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ILecture Outline

0 Elementary track-and-hold
= Nonidealities (con’t)
= First order improvements
0 Advanced techniques
= Clock bootstrapping (for reference only)
= Bottom plate sampling
0 Switched Capacitor Circuits
= Charge Redistribution Track-and-hold
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Last time...

0 Elementary track-and-hold circuit and its non-
idealities
0 First order improvements to elementary track-and-

hold (finish today)
¢L|Trai Hold

0
1
Vin J—(T Vout Vin
1

Vout

>t

: “Pedestal Error”
- actual

>t

Penn ESE 568 Fall 2019 - Khanna adapted from Murmann
EE315B, Stanford



Nonidealities

kTC noise

Finite acquisition time

Tracking nonlinearity

Signal dependent hold instant

Charge injection and clock feedthrough
Hold mode feedthrough and leakage

o o 0O 0O O 0O O

Clock jitter

Penn ESE 568 Fall 2019 - Khanna adapted from Murmann
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Charge Injection and Clock Feedthrough

0 Analyze two cases

= Very Large T, (slow-gating)

= Very Small T (fast-gating)

\

0
Te _t\r\c

Vin

=

-

Charge € L c

Injection

Penn ESE 568 Fall 2019 - Khanna adapted from Murmann

EE315B, Stanford

Clock

- feedthrough

Vout

o A Track Hold

» 1
Vin A
>t
Vout A
! “Pedestal Error”
ﬁ.
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Slow Gating Model for t>t_.

9 Vout = Vin - AVout

Co Clock c

X feedthrough v ., =V, - c oL (Vin + Vi =) = Vin (1+€) + Vs
o +C
*— Vout
Col Col
—_ - 0ol V.. = V, —
C € C°|+C 0s C°| C( t— ¢L)

e Gain Error Offset Error

0 Example:

C=1pF, ¢, =0V, V,=0.45V, W=20um, C,=0.1fF/um, C =2fF

e=-0.2% V., =-0.9mV
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Fast Gating

a0 Channel charge cannot

change instantaneously : ¢
. , | f | on 4
0 Resulting surface potential ﬁ R
. ) | 0
decays via charge flow to  pgenia + QZ -+ - -t
source and drain (charge g T | | A |
.o . t<t, | L L=+
injection) D . !
| ! Voy |
0 Charge divides between v | Vi — - Z‘v i
source and drain t 1o Lf' y L

Penn ESE 568 Fall 2019 - Khanna adapted from Murmann
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Interpretation

0 This means that in practice split will have
dependence on impedances seen on either side of
transistors

0 Remember: Slightly more charge will go to side with
lower impedance (higher capacitance)

Penn ESE 568 Fall 2019 - Khanna adapted from Murmann
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Fast Gating Model for t>t_,

| ¢ B ~
| < Clock VOUt - Vin - AVout = Vin (1 + 8) + Vos
Ty A1 >‘j ° feedthrough
Vin — Vout
-
C‘har.ge e L c
Injection
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Fast Gating Model for t>t_

_‘\_ Vout = Vin = AVout = Vin (1+€)+ V,

) Clock out in out in 0s

Ty I Co feedt:r(i)ugh

V, -_{_ﬁ; V Vv ¢ = V. — CoI (¢H - ¢L ) + 1 Qch Assuming 50/50
n—— out ou in —

— Col +C 2 C charge split
|(rijzac|:3; O
1 Qe =-WLC,, [¢H ~Vin = Vt] )
- ¢H ‘
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Fast Gating Model for t>t_

¢
_‘\— Vout = Vin = AVout = Vin (1+€)+ V,
1 Clock out out in os
T _T\’C°| feedt:r(i)ugh C 1
- A ing 50/50
Vin — Q; Vout Vout = Vin — (¢H ¢L) 1 Meh ssuming 50

— Col 2 C charge split
Charge € .
Injection [

Qch = _WLCox [¢H - Vin - Vt]

1 WLC,, Co,

1WLC
"2 ¢ YTTG,e0

(n - ¢L)“

(04— W)

