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Announcements

e Lab Report 4 and Prelab 5 due Mar 4

e Exam 1 Mar 6
» Covers material through Lecture 6

 Previous years’ exam 1s are posted on the
website for reference

e Sampler and comparator papers are posted
on the website



Outline

e Receiver parameters

e T-coils at RX examples

e Analog front-end

e Clocked comparators

e Sensitivity & offset correction
e Demultiplexing

e PAM4 RX example



High-Speed Electrical Link System
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Recelver Parameters

e RX sensitivity, offsets in voltage and time domain, and
aperture time are important parameters

e Minimum eye width is determined by aperture time plus
peak-to-peak timing jitter

e Minimum eye height is determined by sensitivity plus
peak-to-peak voltage offset
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RX Block Diagram

Pre-Amplifier Cﬁ;“;g:g:‘;f
Vin > :F Decoder
clk

RX must sample the signal with high timing precision and resolve
input data to logic levels with high sensitivity

Input pre-amp can improve signal gain and improve input referred
noise

« Can also be used for equalization, offset correction, and fix sampler
common-mode

« Must provide gain at high-bandwidth corresponding to full data rate

Comparator can be implemented with static amplifiers or clocked
regenerative amplifiers

 Clocked regenerative amplifiers are more power efficient for high gain
Decoder used for advanced modulation (PAM4, Duo-binary)
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56Gb/s PAM4 Input Network

[Pisati ISSCC 2019]

Analog Front End
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stage 1 stage 2

BLW DAC

Input termination

e T-coil isolates ESD and input stage capacitance

e Shunt peaking with termination network provides
bandwidth extension



100Gb/s PAM4 Input Network

charge pump
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e Bridged T-coil isolates ESD and provides further
bandwidth extension

e Series peaking isolates input stage capacitance
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Analog Front-End (AFE)

[Pisati ISSCC 2019] Analog Front End

Re

_’o ° _ RF LF
EE;”D = o
~— Gm1 > |TIA>_ [, ]|Gm2 =>_|TI
—b-_l - R

-

T {BLW DAC

Input termination stage 1 stage 2

o AFE provides equalization (CTLE) and gain stages
(VGA) to optimize the signal for symbol detection
(mixed-signal RX) or quantization (ADC-based RX)

e Shrinking supply voltages make it difficult to
efficiently achieve gain
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RX Static Differential Amplifiers

e Differential input amplifiers often é R, R,

used as input stage in high out ot
performance serial links | . i "
=
» Rejects common-mode noise !n" i 2
- Sets input common-mode for Mo
preceding comparator nbias —|
e Input stage type (n or p) often A4, = gml( L ”ol)“ gmky
set by termination scheme =
pblas—|

e High gain-bandwidth product in,@

necessary to amplify full data Mz

rate signal “% % oot out.
e Offset correction and Inl:)il

equalization can be merged into

the input amplifier

gm3+g03+g04+g01 gm3
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Low-Voltage Gm-TIA Amplification

Rr

1| Gm2 TI

[Pisati ISSCC 2019]

e Two-stage topology consisting of an input transconductance
(Gm) stage followed by an output transimpedance (TIA)
stage allows for low-voltage operation

e Both NMOS and PMOS transconductance can be utilized

e TIA stage allows for improved gain with better linearity, as

mostly signal current passes through R¢ 3



eSilicon 56Gb/s PAM4 CTLE Gm-Stage

e Input AC-coupling for optimal [Pisati ISSCC 2019]
common-mode to utilize both AVDD
NMOS and PMOS Gm

e RC degeneration at main input
transistors’ sources provides
high-frequency peaking

e Additional tunable bias resistor al
the NMOS input provides an
additional zero for low-frequency
channel compensation

e Gain control achieved through
bias programmability
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eSilicon 56Gb/s PAM4 CTLE TIA-Stage

o Inverter-based gain stage [Pisati ISSCC 2019]

with feedback resistor

e Supply noise rejection
achieved with a replica-bias

regulated power supply
| Vreg

e As mostly signal current 2
flows through RF, good he [ I
linearity is achieved with —L "

high signal swing 2
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Inverter-Based Design

[Zheng CICC 2018]

p 3 I

= Small signal ground

e Inverter-based design allows for both NMOS and PMOS
transconductance

e Cells can also be used as resistive and active-inductor loads
16



56Gb/s

Inverter-Based CTLE

Replica Bias Loo [Zheng CICC 2018]
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e Replica-

niasing with ring oscillator-based process monitor
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RX Clocked Comparators

e Also called regenerative amplifier, sense-amplifier,
flip-flop, latch

e Samples the continuous input at clock edges and
resolves the differential to a binary 0 or 1

- in+—»{ +
X/ out
In- — - 011,...

