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Data conversion in a digital world
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Analog-to-digital-to-analog conversion
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Analog-to-digital conversion: Digital-to-analog conversion:
1. Time discretization = sampling 1. Amplitude restoration
2. Amplitude discretization = quantization 2. Holding the signal

Digital result = number describing fraction of reference
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Basic operation principle

——> —time

e Switch and capacitor form the most basic track-and-hold circuit (T&H)
e Sampling moment is at end of track phase/beginning of hold phase

 Many passive and active T&H implementations exist
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Track-and-hold or sample-and-hold?
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o S&H are two cascaded T&H circuits with inverted clocks
 S&H provides sampled signal for the full clock period

* Clock duty cycle doesn’t need to be 50%
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Sampling noise

dV? = 4kTRdf

Chota | Virc = kT [Choig at T = 300°C

/ R switch 10tF | 650 WV s

Cnoise Ve 100fF | 204 1LV 1
1 pF 65 WV s
3 pF 35 WV s

Chold 10pF | 20.4 WV s

30pF | 11.8 WV, s

=0
4kTR d kT kT P; A2/2
U% noise — / 2f2 3 — — UC,noise — . SNR = Slgnal — /
’ 1 + (2nf)2R2C? C C Pooice KkT/C
f=0
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Jitter of the sampling pulse

Ideal sample

Real sample
moment
moment

— time

S

 Sampling pulse is derived from a noisy clock generator
* Noise in the time domain is random |jitter resulting in error on the sampled signal

e Jitter can also be deterministic resulting in tones in the spectrum or distortion for
signal-dependent jitter
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Jitter noise

For sinusoidal input A(7) = A sin(w?)

A(nT, + At(t)) = Asin(w x (nTs + At())

AA(nTy) = dA si;;(a)t) x At(nT,) = wA cos(wnT,)At(nT,)
A(t
B AA(NT))
S
2
oy (nTy) = (dAg;TS)) 07 = w?A? cos?(wnT )07
At \
nT time averaged jitter variance

= white If ot IS white
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SNR limitation due to jitter

DR noise floor /signal

l 60 - i /
40 - i SNR levels off SNR=60 diS
| due to jitter
20 - :
0 - ' DR=83 dB

I I I | I
-100 80 60 -40 -20 0dB
— |log (Vin)

g L Pl _ A2)2 (L)z - ( 1 )2 » depends on signal frequency
Piter 04 wor 2mf o  depends NOT on signal amplitude!
SNR = 20 “log (L) = 20 '%log ( : )  depends NOT on sample rate
WO 2rfo;

— jitter power density ~ 1/fs
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Jitter SNR versus frequency
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data from ‘ADC Performance Survey’ by B. Murmann
http://web. stanford.edu/~murmann/adcsurvey.html
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The need for DACs

Digital-to-analog converters are required in two types of applications:

1. To convert a signal to the physical domain

* High quality signal at every time instant

« Some power must be delivered to a load impedance

2. To generate an analog reference value, ex. in an ADC

» Signal only required at specific time instants

* Very limited drive capabilities
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Voltage

Current

Charge/capacitor

Time

Possible DAC architectures

Unary

Resistor string

Flash ADC

Current matrix

High bandwidth DAC
Capacitor bank

Low power DAC
PWM, XA mod

Low bandwidth DAC

Vout TIOUT
|||||}'_’ T T 1T 1T T 1
; (8(R(R[R(R " 585658
maty Vies 1 l_se | s
R-2R
Low-performance DAC

Current splitting

Capacitor bank T lout

out

| | | |
Limited by distortion 2R |[2R |[2R |2R £SB £33+g55-1 MSB
[ 2| 41 8l
V f'

LSB LSB+1MSB-1 MSBVref™
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Resistor ladder

VREF+
 Unary structure
m 1 °;:'°f o 2N resistors between Vrery and VRer-
2 . L
N bits 8 ' » Selection and switching network
fe N » Buffer to drive a load
e
* Also used to generate quantization
levels in flash ADCs
VREE-
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Resistor ladder impedance

VRer+ —R,,, X R
N 1ot Nt (2N —m
m=2" Req(m) = . N2 — ( N+1 )R’f‘)’
m 2 —m 2
2_NRt0t 2N tot
Req(M)
- e Parabolic variation of impedance

* Signal-dependent current delivery

9_// - o « Signal-dependent time constant
- o " for fixed capacitive load

* Distortion at high frequencies
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R-2R ladders

e Binary structure
|Rer lrer/2 _ |rer/4_ |rer/8 Y

2N resistors to create binary
weighted currents

. Tarmination  © Resistance ‘looking right’ always R

lker__ > RER &y R, / » No decoder required
[2R | [2R | [2R 2R | [2R  Currents added in feedback resistor
- "
AN N\ N ¢« OK fpr Igw resolution, low cost
MSB LSB applications
= VOUt
Voff
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Buffered current DAC

