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Recap: Nonlinearity

= Two types of nonidealities: nonlinearity and mismatch

y(t) = a1x(t) + oax?(@) + azx>(t) + - - -

y(t) = a1 A cos wt + ap A% cos® wt + a3 cos® wt + - - -

052142 C\€3A3
= a1 A coswt + > [1+ cosQRwt)] + 1 [3coswt + cos(Bwt)] + - - -
A2 o) 2 A3 4 2
hp L @A/ + (@ AY/4)
(OtlA + 30(3A3/4)2
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Recap: Nonlinearity

= Two types of nonidealities: nonlinearity and mismatch

y(t) = a1x(t) + oax?(@) + azx>(t) + - - -

y(t) = a1 A cos wt + ap A% cos® wt + a3 cos® wt + - - -

052A2 C\€3A3
= ajAcoswt + > [1+ cos(Rwt)] + 1 [3coswt + cos(Bwt)] + - - -
oy A%/2)? a3 A3 /4)?
THD — (2 A%/2)" + (3 A° /4)
(1A + 3343 /4)?
VDD VDD
Rp RD RD
Mo Vout wiL $— Vouto—e wiL
Vin o—] % oM M, |_‘
wit AHD2 . Vm V(i)n AHD3 - Vnzl
= [ ar ~ 4(Vos — Vin) Q=2 |4y " 5205 Vi
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Recap: Mismatch

= Mismatch typically leads to 3 important effects: dc offsets, even-order distortion,
and lower common-mode rejection.

Vbp
R R> Vrar = Vra, Vras = Veg+AVry
¢o0+0-
Vos,in W/ L)y, =W/L,(W/L), =W/L+A(W/L)
—Ortlm_ #aclh | 2
? R = Rp, R, = Rp+ AR
? _Ves—Vru [ARp  AW/L)|
= Vos,in = > R, + W/L) Vru
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Recap: Mismatch

= Mismatch typically leads to 3 important effects: dc offsets, even-order distortion,
and lower common-mode rejection.

Vbp
Ri= R Vra1r = Vra, Vrars = Vrig+AVry
¢ o0+0-
Vosin (W/L), = W/L, (W/L), = W/L+A(W/L)
__O+_II:IM1 M2 I_‘ 1 2
? R1 = Rp, Ry = Rp+AR
? _Ves—Vru [ARp  AW/L)|
= Vos,in = > R, + W/L) Vru
Vbp
Ib

"jlm I%’m Alp _ A(W/L) ) AVry
1o Ip W/L Ves — Vru
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Even-Order Distortion

V1 R ajx) + Olle —+ oz3x1 and Vo = ,31x2 + IBZx% =+ 133)6%
y1 — Y2 = (0t1x1 — ,31x2) + (Olle ,32362) + (a3x1 ,B3x2)
y1 — y2 = (@1 + B)x1 + (o2 — Bo)x7 + (a3 + B3)x;

X + aox2 + agzx3

x1(t)o [> o y1(t)
X2 (t)o [> 0 y2(t)

Bix + B2ax? + B3x3
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Analog-to-digital Converter (ADC): Introduction

IN ADC out— 00111101

Vin

An ADC generates N bit binary representation of Vin

* |n most cases, a reference voltage is supplied to the ADC (for example a
bandgap reference)
* The analog input, Vin, is “quantized” in the voltage range
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ADC Introduction: LSB

DOUt 4 Least
7 Significant ~ ———
6 Bit (LSB) |
5] o e
4 |
3 I
2 i
1 a
. >
0 VRef V,

The voltage change associated with an LSB change in the digital output
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ADC Introduction: Clock

l VRef l vCIock

Vin N/ D out
> 7 >
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Uniform and Nonuniform Sampling

Uniform Nonuniform

Analog Analog

samples

time —>
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Various Types of Data Converters

