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Data Converters 101

Analog Digital Signal Processing Analog
(real world) : (simulated world) i (real world)

DSP/FPGA

Classembly code/

Interface Electronics
(ADC or DAC)

o Real world: Continuous-time, continuous-amplitude signals

o Digital world: Discrete-time, discrete-amplitude signal
representation

o Interface circuits: ADC and DACs
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Data Converters 101 (Contd.)
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Filter

ADC

o Low-pass filtering to avoid aliasing = Also called signal
conditioning

o The process of sampling=>quantization=>decoding is an analog-
to-digital converter (ADC)
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Sampling-Time Domain
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Sampling-Frequency Domain
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Various Non-ldealities in Sampling

o Acquisition-time

Error band = defines accuracy
of sampling

Hold settling time
Pedestal Error
Droop rate

Sampling clock uncertainty
Clock Jitter

= cbues it s

,,L s ¥ Pedestal
L T

o)

O O O O

o)

Non-linearity
Thermal Noise

o)
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Quantization Basics

N
y / V\....11ooo1o1....

Continuous Quantizer Discrete amplitude represented

amplitude by a binary code
Modeling
y y DAC v
Quantizer \

Analog representation of the
discrete amplitude

Quantization error/noise: e[n] = v[n]-y[n]
Least significant bit (LSB): A
Quantizer has non-linear input-output characteristics

Exact analytical modeling is difficult
= Use a simplified model
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Quantizer Modeling

Linearized
Quantizer model

e[n]
y JJJ"J- v
. v-@é}—v

Quantizer

0 Quantization noise modeling can be simplified with the
assumptions
= Input (y) stays within the no-overload input range
= e[n] is uncorrelated with the input y
= Spectrum of e[n] is white
= Quantization noise is uniformly distributed
o Linearized quantizer model
= Uniform Distribution of Noise A2

2 Quantization noise power: o, ==

Q SQNR — 6-02' N -+ 1-76 %%’@EF :/or.lksh‘\)/iso;
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Performance Metrics of ADC

o  Static Performance Metric
= Offset error
Gain error
Differential nonlinearity (DNL)
Integral nonlinearity (INL)
Monotonicity

0 Dynamic Performance Metric
Signal-to-Quantization Noise Ratio (SQNR)
Signal-to-Noise Ratio (SNR) = quantization + thermal noise
Spurious Free Dynamic Range (SFDR)=>» For an N-bit quantizer
SFDR = 9.03N + 0.91 (dB) for N < 4-bits,

SFDR = 8.07TN + 3.29 (dB) for N > 4-bits.
Signal-to-Noise + Distortion Ratio (SNDR)

Effective Number of Bits (ENOB)=> (SNDR-1.76)/6.02
Total Harmonic Distortion (THD)

Figure-of-Merit (FoM) = Power/(2f; .., 2EN°B) Joules/conv-step
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Analog to Digital Converter Architectures
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Oversampling

I I I I I
-8 1 1 1 1 1 -80 1 1 1 1 1 1 1 1 1
0 50 100 150 200 250 300 0 005 01 015 02 025 03 035 04 045 05

Oversampling ratio (OSR)
Conversion bandwidth: fg = f/2- OSR
SQNR = 6.02-N + 1.76 + 10-log,,(OSR)
0.5 bits increase in resolution per doubling in OSR
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Oversampling with Feedback

fs

u—/@—)@—»A y)_,_,.rrr—?—V»

High-gain

o Can we use feedback with high loop-gain (A-k;) to reduce the error
e=|u-v| ?
0 Since quantizer output can not be equal to the input
A-kq %oo:e=‘u—v‘%oo
o The loop will be unstable as the error gets unbounded
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Oversampling with Feedback

L(z)

Use large loop-gain in the signal band and small loop-gain at
higher frequencies

At low frequencies e = |u—v| — 0

At high frequencies, low loop-gain stabilizes the loop

L(z) is the loop-filter

This feedback arrangement is called a (noise) modulator
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First-order Modulator

2
g

11—

o Differencing (A) followed by an accumulator ()
= AZ modulator

o Atlow frequenciese=|u—v|—0
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First-order Noise Shaping

e[n]

J iy

o Linearized model for the modulator

V(z)= z‘lU(z)+(1—z_1)E(z)

2 Noise transfer function (NTF)

= (1-z1) : first-order differentiator

= High-pass shaping of quantization noise
o Signal transfer function (STF)

= Unit delay
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First-order A> Modulator

e[n]

fs
—“’—?. |

DSM Output Spectrum

DSM time-domain Simulation 0
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Delta-Sigma (AZ) ADC

A2 Modulator
E(z)

STF A
NTF-E |
|Vosu(f)] | |Vou(9)

e
ELEEEE

f/2:OSR 2 f/2eOSR /2

Use oversampling (f,=2-OSR-BW) to shape the quantization
noise out of the signal band

Use low-resolution ADC and DAC to get much higher resolution
Digitally filter out the out-of band shaped (modulated) noise
Trades-off SQNR with oversampling ratio (OSR)

f
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L(z) 1
V(z)= U (z)+ E
(2) 1+ L(2) (2) 1+ L(2) (@)
STF NTF
o Higher order noise shaping
= Reduced in-band noise, higher SQNR A2 N

. OSR—(2N+1)

o For NTF=(1-zy'N, in-band noise (IBN): - (N +1)

= |deally (N+1/2) bits increase in resolution per doubling in OSR
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0 NTF gain increases at high frequencies (around w=1r)
o Can we go on increasing the order? The loop becomes

unstable resulting in oscillation.
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Pipelined ADC
- An Overview -

Bibhudatta Sahoo

%%@?5 Workshop on
; Analog VLSI
COMC 2017



Generic Pipelined ADC

Stage-1 Stage-2 Stage-M
_ + ) _ + - _ Y < Flash |
V|N ! + 2N > + ¢ + ADC
sub-ADC —+{sub-DAC sub-ADC 1{sub-DAC sub-ADC +{sub-DAC
(N1+1)-bits (N2+1 )'bits (N|v|+1)-bit5 N(M+1)'bits
D1 Dz DM
) Y
+ + \+; \KI

Digital Combiner

%N1 + N+ ...+ Nm)'bits

Dourt

Each stage resolves a small number of bits (i.e. N, N,, ..., N, bits).
The overall resolution of the ADC is P = (N, +No+...+N;+Ny;, 1)-
Output of stage-i (called “residue” r,) is digitized to (P-X'_, N)-bits.
The low resolution ADC digitizing r; is called the backend of stage-i.

%%@EF Worll:Sh‘\)/Fl,_ on
22 Bibhudatta Sahoo CDOANC Anazgn -

o 0O O O



(R

23

Switched-Capacitor (SC) Circuit — An
Overview (1)

s 0 Key building blocks:
P 335 = Switches
= Capacitors
" S, = Op amp
1 s, = Two-phase non-
1 A ogoVyy overlapping clock
IOt I“ generator

SC-Circuits function in charge domain.
Sample/Reset phase = ®, is high & Switches S, to S, are controlled
by ©,,i.e. S, to S, close when &, is high.

It is called sample-phase as input signal is sampled.

It is also called reset-phase as op amp is reset (more later).
Hold/Amplification phase=>» &, is high = Switches S; to S, are
controlled by ., i.e. S; to S, close when &, is high.

V,.: is an amplified and held version of the sampled V;,.

ISP Analog VisT
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Switched-Capacitor (SC) Circuit — An
Overview (2)

ks,
@, C}F_L%
— l o
o, '34
o TR s
" TI /I l fo ’_°/°_l_° Vout “Vout2
S¢ /.S2 ICP ':L_ I “

I - I
Falling edge of ®, samples the input, V,, and V,,,.  Resettoo"

In &, the sampled values get amplified to give V., & V.., respectively.
During ©, the sampled charge is Q= CsV;,.

During @, the charge is Qg = CgV yy:-

Cs

Since charge is conserved, Qs = Qy = Vi = - Vin-
F

The gain of the circuit is the ratio of the sampling capacitor (Cs) to feedback
capacitor (CF) g orkshop o
. %ﬁ’ \/Q/nalog VFI>_S]rI‘
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Switched-Capacitor Comparator

1(131= qﬂ —l

0 During @, the sampled charge Qs = CirV -
o Since charge is conserved the charge during @, is given by Q4 =
Cir(Vryi — Vx) resultingin Vy = V;,, — Vyy;.

0 When the comparator is clocked with the falling edge of &, it makes
a decision based on whether V,, > V.or V, < V.
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Switched-Capacitor 4-bit Flash

O, ]
o ||
A C 1F ...........................
Vin |—o—
i T
Vrui 2
P ey :
< +—
T ] T4s
I(Dz /id’1 .
Vrais = 2
Flash ADC Path
26

0 A 4-bit flash incorporates 15 switched
capacitor comparators.

o The threshold voltages V., to V., are
generated by a resistor ladder
comprising of 16 equal resistors.

0 The outputs of the comparator give a 15-
bit wide thermometer code which
controls the DAC of the MDAC.

0 The thermometer code is converted to 4-
bit binary code using an on-chip look-up
table, also called read-only-memory

(ROM).
Note: A switched capacitor N-bit flash would
incorporate 2N-1 switched capacitor

comparators and a resistor ladder comprising
2V resistors to generate the 2¥! threshold

voltages, V;y, to V 1. Worksh
12088, Vru 10 Veut-t: el Mot 2
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Switched-Capacitor MDAC (1)

o, C o, Cr o An M-bit MDAC incorporates 2M unit
n q:;’;—”*—“—”— capacitors (C; , i=1 to 2M), feedback
! capacitor C,, switches, and an op amp.
Vin o—¢ _.R ! . . .
. %7 ;° e 0 This block does the following operations:
oq 2V 1
| O 1 - &, is high (Sample phase/Reset phase):
b2 /D1 = . .
_T_ _T_ > Sampling of input
AT | T T, - &, is high (Amplification phase):

> Digital-to-Analog Conversion (DAC)

> Subtraction = quantization noise generation

> Amplification (Multiplying) = scaling of the
quantization noise to the full-scale for the
later stages to digitize to relax the sensitivity
requirements of the later stage circuits.

Ne” o

Note: A switched capacitor 4-bit flash would
incorporate 24 unit capacitors.
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Switched-Capacitor MDAC (2)

o During sample phase the sampled charge is,

T1<I>2:I z C; Vm
+V ) .
Vino—¢ :“ 12 p L .v,0 During ampllflcatlon phase the charge is given

oy G | 7T P1p
] I——o - = l by,

lCDZ /iq)1 = 2M_1

= * Qu= ) TiCWg+CiVres

ADC +>T1 eee T2M_1 —

— — o By conservation of charge we get,
M -
(I)" v . Zizzl Civln ZZ 1 B'Cl'VR
—_— res CF
(I)Z
where, B=1 if T=1 and B;=—1 if T;=0.

o If Cc= C; then gain = 2M, if C.= 2C, then gain = 2M-1,

%ﬁ’@?ﬁ WorII:shslp;— o;u
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Sources of Errors in Pipelined ADC

Stage-1 Stage-2 Stage-M
: ey > . g i , + Flash
Vin ~h2 ~& tc ~& <ADC B
sub-ADC -+ sub-DAC sub-ADC —+{sub-DAC sub-ADC 1 sub-DAC
A(N,+1)-bits (Nz+1)-bits /(NM+1)-bits No1y-bits 1
D1 D2 DM
) Y y
< ) ]
+ + \+} \KI
Digital Combiner
%N1 + N, + ...+ Ny)-bits
Dour

= Comparator Offset =  Op Amp Nonlinearity
= Capacitor Mismatch = Op Amp Offset
= Op Amp Gain = Charge Injection Mismatch

= Op Amp Input Capacitance Op Amp and kT/C Noise

%ﬁ’@?ﬁ Wor'l;shop on
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Comparator Offset

_I_ L O Missing
ADC [T oo T, L.eve.ls
O Missing

Codes

= Comparator offset saturates the later stage.
= Redundancy can overcome this.
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Overcoming Comparator Offset (1)

l l sub-ADC code
=~ C;= C,, M=3 ° No redundancy
ADC =\ T oo T,ou, ,
res
A
M M_ VREF———————————3 v
X1 CVin — Xio{ ' BiCiVp L =

Vres -

Cr 1]
If C.= 2C, then gain = 2M-1 / jZ yVREF
resulting in comparator i }V%EF

4156 |
sub-ADC code
Cr=2C;, M=3-> R%%%gmhop on

. lo L
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Overcoming Comparator Offset (2)
—1.5-bit Architecture—

*Vrer 7
D Ce=Cs D4
@, Cs
=T ™ (Din) ®, =FC Vout
2 I 2 I X - (Dout)
X +—REE KVeer— D, | K
4 D‘| 00 | -1
Offset
> 0;'::;:" — sub-AD 11| +1
V |
x ——REE . v
4 Flip-around Topology our
Veer 1 ) +Vigr
2 /
(Cs + Cp)Vin — kCsVger /
1 Vour = = >V
-VRrer CF 'VREF / +VREF
where, k = +1,0
_VREF +VREF
4 4
= -Vger

Ref: S. Lewis et al, “A 10-b 20-MS/s Analog-to-Digital Converter,” IEEE JSSC., pp. 351-358, March 1992 n
ST SD Analog VLSI
. : 9
32 Bibhudatta Sahoo COAC 2017