* Sequential acces in unary structure,

Unary but decoder required

Vo Rioap

| | * Large switching transients in binary

I |
BLBL l g I -\ g ‘ - ou structure, but no decoder required
T P e Current source matching determines
|

1sB lse lise lise lise lse lse lise lse liss aCcuracy
Vbp R oap
:  Unused current sources should not
Bina B | .
Y T 1T T %_Vout be switched off = current dump
é é é é é O_\:  Current sensed by transimpedance
" amplifier (TIA):

I sg 2l sg4l 558l sg 16l g™

— low Input impedance to limit swing
— |ow output impedance to drive load
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Symmetrical buffered current DAC

 Many signals are symmetrical around

zero level
Sign & Voo * Previous topology would require zero-
Magnitude () | S| 8| signal at Vmip + RLoabltotal/2
m IReF lrer | Irer — — 1/f and thermal noise pollution!
O : : :
N bits ' o [ }— N * Symmetrical signal requires current
s 2 v..  sourcing and current sinking

A | .ﬂ. O - * Only noise of buffer for zero level
B E— — better SNR for low levels

* Inherent inequality between current
sources (PMOS) and sinks (NMOS)
— calibration
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Buffer-less current-DAC

I()UT vDD,Z

Voo N D D A | \
!&Mz Load impedance

* No bandwidth-limiting buffer required, current flows directly through load

 Bandwidth limited by pole at the output node determined by:
1. load impedance
2. parasitic capacitance of current source array
* Well-suited for high-performance time-continuous signals in 50-75 ()
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Capacitive DAC
IR

Veee, T \- reset
4C p V.t

VREE- ﬁVREF-
Reset phase: Signal phase:
» Capacitors recharged * Capacitors discharged
 Opamp in unity feedback  Opamp transfers charge of all

capacitors to feedback capacitor
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Technlques to mltlgate additive errors

Output | €1,2,3,..i
processing ;»C)F > —\I

 Good mixers required

Chopping . * Processing at high frequency
fchop chop
................................................ ° Error energy StiII present
o _\81,2,3”.i . No mixers required
Dynamic element matching el ’ fI  Processing at signal frequenc
Data-weighted averaging T - ° ° - g
................. o . e Error energy still present
L ppmm— o + Error energy removed

‘ > processing -
Feedback calibration \ ++\ h :}3 _ * Can be during production or

with regular on-chip
measurements

* Can be in the foreground
(not during signal processing)
or in the background (during
sighal processing)

| Input
Feedforward calibration \
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Current calibration

<Lmt
Vout
. —O0
Dig. in l IO-ULIIDE An. out RC;Jrrent Out V,, Out V,,
2-way curr. switches eterence l ll ?h
: : DAC Ref Ref
JRE 44410 | Output || I
Iout,coarse 10b Curr. DiVider (bin.) | | | | I
: | v, | v, Y.
2-way curr. switches \@ l % 1 % 1 é 1 le Vb'ail M, M,, I_ Vbla§| M, M,, |7
JiE ;1163 |64 Cocl Cocl
Calibr. switch network [° p— e L L
IR Y -165 ;:c;?t:; : Calibration Operation
64 calibr. sources B
source

Groeneveld DWIJ, Schouwenaars HJ, Termeer HAH, Bastiaansen CAA (1989) A self-

® Ext ra Ce” tO enable Current S Ou rC e ro-t a-ti On Cczilrlcblfttsl(;i :t1§5c1117nj(11}5162:2f0r monolithic high-resolution D/A converters. IEEE J Solid-State
 DC error and low-frequency noise removed

* High-frequency noise during calibration influence current
— M+ conducts majority of current
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Dynamic element matching

ldea: swap identically designed voltages or currents regularly
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Data-weighted averaging

without DWA with DWA

DWA Is a noise shaping

technique — § 884
— oversampling applications [z[zZ[z éé
3] 3] 3] 3| 3|3 é
RN IR U S DR DR DU é . -100
° 00696696 0 Al
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40 A |
08] dB-4o 140 o M \I\)M I" T
] 234 -60
-80 b Much lower HD! .80 -16(")0.1\M M | 10M
i - ' TP AN T T T
o Wl bkl LL | Much cleaner spectrum at DC M l
-120 120 - LI,
-140 |I| -140 r 1 l|'| "|'| 1L |'r| M ‘
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A generalized ADC architecture

Required functionality:

Input .
Output 1. Sampling
Compare ’ 2. Reference generation
3. Comparison
4. Search algorithm
Ref E
levels | —
S === NOSSST s sSS AST SR OSSR
in —
— —— {ime

