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Penn

Outline

oelsiese’s

o Elementary track-and-hold circuit and its
nonidealities

a First order improvements to elementary track-and-
hold

ADC Ovetview

seseees

Digital
Anal
AID e out

Conversion /\/

2,7,0,15,...

Anti-alias  Sampling  Quantization
Filtering

o How to build circuits that “sample”?
0 Ideal Dirac sampling is impractical
= Need a switch that opens, closes and acquires signal within an
infinitely small time
o Practical solution
= “Track and hold”

Penn ESE 568 Fall 2019 - Khanna adapted from Murmann
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Signal Nomenclature

—
Continuous Time Signal /\

T/H Signal
("Sampled Data Signal")

eelsieeels

Clock

Discrete Time Signal | ‘ ‘ I

Penn ESE 568 Fall 2019 - Khanna adapted from Murmann
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¢ Ideal Track-and-Hold Circuit
¢ Track Hold
¢ t
Vin I T Vout Vln /_\
1 o
- Voul /
— .t
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¢ Circuit with MOS Switch
) Track Hold
¢ J_L
>t
Vin “I_(T Vout Vin
1 .
- Vom
“Pedestal Error”
ml
>t
Penn ESE 568 Fall 2019 - Khanna adapted from Murmann
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Nonidealities

oelsiese’s

KTC noise

Finite acquisition time

Tracking nonlinearity

Signal dependent hold instant

Charge injection and clock feedthrough
Thermal noise

Clock jitter

0 0 0 00 0 o0 o

Hold mode feedthrough and leakage

Penn ESE 568 Fall 2019 - Khanna adapted from Murmann
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a

KTC Noise

oelsiese’s

a Equivalent circuit in track mode

T T

V2 = 4KTR, Af

Penn ESE 568 Fall 2019 - Khanna adapted from Murmann
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KTC Noise

seseees

0 Equivalent circuit in track mode

vZ = 4KTR, Af

- 2
v—"=4kT-RM~%
A +sR,,C
2
- 7 1 kT
Vot =|4kT R, -|————— df =—
otot £ " |1+ j2nf -R,,C c
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KTC Noise

seseees

o If we make KT/C noise equal to quantization noise

ko _£
c 12

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

eelsieeels

a If we make kT/C noise equal to quantization noise

2
_£ 12kT[£]
c 12 Vrs
B C (Ves=1V)
8 0.003pF
12 0.8pF
14 13pF
16 206pF
20 52,800pF

Penn ESE 568 Fall 2019 - Khanna adapted from Murmann
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Finite Acquisition Time

0 Consider various input signal

scenarios ) Track Hold

il
SVAV,

o 1. Input is a sampled data signal, i.e.
the output of another switched
capacitor stage

0 2. Input is a slowly varying continuous
time signal, e.g. the input of an
oversampling ADC

o 3. Input s a rapidly varying Vin
continuous time signal, e.g. the input
of a Nyquist or subsampling DAC

Penn ESE 568 Fall 2019 - Khanna adapted from Murmann
EE315B, Stanford
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Finite Acquisition Time — Case 1

oelsiese’s

o For simplicity, neglect finite rise time of the input signal
o Consider worst case — the output is required to settle from 0
to the full-scale voltage of the system (V) within T /2

¢ Track Hold

t=0 t=Ty2

Penn ESE 568 Fall 2019 - Khanna adapted from Murmann
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Finite Acquisition Time — Case 1

seseees

o For simplicity, neglect finite rise time of the input signal
0 Consider worst case — the output is required to settle from 0

to the full-scale voltage of the system (V) within T /2

¢ Track Hold First order MOS switch model
T_,_‘_ —_—
>t R ¢

Vay | Vi -w»—/—l— Vou
Ves |1
1=RC c
T >t ;I;
Vouy | —
| —t/
0 -t :>Vout(t)=VFs(1*e t)

t=0 t=TJ2
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oelsiese’s

Finite Acquisition Time — Case 1

o For simplicity, neglect finite rise time of the input signal
0 Consider worst case — the output is required to settle from 0
to the full-scale voltage of the system (Vi) within T,/2