Overcoming Comparator Offset (3)
—1.5-bit Architecture—

+Vrer B 1
k=7 Cs
1]
@, Cs
V Vinoa—o/ I_qx v
T O /@ Te T rout

2 I 2 — X = (Dout)

g Ve KVger<—  Di| K

4 o D 00 | -1/2
set

I - irane e

X Veer | . v

4 Non-Flip-around Topology ou
Veer L Y, +Viggr
2 /
— CS /
Vour = ¢ (Vin — kVger) , .
/n - v,
-VRer where, k = +1/2,0 Veer / *Vrer
VREF VREF
e
= -Vier
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Capacitor Mismatch

res

M=2, i.e,, 2-bit stage

O Missing
Capacitor ». L.eV(-:,-Is
mismatch Missing

O Codes

Vres =
where, B=1 if T=1 and B=-1if T;=0 S Workshop on
i Analog VLSI
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Finite Op amp Gain

-I- = M=2, i.e., 2-bit stage
ADC T eeeT,u

"-1) Finite op Missing
LCVi, + BCV _
e % REA amp gain PO Codes

F A

and A=
%ﬁ’@?ﬁ Worll;shori" on
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Op amp Nonlinearity (1)

D1 ¢,

> ——
e

V,

V. VR

PR, S— [

" D oL QAT
C I [oF

Pq 2" Ll /
— o — = = _I_

P2 /D1

L
ADC [T 0o Tou,
« Weakly nonlinear op amp open-loop input-output
characteristic can be given by a 3" order polynomial,
Vour = a1Vin + a2Vi, + asVi,
* The inverse can be given by another polynomial
Vin = B1Vou: + ﬁzvgut + ﬁSVgut

1 - 2 o> a
where, 8, = o B2=—»and B3 =—2%——

5 4
al a al

B. Sahoo and B. Razavi, IEEE ]JSSC, vol. 44, pp. 2366-2380, Jan. 2009. Workshop on
. i SD Analog VLSI
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Op amp Nonlinearity (2)

c CF VI‘eS

ipb—>
<

ADC |\ T oo T, M=2, i.e. 2-bit stage
O:>Missing

Codes
d The input-output characteristic of the MDAC can be obtained by

solving the following non-linear equation:

M 2M_1
= YA CiVin = Zl(:l )CiVREF + CpVies — (B1Vour + B2Vaus + B3Viu:) (CF + Cp +

> Ci)

%ﬁ’@?ﬁ Worll;sh:/i og
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Thermal Noise Consideration (1)

o Signal-to-noise ratio of an ADC is given by,

Pg;
SNR = 1010910 ((QN+‘1’;/T))

where,

2
P, = signal power = % (for input Vv;, = %sin(ant))

AZ
QN - E!

N7 = Input referred thermal noise power of the ADC
A= V;;,”, where N = ADC resolution.
0 SNR of Semiconductor ADCs are limited by thermal noise of:
Switches
Op amps
o Switch thermal noise can be minimized by using large capacitors. The

thermal noise of the switches is given by “kT/C”, where k = 1.38 x 10723,
T =Temperature in K, and C is the sampling capacitor.

o Op amp thermal noise can be minimized by burning more current.

%ﬁ’@?ﬁ Wor'l:shop on
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Thermal Noise Consideration (2)

It is costly in terms of power, area, and speed to make input
thermal noise smaller than quantization noise for ADC resolution,
N > 10-bits.

 For example: If full-scale ADC input is 1 V, then for a 11-bit ADC
the quantization noise power is given by:

V2 1/(1)\?
Qv = L2 == (%) = 1410V, ,)?

If thermal noise voltage power (N;) is same as quantization noise
power then the SNR takes a 3 dB hit.

LU

1 If SNR has to take < 1 dB hit then the N < 2—3.

 Size of the capacitor required to achieve this for 11 —bit system is
2 pF.

 For a 12-bit system the capacitor required would be 8 pF (a large
value).

 For a 16-bit system the capacitor size would be 2 nF (almost

physically unrealizable on chip).

WD e o
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Thermal Noise Consideration (3)

O Ignoring other noise sources if thermal noise is only modeled by
kT /C then the SNR if given by:

SNR = 10log (ﬁ)

Nt

SNR Vs Capacitance (Full Swing = 2V) SNR Vs Capacitance (Full Swing = 1V)
100.00

95.00 / 100.00

90.00 95.00 /'4
_85.00 ——- __90.00 . e gbit
@80.00 / @ o 10-bit
~=75.00 Z

o A 75.00 12-bit
= 70.00 nz: 70.00 —— i
< ; 14-bit
65.00 (d)p) 65.00 16-bi
6000 6000 | —— - |t
55-00 1 1 T 55-00 \| 1 1 1
1.00E-13  1.00E-12 1.00E-11  1.00E-10  1.00E-09 1.00E-13  1.00E-12  1.00E-11  1.00E-10  1.00E-09
Capacitance Capacitance

%%, Workshop on
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Distribution of Thermal Noise

 Each stage contributes to the thermal noise.

O How do we distribute the thermal noise so that the overall input-
referred thermal noise is minimized to maximize the SNR?

O Lets consider a pipelined ADC built using 1-bit stages (MDAC
gain = 2)

Vip — Stage 1 Stage 2 Stage 3 p—— —

C,2 2 /2
Il Il |
I I I

CT CZ CS
v, —-Ha-H- >~ —————

 Considering only kT/C sampled noise the total input referred
noise power:

1 1 1 1
NTockT[C—1+ + ot ]

GiC,  G3G3(Cs 2...G%_{Cy

%ﬁ’@?ﬁ Wor'l:shop on
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Stage Scaling for Optimal Noise (1)

1 1 1 1
Nr 6 KT 24 G e 4 g
d If ¢, =C, = --- CN then backend stages contribute very little noise

= Wasteful as power « G,, < C

d How about scaling by 2" where M is the resolution of each stage.
= Same amount of noise from each stage.
= Power can be reduced.

%ﬁ’@?ﬁ WorII:shslp;— o;u
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Stage Scaling for Optimal Noise (2)

Extreme Case - 1 : All Stages Consume the Same Power
Noise Per Stage Power Per Stage

1 2 N-1 1 2 N-1
Extreme Case - 2 : All Stages Contribute the Same Noise [Cline 1995]
Noise Per Stage Power Per Stage

.

1 2 N-1 1 2 N-1

1 1
Nr o kT [cl GZCZ T 6262¢5 Tt G%-ua,z\,_lc,v]
d Optimum capacitor scaling lies approximately midway between

these two extremes.
HSD tnalos vos
Analog VLSI
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Stage Scaling for Optimal Noise (3)

Extreme Case - 1 : All Stages Consume the Same Power
Noise Per Stage Power Per Stage

[Cline 1995]
%_ %

1 2 N-1 1 2
Extreme Case - 2 : All Stages Contribute the Same Noise

N0|se Per Stage Power Per Stage

/ L
v
1 1 2 N-1

DN
RN
RN

Y,

/4

Z
p—

4 NN\

N&\\\\\\\
RONN
m
DLHMUNN
MO

. ZON

J As mentioned earlier optimal scaling is between the two extremes
 Capacitor scaling factor 2MXwhere M is the stage resolution.
= Xx=1 -> scaling exactly by the stage gain.

%ﬁ’@?ﬁ Wor'll:sh?/i o;u
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Stage Scaling for Optimal Noise (4)

Vi i Stage 1 p— Stage 2 p— Stage 3 p—— —

C,/2

o, C,/2
| Il Il
I I I
01 CZ C3
v, — -

1 Start by assuming capacitors are scaled precisely by stage gain

= For 1-bit stages, capacitors can be scaled by factor of 2

= For 2-bit stages, capacitors can be scaled by a factor of 22.
1 Refine using the first pass circuit simulations by either using:

= MATLAB

= Excel

%ﬁ’@?ﬁ Wor'll:shop;— on
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Noise Sources in Pipelined ADC

D1 C, Ce
[ 1 ]l
\}_II il
T1(D2 i 3\(:1)1
V,, o— i-YR p d, Vout
(I):1 Gy CPI “
e T3 o
2
l(l)z j_

ADC [—\—Tqeee Ty,

Switch Capacitor
Implementation of a Pipelined
Stage

Bibhudatta Sahoo

Q

VOUT -

Q

The output voltage of a pipelined
stage is given by

2M1
D3NN Z Ve

V2

n,tot

where V.’  is the MS value of the
thermal noise of the stage.

where, V,f,s and V. = arethe MS
value of the sample-phase noise
and amplification-phase noise,

respectively.
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Sample-phase Noise

O The thermal noise of switch
resistances R,,, and R, , have
single-sided PSD of 4kTR,,,and

Cs
D1 S (:::F 4KTR,,, respectively.
V.. £+ TR @, . . O These are filtered by the RC
- Rz | % % | network having a time-constant,
V2 ()4kTRon2 4kTRong r=(R,,; +R,,,)Cs.
_ S _ a The thermal noise of R, ; is
Noise equivalent model in filtered by the RC network with
sample phase time-constant, r=R,,;Cr.

O The MS value of the noise charge
sampled on Cgand Crare kTCg
and KTC,, respectively.

0 This sampled charge is transferred to the output during the
amplification phase producing a noise voltage at the output that has
a MS value given by:

V2 =kTCS+kTCF

n,sp

% 0 M
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Amplification-phase Noise

0 Amplification-phase noise has

Cr the switch thermal noise and op
c. o, l . amp thermal noise
PRV >__qvc,ut 0 MS value of amplification noise
on + .
is
N . V2 o=V: 4V
vn4 4kTRon4 Vn,op T CL n,ap n,ap,sw n,ap,op
S : T — (e, Y
Noise equivalent model in a where, V... = ol
S F
amplification phase and V° is the op amp noise.

n,ap,op

a Thus, the MS value of the total noise at the output of the MDAC

2
is v - kTC S+2ch P, kT [CSJ
Cr Cs \Cy .

i H H Vn tot C
a The input-referred noise of the MDAC is v, ., = o where G = C—S,

F

+V?

n,ap ,op

if op amp gain Is oo.

Sampling Cap Load Cap Switch noise | Op amp noise

4 pF 800 fF 508.9 UV 1.01 mV or'lksh<\>/|:l>—so£|
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Op amp Noise

O The MS value of the output noise

O single-stage op amp is

) _ 2kT7
n,ap,op ﬂCeﬁc
Op amp with capacitive 1 two-stage op 325 is given by
negative feedback. f,ap,op — B

The MS value of the output noise for both the single-stage and two-
stage op amps is independent of the op amp transconductance.

The output noise can be minimized by increasing
- The effective load capacitance C_, for a single stage op amp
-  The compensation capacitor C, for a two-stage op amp

However, if the op amp power is hot increased, increasing C,
reduces the bandwidth of the closed loop amplifier

%%@EF :/ogltsm\)/?_so;
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Op amp Noise (Cont.)

0 For a two-stage op amp to have more
than 60- phase margin for a given C_,

Vv power, and bandwidth, C, < C_/2

out

0 The transconductance of the second
stage should be at least 5 to 8 times
Op amp with capacitive more than the transconductance of the

negative feedback. first stage®.

0 Thus, a two-stage op amp is more noisy than a single-stage op amp

for a given C_4, power, and bandwidth.

0 Although a single-stage op amp is less noisy for a given load,
power, and bandwidth, it has limited headroom and has limited

applications.

* W. Sansen, Analog Design Essentials. New York, NY, USA: Springer Verlag, 2006, p. 165. on
VVVVVV Anaiog vLSI
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Thermal Noise Cancelling Technique

i @, i
= Faithful reproduction of the thermal noise @ C & o |
. . Evi“ D__C/j_” c lvg | Aw ﬂo\g%—l -
= Application of the reproduced thermal Iwbz T > o)
noise to the bottom-plate of C, : % ' o |
H @, ® C,om Ceam = C
O An auxiliary path, which uses a single- 7;2
i 1 MAIN DAC PATH !
stage op amp Iess noisy than a two_ '?.IFAJ
stage op amp, faithfully reproduces the o Cu2 A
= - : l - Voa
noise and removes the signal ”"‘j:'(‘b CPA%vxz Ja —&—
component. 4 | T |
o S Cyuia
ili i P i 2
O Auxiliary path capacitors are scaled by a 7;! et cnve,
factor of 2 w.r.t. main path capacitors to VI =
- . @ Cx
=
facilitate this. l—/ji:
0 Perfect noise cancellation occurs if both i VOM e e ]

he circui deal , RSP Analog VLST
the circuits are ideal. Bibhudatta Sahoo COMC 2017



Input-Output Characteristic of Auxiliary

O During sampling phase,

— H Cra
Qs,a _ 8C"/IN . I
0 During hold phase, e vz @ Tt
Vino—y="opi1— w—r|>__w
15 1@, X2 oA
Q. = Z,-:lTiVR C/2+V,C +V,,Cp, " I |
Ve
0 By charge conservation and substituting ||  :°?
the value of output of main MDAC V,,, L
Auxiliary path output is  Vom
15 My Cy7/2
Vos = 8CViy = 2 TiVa €/2=Vou 1_0; S, :
C FA VEIIM -T:— hUKILIAH‘I’-FATHE

Q If CFM = 2C and CFA = Cthen,

2

VOA - = Vn,tot
%ﬁ’@?ﬁ WorII:shoF;— on
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Overall Noise Cancellation Technique

O The output of the auxiliary-path
Is inverted and connected to the
top-plate of Stage-2 sampling
capacitor which is C, of 1st-
stage.