2 C
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Fast Gating Model for t>t_

o
— Vout = Vin = AVout = Vin (1+€)+ V,
) Clock out in 0s
Ty I Co feedt:r(i)ugh C 1 Q
] I l Assuming 50/50

Cha r Col + 2 C charge split
rge = C
Injection
1 Qg = ~WLCoy [¢H ~Vin = V4]
1 WLC,, Col 1 WLC
e — V — _ !
€ 2 © 0s Col +C (¢’H oL ) (¢H )

0 Example:

C=1pF, o,-0,=1.8V, V,=0.45V, W=20pm, LC,,=2fF/um
C,'=0.1fF/um, C,=2fF

e =+2% V., =-30.6mV

Penn ESE 568 Fall 2019 - Khanna adapted from Murmann
EE315B, Stanford
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Fast Gating Model for t>t_

¢
- Vout = Vi = AVt = Vi (14 €) + V
Clock out n os
T %% feedthrough
-_—{_ ] e Col 1Qg,  Assuming 50/50
Vin — Vout Vout = Vin — (¢H ¢’L) i

[ o Co| i C 2 C charge split
Charge € _L_ C
Injecti
njection 1 Q. =-WLC,, [¢H ~Vin - Vt]
1 WLC,, Col 1 WLC
e — V = 2
2 ¢ %" Cy +C(¢"l ) Rl

0 Example:

C=1pF, b,-6,=1.8V, V;=0.45V, W=20um, LC, =2fF/um
C°|,=O. 1 fF/}.lm, C°|=2fF

£=+2% Vos =—30.6mV Slow gating

| e=-0.2% V,s =-0.9mV

Penn ESE 568 Fall 2019 - Khanna adapted from Murmann
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Transition Fast/Slow Gating

a | €| and | Vg| decrease as the clock fall time increases and
approaches the limit of slow gating

0 Practical cases are closer to fast-gating side

Fast gating Slow gating Fast gating Slow gating

|8|‘ |Vosl A

- - T —————

- ——————— —————

Penn ESE 568 Fall 2019 - Khanna adapted from Murmann
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Impact of Technology Scaling

0 Charge injection error to speed ratio benetits from
short channels and increases in mobility

1Q 1 T,
AV =z=——¢ch __ __S_N.RC
2 C 2ff 2
1 >
Rz W
uCoyx ] (Ves - W)
y,

Penn ESE 568 Fall 2019 - Khanna adapted from Murmann
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Impact of Technology Scaling

0 Charge injection error to speed ratio benetits from
short channels and increases in mobility

.
1Q 1 T
AV=_—¢ch ___ __S_N.RC
2 C 2f 2 _
AV L
1 2 > AR
R = W = 2
HCox (Ves —Wt) HQen
J

Penn ESE 568 Fall 2019 - Khanna adapted from Murmann
EE315B, Stanford

16



First order improvements

L) L]

' o ‘
Penn ESE 568 Fall 2019 - Khanna adapted from Murmann 0. e I I I l
EE315B, Stanford 7



Improvements

a CMOS switch
= Try to balance nonidealities of nMOS with parallel pMOS

0 Charge cancelation

= Try to cancel charge injection with dummy switch

0 Ditferential Sampling

= Differential signaling to suppress offset

Penn ESE 568 Fall 2019 - Khanna adapted from Murmann
EE315B, Stanford
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CMOS Switch Resistance

0 In principle, adding PMOS helps with signal
dependent R__1n track mode

= Parallel resistance of MOS devices roughly constant

_T_d)

p‘nCoxI: L ] (Vesn = Vin) HpCox[VC/] (’VGSp’_‘th‘)
n p

Penn ESE 568 Fall 2019 - Khanna adapted from Murmann
EE315B, Stanford
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Analysis