clk

IR gkt
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Important Comparator Characteristics

e Offset and hysteresis

e Sampling aperture, timing resolution,
uncertainty window

e Regeneration gain, voltage sensitivity,
metastability

e Random decision errors, input-referred
noise
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Dynamic Comparator Circuits

| —v,,
ok —J[me m3]for  rJ[ms Ma]fo— clk % é "
out *—Mz I_ﬁ _l - ™ out+ :::b 4,:”_‘ |]LX_{"]_[| voutb
in+ —I_IM‘I | rm-l_ |— in- ;4“; ]_‘
3. Kinak_l JS s _EL [Toifl]
Strong-Arm Latch CML Latch

e To form a flip-flop
 After strong-arm latch, cascade an R-S latch
« After CML latch, cascade another CML latch

e Strong-Arm flip-flop has the advantage of no static power
dissipation and full CMOS output levels



StrongARM Latch Operation
[J. Kim TCAS1 2009]

Sampling Decision
clk M4 M3 M3' M4 clk Reset! R tic | Reset
—Cl ID' -CI b— ese: I'x‘:egenera u:im | ese
out- ‘—L 1 _{ > out+
M2 |— —| M2
in+ —{[ wm M || in-
] — [
ok —[ ™5
[J. Kim] ;

e 4 operating phases: reset, sampling,
regeneration, and decision
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StrongARM Latch Operation — Sampling Phase
[J. Kim TCAS1 2009]

e Sampling phase starts when _;T_ n
clk goes high, t,, and ends Cur > | X I[w__lfc
when PMOS transistors turn J o x
On, tl in+ —|[|M1$ ’ l\nml:”— in-
e M1 pair discharges X/X’ ok %—‘
e M2 pair discharges out+/- <

- x
Vy Vout
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StrongARM Latch Operation — Regeneration

[J. Kim TCAS1 2009]

e Regeneration phase starts wlb, v
when PMOS transistors -
turn on, t,, until decision 0”2 i L outr
time, t, W J= e

e Assume M1 is in linear
region and circuit no longer

Vn ut

sensitive to v, =
e Cross-coupled inverters — “OmertOmsaVoul ) 00,2 Cou T

amplify signals via positive-

v

feedback: sampina  Dechien
Res R:eg eeeeee i O—I"I "Res
t,—1 — Se—
— 2 1
GR =CXp| — in+ \ OUH//_ Fi
TR R N g
-~ 3
_ P out-® 4
TR _Cout /(gm2,r+gm3,r) “-...’
t=t, t t
clk /
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StrongARM Latch Operation — Diff. Output
[J. Kim TCAS1 2009]

Reset | R'egeneratibn

) riSampIin_q" Decision / Compression
= 12 : > h :
> : Y g .
= 1 ; / Differential Output
3 0.8 E :
£ = /
5 06 i /
O o4 i |
= 0.2 5 /fo’ps
- 0 . __’/ _ | |

0 50 100 150 200

Time (ps)
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Conventional RS Latch

e RS latch holds output  [Nickolic
data during latch pre- Ty T i
charge phase o

VW s by

. ﬂ1 sl 1 F1=-0

e Conventional RS latch N
rising output transitions i °
first, followed by falling

transition

26



Optlmlzed RS LatCh [Nikolic 3SSC 2000]

VDD

e Optimizing RS latch for symmetric My v, M M,
pull-up and pull-down paths AIE E": 4E E“D_
allows for considerable speed-up e | Vl [

VAW i VAW

e During evaluation, large driver 2 :HMm MMFI: -
transistors are activated to — T
change output data and the T sl 1-0
keeper path is disabled > AT

NS

e During pre-charge, large driver 4|:M” j‘;g i @E) _
transistors are tri-stated and 1-0 % s 0-1
small keeper cross-coupled E o | | 3]
inverter activated to hold data [50) || | s 1 |

Q0=R+5Q — 0=S+RQ

4

Evaluation Mode (Clock High) Driver Brafches \'/'

Hold/Precharge Mode (Clock Low) Keeper Branches -



Delay Improvement w/ Optimized RS Latch

[Nikolic JSSC 2000]

=)
=]

3

2 w- |
5 40 !
= |
8 30 |
E . .
> |
ol .
0 l
100 150 200 250 300 350 400 450 500
Delay [ps]

o Strong-Arm flip-flop delay improves by close to a factor of two

o Has better delay performance than other advanced flip-flop topologies
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Sampler Analysis

e Sampler analysis provides insight into comparator operation

[Johansson JSSC 1998] input >< ><

v

G -
I /1% aperture time .
o___,—. D vQUT Sampling(fu)nction ; ’1 N (aperture window width)
B.Vr 1[} I C

|
sampling clock \Ct | aperture delay

Vsample — Vin (T)h(f)df -"'! !ﬂ- aperture jitter
o {aperture uncertainty)
e Switch can be modeled as a device which determines a

weighted average over time of the input signal
e The weighting function is called the sampling function
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Sampling Function Properties

e Sampling function should (ideally) integrate to 1
Tk(r)drzl

e Ideal sampling function is a delta function
e Sampled value is only a function of exact sampling time

XX w

ideal h(r)=5(r) 1 Vimie = | Vi (0)(z)d T

30



Sampling Function Example

e Practical sampling function will weight the input
sighal near the nominal sampling time