O Top-plate and bottom-plate of C,
samples the noise of the main
path resulting in noise
cancellation.

0 In differential implementation
inversion is realized by
swapping the differential output
of the auxiliary-path.

O Thus, the sampled noise as well
as the op amp noise of main-
path is cancelled = auxiliary
path sampled and op amp noise
is present ©.

in @

Stage-1
Main-path

Vom |

Stage-1

Auxiliary-path

Bibhudatta Sahoo
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Effect Of Non-ldealities

O Perfect noise cancellation does not happen in the presence of
non-idealities such as:

= Finite op amp gain
= Input parasitic capacitance of the op amp
= Op amp offset

0 Both main-path MDAC and auxiliary-path DAC contribute to
these non-idealities.

O Since the swing at the output of the auxiliary-path op amp is
just the thermal noise which is very small, a high-speed single
stage moderate gain op amp is used.

%ﬁ’@?ﬁ Wor'll:sh?/i o;u
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Effect of Auxiliary Path Noise

The auxiliary path also has both sample-phase and amplification-
phase noise whose MS values can be defined as:

_kTC,, +kTC,

Vi o= and V?* =kTCSA+2kT7.
et e e,

Auxiliary-path op amp, being a single-stage op amp, can be designed
to be of high-speed and have low noise.

Table summarizing the noise of the main-path and auxiliary-path for a
prototype 4-bit noise-cancelling MDAC designed in IBM 32-nm SOI
process that operates from 1.5 V supply at 400 MHz sample-rate and
provides a sighal swing of 750 mV in the main-path.

Sampling Load Switch Op amp

Cap Cap noise noise
Main-path 4 pF 0.8 pF 508.9 pV 1.01 mV
Auxiliary-path 2 pF 0.8 pF 752.7 nVv 356 pV

%%@EF Woarll:)Sh‘\)/Fl,_ on
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Effect of Auxiliary Path Op amp Gain and

Bandwidth

a If all other parameters are ideal and only the auxiliary path op

amp gain is finite, then the auxiliary path output is

1 2M g
VOA = 17 ¢ ) (__ ¢ j[vin 2M - ZTiVRJ_ ’\/Vnz,tot
D Cl2+C, +Cp (2 Cpy =
C..+ = 1
A

= Vo, = 7yV.2 where y=1/1+ (. C,12+C,, +C )1 A,Cp,))

O Finite gain and bandwidth of the auxiliary path affects only the

noise term and a fraction of the total main-path noise is

cancelled.

%ﬁ’@?ﬁ Wor'II:sh?/i o;u
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Effect of Auxiliary Path Op amp Gain and

Bandwidth (Cont.)

O Proposed architecture uses a single
stage telescopic op amp with open-

20r
loop gain, A,,,=40dB => 7% 2 =Matlab Sim
degradation 215- ©Cadence Sim
0 Due to finite bandwidth the auxiliary- §' |
path output does not settle to the g >
value of +/V,’,, and thus manifests as 3 o
gain error too and hence only a s . . . . |
30 40 50 60 70 80

fraction of the total main-path noise is Opamp Gain(dB)

cancelled Percentage degradation in the
_ . amount of noise cancellation as
a In the proposed design the auxiliary- a function of auxiliary path op

path op amp was designed to have a amp gain
bandwidth such that there is < 0.1%

degradation in the noise cancellation I35 W°r|';sh°i on
Bibhudatta Sahoo -V



Effect of Capacitor Mismatch

O With capacitor mismatch, the generalized noise cancelling

equation becomes

2 (Ci + ACH) C 21T (G + AC) C —
Vin ¥ (——(Oﬁaci) )—VR( > [Ti#+Ti(C¢+A@)C D—\/Vﬁ,tot,MC

1 2 Crm i=1 FM

Cra

0 The capacitor mismatch error can be calibrated out using

various techniques.

0 The fractional mismatch in the +/V,’.. term is going to be a
small value which hardly affects the overall noise cancellation
performance and hence can be ighored.

%ﬁ’@?ﬁ Wor'II:sh?/i o;u
Bibhudatta Sahoo CDAC R



Simulation Results

O The effectiveness of the proposed noise cancelling technique was
validated in simulation by building 12-bit, 14-bit, and 16-bit
pipelined ADCs in IBM 32-nm SOI process.

0 The ADCs were designed for a sample-rate of 400 MHz.

0 The following table summarizes the resolution of the various

stages used in the ADCs.

Resolution
Stage-1 Stage-2 Stage-3 Stage-4 Stage-5
16-bit 4 4 4 4 4
14-bit 4 4 4 4 2
12-bit 4 4 4 3

O All the stages have a redundancy of 1-bit except for the last stage.

C. Ravi, D. James, V. Sarma, B. Sahoo, and A. Inamdar, “Thermal Noise Canceling Pipelined
ADC”, accepted to IEEE ISCAS, Baltimore, USA, 2017.
%%@?5 Workshop on
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Case-Study

Total Input

Stage-1 SNR
Sample-phase Amplification-phase Input Referred Noise(pV) Referred
. . (dB)
Noise Noise(puV)
Stage-1 Stage-2 Stage-3 Stage-4 Stage-5
25T 2 2 e —
C. V’r%,l Vf,z \ Vnz,s \V Vf,zx qu,5 V24 23—T
16-bit ADC
Cs=4pF | Cs=08pF | Cs=08plF | Cs=08pF | Cs =0.8pF
No . 45.49 128 24.2 3.02 0.38 0.04 138.02 71.68
Cancellation
Stage-1 Noise 62.42 55.97 24.2 3.02 0.38 0.04 87.32 75.64

Cancellation

14-bit ADC
Cs=4pF | Cs=08pF | Cas=08pF | Cs=08pF | Cs=0.2pF
No . 45.49 128 24.2 3.02 0.38 0.05 138.02 71.53
Cancellation
Stage-1 Noise 62.42 55.97 24.2 3.02 0.38 0.05 87.32 75.29

Cancellation

Vinp-p =15V

12-bit ADC
Nor 45.49 128 924.2 3.02 0.38 138.02 69.69
Cancellation
s W 62.42 55.97 924.2 3.02 0.38 87.32 71.75
Cancellation

C's = C'gpq for rows corresponding to no cancellation and C's = C'g 4 for rows corresponding to noise cancellation.

BibnuaaTtTa oanoo
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Front End Sample-and-Hold Amplifier (SHA)

[Ishii 2005]

4
le;
@ Bootstrapped switch o1 jj%:%ﬁj_:%
@ NMOS switch ¢1d ¥

LI ! I L I S
0/G(:mmmtrywth ¢2d 7 |—"| LT
(CMOS transmission ga

d The first stage of the plpellned ADC should ideally be preceded
by a SHA
= MDAC and sub-ADC of the pipelined stage see the same input
voltage.
O Since the SHA has a gain of 1 the total input referred noise

increases: - _
71 v 1 1 1 1

Ng o« kT H— + + +oet
! Civip €1 GiC;  G1G3C, Gi-Gy_1Cn

QO SHA can burn’ uTo to 1/3 of total ADC power
RSB Anclog vLoT
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SHA-less Front-end

 Removing the front-end SHA reduces the power consumption.

d Leads to timing mismatch between the signal sampled in the
MDAC and Flash.

Analog

¢
/. :ONwhen ¢ is high Input . [ Orp il
: bootstrapped switch /\/ . | I Vout
P . [ A

<Sampling Mismatch>

Vg tap
v/ V. c, —— 1 [Chang 2004]
= o> 1

Vo . Preamplifier _/] Poe :

A : time constant mismatch factor - ™ _L
T : time constant of input sampling network . . % =
® & L] %

¢1_ ¢2 LY ) b
_\/Sam ’1\/ Amp \/
!f‘-
bre - Workshop on
%ﬁéﬁﬁ Analog VLSI

62 Bibhudatta Sahoo CDAC 2017




SHA-less Architecture (2)

Vin©

@
T

Flash ADC Path

I Elements that
O can have mismatch

63

[Mehr 2000]

a

Any mismatch between the “main
sampling path” and “flash ADC

path” results in different voltages
being sampled on “C” and “C/a’.

The mismatch can be translated to
time-constant mismatch (7).

For a signal of amplitude “A” and
frequency “f,.” the difference in
voltage sampled on “C” and “C/a”
Is:

= AV =27 fin At
Match the flash and MDAC paths.

%%@?5 Workshop on
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Pipeline ADC

- Area, Power, Speed, Resolution
Optimization-
System Specifications to Circuit

%%@?5 Worl;shop on
Bibhudatta Sahoo CDOAMC Armlz<§'1\7/LsI



Pipeline ADC — Area, Power, Speed,
Resolution Trade-off

Stage-1
Fi Backend
ViNT] y < ADC
sub-ADC

)|
1

Y+
L%

sub-DAC

(N4+1)-bits (P-Ny)-bits

D, Dge

+ N
Digital Combiner

P-bits

Dour

0o For a given ADC resolution, the number of stages and
number of bits resolved in each stage determines:

= power consumption
= area

%ﬁ’@?ﬁ Wor'l:shop on
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1.5-bit Stage

+VRer \,(Df Cr

Vin {%)TC'S Vi N\
Vi LCx —oVour
4 REF_1_ J
2 \ q>2 I I @ _I_

Il

tVrer,0 = F

x

+
E
S|

0 Offset '
— Correction

” OR::;: V.o = (Cs +Cp Viy —KCsVpp
x_‘/REF ouvr C, _(kCS +Cy +CF)

A

Feedback factor = '-.

Offset correction range = +Vg/4 (i.e. £150 mV for Vpe=0.6V).
Settling Requirement on the op amp reduced by 1-bit.

Input referred noise = 2 of output noise.

o 0O 0 o

%ﬁ’@?ﬁ Wor'l:shop on
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2.5-bit Stage

Vin ©

(]

(]

!

—oVour

Bibhudatta Sahoo

+Vrer a
X
+@__
2 X
N
0 Offset a
0 + Correction
% Range
X
Veer |
2 X
VOUT -
-VRer

Feedback factor =1/4.

Offset correction range
= *Vpe/8 (i.e. £75 mV for
Vigee=0.6V).

Settling Requirement on
the op amp reduced by
2-bits.

Input referred noise is V4
of output noise.

Input-Output transfer
function is:

8 5
Z CiVIN — Z Ci+3biVREF
i=1 i=0
C+C,+C,

C,+C,+

%%@?5 Workshop on
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3.5-bit Stage

D,
o
D C1
_ o ®
o
o c o
b—O}L :2 O
@ Cs
—O I—o
by®,
! vy
*Vrer -L -
o Cy Cx —oVour
Vjy o B I N
b®, i |
Vrer
. Ci=C2=...Cs
P, ° C16
L, Q
b ®, I ¢-T_
*Veer =

Offset
Correction
Range

-VRrer

VOUT -

Bibhudatta Sahoo

Feedback factor = 1/8.

Offset correction range
fOI‘ VREF=0'6V)'

Settling Requirement on
the op amp reduced by
3-bits.

Input referred noise is
1/8 of output noise.

Input-Output transfer
function is:

16 13
Z CiVIN o Z Ci+3biVREF
i=1 i=0

C,+C,+

(,:1+C2 +Cy
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Architecture Summary

Summary of ADC Stage Architectures

1.5-bit Stage | 2.5-bit Stage | 3.5-bit Stage | Parameter effected
Feedback Factor 1 1 1 Speed and Power
% /4 % ’
Offset Correction £V /4 £V /8 £V /16 Linearity of ADC
Range
Reduction in Settling 1-bit 2-bits 3-bits Speed and Power
Requirement
Noise Scalin 1 1 1 SNR, Power, &
¢ A A A Area
Reduction in
Capacitor Matching 1-bit 2-bits 3-bits Power and Area
Requirement

J For resolutions more than 10-bits it is better to resolve more bits in the

first stage:

= relaxing op amp settling.

= capacitor matching.

= reducing capacitance = input referred noise is reduced.

= DOES NOT relax the op amp open loop DC gain requirement (more later).

69
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Why not resolve more bits in 1st

vno—r L
o} -T_ D% j:
Flash ADC Path
Elements that
O > can have mismatch
|
70

Stage?

o Any mismatch between the “main sampling
path” and “flash ADC path” results in
different voltages being sampled on “C” and
“C/(x!!.

o The mismatch can be translated to time-
constant mismatch (7).

o The difference in voltage should be within
the offset correction range of the Flash ADC.

o Resolving more bits in the 15t stage reduces
the offset-correction range and hence could
result in missing codes.

o Offset correction range should include:
Comparator offsets in the flash.
Time constant mismatch (7).

o For a signal of amplitude “A” and frequency
“f... the difference in voltage sampled on
“C” and “C/a” is:

- AV=2Eﬁ”AT %%@?5 Workshop on

. i Analog VLSI
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DC Gain Requirement

of op amp In each stage

Stage-1
VN SO e e S o Residue voltage V,; has to settle to LSB/2
\_@b_m o of the backend-ADC.
T eNpoits) (10 Gain error:
> = V. 1 1
S Vs 1+ e 20
Digital Combiner
i(”’“s 0 Resolution reduces but the feedback
' factor also reduces by the same amount
A i = DC gain is defined by the resolution of
J the ADC and not the resolution of the
L T backend ADC that follows.

o The above holds true for the op amps in
the later stages of the pipeline.