¢4 Track Hold First order MOS switch model
———

1 R4

Vin g Vin M—" T Vou
Vs
1=RC c

>t
Vou —
Vs __//——F———
0 : >t

t=0 t=TJ2

Penn ESE 568 Fall 2019 - Khanna adapted from Murmann

Finite Acquisition Time — Case 1

eelsieeels

T,

T, -l -

Vout,err [?s] = _VFSe 2 = _VFSe N

o Typically think about settling error in terms of the number of
settling time constants (N) required for 2 LSB settling in a
B-bit system

Penn ESE 568 Fall 2019 - Khanna adapted from Murmann
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¢ Finite Acquisition Time — Case 1
:
.
T, -8/t
Vouterr (? =-Vese 2
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Finite Acquisition Time — Case 1

eelsieeels

T
T, s .
Vaul,err (?SJ = _VFSe 2 = _VFSe N

0 Typically think about settling error in terms of the number of
settling time constants (N) required for /2 LSB settling in a
B-bit system

B N

6 >4.9
10 >7.6
14 >10.4
18 >13.2

Penn ESE 568 Fall 2019 - Khanna adapted from Murmann
EE315B, Stanford
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Finite Acquisition Time — Case 2 & 3

o Consider a sinusoidal input around “0”, and “0”

also as the initial condition for V (for notational

out

simplicity)
) Track Hold
[ —
Vi Vin(t) = Acos(ot + )
0 \/\/
-t
vDul
’ F\/_
~t
t=0 t=TJ2

Penn ESE 568 Fall 2019 - Khanna adapted from Murmann
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Finite Acquisition Time — Case 2 & 3

a Consider a sinusoidal input around “0”, and “0”
also as the initial condition for V,

out

(for notational

simplicity)
I Track Hold
0 E—
Vin Vin(t) = Acos(ot + )
t
__Acos(p-0) -, Acos(ot+¢9-0)
N\ o O T e T e
Vout N initial transient steady-state response
0 _f\/— 0 = atan(ot)
>t
t=0 t=TJ2

Penn ESE 568 Fall 2019 - Khanna adapted from Murmann
EE315B,
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Finite Acquisition Time — Case 2 & 3

seseees

o At t=Tg/2, the error in the held signal consists of two parts
0 Residual error due to initial exponential decaying initial
transient term

= In order to minimize this error, we need to choose N appropriately,
as calculated for the step input scenario

_T/2

B T

o Error due to magnitude attenuation and phase shift in the

steady state term

N

= This error depends only on the RC time constant and the input
frequency; it cannot be reduced by extending the length of the track
phase

= How significant is the error due to the steady-state term?

Penn ESE 568 Fall 2019 - Khanna adapted from Murmann
EE315B, Stanford
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Finite Acquisition Time — Case 2 & 3

0 As an example, let’s compute the percent amplitude error for
the N values derived previously (*2 LSB B-bit settling to a

step)

Penn ESE 568 Fall 2019 - Khanna adapted from Murmann
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Finite Acquisition Time — Case 2 & 3

eelsieeels

0 Asan example, let’s compute the percent amplitude error for
the N values derived previously (V2 LSB B-bit settling to a

step)

- il ! 7 1= : 2
1+ (o) 1+[2mmT'/z) ESS
N Nf

B N

6 4.9
10 7.6
14 10.4
18 13.2

Aer (fin = 1/20) Aer (fin = 1/2)

Penn ESE 568 Fall 2019 - Khanna adapted from Murmann
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Finite Acquisition Time — Case 2 & 3

eelsieeels

0 As an example, let’s compute the percent amplitude error for
the N values derived previously (V2 LSB B-bit settling to a

step)