Parallel Sequential Linear Oversampled
converters converters converters converters
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Comparator requirements

o Simple functionality: ‘Amplify (small) input signal into a digital level’

 Many requirements:
 |Large amplification — from pV-mV to V
 |arge bandwidth — fast decisions, especially in sequential and linear converters
 High accuracy — low offset and low noise to not add uncertainty
 Low power — especially for parallel (flash) converters

 Wide input range — to cover the complete input signal range

* No memory effect = to make independent decisions Extremely challenging
» No metastability = to always have a decision building block
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Comparators with hysteresi

. v 12 __
Small positive feedback path: }’"tm
In1 0.8 . .
— Out 06 Decrea5|\r;§ {;\i::reasmg B
n 0.4
0.2
d 0.0- L
0.0 02 04 06 08 1.0 1.2Volt

Vin

Two-phase operation:

1. Pre-amplifier amplifies small input signal

2. Positive feedback stage is activated to
quickly regenerate already build-up signal

>~ Reset required to allow new signal build-up
amplifier Latch
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Latch behavior

y 65 nm CMOS comparator

O 80 ps|

2 |

; B Exponenﬁalé

& : regime:

g 60 ps | AVin < vnoiseE =9-10 ps _

2 3 ' AV, is large, the

0 - delay determined

% 40 ps | - by slewing

- :

) i

£

= 20 ps | | | |

0.1 mV 1 mV 10 mV 100 mV AV,

. regeneration time limited by propagation delay

. exponential regime

 Small AVin: noise dominates input resulting in errors
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Two-stage comparator

Pre-amplifier StrongARM latch
VDD

Out- Out+

V+ _| I_ V-
clo&\_l

Ellersick W, Chih-Kong KY, Horowitz M, Dally W (1999) GAD: a 12-GS/s CMOS 4-bit
A/D converter for an equalized multi-level link. In: Symposium on VLSI circuits, digest of
technical papers, pp 49-52
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Dynamic two-stage comparator

To reduce the power consumption

VDD
V-
In+ _‘
Out+
O ST

Schinkel D, Mensink E, Klumperink E, van Tuijl E, Nauta B (2007) A double-tail latch-type
voltage sense amplifier with 18ps Setup+Hold Time. In: IEEE international solid-state circuits
conference, digest of technical papers, pp 314-315
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Flash converters

in o 2N -1 comparators and resistors

I b  Comparators create thermometer
code at every rising clock edge

“b‘ N bits ¢ Decoder converis thermometer
Decoder code in N-bit binary word
I b * |Input signal only needed at rising

e Large area, high power consumption,
fs high input capacitance
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Effect of an additional bit

N bit N+1 bit 7 bit 8 bit
1 | Input range Vief Vief 1V 1V
2 | LSB size 27NV, 2~ Wy, . 7.8mV | 3.9mV
3 | Number of comparators 2N —1 QWD) 127 255
4 | Probability per comparator

pair for 95% ADCyield | py = > ~/0.95 pyer = 2 PR095 &~ Jpy | 0.99960 | 0.99980
5 | Excess factoro’sin N(0,0) (zyv =~ 3...4 IN+1 ~ zy + 0.3 3.35 3.55
6 | Input referred random error 2N Vier /2N «/5 2—W+1) Vier/Zn41 «/5 233mV | 1.10mV
7 | MOS pairs 1in comparator 3 3 3 3
8 | Random error per pair oy =2V Vier/ zN«/g ON+41 = 2—(WN+1) Vier /ZN+1 Jg 1.34mV | 0.63mV
9 | Area per MOS WL = A%, /ox WL = Ar/on o, 6.8 um? | 30.7 um?
10 | Capacitance of all gates 3x2VAZ Cpp /ot = |3x2VTIAZ C,./ ox 1=
18532V AL Cox [V | 1885122V TDAT C,e /VE, 11pF | 99pF

2
Cin,.N+1 . SSN-H

R 10 forN=5,...,8
Cin,N SN

© 2023 - Filip Tavernier Principles and limits of Nyquist ADCs



1-bit pipeline converters

f,| i MDAC A
Vsugnal sl > i
i + ' —»@-
T/H i T/H | i
+Vref Vref E +Vref Vref
_____________ 2 __2 bit
| First stage I Second stage

* Subrange limited to one bit = amplifier with 2x gain = maximum speed

* Intrinsically linear digital-to-analog converter = N-bit precision intrinsically achieved
* Single comparator for analog-to-digital conversion

» Basic building block is multiplying digital-to-analog converter (MDAC)

* Full digital value available after N + 3 clock periods — delay exchanged for speed

* This delay can be a problem in feedback loops
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Multiplying digital-to-analog converter