1 1
HnCox l: L il (VGSn - th) “pCox [\/Lv]p (’vGSp’ - |th|)
n

1

W W W W
HnCox T (VDD ~Vin ) - (“ncox [T:l - “pCox [T] }Vin - PpCox [le ‘th’
L L n n p p

et e IR
(VDD - th - ‘th‘) " P
n

0 Independent of V,_ - too good to be truel

0 Missing factors
= Backgate effect

s Short channel effects

Penn ESE 568 Fall 2019 - Khanna adapted from Murmann
EE315B, Stanford
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Real CMOS Switch

100 YT
Vopo=18v | |, NMOS ‘|t
MN l10;|m/0,18um 801 ----PMOS A
T —— NMOS || PMOS | i1
[ Voo |
Vin
MP % 30um/0.18um
0 H H
0 0.5 1 1.5

Vin [V]
0 Design

= Size P/N ratio to minimize change in R over input range

a PMOS bring limited benefit unless the input signal
range 1s large or centered near Vi

Penn ESE 568 Fall 2019 - Khanna adapted from Murmann
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Charge Cancellation: CMOS Switch

o Partial cancellation of offset error

0 Assuming fast gating, 50/50 charge split and W, L,=W L,

. 4‘::::3 l o Vo Qchn = _WnLnCox (¢H - VIN - th)

CH Qchp = WprCox (V|N -0 - ‘th‘)

AVEZ =
© 2 2

1 1
Qchn ; 2 Qchp Céx [VIN ~ ¢H - ¢L N th - ‘th‘

0 Charges full cancel for V., =(V;-V;)/2=Vp/2 and V=V

= Still sighal dependent residual injection

Penn ESE 568 Fall 2019 - Khanna adapted from Murmann
EE315B, Stanford
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Charge Cancellation: Dummy Switch

Rs

¢
I—L-m

AAA

AQ 1

¢
1 AQ; = 0.5Q +Qq
" L
A<—2 w22=01'5w1 AQZ = QChz + 200|2 - 05QCh1 +QO|1

[Eichenberger and Guggenb(ihl, JSSC 8/89]

a0 Cancellation is never pertect, since channel charge ot M1 will

not be 50/50 split

= If R small, most of charge will flow toward the input voltage source

s ~80% cancellation

a0 Not precision technique, just a partial clean-up attempt

Penn ESE 568 Fall 2019 - Khanna adapted from Murmann

EE315B, Stanford
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Differential Sampling

¢

0o

M o Vor Vio = Vi — Vi Vob = Vo1~ Vo2
+

- L Vi +V, Vai +V,

vf__ = Vi = |12|2 Ve = 01202
+ T @ Voz Vo1 =(1+8) Vi + Vosi
e = T° Voz = (1+82) V2 + Vos2

Penn ESE 568 Fall 2019 - Khanna adapted from Murmann
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Differential Sampling

¢

(]

M. o Vor Vio = Vi — Vi Vob = Vo1~ Vo2
+
Vih = = C \/|C — \/|1 ;\/|2 VOC _ VO1 ;VOZ
+ Fl— @ Voz Vo1 = (1+81) Viy + Vost
" T T° Voz = (1+22)Viz + Vos2

€1 +¢€ €1 +€
Voo=(1+ 12 2)\40+(81—82)\40+(Vos1—vosz)5(1+ 12 2)\’10

Penn ESE 568 Fall 2019 - Khanna adapted from Murmann
EE315B, Stanford
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Differential Sampling

¢

0o

T o Vo Vio = Vit —Vi2 Vob = Vo1~ Vo2
+
Vih = = C VIC — VI1 ;Vlz VOC _ Vo1 ;V02
+ Fl— @ Voz Vo1 = (1+¢1) Vi + Vost
vlz T T° Voz =(1+82)Viz + Vos2

(. gq+g €4 +8€
Voo=\1+ 12 2)\40+(81—82)\4c+(vos1—vosz)5(1+ 12 2)Vu)

(€4 —€ €4+€ Vaaq + V, €4+E€ Vaeq + V,
Vo = 14 2)\40““(” 12 Z]VIC"'( os12 082]5(1+ 12 2)\40+( os12 osz)
\

Penn ESE 568 Fall 2019 - Khanna adapted from Murmann
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Differential Sampling

0 Assuming good matching between the two half
circuits, we have all benefits of differential signaling
= Small residual offset in V
= Good rejection of coupling noise, supply noise, ...