XX

Vsample = Jvin@hmar

—_—

o
[

Cox=12fF

to=100ps : ; ;
Vpe=158V | .| b
Vewing=0-2V | - |

—
— 1 M

o
o

sampling function h(t) [1/s]

(]

0. ; , . ; ; ;
-goo -250 -200 -150 -100 -50 0
T [ps]

Practical /(z)
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Sampler Frequency Response

e Fourier transform of the sampling function yields the
sampler frequency response

o Sampler bandwidth is a function of sample clock
transition time

sampling function h(t) [1/s]

x10°

o]

2.5 sample = J viy@amat

—

W=1opm |
Cex=12F

to=100ps :
Vpg=15v |
szing=0-2v :

—
- ;1 M

bt
ol

0

h(z)

0. ; . . ; ;
—foo 250 -200 -150 -100 -50
T [ps]

0

switch frequency response
=

0.01

==

-
—

Cext=121F

W=10um |

Vpc=15V | ;
| [Vswing=02V[

Holo|

10 20 50
frequency [GHz]
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Sampler Aperture Time

o Aperture time is defined as the width of the SF
peak were a certain percentage (80%) of the

sensitivity is confined
0 h(z)
ch .
Weo = t90 _tlo @ 25 sample = | viy@a(t)at /\
E o {W=T0pm
0 E ICeu=t2fF
e E Voo-15v
e
E_ .
09= Jhlehdz £
N ) Aperture Time
=0. |

2300 -250 -200 -150 -100 -50 0O

T [ps] 5



Clocked Comparator LTV Model

Vk: I/(J(rﬂbs_l_k])
Nows t, kT
i) D Vf({): NonlinZar il x I —1-)"{
Filter —
¢ ﬂ, LTV small sighal model
Vi), Vo(0)

| n,(f)  [3. Kim]

e Comparator can be viewed as a noisy nonlinear filter
followed by an ideal sampler and slicer (comparator)

e Small-signal comparator response can be modeled with
an ISF 1(7)=n(t,7)
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Clocked Comparator ISF

o Comparator ISF is a subset of a time-varying |mpulse

response /A(t z) for LTV systems:

lllll
X(t) — hé

7)

t)

uuuuuu

00 H(jo;
y(t) = h(t, r)- ( )dr
—00 Fig. 1. LTV system is characterized either with time-v. g impulse response
h(t,7) i

or with time-varying transfer function H (jw; t

* A(tt). system response at £to a unit impulse arriving at

o ISF I'(z)=h(t )

 For comparators, ¢, is before decision is made

 Output voltage of comparator

V()= | v(e) T(e)d

« Comparator decision

D, =sgn(v,)=senv, 1, + A7) =sen [ v,(7) T(e)ar
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Clocked Comparator ISF

2 |, Roset__ e ISF is defined with

i o .
14 — Sampling i /’—D'ecisionf(:ompression
- o >

- : respect to t,,., or
3 06 : : { —— PSS DIff. Output o )
e ' e the decision time
a 02

0.. l . - 1 : —

0 20 §4n 60 gzn 100 ' 120 140 160 180 200

v e The comparator

; 3 provides the most
gain during the
sampling phase

SNR (dB)

0 20 {40 60 80 100 120 140 160 180 200

{ == Input ISF

ISF (V/V.ps)

[J. Kim]

0 20 40 60 80 100 120 140 160 180 200
Time (ps)
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Clocked Comparator ISF

e ISF shows sampling aperture or timing resolution

e In frequency domain, it shows sampling gain and
bandwidth

| ISF I'(1) FT.{I(-1)} 3. Kim)

10 L] T T T T T 'HJ‘ : o 1 H " T L I

sform of ISF

Sampling Aperture

. Sampling \ e
o Bandwidth N

Fourier Tran

i l L L L I 1 02 i ; i 1 i ; i
0 50 100 150 200 250 300 10" 10"

(ps) Frequency (Hz)
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Characterizing Comparator ISF

[Jeeradit VLSI 2008]

1. Find Metastable V(1) = Vos(t—2 =, T) such that V(out+) = V(out-)

Strong-Arm Latch

Vstep u—_i =[] —

kT

clk o

2. Measure Vs for varying t

S e ( CML Latch
I it ‘VL Vg
tirnerr Tk
3. Derive ISF ? vour

voutb
U 'v vin
SSFnorm(T) = ";'f“:, - ISF _ﬁ_JH
H™YL
y — o n
|5anrm{T} — FSSF“EI"TI{T} 3 0

N vbias_|]
_ EL [Toifl]
e For more details, see
http://www.ece.tamu.edu/~spalermo/ecen689/ECEN720 lab4 2017.pdf
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Comparison of SA & CML Comparator (1)

[Jeeradit VLSI 2008]

VDD effect on StrongARM ISF VDD effect on CML ISF
Gl 3-
(=] ) "
2 4} £ AP -=-0.9V = -e-0.9V
< ~+-1.00V T ~+—1.00V
3t --1.10V ol 1,10V
L [T
72 Z
- 2f o
@D @
N N
= 1t = [
5 :
z D 5 2 5 2 5 a z
04 06 08 1 12 1.4 4