- MSB
\ > MSB-1
MDAC transfer function -
/ 1st MDAC / /

2n¢ MDA?
|

Al

Same signal range in every stage
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Multiply-by-two operation

e Sample phase
Signal sampled on C1 and C»

 Multiply phase
Charge on C1 transferred to Co»
and Vet added or subtracted
depending on comparator decision

Ci + G, Cq

Vour = Vin T — ref

o)

— 2‘/111 i Vref |f C‘I — CQ

Sample phase Multiply phase
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Successive approximation converters

( N
vx=vin(t)

i=N
GG T ..a,=a,=a,=0 )

1

i:=i-1
a;=1
Vpac=V, 2N (ay42N1+...2,2%+a,2+2a,2°)

!

If V,<Vbac
then a;=0
else a;=1

-

yes
ready

* N approximations (cycles) required for N bit ADC

)(

* |nternal clock frequency fciock N times higher than sample rate fs
* Input signal needs to be kept constant during all cycles

 MSB derived first by setting DAC to 0.5 Vief (an-1 = 1), comparing with input
and keeping an-1 to 1 or resetting it to O
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Charge-redistribution conversion

Viop

y =
Sampling  [c"J¢ J2¢ Jac _|_80 comp

the signal
SLSB SMSB SSH i 1
VREF 4 fclock

i

Running

Vin Digital
control

Vtop
the SAR oC LC J2¢ l4c Jsc b}
!S I \ S
VREF o 27 Msz > ‘fclock

McCreary JL, Gray PR (1975) All-MOS charge redistribution analog-to-digital conversion

techniques I. IEEE J Solid-State Circuits 10:371-379

Capacitive DAC (CDAC) enabling low
power and low voltage operation

Only capacitors, switches,
comparator and logic required
— profits from technology scaling

Signal sampled on capacitor bank
that is also used as DAC

SAR operation:
Sampling switch remains open

 Bottom switches toggled to bring

Viop Closer to comparator reference
3C
Vref
C+CH+2C+4C +8C

Vtop = Vi
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Top-plate and bottom-plate sampling

Top-plate sampling (= fast):

 No attenuation of sampled voltage
a Vins 4C _|2C Cp ' * Attenuation of reference voltage
2 _|_SMSB_|_ T T Sise « MSB can be determined directly

xREF- _f j’_f J’_f j’_f Fetock after sampling

REF+

v Bottom-plate sampling (= accurate):
M= 4C [2¢c |c « Same attenuation for input and
Smsa SLSB reference voltage
VREF clock * Input voltage range can be equal

VREF+ to reference voltage range

V.
ol « Common-mode voltage Vcm to keep
comparator input at desired level

Bottom
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Linear approximation converters

decide
~ Vbac

—>time

* Qutput ready after 2N clock cycles compared to 1 clock cycle for flash and pipeline
converters and N clock cycles for SAR converters

* Counter lets DAC increase its output linearly

 When DAC output is higher than input, the comparator toggles and the counter
value Is stored In the register, then the counter Is reset

* Also called ‘digital ramp’, 'slope’ or ‘counting’ converter
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Dual-slope converters

Integrator * Only suited for slowly varying input signals

 [wo-phase operation:

1. Integration of input signal during fixed
N sample period

2. Discharge of integration capacitor by
fixed reference current

e Conversion time (2 x 2N)/fs

, Switch from input integration
" .« to reference discharging .

Example of zero-crossing method
start Conversion

Fixed | Fixed Pl * Unknown signal determined by
‘ charging  discharge | subtracting equivalent signal from DAC

period  : current _ _ _
= * Linearity only required around zero level
o Offsets are cancelled

time
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Accuracy versus speed

tech.=32nm: o(TIl-) SAR, A(TI-) Pipe, o(TI-) PipeSAR, ¢(Tl-) Flash, VOthers
tech.<32nm: ®(Tl-) SAR, A(TI-) Pipe, m(Tl-) PipeSAR, ¢(Tl-) Flash, ¥Others

II T T T llllll |

80

SNDR @ f., [dB]

L . . R T T T T . . " T
10° 101 107
[Murmann, ADC Survey] fs=2fin [GHZ]
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Power/speed versus accuracy

tech.>32nm: o(Tl-) SAR, A(TI-) Pipe, o(Tl-) PipeSAR, ¢(Tl-) Flash, VOthers
tech.<32nm: ®(Tl-) SAR, A(TI-) Pipe, m(Tl-) PipeSAR, ¢(Tl-) Flash, ¥Others
10708

1009

P/f, [J]

20 30 40 50 60 70 80
SNDR @ f.. [dB])
[Murmann, ADC Survey]
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Accuracy-speed-power trade-off