I %ﬁ’@?ﬁ Wor'll;shc\)/[:;— on
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Architecture Optimization (1)

o Some expressions used for architecture optimization i.e. number of pipeline
stages and number of bits/stage:

Settling time for N-bit accuracy:

fyoe = (N +1)o701n(2)
Two stage op amp poles and unity gain bandwidths:
1 _ gm2 _ gml

a)pl - ’ a)pZ u
R g,,R,C C, Ce
Variance of input referred sampled noise:
N
2 —ne {kT k_T 1

Fl =2 Ci Gi2—1
where, C;= sampling caps in each stage, and G; = gain of each stage.

2nd stage of the op amp is a common source stage. For maximum output swing at
the highest speed typical gain in the 2"d stage is = 10.

Overdrive voltage to maximize swing is chosen to be around V=150 mV and
hence current in each branch in the two stages are I, = g,,,,°Vo/2and Ip, =

Im2*Vo/2. ek
WED tnaloy Voot
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Architecture Optimization (2)

Q
Q
Q
Q
Q
Q
Q
Q

Signal swing = 750 mV for 1.5 V supply

Resolution = 12-bits (determines quantization noise)

Faax v = 100 MHz
fs = 200 MHz
tslewing = 0'5 ns

tuon _ overtap = 0-2 NS
Lsettiing =1.8ns
Noise Budget:
- Quantization Noise
- Sampled Thermal Noise
= Op amp Noise
Reference Noise
= Jitter Noise
= Input signal buffer Noise

Bibhudatta Sahoo
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Architecture Optimization (3) Jitter

Specification

d The variance of jitter voltage is given by:

=\/§7thfmA

where, ¢ = variance of jitter.
f.,= frequency of the input signal.
A = amplitude of the input signal.
O For maximum input frequency of 100 MHz and jitter limited SNR of 80 dB
the required rms jitter is 700 fs.

O

Jitter

%ﬁ’@?ﬁ WorII:shslp;— o;u
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Architecture Optimization (4)

Noise Budget

Noise Budget
LSB (4) V _ 1.5
2”12” = n = 366 UV
Reference Noise 90 uv
Op Amp Noise 120 uv
Sampled Noise (kT/C) | 64 UV (2 pF)
Jitter Noise
(Nom £V, ,12) 66 LV (200 f5 RMS jitter)
Overall SNR 67.8 dB (in 100 MHz band)

%ﬁ’@?ﬁ Wor'll:sh?/i o;u
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Architecture Optimization (5)

Architecture Sampling  Capacitance
Capacitor  switching to
(pF) Reference
(pF)
1 9, 1.5-bit stages, 3-bit flash 3.0 4.0 138
2 4, 2.5-bit stages, 4-bit flash 1.5 2.5 120
3 3, 3.5-bit stages, 3-bit flash 1.0 2.0 140
4 2.5-bit 1% stage, 6, 1.5-bit 2.0 2.5 77
stages, and 4-bit flash
5 3.5-bit 1% stage, 5, 1.5-bit 1.0 1.5 50
stages, and 4-bit flash

[ Optimization based on the following:
* Vinp-p)aity=1-9 V
= Quantization noise is at 12-bit level.
= Thermal noise limited to 66 dB in 100MHz band.

1 Architecture 5 is optimal.

%%, Workshop on
; Analog VLSI
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Scaling Trend
- Impact On Data Converter Design -
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Courtesy : http://www.eecg.toronto.edu/cider/presentations/ytterdal.pdf

~
oo

Transconductance and Intrinsic Gain

1.E'03 E| T T T T T
| [—esm Transconductanee
1E04:”—90nm I S R i S
T | —o013um| ! ! ! !
] |—0.18 um| | | I \
LEAQE ge=ss e s P e el
) ] 1 : ‘ | | 1
= 1.E—06 ——————————— R bl == ety
& 1 |
1E07 Loamade A Daes nol saale ‘
I/ with technology
1E-08 T/ |- ----1--Minimum gate length, same W/L -
] | " Ve =1/2VDD
1£-09 ‘

1E1O 1E09 1E08 1E07 1.E-06 1.E-05 1E04 1E03

Drain current [A]
70

T T T T T T
1 Minimum gate length, same W/L | |—65nm
60 Vas =12V pp e LU
] : | | ; ! —0.13 um
50 b oo ool TTEe —0.18um |_
b 1 | | I I 1

: | | 1 I 1
T i R

gm /gds

T S S Y . NI : ,,,,,,
1

Drops Slgniflcahtly
20 1~ WIth scalmg’"j *****

[ e e e BT e , -----
. Intr|n5|c galn N

1.E-10 1E09 1E08 1E07 1.E-06 1E05 1E04 1.E-03
Drain current [A]

O Transconductance is for all practical
purposes independent of technology
node.

4 For velocity saturated channel:

Id = WCoxVeffvs
= Gm = WCo,vs

U With constant field scaling if W gets
scaled down by a factor “k” then C,, gets
scaled up by a factor of “k” = g _ stays
constant.

U Intrinsic gain reduces as technology
scales down = the maximum intrinsic
gain in 65-nm < 20% of the maximum
intrinsic gain in 180-nm

%%@?5 Workshop on
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Potential Speed Improvement

4
=

] [—65nm —90n$m —0.43um —0.18um

,,,,‘,,,,, Normalized f.

o
o

>
o
.

| improvemen w‘|fh """ — g
|'mp Q) fT _ m
ZTE(CgS + ng T Cdb)

ey
o

|

Potential speed improvement of scaling
w
o

Miniimum gate length, s:;ame Wltlu; Va = 112V pp
Speed potential normalized to the 0.18pum node |

00 e
1E-10 1.E-09 1E-08 1.E-07 1E-06 1.E-05 1E-04 1.E-03
Drain current [A]

d By scaling down potential speed improvement can be obtained.
 Almost 5 times speed improvement is obtained in 65-nm

process over 180-nm process.

Courtesy : http://www.eecg.toronto.edu/cider/presentations/ytterdal.pdf
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Transistor Efficiency

g/l [1/V]

Transistor Efficfiency

O ! T T T T T T LI T T T T T T T LI TT T T T T T T
1.0E-12 1.0E-10 1.0E-08 1.0E-06 1.0E-04 1.0E-02
Drain current [A]

1 Maximum efficiency is nearly independent of technology.

Courtesy : http://www.eecg.toronto.edu/cider/presentations/ytterdal.pdf
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Courtesy : http://www.eecg.toronto.edu/cider/presentations/ytterdal.pdf

(o]
i

la 2zas] [SIV]

10E03 . . . .

d | | i
1,0E-04 1 —90nm _______zqv____g:[g_e_r__-g:,ds______i ___________________
| —ﬂ.lium_______N_inlqear_lty_______;__' ________

—(.18m ' 1 I 1 l

1 e e — Loeeeees A T —
1.0E-07 . ------------------ | 1 .......... : ..........
L T S . 1' ----------
L ' e pommmneoe 1' ----------

T e '

Trans

Istor Linearity

FOEAD oo i .. Increases. with.

- 69 d Increased g4, nonlinearity makes

1'DE-112.|£-1{1' 1an9 1EUB 1E-{]T ”“1I.”EI435| 1505 15404 I|”1..Ié-03 design of linear op amp a
1dA]
1.0E-02 r : r r H
Sw| 2%orderg, | challenge in scaled down CMOS.

0643 ¢{—0Bump__.. H H S P R SR
_1 - — (.1 $um| N?nlm?am i
QY — doemaenaees | ‘ A N V—

: | y | |

-} ! | i

| iDoe# noti change
10E06 f------- 3% PP T APy e 4-Z2agom-

with scaling @

10807

Id [A]

1.0E-10 1.0E-09 1.0E-08 10807 1.0E06 1.0E-05 10

E-04 10E-03
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Gate Leakage and Noise

1.E-04 = . : :
i Minimum gate length, [ — 90nm (simulated)
105 § gate width = 100um | —013m "7 O Gate leakage current

1.E-06 _ ' : = (0.18um

dominated by tunneling

T SRR current.

 Designing highly linear
sample-and-hold becomes
very challenging as the held
value may leak out.

_________________________________________

Gate current [A]

Courtesy :
http://www.eecg.toronto.edu/cider/presentations/ytterdal.pdf

2

Gate voltage [V]

: Simulated results
e ®  Experimental results
: - ( Noise factor yincreases with
ot Ve reduced channel length.
- yIncreases with ® J Reduces the SNR of the data
“ scaling converters.
. s
| Noise = - —hEE
0.4 0.6 0.8 1.0 1.2
o Workshop on
Vil VO %ﬁ’ Analog VLSI
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Transistor Performance Trend with Scaling

500
S
E 400
[14)
& 300
[~
= 200
©
[+
£ 100

*] 4]
@ s Spread increases
= 0¥ with scaling
0 w0 100 190 200 290
Gate Length (nm)

Courtesy of Prof. Yiming Li, National Chiao Tung University, T aiwan

O Increased spread makes the design of op amps and other
precision circuits very challenging.
%ﬁ’@?ﬁ Wo:l:shop on
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Supply Voltage Scaling (l)

U Supply voltage scaling more
aggressive compared to
threshold voltage scaling

= To minimize leakage
 Digital Vpp scaling more than
Analog V,, scaling.

1.5 1

-
’

Supply, Threshold Voltages [V]

o
w”

- w chohm'ogv n0de1[é'?“1 : " “"‘? PR T ! ; Nominal VDD trajectory -
| 00 )i - . e [maioritgufdesigﬂs} ]
O Majority of ADC designs have S O e ;
I | l * [ - & - -
Vop>1 V. s 6l 174 |
o 10 | : I 1 e * .
O However, some ADCs have ¢ www_ / B B
] . . state-of-the-art . % . H
used Vp’s which are | - R e
commensurate with digital | o] | ®
Vop = especially VCO based 107" O O el Souirce: www.converterpassion.wordpress.com
. 6000 30002000 1200 BOO 500 350 250 180 130 90 65 45 32
aI‘ChIteCtu Fes. Channel Length (nm)

%ﬁ@m vv UI'I:)IIUI.I)— uﬂ
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Supply Voltage Scaling (lI)

' *

=130

]
—
Eey
=

Moise Floor (dB/Hz)

=150-

=160 -

Hurral

- m Nﬂtﬁl'ﬂlﬂ'l.' -
Source: .ponverterpassmn.wordpress.com ,

5000 3000 2000 1200 BOO 500 350 250 180 130 90 65 45 32
Node Geometry (nm)

1 Scaling of supply voltage = reduction in signal swing =
reduction in SNR.

 Achieving an SNR of “x” dB in 10 kHz band is not as attractive as
achieving the same in 1 GHz band
(1 Relative noise floor = — (SNR + 10elog,,(BW))

%ﬁ’@?ﬁ Worl:shop on
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Digital Circuit Trends

10000 1800000 -1
1600000
1400000 A
1200000 \
1000000
800000 -
600000 -
400000
200000
0 T T T T T - 4
40 90 140 190 240 290 340

Courtesy: TSMC Technology [nm]

0.5

—
(an)
(an)
o
o
(X}
O

100

Gates/mm?

-y
o
1

Energy [fJ/gate]

1 ) ) 1 1 1 1
1997 1999 2001 2003 2005 2007 2009
Year

1 ADC Energy Vs Digital Energy
Example

— Standard digital gates (NAND2) in 0.13mm CMOS consume about
6nW/Gate/MHz
- Energy/Gate = 6fJ
— State-of-the-art 10-bit ADC consumes 1mW/MSample/sec
- Energy/Conversion = 1nJ
— Energy equivalent number of gates

- 1nJ/6fJ= 166,666 ]
Source: http://www.hotchips.org/wp-content/uploads/hc archives/hc17/3 Tue/HC17.85/HC17.55;I'63.pdf

“Digitally Assisted Analog Design”, Boris Murmann. %% Workshop on
; Analog VLSI
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ADC/Digital Logic Energy Trends

——— SNR=30dB
—e— SNR=40dB
—m— SNR=50dB
—aA— SNR=60dB
—@— SNR=70dB
—[1— SNR=80dB
—A— SNR=90dB
—0O— SNR=100dB

/

/

/o/

/ / /

i
i

/
ﬁ
/

/

A
e

0.7

0.6

0.5

04 0.3 0.2

Feature Size L [um]
] For SNRs < 50 dB additional digital processing is expensive.

0.1

500000
450000

400000
350000
300000
250000
200000
150000
100000
50000
0

Number of Energy Equivalent Gates

J For SNRs > 50 dB using few tens of thousands of gates has

hardly any impact on overall energy.
Source: http://www.hotchips.org/wp-content/uploads/hc _archives/hc17/3 Tue/HC17.S5/HC17.S5T3.pdf

“Digitally Assisted Analog Design”, Boris Murmann.
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Calibration : A Necessity
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Why Calibrate?