\/— A
- ;=1 ! 71" ! 2
1+ (wr) 1+[2“""T5/2] (2l
N N,

B N Aer (fin = f/20) Aer (fin = /2)
6 4.9 0.052%
10 76 0.021%
14 10.4 0.011%
18 13.2 0.007%

Penn ESE 568 Fall 2019 - Khanna adapted from Murmann
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Finite Acquisition Time — Case 2 & 3

oelsiese’s

0 As an example, let’s compute the percent amplitude error for
the N values derived previously (V2 LSB B-bit settling to a

step)

,A‘

1+ (0r)? 1 " 1 1

=1 = =1-
A 2 2 2
1+ (wr) T, /2 =,
‘ ‘ \)14-[21!1.” N 1+ N ":

B N Aey (fn = £,/20) Ac (Fn = 1/2)
6 4.9 0.052% 4.9%
10 7.6 0.021% 2.1%
14 104 0.011% 1.1%
18 132 0.007% 0.7%

Aer =

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

Summary — Finite Acquisition Time

oelsiese’s

0 Precise settling to an input step is accomplished within 5-13
RC time constants (depending on precision)

0 Precise tracking of a high-frequency continuous time input
signal tends to impose more stringent requirements

= Number to remember: ~1% attenuation error at Nyquist (£, =f;/2)

for N ~ 10 (B=14)

Penn ESE 568 Fall 2019 - Khanna adapted from Murmann
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Summary — Finite Acquisition Time

seseees

0 Precise settling to an input step is accomplished within 5-13
RC time constants (depending on precision)

0 Precise tracking of a high-frequency continuous time input
signal tends to impose more stringent requirements

= Number to remember: ~1% attenuation error at Nyquist (f;,=f;/2)
for N ~ 10 (B=14)

0 In applications where attenuation is tolerable, the RC time
constant constant requirements then tend to follow from the
distortion specs

= The larger the attenuation, the larger the instantaneous voltage drop
across the (weakly nonlinear) MOSFET > undesired harmonics

= Let’s look at that next...

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

Voltage Dependence of Switch

seseees

w \
ID(mode) =nCox f[ves -Vi- %) Vbs

Penn ESE 568 Fall 2019 - Khanna adapted from Murmann
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Voltage Dependence of Switch

eelsieeels

w \
Io(triode) = HCox T[Vcs -V, - %SJVDS

¢
L

-1
dlpyri
Ron ;|: 3(\(/”0“)} :| = w ! Vi Vout
DS lvpg-0 HCox (Ves -Vt)

1
Ron = W
HCox L (¢‘V‘m _V\)

o Two problems

= Ry is modulated by V,, (assuming ® =V, =constant)

in

= Transistor turn off is signal dependent, occurs when V, = ®-V.

Penn ESE 568 Fall 2019 - Khanna adapted from Murmann
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Track Mode Nonlinearity

eelsieeels

Ron high

[Razavi, Data Conversion System Design, p.16]

a Output tracks well when input voltage is low

= Gets distorted when input voltage is high due to increase
in Ry

Penn ESE 568 Fall 2019 - Khanna adapted from Murmann
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Analysis

K

I =K(Vas ~ Vi) Vs — 2

2
Vos

av, K
© 0~ K (6= Vo Vo) (Vi ~Vou )~ (Vi ~ Vs )’

!
VMAJAIJjA—VM
I

o “All” we need to do is solve the above differential
equation. NBD.

o Luckily someone has already done it for us
= See [Yu, TCAS II, 2/1999]

Penn ESE 568 Fall 2019 - Khanna adapted from Murmann
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Result

oelsiese’s

HD. = Amplitude of third harmonic
3~ Amplitude of fundamental

1 A ¥ 1 A Vi o=
= | ———| co1=- .=
4 Ves -V, 4\Ves Vi) £, N

o For low distortion
= Make amplitude smaller than Vg-V.p
+ Low swing = bad for SNR
= Make 1/ T much larger than W (input frequency)