T x 107° x 10

e Sampling time of SA latch varies with VDD,
while CML isn't affected much
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Comparison of SA & CML Comparator (2)

[Jeeradit VLSI 2008]

Sampling Gain vs Input Size
90’ i

it

(01}
o

~J
o

Sampling BW vs Input Size

18

N 16}
=

O, 14}
= 12}

—

=& StrongARM

-&= StrongARM £ 10}
- CML

Sampling Gain [dB]
L4)]
(=]

n

O
Sampl
o ]

10 20 30 20 0 10 20 30 40
Input M1 Size [um)] Input M1 Size [um]

5
o
n

e CML latch has higher sampling gain with small input pair

e StrongARM latch has higher sampling bandwidth

« For CML latch increasing input pair also directly increases output
capacitance

» For SA latch increasing input pair results in transconductance

increasing faster than capacitance
40



Low-Voltage SA — Schinkel ISSCC 2007
e
Out+ ]II:} [I"_-l Qut- » Wide tail for fast latching
—iE AF HE <
. More isolation between in-

Di. Di+ and output

Clk |"‘J |
« Small tail = input stage Iin
In+—] . yweak inversion = less offset
from latch
ck—][_

e Does require clk & clk_b
« How sensitive is it to skew?
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Low-Voltage SA — Schinkel ISSCC 2007

oV,
(_:IE—":‘mz
AV, 200.0m 10.0mV ——
:I M2 Mill-_-‘ 14 0 g A
e Jree R — | ———
Out+ I_l 2lig S ﬁ\ / Cik \
s o - L
—EaH G SR
M1 M3 ' ;
M10 M11 ‘5 —— —
—— I\ Di+ /
Di v Di+ g / \
e |DiE
hIfJ T M8 0.0 L o~
Clk =|— : 147 | Jorm]
P -2: '1. 4 't'DUt'l'
= v ; - 1
o : :
: Qut-| =
|I1+—||:|M5 ) me_||— In 02 —:?' - I
800.0p 1.0n 1.2n t(s)

Clk—]|_ e
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Low-Voltage SA — Schinkel ISSCC 2007

—
W
"

==

Dela

Energy/c (J)

1000.0p

N\
800.0p \, N\Conventional
600.0p < \
400.0p = -
200.0 R S
J g Double-Tail
80.0f =
60.0f
L ; —
40.0f ,nnverﬂﬁ’l‘r/
Double-Tail
20.0{;_?__,—-—
0.5 0.7 1.0
Vi (V)

90nm CMOS simulations. AVin=50mV.

Circuits designed for equal offset ,,=10mV at V,=1.1V

1.2
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Low-Voltage SA — Goll TCAS2 2009

. -
FB B
- N4+ L INS
CLK= I F}—‘
Vss =
TVCD o
S s
Hl'b:I —
pol> sz 53 ks
>0UT
=0OUT
Ly _|r—
NO N1
N2 E :41 N3

o=, = ff - o VN
ClNN CINP I I T I I [ T T I I I I I I I 1
E T i Time [ns]
CLK> NE}T

e Similar stacking to conventional SA latch

e However, now PO and P1 are initially on during evaluation
which speeds up operation at lower voltages

e Does require clk & clk_b
 How sensitive is it to skew? ”




Low-Voltage SA — Goll TCAS2 2009

e
(=]
-,

]

------- Conventional comparator
Comparator with modified latch

N
o

-2
w

-
o

Delay of OUT-OUT [ns

<
)

0.0 - ; ; : : ; ;
1.2 11511 1.05 1.0 0.95 0.9 0.85 0.8 0.75 0.7 0.65 0.6

Supply voltage of comparator Vg, [V]
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Charge-Steering Latch

First Stage (faster) Second Stage (fast)
:II CK “: :II CK II: 3:’: Y

[Chiang 2013 VLSI, Bai 2014 ISSCC]

© First stage has small aperture time, but both outputs discharge to GND

© Second stage has small delay, provides gain, and latches the
differential output

© Only requires one clock phase
® Gain is limited
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Charge-Steering Latch Headroom at Low-V

Reset Phase

e

CK=0

|
CK

+

Active Phase

g

CK

CK=1

| [Bai 2014 ISSCC]

— I~

Starts near VDD

jk}%n

ck—] II_L\

Pulled to near GND
when CK goes high

e Only one effective transistor stack
« Maximizes g,, of active transistors

» Allows for low-voltage operation
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Charge-Steering Latch

w/ Common-Mode Restore

Common-Mode

[Bai 2014 ISSCC] ->II CK II<J Restore - ->|| CK I'I: P
i _|_ —1 (e

Ly \ , \

N \dh)
\"\-i. ~ ‘-’,

VXP VXN
9

wdl e U
CK_||;_L CK_||;_|__

e Differential output swing is proportional to output voltage
common-mode (Vy) drop

e However, excessive V-, drop can limit subsequent
stages’ speed

e Addition of PMOS capacitors allows for larger overall gain
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65nm Charge-Steering Latch Performance