Basic Pipeline Stage

 As technology scales it is difficult to

rLg—ucﬂ— get:
Vino—s c, f(x) = get high op amp gain to
o1 o Vout 1. remove gain error

89

Sub Doyt CPTZ | D
ADC =TT =

2. suppress nonlinearity
= |low op amp offset.
= capacitor matching to remove DAC
nonlinearity.
J For example, op amp gain in a 12-bit
system should exceed 12000 =~ 81 dB.

%ﬁ’@?ﬁ Wor'l:shop on
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Current ADC Design Trends

0 Choose capacitors to satisfy kT/C noise, not matching.

0 Choose op amp with high swing
-> kT/C noise relaxed
-> power consumption reduced.
- Relaxes op amp linearity requirement
0 Choose best trade-off between speed, power, and

noise of op amp regardless of its gain.

0 Digitally correct for everything!

%ﬁ’@?ﬁ Wor'll:sh?/FI)— o;u
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How to Calibrate?

Inverse
ADC Operator
Draw
Vinww g7(x) |—> corr
) @) Inverse
Stage j D Operator
Residue raw -
Ideal 1
vi"*E_b Quantizer Deorr
(b)
Stage | - Inverse Operator
Vot gm R"*”"’”"‘ deal ] estimation can be
) Quantizer i}
done in:
Inverse ¥ " BaCkgI‘OUI‘Id
0] t
:‘"’"" = = Foreground
DCOFF+ g (X)
C Workshop o
) %%@EF An:Iosg VF;_SZ?
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Capacitor Mismatch
Calibration
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Bibhudatta Sahoo CDOAMC A |231¥L5I



Comparator Forcing Based Calibration

ADC T eeeT,m,

21\[
and ceq—cF+A(cF+Zc +cp)

=1
B. Sahoo and B. Razavi, IEEE JSSC, vol. 48, pp. 1442-1452, Jan. 2013.

%ﬁ’@?ﬁ Worl:shop on
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Computation of g;  (I)

Region Region

J J+1

In other words,
Dl,b — Dl,a — /31 — 52

Doy — Dyo = B2 — Bs
D15y — Dis.o = B1s — Bie

%ﬁ’@?ﬁ WorII:shoF;— on
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Computation of g;

Dl,b — D1,a, — /61 — 52
D3y — D2y = B2 — (33

D15y — Dis,a = (15 + 51

1 —1 O O1[B1] [ Diw—Dia’
0o 1 -1 0|l B2 Dy — Dy,
1 0 -+ 0 1]Bis] | D156 — Dis,a.
In other words, 351 r1 1 ... 1 [ Diy—Din-
B2 1]—1 1 1 D>y — D,
— . —
; 2| ; IR :
| B15] —1 —1 -+ 1 1[Dy5p — D15.a.

? ?

3;’s can be calculated using adders and right shifts.

B. Sahoo and B. Razavi, “A 10-b 1-GHz 33-mW CMOS ADC*, IEEE Journal of Solid-
State Circuits, vol. 48, pp. 1442-1452, Jun. 2013.
A. Karanicolas, et. al., “A 15-b 1-Msample/s digitally self-calibrated pipeline ADC,

“, IEEE Journal of Solid-State Circuits, vol. 28, pp. 1207-1215, Dec. 1993.
kshop on
N15 S99 Analog VLSI
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Capacitor Mismatch Calibration

O The input output characteristic of a 4-bit stage is:

16 15
_____________________________________________________________ z CmVIN - z Cm Am,jVR
: Stage-1 : Vour == =
Vipote C,+C, +Z_1 C,
i L sub-ADC 15
: C.A YV
S ey oo Y. Vo ooV — ; IR
D = Vour =QVyy 6
_______________________________________________________________ C,+C,+>.C,
16 5 Cr = "
1 ; A
: N = Vour =0V _:BjVR )
i f11-bits  Digital Combiner ' is 16
S | IS g D> .C,A, Vs >c,
where f; = ! = and o = — —
out C,+C,+Y.C, C,+C,+>.C,
CF _ A m=1 CF _ A m=1

4 Dividing both sides by V, we get,
Dy, =0D,y _,Bj

D.. B,
— D, =—2 4+
a a

%%, Workshop on
. i Analog VLSI
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Capacitor Mismatch Calibration (2)

" CR= Correction Range

(C,+C,+ 00 etC,)
: 2 16 = =aD,, - f,
Cr+Cpo+).C,

i=1

Region1:D,, =aD,, +

Cr—

A

C,—(C,+eee+C
[ 1 ( 2 — 15)]:a,DIN_IB2

Cr+C,+).C,
i=1

Region2:D,, =aD,, —

C.— A

_[C1+C2_(C3+ e .+C15)]

Region 3: Dy, = aD,,
C,+Co+>.C,
i=1

Cr— 1

16 =aD,, - /33

Region15:D,, =aD,, —

Region16:D,, =aD,, —

Bibhudatta Sahoo

[C1+C2+ il °+C14_C15]:

16 aDIN - :615
Cr+C,+).C,
C. — i=1
F

A
(C1+C2+ e °+C15)_

16 - aDIN + ﬁl
Cr+Co+).C,
i=1

C.—- yy

%%@?5 Workshop on
] Analog VLSI
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Capacitor Mismatch Calibration (3)

4 The digital output goes from 0 to 15 when the input changes from -V, to
+Vai.

O Apply V; close to the comparator threshold and force the flash ADC output
so that the residue is once in region j and then in region (j+1).

U The redundancy/offset correction range in the architecture prevents the
ADC from clipping.

O The backend ADC gives two different codes for the same input voltage.
RS Analog VoL
Bibhudatta Sahoo €dAC 2017



Vipo—

Capacitor Mismatch Calibration (4)

e
A D,

Region Region j+1

0 Vs / vje / >V,

| DBE,j,f

T C
»—(/oj—"—q Ba:lé-fnd " y
T T «donfr heglutnfr
B H $ DBE .
A15 " A| - C _ C . c » A
»| Sub-ADC T=Cr=(Cp+Cr mz=1cm)/ opamp

4 Applying V; to the ADC in region j we

get,
D, . B
_ BE,J_l_ J

a a
O Similarly applying V; and forcing the
ADC to be in region (j+1) we get,

D _DBE,j,f_l_ﬂjH

> a a
U Since, same voltage is applied we can
equate both of them:

DBE,j,f _DBE,j ::Bj _:Bj+1

which is not dependent on gain error.
 Repeat the above steps for j=1 o 15.

%%@?5 Workshop on
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Capacitor Mismatch Calibration (5)

d Thus we end up with:

Dy =Dyey = B~ 5, 1 -1 0 0 0 0 0 0 0 0 0 0 0 0 O[AT] | Dsrs—Dgy |
Dy =Dppy =5~ B 0O 1L -1 0 0 0 000 0 0 0 0 0 0]P28 Dy =Dy
Dy ¢ =Dy s = B =B, 00 1 -1 0 0 0 0 0 0 0 0 0 0 0B | | Dsss—Das
Dy sy =Dpps =B =Bs 0o 0 0 1 -1 0 00 0 0 0O O O 0 0}§p8 Dyess—Dyss
Dy s.p =Dy s = Ps = fs 0o 0 001 -1 0 0 0 0 0 0 0 0 028 Dyss; — Dy s
Dyys.p = Dpps =B =15 0o 0 0 001 -1 0 0 0 0 0 0 0 0}B2s Dyss;—Dyss
Dy p = Dyes =B = B 00 00 00 1 -1 0 0 0 0 0 0 0B | |Dsrs—Dy-
Dypsy=Dpps =By =B 00 0000 0 1 -1 0 0 0 0 0 O] pB|=|Dsyss—Dys
Dy s —Dysy = By = B 00 0O 0O OO 0 0 I -1 0 0 0 0 0325 Do, — Dy
DBE,IOf DBE10 ,310—,511 0 0 0 0 0 0 0 0 0 1 -1 0 0 0 0 1810 DBE,IOf DBEIO
Dyrvs=Dyeri =B =B 00 0 000 0 0 0 0 1 =1 0 0 O0|B.| |Dsis—Duun
Dyyrn; = Dysro =B+ B 00 0 000 0 0 0 0 0 1 =1 0 O0|B,| |Dsgis—Dsn
Dy~ Dyprs =By =B 00 0000 0 0 0 0 0 0 1 =1 0/Bs| |Dseiss—Dsss
Dyires —Dyers = B —Bis 00 0000 0 0 0 0 0 0 0 1 =18, |Dsrsss—Dprus
Dyprss —Dypis = Bis+ B, 10 0 0 0 0 0 0 0 0 0 0 0 0 18| |DPuiss—Dus|

1 Solving for £ is straight forward and does not require
multiplication.
%%@?5 Workshop on
; Analog VLSI
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Capacitor Mismatch Calibration (6)

d Thus 45; can be obtained as follows without the need of multipliers:

‘g1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1] Dgy;—Dg, |
5, -1 1 1 1 1 1 1 1 1 1 1 1 1 1 1| Dg,,;—Dy,
B, -1 -1 1 1 1 1 1 1 1 1 1 1 1 1 1| Dy, =Dy,
B, -1 -1 -1 1 1 1 1 1 1 1 1 1 1 1 1| Dgy,—Dy.,
B -1 -1 -1 -1 1 1 1 1 1 1 1 1 1 1 1| Dgs;—Dgs
B, -1 -1 -1 =1 -1 1 1 1 1 1 1 1 1 1 1| Dgy,—Dy
5, -1 -1 -1 =1 =1 =1 1 1 1 1 1 1 1 1 1| Dyy,; =Dy,
B =% -1 -1 -1 =1 =1 =1 =1 1 1 1 1 1 1 1 1| Dgy, =Dy
B, -1 -1 -1 -1 =1 =1 =1 =1 1 1 1 1 1 1 1| Dgo;—Dyy
B -1 -1 -1 -1 =1 =1 =1 =1 =1 1 1 1 1 1 1| Dg;—Dgyo
B -1 -1 -1 -1 =1 -1 =1 =1 =1 =1 1 1 1 1 1Dy, =Dy,
B, -1 -1 -1 -1 =1 =1 =1 =1 =1 =1 =1 1 1 1 1| Dy, =Dy
B -1 -1 -1 =1 =1 =1 =1 =1 =1 =1 =1 =1 1 1 1| Dyis; =Dy
B, -1 -1 -1 -1 =1 =1 =1 =1 =1 =1 =1 =1 =1 1 1| Dgpy; =Dy
Bs] -1 -1 -1 -1 =1 =1 =1 =1 =1 =1 =1 =1 =1 =1 1| Dyeys; =Dy s

0 Combining the bits with appropriate f;:
= Flash ADC output tells us which region the analog voltage is in.
= The above information can be used appropriately combine the bits.
%%@?5 Workshop on
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Gain Calibration for Multi-bit
MDAC

. %%@?5 Wo:l;shop on
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Computation of O

7
o Need to obtain ¢, /C,,,
o Fortunately 3, -8, = —

C,/C
Ci+ -+ Cja Cite-+C

eq ’...’

Cij+1
C.,
o We already have these values from previous measurements

D1y — D1, = B1 — B2
D2,b — DZ,a — B2 — B3

Disp — D150 = B15 + 51 ——
. ﬂéqs Analog VLSI
103 Bibhudatta Sahoo eOAC 2017




Computation of C,¢/C,

o Swap C, and C;:

C, Ck Cis Ck
— F—e ] _(0?_” * 1
T, T4
‘/In o—e ———1-— Vrei — \/lno——o I o— 11— Vres

11 11
Co+ -+ Cig ClG_
= B¢ = - — C = B16 — Bis
eq €q

o Thus, o = &1 a + C1s js obtained.
eq
%ﬁ’@?ﬁ Wor'II:sh?/i o;u
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Gain Error Calibration (1)

(C+C,+o0001C,)

J We can obtain a similar set of Region1:D,, =aD,, + 2 = =aD,, -1,
measurements by connecting C,4 to C,+C,+Y.C,
+Vg (controlled by A,) and C, to C, - y i=l
Ve

_ . [C.—(C,+eeetC.)
0 Instead of B, to 5 we can define Region2:D, =aD,, ———— G =Dy 7],
14 to 1,5 as shown on the side. Cr+Cpt2.C,

- . C + i=1
O Similarly we can solve for n, to d A

N45 by matrix inversion. [Ce+C,—(C,+ @ 0 o+C,,)]

o . Region3:D,, =aD,, — = =aD,, -1,
e C,+C,+>.C,
A D, CF + A =l
LA o
* °
CI)1 ¢ Cy5 PY
Vipo—4—" OTI
L ) + +C,+ o 0 0—
Az | Region15:D,, =aD,, — Gt = Gl =aD,, —1,s
_,,R C,+C,+>.C,
) C + i=1
>—o/1 C||s_< Back-End " A
ADC
f’z /id% » Region 16:D,, =aD,, — (CetCtCy o .16. +Cy) =aD,, +1,
L _1f 0, C,+C,+>.C,
Ajgeee A i=1
»| Sub-ADC s Crt A

%ﬁ’@?ﬁ Worll;shori" on
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Gain Error Calibration (2)

J We can rewrite 3, to B,5 in terms C, to C,, as shown below:

-1 -1 -1 -1 -1 -1 -1 -1 -1 -1 -1 -1 -1 -1 =1 ¢ | [B]
! -1 -1 -1 -1 -1 -1-1-1-1-1-1 -1 -1 —-1||C, B,
1 1 -1 -1 -1-1-1-1-1-1 -1 -1 -1 -1 -1|C B,
1 1.1 -1-1-1-1-1-1-1-1-1-1 -1 -1|C, B,
111 1 -1 -1-1-1 -1 -1 -1 -1 -1 -1 -1|C; B;
1 1 1 1 1 -1 -1-1-1-1 -1 -1 -1 -1 —-1|C4 B
111 1 1 1 -1 ~-1-1-1 -1 -1 -1 -1 —-1|C, B,
! % 11 1 1 1 1 1 -1 -1 -1 -1 -1 -1 -1 —1||GC |=| /L
C,+Co+XC{l1 1 1 1 1 1 1 1 -1 -1 -1 -1 -1 -1 -1|C, B,
Cr— A = 1 1 1 1 1 1 1 1 1 =1 =1 =1 =1 =1 =1|Cy| |Bo
1 1 1 1 1 1 1 1 1 1 -1 -1-1-1-1|¢C,| |B,
1 1 1 1 1 1 1 1 1 1 1 -1 -1 -1 =1{C,| |8,
11 1 1 1 1 1 1 1 1 1 1 -1 -1 —-1||C; B
1 1 1 1 1 1 1 1 1 1 1 1 1 -1 -=1|¢C,| |B.
't 1 1 1 1 1 1 1 1 1 1 1 1 1 =1]Cs| |Bs
O Similarly, we can rewrite 1, to 1,5 in terms C, to C,. C +C, +IZ6:C,.
d Solving the two matrices we can obtain C,/(C¢-Cy) where, C, = ) =
for i=1 to 16. 6 C
0 Gainerror, =) ———
i=1 CF _CX

%%, Workshop on
] Analog VLSI
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Gain Error Calibration — 1.5 bit stages

(] Backend stages = need gain error calibration.