= Small common-mode to differential-mode gain
0 Unfortunately, V5 has same gain error as basic
single-ended circuit
0 Also have nonlinear terms

= Simplistic models assume channel charge linearly related
to V. (ignoring higher order effects, e.g. backgate effect)
= Expect to see nonlinear distortion along with gain error

Penn ESE 568 Fall 2019 - Khanna adapted from Murmann
EE315B, Stanford 27



Advanced Techniques
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Clock Bootstrapping (Reference)

Jp —— T oo o

+ - + .
Voo T - Voo Vee=Vyp=const
- Cboot - Cboot GS ob
_— " Vin
A. Abo, "Design for Reliability of Low-voltage, Switched-capacitor Circuits,” PhD Thesis, UC Berkeley, 1999.
0 Phase 1
= C, .. 1s precharged to Vp
= Sampling switch is off
0 Phase 2

= Sampling switch is on with V=V p=const.

= To first order, both Ry, and channel charge are signal independent

Penn ESE 568 Fall 2019 - Khanna adapted from Murmann
EE315B, Stanford
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Wavetorms (Reference)

boosted clock 1 \
V 1
0 / Vdd
N\
N,
Vdd -l . ’,,____!\\\
Vl . //// k\\
\\\‘ ’//,)/ \‘ \\
input signal/

A. Abo, "Design for Reliability of Low-voltage, Switched-capacitor Circuits," PhD Thesis, UC Berkeley, 1999.

Penn ESE 568 Fall 2019 - Khanna adapted from Murmann
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Basic Clock Bootstrap Circuit (Reference)

Boosted Clock

M _ !Swilch Clock

{ ] it
i i i
? Hi H H
? ! 1"
3 H 1
I H "
[ it i
5 " H il
1 H Hi i
4 ’ M 1"
1 : | H H
| i ; y i
w7 it i i o
] i § " H
| } t i
] i ! il !
. | ] ! H i
Clock 1 i il 1 ! il
] : ! it H
& 31 ! i i i
v ! i 4 " i
(13 | 4] il " i
h 1 M o M "
v i Hi ] "
1 i i ] "
| M) 11 M "
1 :: H) : "
il ! i Hi
" M "
i i i
i H )

Simulation Result

Penn ESE 568 Fall 2019 - Khanna adapted from Murmann
EE315B, Stanford
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Circuit Implementation (Reference)

o Efficacy of b M'[:' : El J. i
y of bootstrap ><|E M|3 - i, 0

2
circuit is reduced by o tH Vag
par

= Backgate effect O M4 a
Ci== C2—=—— C3— '

m Parasitic Capacitance B M13
P Z{ *~ —_ :
between at top plate of C3 MS o R BN
M3 || M1 |

ol
|§

N
1)

A
IR

W C C
“nCox [Til C b:oé VDD - C TrC Vin . th [Vm]
n| “boot par boot par —
Backgate effect

Penn ESE 568 Fall 2019 - Khanna adapted from Murmann
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Performance of Bootstrapped Samplers (Reference)

0 Bootstrapped sampling tends to work well up to

~10bit resolution

Cﬁo bootstrap

circuit
VIN‘ /A Vim ,1\ Veur _~ Vaoc
L e ™
sam’ple _.].—CS l/ T

switch

SFDR, -THD, SNR, SNDR [dB]

[Louwsma, JSSC 4/2008]

Penn ESE 568 Fall 2019 - Khanna adapted from Murmann
EE315B, Stanford
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Bottom Plate Sampling

a0 What if we want to do much better, e.g. 16 bits?

0 Basic idea

= Sample signal at the "grounded" side of the capacitor to achieve
signal independence

0 References

= D.J. Allstot and W. C. Black, Jr., “Technological Design
Considerations for Monolithic MOS Switched-Capacitor Filtering
Systems,” Proc. IEEE, pp. 967-986, Aug. 1983.