Data Converters

/ \
Nyquist Rate Oversampled (ZA)
T~ - .
ADC DAC ADC DAC
Flash Current steer SA SA
Folding Resistor string
Pipeline Charge NS SAR
Successive redistribution
Approximation
Dual Slope
s igs igs s
HDD _ |
Wireless IF/baseband Video AU_dIO _ Agd|o
Wireline comms. Comms Sglsmlc Wireless
DSL, cable modem Wireless
Video baseband
Sensors Sensors
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Nyquist rate sampling, aliasing

Magnitude

Fs freq (Hz)

Analog in

~J

oy /L
AN

Low Pass
Filter

MS
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Sample and Hold

Analog in

S

-
N\

Sample and Hold ADC

m' SHA Output

v
/ Analjo‘g\ AN

In
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Sample and Hold

A amplitude

et ime

Signal sampled

A amplitude / Input signal by S/H

input

»

\/' time

Y

S/H » Quantizer » output
A

ADC

clock

from quantizer

amplitude
+100 Sequence of numbers Stage 2

+50 ‘
0 A TS l I s=o—» & (.., 00 +15 +60, +85 +72, +28, -17, -30, -21, -8, -1, ...]

time

-50 -—

\ sampling period
or

sampling interval
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DC Characteristics — Monotonicity

= Monotonicity is usually required in ADCs
= Qutput code should increase with increasing input voltage

Monotonic
Dout A Dout A
7 I 7 -
6 6
5 e 5
4 4
3 3
2 2
1 1
> >
0 Vin 0 Vin

MS EE-523 15



DC Test Setup

r'
Dout

VRef

Test Setup

/ » To PC

dulll
O

> time
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Missing Codes

Code 3 missing

~.< v

n
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Differential Non-Linearity (DNL)

Dout A
I .
6 0.5LSB
5 —>  |e—
4 2LSB =
3 N
2 Y
1
> V.
0 " ¥in

DNL = Actual width (in LSB) — Ideal width (i.e. 1 LSB)
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Integral Non-Linearity (INL)

Dout ‘

>»

v
~
=S

= Just like DNL, INL can be specified at each code
= |NL is often derived form DNL information
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INL and DNL Plots

= INL and DNL for an experimental 14b ADC

2 | I [ [ | ] [
Ry ’ W, Wl -
B 1 W Y iy
o R

-1 '

P
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A1 ] I I I I
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p— 0_ -
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SNR, Quantization Noise

= SNR or Signal-to-Noise ratio: Signal power, and noise power (quantization
noise/error and the circuit noise)

= We consider quantization noise as a white noise that is uncorrelated with the
signal, with a uniform probability distribution
= ENOB: Effective Number of Bits, calculated from SNDR

LSB ,
No quantization L

- N WO b~ OO O N

A 4
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SNR, Quantization Noise

= \We want to determine the mean squared value of the quantization noise

Quantization noise

Signal /_I_R Digitized Signal

—/

7 No quantization
6
N ; Digital
—— Test Setup ‘; J

Ramp f

input R

° Vin

Quantization Error
AN ANANAN AN S .
FrVVVTY v
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Quantization Noise for Ramp Input

= Concentrating on region from —T/2 to T/2

LSB/2

-LSB/2

MS EE-523 23



SNR for Ideal ADC

= Pure sine wave has only one frequency component, easier to generate

N . ] ) Signal Power
——— Signal to Noise Ratio (SNR) =

Noise Power

Pure
Sinusoid

SNR = 10 logs, (szgnal power)

noise power
/ = 20 |Og10
Ves

SNR = (6.02N+1.76) dB

2"/ _ ISB
A\E
| LSB
/ V12

= Example: For an 8-bit ADC (N=8), the maximum SNR is 49.76 dB
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Successive Approximation

» Key idea: Performing a binary search, and finding 1 bit from each cycle, starting

with the MSB
- Vrer=1.0 1 2
- 075 2/ 1 2/

V, =07 = ]

- 05 -
- 0.25 ? X
- oV -
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Successive Approximation Register (SAR)