80 10-98
70 I 10-°
0 60
? _|—|,1O'10
® 50 -
x “ 10"
Z 40
7p)
30 107
=0 1073 30 20 50 60 70 80
f.=2f.. [GHz] SNDR @ f;, [dB]
Speed T results in accuracy | Accuracy T results in power/speed 1

accuracy - speed

power
[Murmann, ADC Survey]

= constant = f(technology, architecture, circuit)
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Vop and Cmin

Bulk FINFET

65 nm 40 nm 28 nm 16 Nnm

1.2V 09V 0.9V 0.8V

960 aF mwsl 630 aF wwsll> 570 aF sl 880 aF
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dm/lp and fr

Weak inversion Strong inversion  Velocity saturation
8m I 2 1
T kT
D - Ves — V1 Vs — V1
3 12 VGS 3 25 Vsat
eX Vae — V.
i s me(oln) e 5T

Efficient
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fr versus gm/lp

300

250

100
50
0 5 10 15 20 25 30
9./l [S/IA]

Significant fr benefit for
technologies < 65 nm (1)

Same fr at lower power

when scaling from
40 nm to 16 nm (2)

Peak-fr does not
iIncrease anymore due to
Increased effect of
Interconnect
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fr-gm/lp versus gm/Ip

3.0
BEOL up to Metal 3 e Speed-efficiency trade-
2.5 w off still increases when
< i~ R scaling to 16 nm
‘g 2.0
T o Maximum fr-gm/Ip
E 1.5 shifts towards weak
o o inversion when scaling
o to 16 nm (3)
0.5 . . .
o Wider optimum in
w 16 nm — easier to
0.0 S 10 gm/I:?S A 20 25 30 trade speed for power
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B-bit flash ADC

* Fastest architecture, shortest delay

: I L | jmeeesd | ] N :
....................... i EE """« Exponential increase in number of
n components:
< < S/H p p * 2B -1 comparators
+ + + + "

e 2B resjistors

v 2B-1 a * Exponential increase in area per
component to guarantee noise and
. B
Thermometer-to-Binary Encoder Dout

matching limits
° Many comparators: POWEI, noise,
_ B
PF,tot — PF,samp + (2 o 1) ' PF,comp + PF,lad + PF,dig

offset, kickback
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1/(21TRSCS)
228 12 kT

(fap- Vo)

f

 Sampling capacitance determined by converter LSB: CS =

’ PF,samp = VDD ' IF,samp = VDD - NTC - HF_,;amp fs ' ¢sup ' VDD ' (CS T (ZB — 1) ' Cin,comp)

* B: # bits, ¢Sup: fraction of supply voltage used for signal, HF,samp: fraction of sample

period for sampling, NTC: # time constants for settling
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Comparator power consumption

 Integrator determines noise, latch determines metastability (BER)

—1 | ID,L
° PF,COIIlp — VDD * QF,COIIlp ‘f; * CI * AVI + ((B = 10g2 AI) * 1112 + ln BER ) : CL : g
m,L

HF,Comp: fraction of sample period for comparison, A V;: voltage drop at integrator output,

Ay: integrator gain, Iy 1 : current in latch, g, | : transconductance in latch
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Flash ADC power consumption

_ B
PF,tot — PF,samp + (2 - 1) ' PF,comp + PF,lad + PF,dig

. P F,samp and P F,comp
» Sample period divided between sampler and comparators, ex. Og ¢umn = Op comp = 0.5

 Thermal noise partitioning between sampler and comparators

o Ppiag = for DC power through resistor ladder

R4 needs to be small enough to limit its noise and settling time constant

o PF,dig = VIz)D - fo - Cli - #gates for thermometer-to-binary encoder
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Flash ADCs at different fs

10'06 B I I

' ' ' ' ' ' ' ] e Two reqgions:
Node=28nm BER=1e-9 fr~120GHz 9

-07 | -
107 — £,=500MHz 1. SNDR < 40 dB
1908f — ls=4GHzZ - Power/speed
— 1009 1s=7GHz determined by Cmin
= i
& 010 _ 2. SNDR > 40 dB
v Power/speed
o 10" - determined by noise
1012 - "
> * Technology parasitics
-13 -
10 push power/speed up
-14 L 1 1 1 1 1 1 ] ] ] a " "
1072530 35 40 45 50 55 60 65 70 75 increasingly as fs/fr
SNDR [dB] iINncreases
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Scaling of flash ADCs

1008

f;-=4GHz BER=1e-9 f;~120GHz

1097

10-%8}
= 10-09
10-1°

Pflash/ fs [J

10-11
1012
10-13

10-14|_ 1 1 1 1

25 30 35 40 45 50 55 60 65 70

SNDR [dB]
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Principles and limits of Nyquist ADCs