= K.-L. Lee and R. G. Meyer, “Low-Distortion Switched- Capacitor
Filter Design Techniques,” IEEE J. Solid-State Circuits, pp.
1103-1113, Dec. 1985.

0 First look at single ended circuit

Penn ESE 568 Fall 2019 - Khanna adapted from Murmann
EE315B, Stanford
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Bottom Plate Sampling Analysis

Penn ESE 568 Fall 2019 - Khanna adapted from Murmann
EE315B, Stanford
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Bottom Plate Sampling Analysis

a Turn M2 off "slightly" before M1

0 Typically a few hundred ps delay
between falling edges of @ _and o

¢

Vin M, ? Vo
= CH
% T\
¢ | W M2 I—- ¢e

Penn ESE 568 Fall 2019 - Khanna adapted from Murmann
EE315B, Stanford
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Bottom Plate Sampling Analysis

a Turn M2 off "slightly" before M1

0 Typically a few hundred ps delay
between falling edges of @ _and o

¢

. . . V ® V
0 During turn otf, M2 injects charge N M, o

||
I
P

AQZ = aZWLCox (¢H o th) ¢e _\_
o T\ M e,

a To first order, charge injected by
M2 1s signal independent!

0 Voltage across Cy

40,

H

Penn ESE 568 Fall 2019 - Khanna adapted from Murmann
EE315B, Stanford 37
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Bottom Plate Sampling Analysis

a0 Next, turn off M,

0 Since bottom plate of C; 1s _L¢
floating, there is no way to change
its stored charge Vin M, 1 . Vo
= MT1 cannot inject any charge onto Cy C.T Vi
= Most of M,'s charge injection goes to b\
input source and/or onto parasitics at é

node V

Penn ESE 568 Fall 2019 - Khanna adapted from Murmann
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Bottom Plate Sampling Analysis

a0 Next, turn off M,

0 Since bottom plate of C; 1s _L¢
floating, there is no way to change
its stored charge Vin M, 1 . Vo
= MT1 cannot inject any charge onto Cy C.T Vi
= Most of M,'s charge injection goes to b\
input source and/or onto parasitics at é

node V

0 But, 1s the bottom plate really
floating?

Penn ESE 568 Fall 2019 - Khanna adapted from Murmann
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Bottom Plate Sampling Analysis

0 Bottom plate not really
floating. ..

¢
= There must be some parasitic cap, i AQ1
e.g. M2 drain-to-bulk capacitance Vv -,
: : . IN
a So, in real life, M1 does inject M, |
charge onto Cy, o Ch T
e  \___
= H h?
OwW muc c L
¢ \_ h

Penn ESE 568 Fall 2019 - Khanna adapted from Murmann
EE315B, Stanford
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Bottom Plate Sampling Analysis

0 Interesting observation

= Even if M1 injects some
charge onto C, the total
charge at node X cannot
change!

Penn ESE 568 Fall 2019 - Khanna adapted from Murmann
EE315B, Stanford

Viy * Vo
M, c __—AQ1
H T +AQ
% T\ X _AQ1}0
C = 1
¢ P | +AQ,

41



Bottom Plate Sampling Analysis

0 Interesting observation

= Even if M1 injects some VIN 4 %
charge onto Cyy, the total M1 -AQ 4
charge at node X cannot CH ==+ AQ
change! ¢e T\ X ! o
a Idea C =— AQ
¢ ___ P3AQ
= Process total charge at node X 1
instead of looking at voltage

across Cy —_

Penn ESE 568 Fall 2019 - Khanna adapted from Murmann
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Nonidealities

C O O O

Q
0 Hold mode feedthrough and leakage
a Clock jitter

Penn ESE 568 Fall 2019 - Khanna adapted from Murmann
EE315B, Stanford
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Hold Mode Feedthrough

