

[0 [Cisco Global Cloud Index 2016] (2016). Cisco Global Cloud Index: Forecast and
Methodology, 2015-2020. [Online]. Available: http://www.cisco.com.

Recent ADC-Based XCVR/RX

0 [Frans JSSC 2017] Y. Frans et al., "A 56-Gb/s PAM4 Wireline Transceiver Using a 32-Way
Time-Interleaved SAR ADC in 16-nm FinFET,” IEEE JSSC, vol. 52, no. 4, pp. 1101-1110,
Apr. 2017.

[0 [Gopalakrishnan ISSCC 2016] K. Gopalakrishnan et al., “A 40/50/100Gb/s PAM-4
ethernet transceiver in 28nm CMOS,"” in ISSCC Dig. Tech. Papers, pp. 62-63, Feb. 2016.

O [Cui ISSCC 2016] D. Cui et al., "A 320mW 32Gb/s 8b ADC-based PAM-4 analog front-end
with programmable gain control and analog peaking in 28nm CMOS,” in ISSCC Dig. Tech.
Papers, pp. 58-59, Feb. 2016.

[0 [Rylov ISSCC 2016] S. Rylov et al., "A 25Gb/s ADC-based serial line receiver in 32nm
CMOS SOI,” in ISSCC Dig. Tech. Papers, pp. 56-57, Feb. 2016.

© 2018 IEEE

International Solid-State Circuits Conference Tutorial: ADC-Based Serial Links: Design and Analysis 78 of 82



References

Recent ADC-Based XCVR/RX (cont.)

[0 [Shafik JSSC 2016] A. Shafik et al., “"A 10Gb/s hybrid ADC-based receiver with embedded
analog and per-symbol dynamically-enabled digital equalization,” IEEE JSSC, vol. 51, no.
3, pp. 671-685, Mar. 2016.

0 [Zhang ]JSSC 2015] B. Zhang et al., "A 40nm CMOS 195mW/55mW dual-path receiver
AFE for multi-standard 8.5-11.5 Gb/s serial links,” IEEE JSSC, vol. 50, no. 2, pp. 426-
439, Feb. 2015.

0 [Cao JSSC 2010] J. Cao et al., "A 500 mW ADC-based CMOS AFE with digital calibration
for 10 Gb/s serial links over KR-backplane and multimode fiber,” IEEE JSSC, vol. 45, no.
6, pp. 1172-1185, Jun. 2010.

O [Varzaghani JSSC 2013] A. Varzaghani et al., “"A 10.3-GS/s, 6-Bit flash ADC for 10G
ethernet applications,” IEEE JSSC, vol. 48, no. 12, pp. 3038-3048, Dec. 2013.

© 2018 IEEE

International Solid-State Circuits Conference Tutorial: ADC-Based Serial Links: Design and Analysis 79 of 82



References

High-Speed ADCs
O [Kull ISSCC 2017] L. Kull et al., "A 10b 1.5GS/s Pipelined-SAR ADC with Background

Second-Stage Common-Mode Regulation and Offset Calibration in 14nm CMOS FinFET,” in
ISSCC Dig. Tech. Papers, pp. 474-475, Feb. 2017.

O [Kull JSSC 2016] L. Kull et al., “Implementation of low-power 6-8b 30-90GS/s time-
interleaved ADCs with optimized input bandwidth in 32 nm CMOQOS,” IEEE JSSC, vol. 51,
no. 3, pp. 636-648, Mar. 2016.

0 [Chen JSSC 2006] S. Chen et al., "A 6-bit 600-MS/s 5.3-mW Asynchronous ADC in 0.13-
um CMOS,” IEEE JSSC, vol. 41, no. 12, pp. 2669-2680, Dec. 2006.

O [Jiang JSSC 2012] T. lJiang et al., “A Single-Channel, 1.25-GS/s, 6-bit, 6.08-mW
Asynchronous Successive-Approximation ADC With Improved Feedback Delay in 40-nm
CMOS,"” IEEE JSSC, vol. 47, no. 10, pp. 2444-2452, Oct. 2012.

[0 [Cao ]JSSC 2009] Z. Cao et al., "A 32 mW 1.25 GS/s 6b 2b/Step SAR ADC in 0.13 um
CMOS,"” IEEE JSSC, vol. 44, no. 3, pp. 862-873, Mar. 2009.

[0 [Liu ISSCC 2010] C. Liu et al., “"A 10b 100MS/s 1.13mW SAR ADC with Binary-Scaled
Error Compensation,” in IEEE ISSCC Dig. Tech. Papers, 2010, pp. 386-387.

© 2018 IEEE ) . . . .
International Solid-State Circuits Conference Tutorial: ADC-Based Serial Links: Design and Analysis 80 of 82



References

High-Speed ADCs (cont.)

O [Kull JSSC 2013] L. Kull et al., "A 3.1 mW 8b 1.2 GS/s Single-Channel Asynchronous SAR
ADC With Alternate Comparators for Enhanced Speed in 32 nm Digital SOI CMOS,"” IEEE
JSSC, vol. 48, no. 12, pp. 3049-3058, Dec. 2013.

O [Cai JSSC 2017] S. Cai et al., "A 25GS/s 6b TI binary search ADC with soft-decision
selection in 65nm CMOS,"” in Proc. IEEE Symp. VLSI Circuits, pp. C158-C159, June 2015.

ADC Fundamentals & Key Circuits

0 [Razavi 1995] B. Razavi, Principles of Data Conversion System Design, Wiley-IEEE Press,
1995.

[0 [Dessouky ELET 1999] M. Dessouky and A. Kaiser, "Input switch configuration suitable for
rail-to-rail operation of switched op amp circuits," in Electronics Letters, vol. 35, no. 1, pp.
8-10, 7 Jan 1999.

O [Kim TCAS-I 2009] J. Kim et al., "Simulation and Analysis of Random Decision Errors in
Clocked Comparators,” IEEE TCAS-I: Reg. Papers, vol. 56, no. 8, pp. 1844-1857, Aug.
20009.

© 2018 IEEE

International Solid-State Circuits Conference Tutorial: ADC-Based Serial Links: Design and Analysis 81 of 82



References

Digital Equalization

0 [Toifl ESSCIRC 2014] T. Toifl et al., "A 3.5p]/bit 8-tap-Feed-Forward 8-tap-Decision
Feedback Digital Equalizer for 16Gb/s 1/0s,” ESSCIRC, pp. 455-458, Sept. 2014.

O [Parhi TVLSI 2005] K. K. Parhi, "Design of Multigigabit Multiplexer-Loop-Based Decision
Feedback Equalizers,” IEEE TVLSI, vol. 13, no. 4, pp. 489-493, Apr. 2005.

© 2018 IEEE ) . . . .
International Solid-State Circuits Conference Tutorial: ADC-Based Serial Links: Design and Analysis 82 of 82