1| 2= Chagetased s o Sampling aperture is ~17ps
gost (post-layout)
Eo.s.
£
z0.2

0

0 10 20 30 40
[Bai 2014 ISScc] '™ P°)

0.6 '

e Latch has a gain >2

—e— Charge-based S/H
[ —8— Charge-based latch

e
tn

o
B

e Also possible to configure the
structure as a fast sample-and-
hold (S/H)

Output Amplitude (V)
=) =]
N w

0 0:05 0I.1 0:15 0'.2 0:25 0.3
Input Amplitude (V) 49



Charge-Steering Latch w/ Regeneration

v, Su— S 2 UL St S
ED e G IJLIII_\ W

|
I

S

1L
T
¥ L

EYRgR

© Addition of small Mp3/Mn3 regeneration stage in parallel with
second stage output provides a full-swing output

© Regeneration current set with an NMQOS transistor
© Only requires one clock phase

© Overall, smaller delay relative to other low-voltage regenerative
comparators (Schinkel latch)

o Utilized in a 32Gb/s PAM4 DFE receiver [Elhadidy 2015 VLSI]
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RX Sensitivity

e RX sensitivity is a function of the input referred noise,
offset, and minimum latch resolution voltage
v =20 SNR +v . + Vet

e Gaussian (unbounded) input referred noise comes from
input amplifiers, comparators, and termination
« A minimum signal-to-noise ratio (SNR) is required for a given bit-
error-rate (BER)
For BER =102 (/SNR =7)

e Minimum latch resolution voltage comes from hysteresis,
finite regeneration gain, and bounded noise sources

Typicalv_. <5SmlV

e Input offset is due to circuit mismatch (primarily Vi,
mismatch) & is most significant component if uncorrected
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Front-End Noise

Front-End

RXn CTLE/

D—- >
C% % VGA
Vn,in

Decision
Circuit

Vo

Vout

BWp

Output Noise Power Spectrum: Ve pp = [H(f)I% - V2 1 (f)

Integrating this noise spectrum over the decision circuit bandwidth
BW , gives the total noise power experienced by the decision circuit

= [ v
0

e Note that since H(¥) generally rolls-off quickly, the exact upper bound is
not too critical and could be set to a very high value (infinity) -



Front-End Responses (dB)

56Gb/s Front-End Output Noise Example

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

| /lez

= 82—
No Hy

)

™ms

10F

1e-4 Voltage Margin (mV)

BER=

Front-End Output Noise (mV

o
o

. 1IDD ‘ . ‘ 101 ‘ 102 10 1" 12 13 14 15 16 17 18 19 20 10 11 12 13 14 15 16 17 18
Frequency (GHz) Front-End Bandwidth (GHz) Front-End Bandwidth (GHz)

e [Iterating front-end configuration (DC gain, peaking,
bandwidth) to compensate for a 37dB channel

e While front-end ISI is reduced with higher bandwidth
and peaking, the rms noise also grows

e The optimum bandwidth is generally near or slightly
higher than the Nyquist frequency
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Comparator Noise

e Device noise causes random
decisions even with zero input
signal

Count

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

P[(1 FO\\Input referred Gaussian
' : noise CDF . ]
A . rrob e Noise can also be simulated
Vear & [ with PSS+PAC+PNOISE, but
A / Vost Vosn Voss Ve requires post processing to find

ISF from sideband transfer
function [Kim TCAS-I 2009]
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Comparator Metastability

Cout . Cout o5 NOfmaIized dt.?lay VS. normalized input
T b T |
5 15|
-

Jo £
V'nn ~a
' | ; ~C0utVTHP §10]
°_| samp I:/
CLK
- + -10
-
v ViVob
DD
:I II treg NTcompln (V_)
{ in
Cout < COUt
T ot b T

° Comparétor evaluation time grows proportional to In(V;,*)

o Metastability occurs when the input is too small and the
comparator doesn’t have sufficient time to fully evaluate

e This metastability window is a major component of the
comparator V..
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RX Sensitivity & Offset Correction

e RX sensitivity is a function of the input referred noise,
offset, and min latch resolution voltage

vy =20 SNR +v 0 +V, Typical Values:v,” =1mV, v . +V gz <mV
For BER =10 (\/SNR =7) = v =20mV,,

e Circuitry is required to reduce input offset from a
potentially large uncorrected value (>50mV) to near 1mV

: D[1] A
%m Jclk-d[ out r*e %ﬁr‘; % |:|F>| Qut* ok
( =

dl'b

X x8
_ Corrset[4:0 + rset[9:9]
I:)in"'_' |_ I:)in' l ] ”:I ,:"_)
/@/ /é, lofrset clk -

b
b
b

O.l:-
o)




Comparator Offset

c»v*rlijg Etjlﬁﬂm

20 -10 0 10 20
Comparator Threshold (mV)