Rout

CK [Razavi, Data Conversion System Design, p.17]

o Want to make R, as small as possible

Penn ESE 568 Fall 2019 - Khanna adapted from Murmann
EE315B, Stanford
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Hold Mode Feedthrough

Rout

[Razavi, Data Conversion System Design, p.17]

CK T-switch

a T-Switch for low speed applications
a Cross coupling for high speed applications

Penn ESE 568 Fall 2019 - Khanna adapted from Murmann
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Hold Mode Leakage

Example: o A Track Hold

0
L
Vin _£ Vout

-1 Vout A

me to lgate

» {

Penn ESE 568 Fall 2019 - Khanna adapted from Murmann
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Gate Leakage Data

1GHz
65nm
1MHz |
90nm
I TkHz | |120nm
fgate
1Hz | fgut«- — .‘/tlmu'vl
~«NA1n
|180nm
1mHz
technology

A. Annema, et al., “Analog circuits in ultra-deep-submicron CMOS,” IEEE J. Solid-State Circuits, pp. 132-143, Jan. 2005.

(1‘(’(' V 1 4
ar N —Ydvdt * [gate {T] with y4pat = 1 V.

a In 65nm CMOS, gate capacitance droop rate is 1V/ U !

0 Later process use high-k dielectrics

Penn ESE 568 Fall 2019 - Khanna adapted from Murmann
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Sampling Jitter

0 In any sampling circuit, electronic noise causes random
timing variations in the actual sampling clock edge

= Adds “noise” to samples, especially if dV,_/dt is large

AVi, = Change in V;, during At dV.

—» <+ At = Sampling jitter

0 Analysis
= Consider sine wave input signal

= Assume At is random with zero mean and standard deviation O,

Penn ESE 568 Fall 2019 - Khanna adapted from Murmann
EE315B, Stanford
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Analysis

A

)
v AVi, = Change in Vi, during At

—» |« At = Sampling jitter

( 2 2)
E{A\/iﬁ};&(%) -At2}=E{[%) -E{A?]
(d 2 1
5E<(—Acos[2n-fin-t]j of =—(2n-A-f,)* -of
dt 2
T
SNRjitter=1 =3 -2
7A2“’§in'0t2 Wsin * 9t

Penn ESE 568 Fall 2019 - Khanna adapted from Murmann
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Result

1.E+11

1.E+10 -

1.E+09 -

1.E+08

fin [HZ]

1.E+07 -

1.E+06

1-E+05 T T T L L} T 1 1 ) 1
10 20 30 40 50 60 70 80 90 100 110 120

SN Rj itter [d B] 1

2 . 2
sin O¢

SNRjitter =

Penn ESE 568 Fall 2019 - Khanna adapted from Murmann
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ADC Pertormance Survey (ISSCC & VLSI)