= Big switch > may cost lots of power to drive, comes with large parasitic
capacitances

Penn ESE 568 Fall 2019 - Khanna adapted from Murmann
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Numerical Example

=

fin T

0 Parameters: 11 A 2_ L4
£ 'N

HD3 = —| ———~
4\ Vgs -V,
— Vpp = Ve = 1.8V

— Signal is centered about Vp/2 = 0.9V
= Vgs-V, = 1.8V-0.9V-0.45V = 0.45V

- A=02V
—~ N=05T/r=10
— £, =12

2

1002 V1 n

HD=—{ < | ~..% - _42dB
3 4(0.45] 210

o Not great...

Penn ESE 568 Fall 2019 - Khanna adapted from Murmann
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SFDR

seseees

2048 point FFT, SFDR=48.3dB

0 Definition of "Spurious Free
Dynamic Range" 20

SFDR = Signal l-’ower

Largest Spurious Power

0 Largest spur is often (but not
necessarily) a harmonic of the
input tone

DFT Magnitude [dBFS]

0.2 03 04
Frequency [fffs]
Penn ESE 568 Fall 2019 - Khanna adapted from Murmann
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Relationship Between INL and SFDR

0 At low input frequencies, finite SFDR is mostly due to INL
0 Quadratic/cubic bow gives rise to second/third order
harmonic
o Rule of thumb: SFDR = 20log(2®/INL)
= H.g 1LSB INL, 10 bits >SFDR = 60dB

Output

Input

Penn ESE 568 Fall 2019 - Khanna adapted from Murmann
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Signal Dependent Sampling Instant

v l_ex®)
Ideal Vln o VTH
Sampling
nstant
Ve .
¢ [Razavi, Data Conversion System Design, p.17]
ctual
(- sampling
Instant
e
— t
Tl

0 Must make fall time of sampling clock (T) much
faster than maximum dV, /dt
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Signal Dependent Sampling Instant

0 Distortion analysis result (See Yu, TCAS 11, 2/1999)

HD. — Amplitude of third harmonic
3~ Amplitude of fundamental

2
3( A

=~ ——oT
B(chm ']

o Example: Vo, =1.8V, A = 0.5V, T;=100ps, W =2 7T 100MHz

2
HD, = g(%.zﬂoowoe '100-10*‘2] - -79dB

Penn ESE 568 Fall 2019 - Khanna adapted from Murmann
EE315B, Stanford 37

oelsiese’s

Charge Injection and Clock Feedthrough

0 Analyze two cases
= Very Large T (slow-gating)
= Very Small T; (fast-gating)

Track Hold

, Clock
° feedthrough

b U_|\
t >t
Vi d |
Vin Vout i
-
Charge € c
Injection I : t
— Vou & |
= *Pedestal Error”
L/m.
o H -t

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

o All channel charge has disappeared by t_without
introducing error; absorbed by input source

o
[T

I N VA
Vind oo oL
L t

|
[}
ot H HOLD
|
1
I
|

:
]
1
1
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Slow Gating Model for t>t_

¢ Vout = Vin = AVout
\WCO‘ Clock
feedthrough
Vout
C

Penn ESE 568 Fall 2019 - Khanna adapted from Murmann
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Slow Gating Model for t>t g

¢ Vout = Vin = AVout
|W ,  Clock c
0B0INIOUGN Vo = Vig = = (Vin + Vo =00 ) = Vi (14+8)-+ Vos
Cy+C
Vout
Cal C, |
=20 V, =——20l (V-
IC #7TCy+C os =g v ()
— Gain Error Offset Error