= Binary search for input voltage

vin_

SHA1

DAC

Finite
State
Machine
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EE-523

26



SAR Operation

Vi
Vin SHA J_ Ve v, A
Vb
- Vs
Midscale —» =
D/A Converter
isi i Ves
Decision Register -5
Decision Logic (A B p
R
ﬁ t
CK o—é—» Pointer
27
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DAC

= Capacitive DACs are common in SAR ADC
» Most common: Charge Redistribution DAC
» Switches individually connect to Vg Or ground

3-bit DAC example _L|
= vout
= C/2 — C/4 =/ C/8 = C/8
+ I+ % T
VRef vRef VRef
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CDAC Operation (1) - Reset

» Reset charge on all caps
= Shorting top and bottom connections to GND

|l
1
S

I
1l
o
PN
I
1l
o
>
I

— C/8
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CDAC Operation (2) — Charge Redistribution

= Dial up a voltage by connecting the switches in a binary fashion to Vs
= Let's say we want code 100:

-
<

vout

Il
1
S
Il
1
R
Il

— C/8

— C/8
vout?

V
vRef VRef vRef out
L ] —— C/2 = C/2
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SHA combined with CDAC — Sample Phase

= |tis possible to combine S/H capacitance with CDAC
» Use the same cap for sampling and DAC

Vs
- VA Finite
State
— — — — - Machine
C/2 C/4 C/8 C/8

/ -

—l—‘ —l—l -L-l L
1 l Vrer
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Redistribution Phase

= Sampling switches are connected to ground

" Vx = 'Vin
]
\ Y
- W A Finite
State
- e = —_— - Machine
C/2 C/4 C/8 C/8
l ‘ l l l l VRef
Vin
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3-bit ADC Example: MSB Trial

= Next test if Vin > Vref /2, oris MSB (b0) =17

|
|
|
|
|
|
1
|
|
=
<
V

C/2 C/4 C/8 C/8 i
L
‘/in ] l - 1 - - vRef
fv,>0 =>
fV,<0 =>

= Then proceed to next most significant bit (i.e., b1) and so on...
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3-bit ADC Example

= Waveform at Vx (the comparator input) during conversion
= Vref =1V, Vin = 0.4Vref

MSB
MSB
MSB

= VX gets closer and closer to the ground
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SAR Logic

» The logic controls the operation of ADC and generates the digital output code

A T&H Clock
Reset rst rst rst rst rst
Start ||D QD QD QD Qf=- 1D QF Counter
Clock
Comparator Output : I_ :
— - Data
D QL 1D Q. D Q
-I (SAR)
Reset rst rst rst
v B<9> ¥ B<8> B<0>
Clock N\
T&H Clock / \
Comparator Clock /\/ U/ L
Comparator Output { B<9> X B<8> X
Strobe<9:0> A

P. Harpe, IEEE Solid-State Circuits Magazine, 2016
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Fully Differential SAR ADC

= N-bit differential SAR has 2N-1 unit caps on each side
» Comparator decides the sign (i.e., MSB) and 3 bits

= Connect to Vref+, Vref- depending on MSB decision, continue with other bits

vin- ? Vref+
= = = = Veer
T T T T
C/2 C/4 C/8 C/8 bias
—— —— —— — -l_
“Vin ( + Finite
I( State
v, :IL Machine
C/2 c/4 c/8 c/8 bias
L Ll | L
- - - - vref+
Vin+ ¢ vref-
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CDAC Topologies

_Gi
[ eref .
b
) Sy V; V
Cp:’:i:‘{: } !n S/H H
) I o Voac
_Co_Cy Chy Cz Cim™C
Vrefo }J \¢ & é
VSSV

Successive Approximation Register
&
Control Block

"Dy ... Dy

A\

(a)

Conventional Binary
Weighted (CBW)

S 6o 6
Ve

LSBs MSBs
3 VComp

Successive Approximation Register
< CLK

Control Block
)2 D ... Dy
(b)
Binary Weighted

w/Attenuator Cap (BWC)