Data: http://www.stanford.edu/~murmann/adcsurvey.html

1.E+11 -
~~~~~ ® ISSCC 2013
1.E+10 el TSl |« VLSI2013
¥ o ISSCC 1997-2012
x VLSI 1997-2012

1.E+09

— Jitter=1psrms

| ====Jitter=0.1psrms

N 1.E+08 &x
z . 5
£ 1.E+07 Ox . $0 W -
ol o)%c;< X O X@D a&xog)cb Oo ‘\‘\
1.E+06 ) o 0o & P &
Xo z o Ooxa(oOxﬁx
1.E+05 - ° mo O XF % °
XX0 Q o o
1.E+04 X v o X o 08 Fx® oo
.
1.E+03 - - - - - N
10 20 30 40 50 60 70 80 90 100 110 120
SNDR [dB]
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Significance of Jitter

0 In light of the above, sampling jitter has become one of the
main showstoppers for further improvements in the ADC

speed-resolution product

1
7 A* 1
a0 Example 2 A%Wsin " 0f St

= F_=10MHz, 0 =300ps 2 SNR._ .= 34.5dB

jitter

a0 Not great, but in many applications, the signal is not a
sinusoid, but spread in some way across frequency

0 Proper analysis must take into account signal properties
= See Da Dalt, TCAS1, 9/2002

= Autocorrelation analysis

Penn ESE 568 Fall 2019 - Khanna adapted from Murmann
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Switched Capacitor Circuits
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Interesting Switched Capacitor Circuits

0 Track & Hold

s Charge redistribution T/H with common mode cancellation

= Flip-around T/H

a SC Ditference amplifiers
= Used e.g. in pipeline ADCs

a0 SC Integrators
= Used e.g. in sigma-delta ADCs

a Passtve charge redistribution networks

= Used e.g. in successive approximation ADCs

Penn ESE 568 Fall 2019 - Khanna adapted from Murmann
EE315B, Stanford
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Ideal Track-and-Hold Circuit

o A Track Hold

Vout A

Penn ESE 568 Fall 2019 - Khanna adapted from Murmann
EE315B, Stanford
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Charge Redistribution Track&Hold

1(?
/

Penn ESE 568 Fall 2019 - Khanna adapted from Murmann
EE315B, Stanford
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Charge Redistribution Track&Hold

a0 With bottom plate sampling

$1
o1 $2
R - o
VlN * Cf
M, !
CH =
X

¢1e \ L 4 . 2 —_ Vo
M\ ST oM, e, +
$2 /

Penn ESE 568 Fall 2019 - Khanna adapted from Murmann
EE315B, Stanford
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Circuit during ¢ 1

IN M |
1 CH —_
X
01,7\ ~ [ -

T ST M, e, +

0 Total charge at node X: Qx = -CyVin

Penn ESE 568 Fall 2019 - Khanna adapted from Murmann
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Circuit during ¢ 1le Going Low

IN M1
CH —_ |_
X ‘
61,7\ —

o1 G5 AQ, +

Penn ESE 568 Fall 2019 - Khanna adapted from Murmann
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Circuit during @1 Going Low

‘ |
CH -
X

1.7\ ¢
¢1 — - Cp:: +

0 Total charge at node X: Qy=-C,Vin— AQ,

= Q1 charge injection changes voltage across all caps, but
total charge at X remains unchanged

Penn ESE 568 Fall 2019 - Khanna adapted from Murmann
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Circuit during ¢ 2

o2 0 1%

¢1e—\ ¢ - V0
¢1 - 5 Cp:: +
02 T

0 Opamp forces voltage at node X to zero

= Charge at X must redistribute among capacitors

Penn ESE 568 Fall 2019 - Khanna adapted from Murmann
EE315B, Stanford
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Charge Conservation

0 Sampled Charge: Ox1=—CuViy —40;
0 After Redistribution: Ox:,=—C/Vp
a0 Charge Conservation: Ox1=0x>

—CVin =40, =-C/Vp

VO — CH VIN 4+ X2 AQZ
Cr Cr
0 Output has signal independent offset

= Can easily cancel through full differential circuit

Penn ESE 568 Fall 2019 - Khanna adapted from Murmann
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Fully Ditterential Circuit

INP

Vinu . '_'["L/_ TVOM
ol " —s

b2 o1 R i
I_.
= == o1

Penn ESE 568 Fall 2019 - Khanna adapted from Murmann
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Analysis

During ¢1

Cy

A
L

Cy

Oim =—CxVinp + 40 Oom =CrVim _Cf(VOP Viem)
O1p =—CxVinm +40 O, =ChVy, Cf(VOM Vy )
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Analysis