Same two regions

Smaller Cmin in region 1
results in lower
power/speed

Similar power/speed in
noise-limited region 2

Lower Vpp leveraged
by higher gm/lp for
same fr



B-bit SAR ADC

Vin S/H Ven % Vres * B clock cycles per sample

Vbac ¢ Minimal hardware thanks to
hardware reuse

* Highly digital architecture,
scaling well in smaller
technologies

B-bit SAR Logic Dout « DAC is typically capacitive
DAC (CDAC) with several

possible switching schemes

Psa tot = Psasamp T B * £sa comp T Psapac T Fsa dig
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SAR ADC power consumption

Psa ot = Psasamp T B - Psacomp T Fsapac T Fsa dig

o Pga samp @Nd Pgp comp S@Me as with flash ADC

« Sample period divided in time for sampler and B times time for comparator
eX.: O samp = Osa comp = B + 1 for equal duration of sampler time and comparator cycles

 Thermal noise partitioning between sampler and comparator

» Psapac = and assuming 50% efficiency

o Pga dig = VI%D - fo - C.;.. - #gates for DAC control, clocking and storing comparator outputs

* Binary SAR with synchronous timing scheme
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SAR ADCs at different fs

10°0° .
1077 _ but:
— fs=500kHz UT.
08l — f-=500MHz
10 fz=1.BGHz » Lower power/speed for
— 10-° same accuracy
)
« 1010  Smaller slope thanks to
% linear increase of
o 10" power with B
10712 .
* For high fs/ft, slope
107 becomes steeper due
14 to short internal cycle
1072530 35 40 45 50 55 60 65 70 75 80 85 90 y

SNDR [dB] time
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Scaling of SAR ADCs

10°®
f;s=500MHz BER=1e-9 f;~120GHz
10-07
108 e Scaling helps in
1009 process-limited
) region dictated by
“— 40-10
\55 10 Cmin
92
o 10™
1012 e Scaling does only
marginally help in
107 noise-limited region
1014
25 30 35 40 45 50 55 60 65 70 75 80 85 90

SNDR [dB]
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B-bit m-stage pipeline ADC

e Speed limited by speed of sub-
flash ADC + residue amplifier
— popular high-speed architecture

--------ﬂ

* Similar binary search as SAR but
without hardware reuse

 Performance (power, speed,
linearity, noise) mainly limited by
residue amplifiers

PP ot T — PP ,samp + Z ( B — 1) ' PP,comp,i + PP,lad,i + PP,RA,i) T PP,dig
=1
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Pipeline ADC power consumption

m
— B
PP,tot — PP,samp + 2 ((2 ST 1) ' PP,comp,i T PP,lad,i T PP,RA,i) T PP,dig
i=1

e Pp cump Same as for flash and SAR

- Gain in pipeline allows to scale down Pp 5 js £p 1aq; @Nd Pppa ; With 7

 More bit/stage result in more aggressive scaling

* Scaling ultimately stops when Cmin is reached

 Comparator can have higher noise, amplifier can have higher noise, less linearity and reduced
accuracy

. _ /2
P P,dig = Vop “ fs © Chin - #gates
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Pipeline ADCs at low fs

e Two regions:

1. SNDR <60 dB

os| Node=28nm BER=1e-9 f;=500kHz f;~120GHz Fewer bit/stage

10 —_— 1_bit/3tage results in lower

109} —— 2-bit/stage power/speed
) 10| — 3-bit/stage
t«n10 4-bit/stage 2. SNDR > 60 dB
£ 101" More bit/stage results
s in lower power/speed
o

102

10-13 o Steeper slope In

1014 second region due to

SNDR [dB] of sub-flash
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Pipeline ADCs at medium fs

1098 Node=28nm BER=1e-9 f,=500MHz f;~120GHz ° 4_bit/Stage never
__ 109 — 2-bit/stage
l —— 3-bit/stage _ _
2107 4-bit/stage e 3-bit/stage still best
£ 1011 f at high SNDR
oo 1012 * |
. — * 1 or 2-bit/stage best
10 at low SNDR
-14
1075530 35 40 45 50 55 60 65 70 75 80 85 90

SNDR [dB]
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Pipeline ADCs at high fs

* Ongoing trend of
fewer bit/stage for

1008 Node=28nm BER=1e-9 f;=1.3GHz f;~120GHz minimal power/speed
—— 1-bit/stage
1099 —— 2-bit/stage

D —_ 3bit/stage . ngh.galn and settling
107 A-bit/stage requirements for

= residue amplifier are
3 imposing the limit

* 1-bit/stage is best for
10712

25 30 35 40 45 50 55 60 65 70 75 80 85 oo Nigh-speedand high
SNDR [dB] SNDR
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Scaling of 1-bit/stage pipeline ADCs

e Same trend as flash
1-bit/stage BER=1e-9 fS=5OO|V|HZ f-|-~12()GHZ and SAR in process_

limited region

* Noise-limited region
similar to flash due to
sub-flash stages

 No scaling benefit In
10714

25 30 35 40 45 50 55 60 65 70 75 80 85 90 Noise-limited region
SNDR [dB]
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Scaling of 2-bit/stage pipeline ADCs