 Perturbation based calibration [1]:
4 Applying V,, we get D, and Dy,
d Applying (V,y + 4) we get D, and Dy,.
d Applying Awe get D, and Dy . ) ‘;REF
d v,y and (v,, + 4) should produce different
codes.
dThus, gain error yis obtained as follows:

V,+A)-V, —A=0
= Dy + g — Dy = Wppo — Dy = Wippy =0
D1
DBEO +DBEA _DBEI

D
Vin o—o”

(Dz vout

= y=

[1] B. Sahoo and B. Razavi, "A 12-Bit 200-MHz CMOS ADC,“ IEEE Journal of Solid-

State Circuits, vol. 44, pp. 2366-2380, Sept. 2009 shop on
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Gain Calibration for 1.5-bit
Non-flip-around MDAC

. %%@?5 Wo:l;shop on
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1.5-Bit Stages

Ce

1
Ce lp
Vi, o_._o/o;I_"

Y

KVRgp —==— —1/2

00
) 01| o
<¢’“b ADC 7 11 |+112
Cs

B 1
VI‘BS_ CF+CS+3§+CP (‘/zn_KVREF):>Dzn p— K —I— EDBE

B Cs . :
where, o = Cr | CetCrics is the gain.

d Cg and C. cannot be swapped to obtain gain as it would
lead to over-range.

%ﬁ’@?ﬁ Wor'll:sh?/FI)— o;u
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Calibration Algorithm* (1.5-Bit Stages)

vres

vres

D»VI n

* Apply AV=10 mV

* Apply Vrer/4
* Apply Vgee/4+AV

* B. Sahoo and B. Razavi, IEEE Journal of Solid-State Circuits, vol. 44, pp. 2366-2380, Sept. 2009

%%, workshop on
] Analog VLSI
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1.5-Bit Stages - Computing Inverse Gain (1/a)

* Apply AV
1
Da — Dsub,a —|_ EDBE,(L

| » Apply Vrpee/4, force comparator
| _, output to be “0”

1
Dy = Dgypp + EDBE,b

* Apply (Vree/4+AV), force
comparator output to be “1”
1
Dc — Dsub,c _I_ _DBE,C:
(81
. 1 Dsub,c
Inverse Gain: — =
o« Dpga+ Dy — DBE.c

« Obtained using Newton-Raphson iterative method
instead of division.

>
>0
<\
w
(L
»)

a8
111 Bibhudatta Sahoo CDAC 2017



Gain Calibration for 1.5-bit

Flip-around, 2.5-bit, etc.
MDAC

. %%@?5 Wo:l;shop on
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Gain Calibration for 1.5-bit Flip-around MDAC (1)

Cq

C1+C2+CP Vln _ C1+C2+CP KVR! Where K — ill 0
Cot——— C2+——3
_ _ C1+Cy . Cq
= Vout - avin o KﬁVR: where a = +Cl+CZ+Cp! and ﬁ - C +Cl+CZ+Cp
2

A A
0 B can be solved by applying V,, or V., and forcing the corresponding

comparator to “1” or “0”.
0 Unlike, an N-bit architecture as mentioned earlier we cannot swap the
capacitors here to solve for a.

- - . C1+C2+C C1+C2+C
0 Swapping capacitors changes the denominator C, + % toC, + %
* C. Ravi, V. Sarma, and B. Sahoo,”“ IEEE NEWCAS, June 2015
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Gain Calibration for 1.5-bit Flip-around MDAC (2)

C1+C2 Cq

C1+C2+Cp Vln — C1+C2+Cp KVR’ Where K = il’ 0

Copt——f— Copt——f—
_ h _ Cl+Cz d . C1
= Vout - avin o KﬁVR: where a = C +Cl+CZ+Cp! an ﬁ - CZ+C1+C2+CP
A A
o Applying V, the back-end ADC output can be given as:
Cz CZ
Vout_aVR_BVR :>Vout_Cz+C1+Cz+CPVR:>DBE_Cz+cl+€12+cp

A

o The B obtained using the comparator forcing algorithm can be added to the

above D, measurement to obtain «

* C. Ravi, V. Sarma, and B. Sahoo,”“ IEEE NEWCAS, June 2015 %% Workshop on

. log VLSI
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Gain Calibration for 2.5-bit Flip-around MDAC

* C. Ravi, V. Sarma, and B. Sahoo,“ IEEE NEWCAS, June 2015

Q

Q
Q

Comparator forcing based
calibration technique is used
to obtain B to .
Just as in 1.5-bit flip-around
topology swapping capacitor
changes the denominator
and hence cannot be used to
solve for the gain «a.
Applying the full-scale input
to the MDAC and digitizing
the output using the backend
we obtain,
C; + Cg

iz1Ci+ Cp

A
Y1 Ci

Z?=1 Cl'+CP.
A

Dgg =

C; +Cg+

Now, ¢ =
C7+Cg+

a = Dpr+ B¢

Can be extended to 3.5-bit.

%%@?5 Workshop on
] Analog VLSI
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Calibration at Full-Speed

0 Speed of existing calibration methods are limited by

= Circuitry which applies the calibration inputs

o Calibration at low speed doesn't capture the error in
residue

= Due to insufficient settling of the op amp at high
frequency

= Incorrect gain estimation

0 In order to facilitate calibration at full-speed the calibration
voltages have to be generated using capacitors switching
to +Vp.

0 This eliminates the resistor ladder to generate the

calibration voltages.

* C. Ravi, V. Sarma, and B. Sahoo,”“ IEEE NEWCAS, June 2015 %% E Workshop on

. alog VL
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Calibration Signal Generation for 1.5-bit

o Split the sampling capacitor and the
feedback capacitor into two equal
unit capacitors

0 During normal operation

- Sampling phase: Input is
sampled onto all the capacitors

o Vout

-  Amplification phase: 2
capacitors are flipped around

- Remaining two capacitors
switch to KV

* C. Ravi, V. Sarma, and B. Sahoo,”“ IEEE NEWCAS, June 2015 Workshop on
. %%@?5 Analog VLSI
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Calibration Signal Generation for 1.5-bit

0 During Calibration,

- Sampling phase: -V, sampled onto
one sampling capacitors

- Remaining capacitors connected to
ground for applying V,, = —V,/4.

-  Amplification phase: Two capacitors
connected to KV,

- Two capacitors flipped around

0 Resulting residue voltage is
—VgpCi+ KVg(Cqy+ C5)

Vour =
63+C4+C1+C2:|4-C3+C4

o Vout

0 This residue is sameasif V,, = -V /4
is applied

* C. Ravi, V. Sarma, and B. Sahoo,“ IEEE NEWCAS, June 2015 %% E Workshop on

. log VLSI
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Calibration Signal Generation for 1.5-bit

o Similarly, we can mimic the generation
of V,, = V,/4by

- Applying V, to one sampling
v, capacitor

- Remaining connected to ground

* C. Ravi, V. Sarma, and B. Sahoo,“ IEEE NEWCAS, June 2015
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Calibration Signal Generation for 2.5-bit

Stage
e, o Calibration voltages for 2. 5-bit stage
o o T architecture
[ 0 +5V,/8,+3V,/8, and +V,/8
) j;_flg 0 Represented as nAV,/8, where, A =
I B —1forV,,toV,, A = 1forV, to
O_I.qu_" Vegsandn=5,3,1
AV (Dl_ﬁ;D»—ov 0 To apply Vi, A=-1 andn=>5
0 Resulting residue is
: 21 Ci (—VR) — X1 CiVp
Vout = g .
C7 + Cg +=151—

o Equivalent to applying V., = —5V,/8
o Similar technique applied to 3. 5-bit
stage

* C. Ravi, V. Sarma, and B. Sahoo,“ IEEE NEWCAS, June 2015 .. Workshop on

. log VLSI
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Foreground Vs Background

Capacitor mismatch does not change with supply voltage and
temperature

= Power up foreground calibration is sufficient.

d  Op amp gain changes with supply voltage and temperature

= Background calibration is a necessity.

i e
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Background Gain Calibration
for Multi-bit, 1.5-bit, 2.5-bit,
etc. MDACs

o
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Pipeline Stage I/O Characteristic

O The input output characteristic of a 4-bit stage is:

16 15
Z:; C V- Z} C,A, Vi

VOUT - 16
C,+C,+>.C,
C _ m=1
g A
15
szAm,jVR
> /G = Vour =0V, — = 16
1 C,+C,.+ ) C,_
<|I ] C. - o ;
| y11-bits  Digital Combiner A
L T = VOUT = aVIN _ﬂjVR s
15 16
ouTt Z C,A, Vi Z C,
where 5, = m=l ——ando = =l Tm—
O Dividing both sides by V, we get, . CrtCpr+ 2.C, . CrtCpr+ 2.C,
F F
A A
Dy =Dy _,Bj

D
= Dy = —BE Vi
where,

= yis the capacitor mismatch =» independent of op amp gain
= ois the gain (G,)=> function of op amp gain. Workshop on
] %%@?5 Analog VLSI
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Proposed Calibration Algorithm

o Initially estimate the gain (a=G;,) and the capacitor
mismatch () in the foreground using the calibration
technique in Y.

0 Then estimate the inter-stage gain a, in the background.

V. of

in © ' .
\<sub-ADC

"""""""""""""""""" N
~N :
11-bits  Digital Combiner |

ouT

IB. Sahoo, and B. Razavi, ”’A 10-bit 1-GHz 33-mW CMOS ADC,” IEEE JSSC, June 2013. %% Wor‘kshop on
. ; éa; Analog VLSI
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Pipelined Stage Residue Characteristic with MDAC

Gain Variation

- |deal
— = Non-ideal

. - r DBE,min
é “Vin
VRer
| 2 [ 3
sub-ADC code
2-bit MDAC residue characteristics 2-bit MDAC residue characteristics
V.es VS Vi, With Gain variation Dgg Vs V;,, with Gain variation

o MDAC gain (a) changes = slope of the residue characteristic changes.

0 Residue quantized by an ideal M-bit back-end to give a digital estimate, D,
Dgg min= 2Y-2 and D BE max= 3x2M-2 -1

0 ldeally a = DBE’ max/ Visp/2-

o Parameter drift changes Dy, ., and Dy ...

%ﬁ’@?ﬁ WorII:shoF;— on
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Calibration Algorithm

o Estimate the MDAC gain, a in the foreground mode using technique
in Y.
0 Estimate Dgg .41 in the background mode, immediately after the

foreground calibration is done. Thus, a = Dgg jax1/ Vi sp/2-

0 Calibration engine keeps on estimating Dgg ..., If the gain drifts a
new back-end maximum, Dgg ..., is obtained, resulting in &, =
DBE,max2/ VLSB/ 2.

X e — Dmax2 I:> o :aDmaxz
a D new Do 1

max 1

o Thus,

IB. Sahoo, and B. Razavi, “A 10-bit 1-GHz 33-mW CMOS ADC,” IEEE JSSC, June 2013.
%%@?5 Workshop on
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Effect of Non-ldealities

0 The estimation of DBE’ wax can be corrupted due
to the following non-idealities:
= Comparator Offset
= Capacitor mismatch

= Thermal Noise

%ﬁ’@?ﬁ Worll::Shlel,_ o]r:l
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Effect of Comparator Offset

0 With comparator offset maximum back-
end code changes from region to region,
but slope in each region is the same.

0 Maximum in any one region gives the Mt —
accurate estimate of inter-stage gain  ;,,m2 4

0 The region should be such that the :
calibration can work even with lower M2
signal swing '

o For 2-bit MDAC, characteristic e Vher
corresponding to output code of 1 or 2 is sub-ADC code

chosen

O For 3-bit and 4-bit MDACSs calibration would work for 1/4th and
1/8t" of the signal swing.