During ¢1 During $2
Cf
u
C, = = C,
Vinp T -— o le ¥> Vop
VvV
Vi += —+= Vom
C, —L— —c, I “/
I
Cf
Oim =—CxVinp + 40 Oom =CrVim _Cf(VOP Viem)

O1p =—CxVinm +40 O, =ChVp — Cf(VOM Vy )

Ji —
2) QI+ = Q2'+
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Analysis

0 Subtracting 1) and 2) yields

C
Vor —Vom = C_H(VINP - VINM)
f

0 Adding 1) and 2) yields

—CyVinp +Vinpe )+ 240 = (CH + Cfo +Vy ) Cf(VOP +Vour)
C
ch = AQ + L VOC_ CH
Cy+Cp Cy+Cy Cy+Cy

Vic

0 Variation in V- show up as common mode
variations at the amp input

= Need good CMRR
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T/H with Common Mode Cancellation (Reference)

¢{{E ¢ o4 - El“ﬂ #, ?4

S Y

?4 ac - e Ydg
INe == \ @ @ e s
IN+ — X |i +\ 2" I’ 2 . ;2___:Ccu¢1

. - —

1 _%m_ 2 SOAMD - CMBIAS 3 Bl(A)S

2

1 +/ Cem

IN- + @

N

A = . 1 HT D
I jﬁ 5210}, &1
¢,1E_ G l]I's:s, 2

S.H. Lewis & P.R. Gray, "A Pipelined 5 MSample/s 9-bit Analog-to-Digital Converter", IEEE
J. Solid-State Circuits, pp. 954-961, Dec. 1987
a Short switch allows to re-distribute only differential charge

on sampling capacitors

0 Common mode at OPAMP input becomes independent of
common mode at circuit input terminals (IN+/IN-)
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Analysis (Reference)

During ¢1
of
e Vor
il
Vip [
Vﬂoat
Vim ||
C l |
I Vop
of

a Charge conservationat V., V. and V

ip>

(Vip + Vim ) -C = (Vfloat

Vic = Vfloat - ch

Vﬂoat = Vic + ch

Penn ESE 568 Fall 2019 - Khanna adapted from Murmann
EE315B, Stanford

float

w0) C+(Vioat — Vxm )-C
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Analysis (Reference)

0 Common mode charge conservation at amplifier
inputs

Vic'C'*'Voc’Cf= (Vfloat_vxc)'C+(Voc_ch)'Cf
Vic-C= ([Vic"'vxc]_vxc)'c_vxc'cf
0:ch

0 Amplifier input common mode (V) 1s
independent of
= Input common mode

= Output common mode
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Flip-Around ~

‘rack and Hold

)

o—"—

@]
||
I
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Flip-Around T/H

x [
\
. 7 L‘j'm clu
- * " \‘7
Vin VCM1 om> <21 Vout;
* "
- o
Al ok o | G
¢
N

[W. Yang et al., "A 3-V 340-mW 14-b 75-MSample/s CMOS ADC With 85-dB SFDR at
Nyquist Input", IEEE J. Solid-State Circuits, pp. 1931-1936, Dec. 2001]

a0 Sampling caps are “flipped around” and used as feedback
capacitors during 2

0 Pros: improved feedback factor (lower noise, higher speed),
smaller area

a0 Cons: Amp i1s subjected to input common mode variations
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Clock Generation

a0 Non-overlapping clocks

clkin D—DO——DO—

[A. Abo, "Design for Reliability of Low-voltage, Switched-capacitor Circuits," PhD
Thesis, UC Berkeley, 1999]
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Difference Amplifier

A
oh

0 Usetul for computing differences of signals
= Application example: Pipeline ADC (more later)
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Difference Amplifier

-
oh

i C,
Vv, —?2'— Jjne N Vo =a(V1 _Vz)

0 Usetul for computing differences of signals
= Application example: Pipeline ADC (more later)
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Integrator

0 C;accumulates charge packets acquired during @ 1

= "Discrete time integrator”

0 Used e.g. in switched capacitor sigma-delta ADCs
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Big Ideas

0 Elementary track-and-hold circuit
= Many nonidealities

= First order improvements can improve performance

0 Track-and-hold topologies

= Charge redistribution — add common mode cancellation
= Bottom plate sampling — charge injection cancellation

= Fully differential — eliminate signal dependent offset
= Flip-around

s Faster

0 Clock generation — non overlapping clocks
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Admin

a Proj 1

s Due Tuesday 10/8
o HW 4

= Due Sunday 10/13

= ADC static and spectral metrics
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