Penn ESE 568 Fall 2019 - Khanna adapted from Murmann
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¢ Slow Gating Model for t>t_
¢ Vout = Vin = AVout
- Clock c
foCTOUGN Vo = Vi = L (Vi + Vo= 00) = Vi (1+) Ve
Vout
___ Ca __ Ca _
IC £77Cq+C Voo =g 20 (Vi)
— Gain Error Offset Error
o Example:
C=1pF, ,=0V, V=0.45V, W=20pum, C,/=0.1fF/um, C,=2fF
£=-0.2% Vs =—0.9mV
Penn ESE 568 Fall 2019 - Khanna adapted from Murmann
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Fast Gating

o Channel charge cannot

change instantaneously p
#I on
0 Resulting surface potential ?_q S\ e
decays via charge flow to  Jameee SQZ 3 - - -t
source and drain (charge g, ! ! N '
.. . t< L "
injection) T I "
i i Vo, Il
. | ! i
0 Charge divides between ! ! IR
& ) vs, | ! R N
source and drain !>GW — -t
T T
A0Qy — S o
Penn ESE 568 Fall 2019 - Khanna adapted from Murmann
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.
¢ Wegmann Graph Key
.
:
TABLE I
VARIOUS POINTS CALCULATED FOR DIFFERENT VALUES OF C, /C;
AND traq /Ty IN THE CASE OF G, /C, =10 AND C, /G, = 0.1
No. Taw/To  ColCo C2/Cy COMMENTS
| 100 10 o1
2 100 100 10
s 100 ) 10
4 10 100 10 FIGURE 7
s 10 o 10
6 ' w1 FlouRE 5
7 | o
B ' o1 o
s o1 PYRT) FiouRe 6
10 o1 sor o
It T T
12 001 0ot o1
5 o0t o1 o
Penn ESE 568 Fall 2019 - Khanna adapted from Murmann
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Fast Gating Model for t>t_

cock Vout = Vin = AVour = Vin (1+8) + Vg
' feedthrough
Vou
Charge €

Injection I

C

Penn ESE 568 Fall 2019 - Khanna adapted from Murmann
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Charge Split Ratio

oelsiese’s

G. Wegmann et al., "Charge injection in analog MOS switches," IEEE J. Solid-
State Circuits, pp. 1091-1097, June 1987.

Y. Ding and R. Harjani, "A universal analytic charge injection model," Proc.
ISCAS, pp. 144-147, May 2000.

Penn ESE 568 Fall 2019 - Khanna adapted from Murmann
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CHARGE INJECTION IN Cz c%:|

——— 100

. N
v .

(] L 3

R I ) 3

9.6

le G 1‘4 N Hifis g !
0 % .4

" tH o3

2 1 01

° o

‘o1 i

Interpretation

seseees

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

o 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 g

¢
- ook Vout = Vin = AVout = Vip (1+8) + Vos
T ! feedthrough 1Q
_ h  Assuming 50/50

Vo L4 Vo, Vou =Vin =52 g (0 =80)+ 575" " charge spit
Charge € c
Injection

oo T Qe = ~WLCo [b4 = Vi~ V4]

- [

Penn ESE 568 Fall 2019 - Khanna adapted from Murmann

EE315B, Stanford

— o\ = v+ vr

-t
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Fast Gating Model for t>t_

oelsiese’s

oelsiese’s

Fast Gating Model for t>t

vV,

Cq  Clock o
" feedthrough

Vou Vout = Vin =

ut = Vin = AVout = Vin (1+€) + Vs

Cal (bu—)+ 1Qgn  Assuming 5050
— Cq+C H™"/" 5 ¢ charge split
Charge € c

I
e 1 Qe = ~WLCox [0~ Vin - Vi]

1WLC, C 1 WLC,
=y o Veo CO.TC("’“*“’L)] c (W)
a Example:

C=1pF, 6,-0,=1.8V, V,=0.45V, W=20um, LC,,=2fF/um
Co=0.1fF/um, Cy=2fF

£=+2% Vs =-30.6mV

Penn ESE 568 Fall 2019 - Khanna adapted from Murmann
EE315B,
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Transition Fast/Slow Gating

0 | €] and | V| 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

el [Vos!