1098 2-bit/stage BER=1e-9 f,=500MHz f~120GHz e Process-limited
1009 region shifted
= towards higher SNDR
~» 10719
S .
£ 10  More aggressive
& 102 stage-scaling results
1013 in hitting Cmin-limit
5 earlier in the pipeline
10725730 35 40 45 50 55 60 65 70 75 80 85 90
SNDR [dB]
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Scaling of 3-bit/stage pipeline ADCs

.| 3-bit'stage BER=1e-9 f,=500MHz f;~120GHz * Process-limited

10 region shifted
10 towards even higher
2 10 SNDR
S
£ 101 .
g  Higher power due to
Q. -12 .
o 10 exponentially

10713 iIncreasing sub-flash

10_14 len

25 30 35 40 45 50 55 60 65 70 75 80 85 90

SNDR [dB]
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B-bit m-stage pipelined-SAR ADC

2-stage shown

 Hybrid ADC architecture

e Same as pipeline with sub-SAR
instead of sub-flash stages

e SAR is more efficient than flash

B D, . (Open—loop) amplifier typically
merged with subsequent S/H

Pps tor = P samp T Z (P PS,comp,i T £pspac, T Upsra,i T 1 PS,dig,i) + Pps gig
i=1
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Pipelined-SAR ADC advantage

Low Medium High
Energy Energy Energy

Energy

* Jypically two extra cycles
required compared to SAR:

* One cycle for the amplifier

* One cycle for redundancy

Conversion Cycle # between the stages
> High
3 Energy o * Energy waste of SAR avoided
LI ; ; : : :
SAR, SAR, in pipelined-SAR
' ow e  Comparator can have higher
Energy Energy noise

* Only amplifier determines power
Conversion Cycle #
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Pipelined-SAR ADC power consumption

m
PPS,tot — PPS,samp T 2 (PPS,comp,i T PPS,DAC,i T PPS,RA,i T PPS,dig,i) T PPS,dig
=1

e Ppg samp Same as for flash, SAR and pipeline

» Gain in pipeline allows to scale down Ppg .oy i» £ps pac,i @d Ppg ra ; With 7

* Typically more aggressive scaling thanks to more bit/stage than pipeline
 Amplifier needs to share its timing with the sub-SAR and needs to provide a lot of gain

e Scaling ultimately stops when Cnmin is reached

* Ppg 4o ; SaMe as in regular SAR, Ppg 4;, same is in regular pipeline
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1012

Ppipelined-sa

-

Q
-
w

10-14

Pipelined-SAR ADCs at low fs

 More stages is marginally
better at low SNDR

Node=28nm BER=1e-9 f,=500kHz. f+~120GHz

—— 2-stage

— 3-stage / * Less stages is better at

— 4-stage high SNDR in noise-
5-stage limited region

 Fewer stages:

* |ncreased amplifier gain

25 30 35 40 45 50 55 60 65 70 75 80 85 90

SNDR [dB] * Relaxed settling
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1012

Ppipelined-sa

N

(=
-
W

102

Pipelined-SAR ADCs at medium fs

 Same trend as in pipeline
Node=28nm BER=1e-9 f,=500MHz f;~120GHz

5  More stages is better
—— 2-stage _
—— 3-stage due to:

—— 4-stage
5-stage * Longer sub-ADC times

/ * Less stringent
E—— amplifier specifications

25 30 35 40 45 50 55 60 65 70 75 80 85 90° 2-stage stops at 55 dB

SNDR [dB] due to too high fs/fr
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Pipelined-SAR ADCs at high fs

Node=28nm BER=1e-9 f;=1.3GHz f;~120GHz

—— 2-stage
=100 —— 3-stage
—— 4-stage

e Trend towards more
stages continuous

12 e > 5 stages can be
10 [ ——— considered at high SNDR

103~

Ppipelined-sa

-14
10755730 35 40 45 50 55 60 65 70 75 80 85 90

SNDR [dB]
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Scaling of 3-stage pipelined-SAR ADCs

* Process-limited region (1)

1008 3-stage BER=1e-9 1;=500MHz f;~120GHz extended towards higher
SNDR
2107 — scaling helps more
=107
%10-11 « Same slope as SAR in
§10_12 noise-limited region (2)
rf10_13 due to sub-SAR stages
10"95 30 35 40 45 50 55 60 65 70 75 80 85 o0 otoeper slope at highest

SNDR [dB] SNDR (3) due to high fs/ft
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Scaling of 4-stage pipelined-SAR ADCs

4-stage BER=1e-9 f,=500MHz f;~120GHz

-08 .