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

AV

_ 4, __ 4
NN R N 7y
e To reduce input offset 2x, we need to
InCrease area 4x

e Not practical due to excessive area and
power consumption

o Offset correction necessary to
efficiently achieve good sensitivity
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Offset Correction Range & Resolution

e Generally circuits are designed to handle a minimum
variation range of +3c for 99.7% vyield

e Example: Input differential transistors W=4um, L=150nm

A, 2.8mVum CremV. o = A; 2% um
WL Jaum150nm T T YT WL J4um 150nm
Y7,

o, = =2.6%

e If we assume (optimistically) that the input offset is only dominated
by the input pair V, mismatch, we would need to design offset
correction circuitry with a range of about £11mV

o If we want to cancel within 1mV, we would need an offset
cancellation resolution of 5bits, resulting in a worst-case offset of

Offset Correction Range 22m/V

2Resoluti0n _1 o 25 _1

1LSB = =0.65mV
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Current-Mode Offset Correction Example

e Differential current injected into [BalamuruganJSSC2008]

| 2-way Interleaved RX front-end

input amplifier load to induce an —_— |

input-referred offset that can x=r ol

cancel the inherent amplifier ) 1 -

offset e e —

« Can be made with extended
range to perform link margining e cotr
N Mg

e Passing a constant amount of — i

total offset current for all the EB< o Bl e

offset settings allows for constan S i [ I =

output common-mode level 'offsetnﬁ*l')’ \ TRes—

<3

e Offset correction performed both,__ ¢ Rl
at input amplifier and in w
individual receiver segments of
the 2-way interleaved
architecture

=1 +1

offset_n ° "offset_p
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Capacitive Offset Correction Example

e A capacitive imbalance in the

_sense-ampl!fier internal nodes oD out rﬂlfms E"f“g% |3r>| our PO
induces an input-referred offset Cwe e

ey -y -y + A -y a8 -y -y a

e Pre-charges internal nodes to allow x%ibx%ibx'ﬁbx'%fbdfb bl %%2%4%8%16
more integration time for more Offset(4:0]f offset[5:9]
. Inn=V AVb—| M1 M2 |—| +=V +Avb
increased offset range "=Vem© 7 il n"=Vew* =
CI)_| Mtail

e Additional capacitance does
increase sense-amp aperture time 90nm CMOS, Input W/L=4u/0.15u

o Offset is trimmed by shorting
inputs to a common-mode voltage
and adjusting settings until an even
distribution of "1”s and “0”s are
observed

o (Offset correction settings can be
sensitive to input common-mode

-
[=]
o

-2 Offs t 1
gop 8- Offset=16
-2 Offset=31 :
goH - 3SigmaOffset | ... . . e

FOb e e
60
50F
40}
o0 - B
I A

10}

o = o o F=N 4

Offset Correction Magnitude (mV)

8.5 0.6 0.7 0.8 1 1.1
Input Common- Mode (V)
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Outline

e Receilver parameters

e T-coils at RX examples

e Analog front-end

e Clocked comparators

e Sensitivity & offset correction
e Demultiplexing

e PAM4 RX example
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Demultiplexing RX

Demultiplexing allows for
lower clock frequency
relative to data rate

Gives extra regeneration
and pre-charge time in
comparators

Need precise phase
spacing, but not as
sensitive to duty-cycle as
TX multiplexing

S,
K3 D[1]
Clk180
el ———— =

1o S X
|
|

|
5GHz Clocks :

cko [ ] B
Clk180 ] L

:%— D[0]
&__ Clko

Q
=
—_—e—— e e e —— —
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1:4 Demultiplexing RX Example

D[0
:2&. [0]
clk0

D[1]

Rt

:

OZ<Ww

clk90

D[2]

y

clk180

D[3]

o Increased demultiplexing allows for higher data rate at
the cost of increased input or pre-amp load capacitance

ﬁ&(

clk270

10Gb/ s
Data M t >< N >< N
] v T

|
2.5GHz Clocks :

clk0 |
clk90

clk180 |

clk270

—

e Higher multiplexing factor more sensitive to phase offsets

in degrees
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Low-Voltage Serial I/O Transceiver

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

Diff CML —»
CLK —» LCLK

' DVDD

! |PrBS |8
v oRx A

Level |
Shifter [[F

\, 8TO4 MUX /

e Utilizes a high TX output multiplexing (4:1)
and RX input multiplexing (1:8) factor for
low-voltage operation

Y.-H. Song, R. Bai, P. Chiang, and S. Palermo, “A 0.47-0.66pJ/bit, 4.8-8Gb/s 1/0 Transceiver in
65nm-CMOS,” IEEE JSSC, vol. 48, no. 5, pp. 1276-1289, May 2013. 65



1:8 Input De-Multiplexing RX

D
Other RXs
_ _ D
Differential R ittty mieiehte bttt )
Forwarded CK ! .
) R » 2a ILRO
iniecon T g7 Skow |
' = Control |
Differential
Data - :
DATA
W I
=4 _Il' ouT !