M. Saberi, et al., TCAS-/, 2011
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StrongARM Latch Comparator

The StrongARM latch has become popular for three reasons:
» it consumes zero static power
= it directly produces rail-to-rail outputs
» jts input-referred offset arises from primarily one differential pair

T. Kobayashi, et al., VLS/ Circuits Symp.,1992
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StrongARM Latch Comparator

The StrongARM latch has become popular for three reasons:
» it consumes zero static power
= it directly produces rail-to-rail outputs
» jts input-referred offset arises from primarily one differential pair

(a) The original and (b) modified StrongARM latch topologies

Vbb
CK '—”‘_’J Ms }—><—< Mg L'_’“—' CK CK-—|-|:—|]‘_‘J My |—\ /—| My ":“—L;H—oCK
S1 S3 S4 82
V
X out Y o Vout v
Vs }_><V_‘ M M; }_><_| M,
DD
L Q
P v L Q P
Vin1 O_| M1 Ms M2 I—O ‘/in2 Vin1 O—l M1 M2 I_O Vin2
cke—{[. M, CKH':J"‘@
(@) (b)

Y. T. Wang and B. Razavi, JSSC, 2000
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StrongARM Latch Comparator: Phase 1

(1) Precharge

Fﬁ'ﬂ e P éﬁ% R q 3VDD

=
S
<>

=
I
L
S
o

0
W e
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StrongARM Latch Comparator: Phase 2

(2) Amplification

Cp CQ A
-:-_| . P Q B l__:_ Vbp A
Vin1 °_| I: M; M, :_I I—O Vino Va
CK «—{[ M7 .

| Ve— Vol|= (gmi1,2| Vin1 — Vin2 |/Cpr.o) t
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StrongARM Latch Comparator: Phase 3

(3) Turn-on of cross-coupled NMOS pair
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StrongARM Latch Comparator: Phase 3

Equivalent circuit

Cy C, —Cx dd\;x = gm3(Vy— Vp)

_ ., dVy _ _
_:L_l X v I__l:_ Cy dt = gm4(VX VQ)
M3 l_><_| M4 — CP dd‘;P — CX dthX + AI
I=lm i o Lt “Cogr =Crge —AL
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StrongARM Latch Comparator: Phase 3

Equivalent circuit Y
c. c, ~Cx DY = g5 (Vy = Vi)
‘:L_l X YI_-l:— _CY%—gm4(VX—VQ)
M3 l_><_| M4 - CP dd‘;P — CX dthX + AI
Cp Cq A% av
—Co52=Cy LY AL
[ A S ] at = Crar
B ) d(Vx—V,
+Al @ V) Al ~Cur aT ’
= = = gms,4(— Vx+ Vy—Vp+ Vp)
Cxy )th - Cro(Vo—Vp)=Cxy(Vx—Vy)+2Alt
— gm3,4< gﬁ; )(Vx — Vy) Cxy
| ——>  Treg = ’
=—2gm3,4 CApIQ L. ° gmss(1 = Cxy/Cpa)
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StrongARM Latch Comparator: Phase 4

(4) Turn-on of cross-coupled PMQOS pair

Vbp
Ms |_><_| M
X Vout
M, |—: i—|
P
Vin1 0—||_:M1
CK o[, M, t
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StrongARM Latch Comparator
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StrongARM Latch Comparator

Vbp
Mg L’_’|}—L;H—< CK

Latch without cross-coupled NMOS pair and
the resulting static current

\ Vbp — Voo
Ms :I Mg _|__‘”:
() X Y
Vin1 °—| M, M, I—o Vin1 I—o Vin1
M,

CK o—|[_ M, CK o—|
= M; =
(a) (b)
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StrongARM latch followed by the RS latch

RS Latch

X F.:—_ﬁ
StrongAF%M_»°_§l 3

LatCh ' L == i
Y
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StrongARM Latch: Offset
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