Proposed calibration would thus require a minimum
swing that is either 12 dB or 18 dB below full scale.

%%, Workshop on
; Analog VLSI
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Effect of Capacitor Mismatch

0o Capacitor mismatch changes the

residue/back-end characteristic. 20

JeoM-24 /i

0 Although the slope is the same in
each region the maximum in each
region is different.

0 Calibration obtains the maximum
back-end code for a particular
region

129 Bibhudatta Sahoo
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sub-ADC code
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Effect of Thermal Noise

o Thermal noise corrupts the measurement

Of DBE,max‘

Absolute
Maximum
Code

Code Count

0 Histogram of the back-end code estimates

the true maximum code and eliminates the e Maximorn
absolute maximum code.

0 For a noisy bin to have the same height as that of a noiseless bin,
the thermal noise should have a variance, oy > 10 LSB = SNR

degradation of approx. 30 dB.

I:> Noisy bins cannot be of the same height as noiseless bins

%ﬁ’@?ﬁ Worll::Shlel,_ o]r:l
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Multi-stage Gain Calibration

Ideal

Vinos| Stage 1 | Stage2 <BaCk_endiL
/%

o Algorithm first calibrates the 2 stage that has an ideal back-end

0 Consider the 2"d stage onwards as an ideal back-end and

calibrate the 1st stage

o Calibration starts from the later stages and moves to the 1st stage

%ﬁ’@?ﬁ Wor'II:shoF;— on
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Digital Hardware Complexity

Histogram requires counters and finding the maximum requires
comparators.

For M-bit back-end, do we need 2" comparators and counters! No ©

Absolute
Maximum
Code

Code Count

Back—-end Code True

Foreground calibration gives an initial estimate of Dg¢ ,,,, and noise
corrupts this by maximum of +10 to 20 back-end codes

Hence maximum of 40 digital comparators and counters used

Division operation is realized using Newton-Raphson technique,
which requires a multiplier and adder

%ﬁ’@?ﬁ WorII:shoF;— on
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Simulation Setup

Vin——>{ Stage1 —>| Stage 2 [—>| Stage 3 Ideal

Back-end
blts blts blts
Dout ==
12 blts 118

118

'3 bits

AN

0 Proposed calibration technique applied to the first 2 stages

with the remaining two stages acting as an ideal back-end.

o Circuit noise has been added to each stage of the pipeline to

limit the effective humber of bits (ENOB) to 11.3 bits.
SIMULATION PARAMETERS

Stage | Op amp | 3o0—Comparator| 3o —Capacitor
No gain Offset Mismatch

1 100 £+ 20% | 15 mV 3%

2 100 +=20% | 15 mV 3%

%%@EF :/orltsm\)/?_so;
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Simulation Results (1)

o Fig (a) shows the histogram of the
output of stage-1 simulated with

an op amp gain of 100 i.e., 40 dB
and an ideal 9 bit back-end

o Fig (b) shows the histogram with

360 365 370 (@) 375 380 385

stage-1 op amp gain changed to
80 i.e., 20 % reduction in gain.

0 Used sine wave as an input signal :
for this. %0 365 370 375 380 385

Back-end code
a For ramp and random Inputs ?
similar histograms can be
obtained.

%ﬁ’@?ﬁ WorII:shoF;— on
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Simulation Results (2)

Before Foreground Calibration

100 ;

After Foreground Calibration

. T ENORS 100 — :
o ENOBA7S | ENOB=115
----- oot SNDR=ATAB, soll L SNDR=71dB
g | SFDPR=prdB - T SFDR=96dB
g L L
g g TR T—
- . i -sow, "
L I
P ga1|n=1qo p amp gain=100
-100 : i ) 1 ! | 1
0 100 Fgggmymgl 400 500 0% 00 200 300 400 500
Before BG Calibration {56 _ After BG Callbration
100 T ENOB=I5 i ' ENOB=11.3
coll i . SNDR=s9dB | ol i | SWDR=70dB
5 " SFDR=68dB g . | SKFDR=§5dB
| T A 0 N S T
= I £ : I I :
E <L, I 1
=X
in am'p gain=8 Op amp gain=8p
i ! l - i - | i
10000 200 300 400 500 10000 200 300 400 500
Frequency{MHz) Frequency{MHz)

%%, Workshop on
; Analog VLSI
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Op amp Nonlinearity
Calibration

. %%@?5 Wo:l;shop on
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Op Amp Modeling

 Nonlinear op amp input-output characteristic,
V. =aV, +aV:+aV,

d Inverse given by,

Zﬂ,
ZIB (a'1 +a,V; + %Vi;:’)

O For a weakly nonlinear system we have,

ﬁl out+ﬂ2 out+ﬂ3 out

where

B - 1 p; -o, , 20, a
=—, 2: s P23 = —_
' a; a o

B. Sahoo and B. Razavi, IEEE ]JSSC, vol. 44, pp. 2366-2380, Jan. 2009.
%]A_\“, é?ﬁ Workshop on
. ; Analog VLSI
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MDAC for 1.5-b/stage (1)

. X
V, —o V,
T e e R e

. A
kVrer Ca= 0y kVrer Ce=5Cs
k=1%1,0 k=:'7,0
1. Cs [N [N
Vou = 1 g C, Vi + 1 Cr C C, kV ggr Vou = 1 CI;, C (Vm —k VREF)
1+— [l+ —5 +] 1+— [1+ —5 +] 1+[1+S+X]
AU ¢, ¢, Al ¢, ¢, A C,

- Conservation of charge gives:
C,\V, =(kVpe =V, )C; +V,Cy, +(V

out

-V, )C,

Vi = kViger + |: F+:B1 }V +182W0ut+133 WV ot
Cs

where B. Sahoo and B. Razavi, [EEE
’ y-CxtCr 4 JSSC, vol. 44, pp. 2366-2380,
Cs Jan. 2009.

Nls 9?2 Analog VLSI
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MDAC for 1.5-b/stage (2)

* Defining D, =V, /V,,rand D, .=V /V,.. the input-output
characteristic is given by,
Din = Dl +771D0ut +772D02ut +773D3ut
where, C
= CF + Y151, = %32,773 — 7733

. Calibration thus estimates the coefficients of D,

B. Sahoo and B. Razavi, IEEE ]JSSC, vol. 44, pp. 2366-2380, Jan. 2009.

%]A_\“, Workshop on
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Pipelined ADC Modeling (1)

-0 00

out
. Recurswe |mBIementat|on of the pipelined ADC,

in,1

Din,l =D, + 771,1Dout,1 + 772,1 out T 773 1 out 1

e 3 .
D,,=D,+n,D,,,+n,,D out , + 152D B. Sahoo and B. Razavi, [EEE
JSSC, vol. 44, pp. 2366-2380,
’ Jan. 2009.
[ J
[ J

— 3
Din,N _DN +7’1,NDout,N +7]2,N outN +773 NDoutN

= - 2
Din,N+1 - DN+1 + ﬂl,N+1Dout,N+1 + 7]2,N+1Dout N+1 + 773,N+1 out Ts?} § Wor'kshop on

. lo L
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Pipelined ADC Modellng (2)

LMS Machine <—D1 XX D16

* Recursive relation can be written as,
Dout = Din,l
D,, =D1'|'771,1 out1+7731 outl

3
out,2

D(_D +7., out2+7732D

in,2

D,,=D,+ ZHI D,
B. Sahoo and B. Razavi, IEEE ]JSSC, vol. 44, pp. 2366-2380, Jan. 2009. Worksh
%]A_\“, g orkshop on
. ; Analog VLSI
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FIR Filter Implementation

/ Dout = Din,l

LMS Machine [<&D ¢**D,¢

3
out ,1

Din,l =D, + 771,1Dout,1 + 773,1D

3
Din,2 =D, + 771,2Dout,2 + 773,2D

* D,,;does not need multipliers. | , _, S, o,

B. Sahoo and B. Razavi, IEEE ]JSSC, vol. 44, pp. 2366-2380, Jan. 2009.

%]A_\“, Workshop on
] Analog VLSI
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Calibration Concept (1)

Ideal
Back End

Vino—»| Stage 1

in

o V.

inl

2D, = D, +f 1/(Dggy)

A Vi +4V P?D,=D;,; /7' (Dggy)

a A4V 9DA=D1,A+f1'1(DBEA)

o Cost function & ¢ =(D - (D, - D,))?

0 Repeat above measurement for various values of V,, ..
B. Sahoo and B. Razavi, IEEE ]JSSC, vol. 44, pp. 2366-2380, Jan. 2009. Worksh
_ orkshop on
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Calibration Concept (2)

o Perturbation voltage AV:

need not be known accurately.

Dout ‘

must remain constant when V, is
swept to cover the entire range.

L :
o V,,; values need not be equally D,
spaced.

Dy £

o Offset voltage incorporated in
cost function:

€ =(D,-Dy— (D, - D,))?

B. Sahoo and B. Razavi, IEEE ]JSSC, vol. 44, pp. 2366-2380, Jan. 2009.
%]A_\“, Workshop on
; Analog VLSI
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Calibration Concept (3)

VREs Clivbin VRes
:—"“x pp g

*+VRer *VREF| ooy

f — Ideal — Ideal
—_- Vi, +AV i/ —_- Vin AV

=VREF

() (b)

o Addition or subtraction of perturbation voltage AV at all
input levels causes residue overflow.

o A4V is subtracted for V,, > -V,../4 and is added otherwise.

B. Sahoo and B. Razavi, IEEE ]JSSC, vol. 44, pp. 2366-2380, Jan. 2009.

%]A_\“, Workshop on
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Properties of Cost Function (1)

400

< Ideal =

Vino_> Stage 1 Back End 300
D1l

DBE
N4 ]
i Dout

N
(4]
(=]

Error (LSB)
n
=]
=)

-
(41
(=]

100

50

8.5 0.51 0.52 0.53 0.54 0‘.155- 0.56 0.57 058 0.59 0.6

Mean Sqﬁare Error
o The output computed for V,, , V, +4V and AV is given by,

Dout,j - Dl,j + 771DBE,j

D .. =D.. +nD.. . B. Sahoo and B. Razavi, IEEE
outsjon =0 ia T BEjA e o1, pp. 2366-2380, Jan.
Dout,A = Dl,A + 771DBE,A

2009.
 Mean squared error zig given as,
1
2

EMISE — @ HDout,j - Dout,j,A‘ - l)out,A}2
=1
146 /

%%, Workshop on
] Analog VLSI
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Properties of Cost Function (2)

Error (LSB)

D1l Dzl Dge
M1 Nq,2
CENACERS)

Dout

‘l r
| Y S—
’ ’ ’

o The output computed for V,, , V, +A4V and AV is given by,

in,p

Dout,j = Dl,j +7, (Dz,j + ﬂzDBE,j)
Dout,j,A = Dl,j,A +17 (Dz,j,A + ﬂzDBE,j,A)

Dout,A = DI,A + 1, (DZ,A + 772DBE,A )
B. Sahoo and B. Razavi, IEEE ]JSSC, vol. 44, pp. 2366-2380, Jan. 2009. Workshop on
W S Analog VLSI
147 . nalog
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Properties of Cost Function (3)

G, G,

Vino—| Stage 1 |— Stage 2 _><Ba|glfaElnd

D1l Dzl Dge
M1 Nq,2
Dout

Error (LSB)

o Capacitor mismatch leads to asymmetric MSE curve.

0 A minimum still exists.

o Can be extended to N stages having both gain error and
nonlinearity with the overall ¢, still displaying a minimum.

B. Sahoo and B. Razavi, IEEE ]JSSC, vol. 44, pp. 2366-2380, Jan. 2009.

& Workshop on
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Blind LMS Algorithm

0 Initial estimate of the gain error and the nonlinear
coefficient provided to the LMS engine.

0 Digital bits correspondingto V,, ;and vV, ; + AV
stored in a memory to be retrieved by LMS engine.

0 Calibration signals V;,, ; and V,, ; + AV applied at full
clock rate ' '
= Corrects for incomplete settling components in the MDAC.

o LMS machine runs at slow rate (f,/16) .

B. Sahoo and B. Razavi, IEEE ]JSSC, vol. 44, pp. 2366-2380, Jan. 2009.
%]A_\“, Workshop on
; Analog VLSI

149 Bibhudatta Sahoo COAMC 2017



Radix Based Calibration (1)

Vi

1 C
N B Yo 4
o1 Cs
IE—»—O/ Vo
—x
[
*Vref, 0 - ®1 sampling phase

- ¢2 amplifying phase

. 1 f
Vi @—o0" I( .
- Vo
¢2E . A
+1/2Vref, 0 - ¢1 sampling phase

- ¢2 amplifying phase

Iand

VO_

R V0=(1+6)(2+a){Vi—

Where, (1+8) = —or, (2 + @) =
14-S"-F

1 Cs+Cr ), _Cs

ACp

1+p=¢

(1+p8)

2+a
Cs+Cr

DVref>

) DVref}

Cr ’

v, = 25 ! Vv, — Lpv
0~ CF 1+2C5+CF 2 ref
ACr

5 Vo=1+8)2+a){V;— DV,)

Wwhere, (1 + §) = ci+cp and (2 + a) = M,
1+-5-F Cr

150

J-Liand Un-Ku Moon, IEEETCAS-I, vol. 50, pp. 531-538, Sept. 2003.
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Radix Based Calibration (2)

STAGE 1 STAGE 2 STAGE n
2+0., 1+, 2+, 143, 2+, 143,
Vin +—[> > > > soe —>[> >
140, 148, 148,
v I v I v l
D1 +Vref, 0 D2  +Vref, 0 Dn  £Vref, 0

Representation of the pipelined ADC with each stage using 1.5-bit non-flip
around topology.

d The digital output can be represented as:
Dy,=D, +D,(ra)+ D, (ra)> + -+ D;(ra)*1!
where, ra = (1 + 6)(2 + a) and reference voltage of each stage is scaled.
d Since the reference is scaled for each stage this is not attractive.
 However if each stage uses a non-flip-around topology then,
Dy,=D, +D,(ra)+ D,(ra)> + -+ D;(ra)*1!
where, ra = (1 + §)(2 + a) and reference voltage of each stage is not scaled.