Scalable DVDD

e 1:8 input de-multiplexing allows input comparators

to operate at low voltages

e Injection-locked-oscillator is used for efficient
multi-phase clock generation and de-skew

Y.-H. Song, R. Bai, P. Chiang, and S. Palermo, “A 0.47-0.66pJ/bit, 4.8-8Gb/s 1/0 Transceiver in

65nm-CMOS,” IEEE JSSC, vol. 48, no. 5, pp. 1276-1289, May 2013.
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0.47-0.66pl/bit, 4.8-8Gb/s
GP 65nm CMOS Prototype

N Testing with 20cm FR-4 Channel

D
| TX1 (CK) Differential . . OHD $5i s 18 asner se oo UATS0 dE 4068060 885 0.8
TXO (DATA) Forwarded CK #TX+RX TX (VDD=0.8V)
) )=
. — BUF - ILRO 5 0.7hlOTX RX (VDD=0.75V)
CML Passive Poly Phase Filter 0.65V Injection L Skew = 4. 0B0EEBE8S |GH= 2 BRX /
CML to CMOS Loe
CK Control - 0.6] (-:-I)ég.:g :\)/() TX and RX
7 DIV (3] * e (VDD=0.65V,
21 [ Differential ch 0.5/™
PRBS C Data S ' © D d /‘0
FIXED |8 4 | = = DATA " £ 04
Pattern ’I\_teef‘ H= EI B R HE= ouT . Channel loss o
Gen s iy > >
Shifter || . . -9.7dB @ 4GHz 0.3
1 71 MUX Scalable DVDD @ :
Scalable DVDD Voltage Mode | So.2

148

i
Output Driver \\\,\
- ", - . >
3 ? 20 : AT Ay g
I - .
E oty g - 3 1
CENTER 1.0 208 B GH.

= X '.-'
Brﬁi Hl

@

$

2

’

s

2

®

3

s

@

2

5
o o
-

6.4
Data Rate [Gb/s]

TX Power Breakdown (6.4Gb/s at 0.65V)

LDO & Output Driver (150mVppa) 793uW
Serializer, Pre-drivers, Clocking 33uW
Global Impedance Control 2

193uW

] _ . (amortized across 9 TX) u
'a-nt_iz_ers e _‘._ 5 — & — —_ . TX Energy Efficiency 0.3pl/b

v 2 2 T ' : RX Power Breakdown (6.4Gb/s at 0.65V)
Q.4 F g . 1 CTLE, Quantizers, ILRO 1.07mW

m - : . N .

: S 5 . Clock Distribution 38uW
v l ﬂ‘ ‘l.] .[ u ! 3 ——— RX Energy Efficiency 0.17pl/b
ot /- If /7 /f '!] : I Total Energy Efficiency 0.47pJ/b

. Optlmal 0. 47pJ/b energy efficiency achieved at 6.4Gb/s

— At low data rates, less amortization of static current

— At high data rates, higher voltage required for serialization timing

Y.-H. Song, R. Bai, P. Chiang, and S. Palermo, “A 0.47-0.66pJ/bit, 4.8-8Gb/s 1/0 Transceiver in
65nm-CMOS,” IEEE JSSC, vol. 48, no. 5, pp. 1276-1289, May 2013. 67



Outline

e Receilver parameters

e T-coils at RX examples

e Analog front-end

e Clocked comparators

e Sensitivity & offset correction
e Demultiplexing

e PAM4 RX example
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PAM4 RX Exa m ple [Roshan Zamir JSSC 2019]

1-tap FIR, 1-ta OUtPUt
PAM4 Equalizer R DLE
ats
MUX DFE
DFE DFE
IR giicer
|

FIR IR -
Weight Amp. CT;:\; Thre.
Input i .
2-bit Flash ADC
X CTLE X £ 3 12 D i
—f\ &) F ”
_E'ror Sampler + ER Adaptation
—~ F ” 4:8 Logic
Edge Sampler
Jr 4 ED

Divider | A [
14 GHz
and /\

LC-VCO
Buffers N
%@) T % BBPD
[4

o 2b flash ADC (3 comparators) for PAM4 symbol decisions

o Swept error sampler for PAM4 threshold adaptation

e Edge samplers provide information for CDR & equalization adapt
e CTLE & DFE cancel ISI

s

S
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PAM4 Slicer Threshold Adaptation

Ideal Thresholds —

Ideal Error Offset 4 Calibration
Ideal Error Offset | Ideal TH; ]

State 1:

Ideal TH, Top sampler
threshold

(Fair statistics)

Y
State 2:

Bottom sampler
threshold

e Fully adaptive background (Fai statistcs)
calibration to positon slicers in
the middle of the PAM4 eyes

Ideal TH;,

State 3: State 6:
Bottom sampler Bottom eye
threshold height

(Random mode) estimation

= -

State 4: State 5:

Top sampler Top eye

threshold height
(Random mode) estimation

e Error sampler tracks eyes edges
and finds heights

[Roshan Zamir JSSC 2019]
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PAM4 Slicer Threshold Adaptation