10 * Relatively stable cross-
%10'09 over between process-
$107 and noise-limited regions
55 10 11

102 * No steep third region

visible thanks to more
time avallable per stage

-14
10755730 35 40 45 50 55 60 65 70 75 80 85 90

SNDR [dB]
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Scaling of 5-stage pipelined-SAR ADCs

5-stage BER=1e-9 f;=500MHz f;~120GHz Relatively stable cross-

1008 over between process-
51009 and noise-limited regions
< 010 N
< * No steep third region
g 10" visible thanks to more
%10'12 time available per stage

10-13

 Main advantage at high

-14
1075530 35 40 45 50 55 60 65 70 75 80 85 90 SNDR
SNDR [dB]
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Performance comparison at low fs

Node=28nm BER=1e-9 f;=500kHz f{;~120GHz
« SNDR <40dB

--------- Full Flash ~——PipeSAR 4s
10%%F - - -Binary SAR —— PipeSAR 5s : SAR ADC is best
--—-Pipe 1b/s
09l —-—- Pipe 2b/
Rl * 40 dB < SNDR < 65 dB
10_10 P|pe 4b/s "‘.o"” : P|pel|ned'SAR ADC |S
) —— PipeSAR 2s / best irrespective of
< 4ot IDBSER 38 i number of stages
1012k s » 65 dB < SNDR
o 2-stage pipelined-SAR
10713 [ ADC or 4-bit/stage
25 30 35 40 45 50 55 60 65 70 75 80 85 90 pipeline ADC are superior
SNDR [dB]
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Performance comparison at medium fs

Node=28nm BER=1e-9 f.=500MHz f;~120GHz
 SNDR <40 dB

--------- Full Flash ~——PipeSAR 4s
10%°F - - -Binary SAR —— PipeSAR 5s / SAR ADC remains best
--—-Pipe 1b/s
09l —-—--Pipe 2b/
W / * 40 dB < SNDR < 65 dB
1010 Pipe 4bls Pipelined-SAR ADC is
) —— PipeSAR 2s / best irrespective of
< 4o PIPeSAR 3s ' number of stages
1072F e DT " + 65 dB < SNDR
SZOTE = 5-stage pipelined-SAR
10— - ADC or 2-bit/stage
25 30 35 40 45 50 55 60 65 70 75 80 85 90 pipeline ADGC are superior

SNDR [dB]
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Performance comparison at high fs

Node=28nm BER=1e-9 f,=1.3GHz f;~120GHz
Full Flash ——PipeSAR 4s .  Steeper slopes for all

- - -Binary SAR — PipeSAR 5s architectures due to higher

--—--Pipe 1b/s fo/fT

--—-Pipe 2b/s '

G s asoais o e 5-stage pipelined-SAR ADC

g i:gzg XS 4 and 1/2-bit/stage pipeline
ADC superior at high SNDR

PipeSAR'$s

e 1-bit/stage pipeline ADC
best at highest SNDR, but
many amplifiers and
complex!

25 30 35 40 45 50 55 60 65 70 75 80 85 90 — time-interleaving!
SNDR [dB]
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Outline

* Introduction
* Principles of Nyquist ADCs

e Limits of Nyquist ADCs

e Conclusion
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Conclusion

 ADC design is a blend of system, architecture, Technology
circuit, and technology l

------------------------------

 Understanding the limits at the lower levels, <->
helps making decisions at higher levels =

Circuit mmp' \ / . qam System

« Higher-level decisions typically impact the
ADC performance more significantly §
 ADCs will remain the performance limitation A,c,,,-,!cw,e

IN mMany systems
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he everlasting
challenge in the de-
sign of every analog-
to-digital converter
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mizing the accuracy-speed+~power
product by pushing all metrics to-
ward their desired directions. To this
end, tremendous progress has been
made in advancing ADC performance
both circuit- and architecture-wise.
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These advances have been captured
by means of comparing experimental
data points in surveys, with [1] being
the most noteworthy. However, such
comparisons give an ill-defined view
since the data points correspond to
different architectures that were op-
timized under different constraints
and implemented in different process
nodes. This provides little insight
on architectural limits and makes a

direct comparison under similar as-
sumptions nontrivial.

This article introduces a mathe-
matical framework to systematically
estimate and compare the accura-
cy-speed-power limits of different
ADC architectures with a complete
decomposition of the blocks’ con-
tributions. (Speed refers to both
sample rate and bandwidth in the
sense that they are tightly coupled,
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