J-Liand Un-Ku Moon, IEEETCAS-I, vol. 50, pp. 531-538, Sept. 2003. kshop on
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Radix Based Calibration (3)

STAGE.i-] STAGE | STAGE.i+1 STAGE 1 STAGE STAGE i+1
24003, 1484 2+05 145; 24004 14854 2405 1484 2404 145 240ty 14851
asve > g » .se .. » » _ » - 000
h 4 Y h 4 » \ 1[ \5
¥ 148, | iE 145; 5] 1+ B! 2(14Bn) i 20148 i [F 2(1+By,4)
e | Y i L 7 | v i ¥ | ¥ |
Dy, Vref D Vref D,, Vref Dy +1/2Vref D,  £1/2Vref D,, &V2Vref
STAGE..:D STAGE. IR = 1 1€ 1 =T N STAGE.i:] STAGE. STAGE i+]
2+, 240, P 24,
204B)  2004B)(148) 1 201+Bi,) 20148, (1+8,,)

Y H
i

2a, 2 "
214B) | 2(14BX143,,) z(f'ﬁ 2(14B)(143) 2(:5 201X 8,) 2(1+B)  2014B, X1+5,)
*00 — ‘ "D Q—%D"—*D Q—%oﬂo‘ot > > > ses
h 4 h b 4
E: & 0]
v

v A

G £ 2 -
v l v v 3 t ¥ !
Dy, *1/2Vref D, +1/2Vref D,; * 2Vref Dy, %! 12Vref D, +1/2Vret Dy +1/2Vret

(2+al+1)

d The new radixis.ra= 1+ B;)(1+ ;) ——= TN
 The reference voltage is not scaled from stage-to-stage.

J-Liand Un-Ku Moon, IEEETCAS-I, vol. 50, pp. 531-538, Sept. 2003. kshop on
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Radix Based Calibration (4)

Ideal
back-end

ADC

*Ven

DBE:PN'QB_DreS_PN'a
— j[)e Qe — (X — jF?Vr<§g-l:h“es
= o =0 — D,

J-Liand Un-Ku Moon, IEEETCAS-I, vol. 50, pp. 531-538, Sept. 2003. kshop on
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Radix Based Calibration (5)

e Large convergence time as Dgg has to be
correlated for a long time to guarantee
that P®D, . vanishes.

 Generation of precise analog voltage
+Vpy Whose digital value is PN.

* Reduction in dynamic range of the ADC
due to injection of pseudorandom
voltage +Vpy.

J-Liand Un-Ku Moon, IEEETCAS-I, vol. 50, pp. 531-538, Sept. 2003. kshop on
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Open Loop Op amp Nonlinearity Calibration

155

T Stages
| 1

\'4
~—— SHA  G+0)b H (1+1)b H (1+0.5)b {-- (1+0.5)b —<3b

B. Murmann and B. E.
Alignment + RSD Arithmetic Boser, IEEE |SSC, vol. 38,
» I I pp- 2040-2050, Dec.
modified/ ’ i 2003.

new Digital Post-Processor (Off-Chip)

D, »l' 12b, 75MS/s

The 12-bit pipelined ADC incorporates:

=  3-bit stage-1 realized using open-loop amplifier.

= 1-bit stage-2 (with 1 redundant bit to incorporate the signal
injection for calibration).

= Seven 1.5-bit stages

= 3-bit flash ADC.

Although 14-bits of raw data the last two bits are used for

calibration purpose.

Only stage-1 is calibrated for linear gain error and non-

linearity.

All other stages form an ideal Back-end ADC. Sy Workshop on

Bibhudatta Sahoo CDAC Analzogl\;LSI



Open Loop Op amp Nonlinearity Calibration

inl

_—_—_—_—~

\
l

l

l

|

l

ADC DAC :
l .

Dl |

\Y

gADC

I Amplifier Model
\ _ 7
(1 Stage-1 that incorporates an open-loop amplifier is modeled as
per the above block diagram with various error sources:
= Vo5 = op amp offset
= A => gain error & modeled by calibration parameter p,.

= a; = 3'9order nonlinear term of the open-loop op amp.

B. Murmann and B. E. Boser, IEEE ]JSSC, vol. 38, pp. 2040-2050, Dec. 2003.
%%} vvor’kshop on
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Open Loop Op amp Nonlinearity Calibration

le(\fmsl)

resl

2° +

A

Amplifier model with input Amplifier model with

referred nonlinearity output referred nonlinearity
1 Tt 1 _ V 1 |

e(Vies1) = Viyes1 — 2 _B_pZCOS 3 + 3 €0S 1 ] — T
_27p2 |

where, V, ., is digitized by the back-end ADC and
as

B. Murmann and B. E. Boser, IEEE ]JSSC, vol. 38, pp. 2040-2050, Dec. 2003.
%%} vvm’kshop on
. ; @El; Analog VLSI
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Open Loop Op amp Nonlinearity Calibration

- N /
,/ + P, \ | + P :
I e(vrcsl) : : e(Db) I
| |
|V‘( |9+2l |7 '|
| — Backend [/ >
|

I Vresl D | D
: e | b| o | bcorr
| ° : ! Digital |
S ADC ________ s \Combiner,

(D) =Dy — 2 |—— T leos 12\

e(Dy) = Dy, T cos | + 3 cos -
2|~ 27p,

where, Dy, is the back-end ADC ouiput and the calibration éngine
estimates p,.

B. Murmann and B. E. Boser, IEEE ]JSSC, vol. 38, pp. 2040-2050, Dec. 2003.
%%} vvm’kshop on
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Open Loop Op amp Nonlinearity Calibration

159

o o] o ) ”
e ' . 4 MODE=1 | 0
//’ i 'f" 1/ p 2 @ mﬂ l'

L b)) '

« +V

V REF le > REF - V —P'

V.1 can generate two curves based on the digital random- bit MODE.
In order to accommodate the two transfer curves and not saturate the
back-end ADC stage-2 has 1-bit of redundancy.

The residue characteristic with nonlinearity shows compression.
Nonlinearity is overcome if h, = h,, i.e. the distance between the two
residue characteristic is constant at all points.

Its sufficient to estimate the distance at the center and at the

extremes.

B. Murmann and B. E. Boser, IEEE JSSC, vol. 38, pp. 2040-2050, Dec. 2003.
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Open Loop Op amp Nonlinearity Calibration

bcorr -

——— "’ I' [BE5565566568 . CH(r)

---------- - (| Gessessssesnssesssss__ (H(q) |[RNG

L Vinl
Vq

CH(r)

closest
match :> Hl

CH(qQ)

B. Murmann and B. E. Boser, IEEE JSSC, vol. 38, pp. 2040-2050, Dec. 2003. Worksh
%%, orkshop on
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Open Loop Op amp Nonlinearity Calibration

Digital LB Dt Dpcorr |
Post- h - |

! Estim.
i Processor

uln """"""""""""""""""""
1 Estimation of the gain error (p,) is similar to the method in Li2003.

J Estimation of nonlinearity (p,) is based on an LMS method which
minimizes the MSE of (H, — H,).
J (H, — H,) is a function of p, as per

(D) =Dy —2 |—— T Llos 1 Db
e(Dy) = Dy, 3pzcos 3 t3c0s ) =
—27p2

B. Murmann and B. E. Boser, IEEE ]SSC, vol. 38, pp. 2040-2050, Dec. 2003. Wor‘kshop on
%H ; @?‘5 Analog VLSI
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Open Loop Op amp Nonlinearity Calibration

1 Requires that the inputs be sufficiently busy, i.e., the analog input to
the ADC be such that it exercises all the ADC levels. If the signal is
not full scale then the calibration cannot estimate the nonlinearity.

J As shown below iIn the residue characteristic of stage-1, if the signal
is within 1/16 of the full scale then also it exercises the full-scale of
the back-end ADC and hence estimates the nonlinearity.

1 2 3 16
Va1
3 — MODE=0
o ' - #
> + /IJ : /:1 /:1 MODE=1
-V REF - L' ()()
-V REF Vinl —> +V REF

. The open-loop amplifier is very susceptible to gain variation due to
temperature. If the LMS loop has a smaller time-constant as opposed
to the gain variation then the calibration works.

B. Murmann and B. E. Boser, IEEE ]JSSC, vol. 38, pp. 2040-2050, Dec. 2003. kshop on
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o0 OO0

10-bit 500 MHz 55 mW CMOS ADC (1)

Gain Error, Gain Error
DAC Error, and and DAC Error Gain Error Correction
Nonlinearity C Correctlon Correction

DAC

A.Verma and B. Razavi, IEEE |SSC, vol.
. 44, pp. 3039-3050, Nov. 2009.

Reference

™~ 7

LMS
Engine

All stages use 1.5-bit flip-around topology
Gain error, capacitor mismatch, and op amp nonlinearity correction
done in the 1sttwo stages.
Gain error and capacitor mismatch calibration done in stage 3 to 6.
No calibration for the remaining stages.
LMS is used to do gain error and op amp nonlinearity calibration.
RS Analog VoL
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10-bit 500 MHz 55 mW CMOS ADC (2)

Youl I swgesjre |, O Calibration requires a precision DAC.
; ' =  For the 10-bit system here the
: reference DAC has to be 11-bit
“’x7 Digital Correction . Iinear
"""""""""" O Calibration applies +V /2, +V./4, and
0 from the reference DAC to stage-j
for calibration.
1 Stage-j is configured in multiply-by-2
configuration.
1 The digitized output of stage-j is
given by
Do = a1 Dpy + azDpy
J o, and oy are updated using the
following LMS equation:
al(k + 1) — al(k) + ”(Dcal o Dtot)DBK
aS(k + 1) — aS(k) + ”(Dcal o Dtot)D%K

=
s
w
7]
w
ol @
.E. L]

{Dje1++Dsy i

DAC

T Reference

A~

A.Verma and B. Razavi, IEEE ]JSSC, vol.
44, pp. 3039-3050, Nov. 2009.
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10-bit 500 MHz 55 mW CMOS ADC (3)

Calibrate residue
gain error [wj}
in stage j (j= 7-13).

Gain Error, Gain Error
DAC Error, and and DAC Error Gain Error Correction +
Nonlinearity Correction Correction
-1

Calibrate residue and
DAC gain error (w;)
in stage j (j= 3-6).

Y

Calibrate 042 and
32,

Y

Calibrate
DAC gain error (wj}
in stage 2.

!

Calibrate ¢44 and
31,

Y

Calibrate
DAC gain error (w.)
n stagel. '

DAC

Reference

A.Verma and B. Razavi, IEEE JSSC, vol. 44, pp. 3039-3050, Nov. 2009.
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10-bit 500 MHz 55 mW CMOS ADC (4)

Metal 1 Polysilicon Silicide

Silicide . ! l & E%E
— —
Polysilicon Polysilicon % o ———
Contacts — T W e
—_— gy
- W — =
EEEEEEEEEEN 12 12
J ELLELEELIEE <—— End Contacts . —L =32 pum mL =32 um

Number of Samples
=)

5
k-]
Q
o
3
&
a
I
Number of Samples
DD (2= ) [=2]

] 1o LT

- 001 002 003 0.04 0.05 0.01 0.02  0.03 0.05
Maximum INL (%) Maximum INL (%)
10 8
— L=64um L=64pum
- 8} —
Polysilicon H W =10 um ! W =20pum
j=5
£ qf el — _
» @
S s 4
< s 4} @
o o
(9 g :
. ~Vrer z, z2
% 0.01 0.02 0.03 0.04 0.005 0.01 0015 0.02 0025 0.03
Maximum INL (%) Maximum INL (%)

A.Verma and B. Razavi, IEEE JSSC, vol. 44, pp. 3039-3050, Nov. 2009.
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10-bit 500 MHz 55 mW CMOS ADC (5)

1 Calibration requires a precision DAC.
= For a10-bit system the reference DAC has to be 11-bit linear
=  For a 12-bit system the reference DAC has to be 13-bit linear
= Difficult to realize highly linear and precise DACs

= The calibration technique cannot be used to calibrate more
than 10-bit systems.

1 Calibration applies signals from the resistor ladder =

calibration cannot be run at the full-speed of the ADC
because of the RC-settling issue.

J High frequency settling behavior of the op amps is not
captured.

A.Verma and B. Razavi, IEEE JSSC, vol. 44, pp. 3039-3050, Nov. 2009.
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