Initial Condition

Ideal Error Offset &
Ideal Error Offf_et 1

Ideal TH; Error Offset 1-::

Error Offset 1= = = == = == = = THe, »
%50 > 1 _
Ideal TH,4 %50 > 0

"4

State2 (Statistical)
Top of the Bottom Eye Detected

State4 (Random Data)
Monitor Bottom of the Top Eye

Error Offset 1F = S — NS — THers
o.5ER, EER

State6 (Random Data)
Bottom of the Bottom Eye Detected

Monitor Top of the Bottom Eye

Top of the Top Eye Detected
Error Offset 2 —

State1 (Statistical)

Bottom of the Top Eye Detected

THer,1
%25 > 1

%75 > 0
Follows TH;

Symmetrically

State3 (Random Data)

== ===—= === THers
Dn[1]=ER,

State5 (Random Data)

ER,5
D.[3]# ER,
Fixed

State3 (Random Data)

Monitor Top of the Bottom eye

State4 (Random Data)
Monitor Bottom of the Top eye

—————————— Fixed —— L — Nl —Fixe'ij"°'T‘3§S°‘3:: e — R
| N » State5
__________ Fixed E Offset 3 =S — s — [ Hepg, )
iy . Siien e T -2 2 s B C
THgp3 + THgg ¢ THgp 4 + THgg 5
TH 1 - 2 TH 3 = 2

[Roshan Zamir JSSC 2019]
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56Gb/s PAM4 RX Test Setup

(For timing bathtub curves only)

Prototype F

0
Channel w/ = =
—-10 Agilent N4903A ‘
1] o
20.8dB of ¢ -
IOSS @ “ 2 Pattern
-30
0 2 4 6 8 10 12 14 16 18 20
Agilent Frequency (GHz)
— i 56Gbls
: . PAM4
5 PAM4 5 T
i |Pattern Generator '/ CJ::;eI
§ (2-tap FFE) 5
s v :
: | Phase Shifter | !
; : 14GHz External Clock
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56Gb/s PAM4 RX Measured Results

GP 65nm Protope Equalization Adaptation Threshold Adaptation

60 ] T O l: . !- ]
= 5 N 3 ;r’: HER - '+ ] : w0 E ™ E < E n:! © ! ™ E <t
0 0l © 00 o O 0O, O 03 O
- E= - — - - 4 - - - s
] o] P e © © + © I o] ] ] © ©
FIR[1-4] i 43 0 Ak Biga 1 44 e - S - S - - B
3 40 7 B IR I - B > B 7 B 7 S T R 7 RS 7> I T/
L : H H H H H H ' ' ' 3 i

3 s i Vi : 1 i ] TF'I3[1'4] 1 i i

H

N
(=]
T

l-n'n.wu-q‘ ‘vl\\brn h'r".
2 inmeh T O AR el b

IIR
~timeconstant. ...

__ I_IR __ __ lhaniindh

Amplitude

8l

}.‘!é‘ﬁﬁ(rﬁ‘-;

Threshold Code
(=]

1

N

(=]
T

4

£

-40

105 o H ] TH1[1 4] _
o 20 8dB channel ¥ | i R TR
] ; GO bbb : O TN O S SR
0 1 1 1 1 : LI | : L] 1 (] L] \ ' (] 1 (] I
0 1 2 3 4 ! 0 5 10 15 20 25
¢ 4'6pJ/b Time (us) Time (us)
Timing Margin Voltage Margin . Jitter Tolerance
10 s ‘ \‘\____./.'- - s 150 ; ; ' ; ,
10'2 Lo . . . . . o od] 100 _jﬁ —
; _ ; :
> f
o 1071 E s —1 % ;.
o ——CTLE +FIR DFE + IR DFE| g 1| £ f
8 T Rl A N — —e—CTLE + FIR DFE : S 0 d | s :
] ——CTLE 2 —y E
CRTA : % s B L -
10'1“_ ................... -100- —!, . o : .
10'2\..\\ i | i R |
0™ ‘ : ‘ : ; 150 i . . i i 10° 10° 10’
02 -045 -01 -005 0 005 01 015 0.2 10" 0™ 10° 10° 10" 107 10 Jitter Frequency (Hz)
Normalized Sampling Time (Ul) Bit Error Rate
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RX Take-Away Points

AFE provides equalization and gain stages to optimize
the signal for symbol detection (mixed-signal RX) or
quantization (ADC-based RX)

Gm-TIA and inverter-based front-ends allow for higher
gain with shrinking supply voltages

Achieving good RX sensitivity requires careful front-end
noise analysis and sampler offset correction

Higher input stage demultiplexing relaxes clock
frequencies at the cost of front-end loading and clock
phase generation

PAM4 receivers require extra threshold adaptation
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Next Time

e Equalization theory and circuits
 Equalization overview

 Equalization implementations
 TX FIR
 RX FIR
« RX CTLE
» RX DFE

» Setting coefficients
 Equalization effectiveness
 Alternate/future approaches
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