Penn ESE 568 Fall 2019 - Khanna adapted from Murmann
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T e Vou= Vi Mo =V (140)+ Vo
T ' feedthrough c 10
_ | h  Assuming 50/50
Vin s Vou Vout =Vin— T‘:—C(G’H -6 ) + ETC charge split
Charge € c
Injection
1 Q= ~WLCox [8~ Vi = V4]
1 WLC, c 1 WLC
=y o Vemg acti) o W)
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¢ Fast Gating Model for t>t g
\_¢ - -
_1\_ Clock Vout = Vin = AVout = Vin (1+€) + Vs
T  feedthrough c 1
Assuming 50/50
e e Vout = Vin = ﬁ(% —0)+ ETCH charge split
Charge € c
Injection
L Qo = -WLCoy b~V = Y]
1 WLC, c 1WLC
=y o Vemg et o W)
o Example:
C=1pF, b4, =1.8V, V;=0.45V, W=20um, LC,,,=2fF/um
Cy'=0.1F/um, Co=2fF
e=+2% Vos =-30.6mV Slow gating
e=-0.2% Vos =-0.9mV
Penn ESE 568 Fall 2019 - Khanna adapted from Murmann
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¢ Impact of Technology Scaling
0 Charge injection error to speed ratio benefits from
short channels and increases in mobility
AV;lh LZL:N.RC
2¢Cc 2 2
1
R=
w
HCox |~ (Ves - V1)
Penn ESE 568 Fall 2019 - Khanna adapted from Murmann
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Impact of Technology Scaling

eelsieeels

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

1Q 1 T
aveiZn 1 _Js _N.RC
2¢C 2 2
I\
) BN
R= 1 L fs [
- w
HCox L(Ves—Vt) HQen
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First order improvements

Penn ESE 568 Fall 2019 - Khanna adapted from Murmann
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oelsiese’s

Improvements

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

o Charge cancelation

= Try to cancel charge injection with dummy switch

a Differential Sampling
= Differential signaling to suppress offset

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,
l¢
. FED:’T Vo Qe = ~WobnCox (04~ ViN—Vin)
Vin= 3 cu Qenp = WL, Cox (v.N —4 - \v(p\)
T LT
lag+1q
AV =2 ehn g ehe _ Cox Vi - OO +V,,,—‘le‘
c c| ™ 2 2

o Charges full cancel for V,,=(Vy-V})/2=Vpp/2 and V=V,

« Sl signal dependent residual injection

Penn ESE 568 Fall 2019 - Khanna adapted from Murmann
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i Analysis
: Y
:
— T
l‘ncox[ L L(VGSn’Vm) uucnx[ L L (‘VGSD *‘VwD
R= !
N —vm)—[uncax[ﬁn I
1
L TV R —
w
Mncox[ L L(VDD =Vin "V'p‘} m
a Independent of V,, = too good to be true!
0 Missing factors
= Backgate effect
= Short channel effects
Penn ESE 568 Fall 2019 - Khanna adapted from Murmann
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¢ CMOS Switch Resistance
a In principle, adding PMOS helps with signal
dependent R in track mode
= Parallel resistance of MOS devices roughly constant
R= W ! ” W !
anox[ L ] (Vasn = Vin) llpcux[ L ] (|VGSp‘_‘leD
n P
Penn ESE 568 Fall 2019 - Khanna adapted from Murmann
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¢ Real CMOS Switch
Ve 18V
MN =5 105m/0.18um
g
«
e
T 30pm/0.18um
HU 05 1 15
Va M
0 Design
= Size P/N ratio to minimize changc in R over input range
a PMOS bring limited benefit unless the input signal
range is large or centered near Vp,
Penn ESE 568 Fall 2019 - Khanna adapted from Murmann
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Charge Cancellation: Dummy Switch

¢ ¢
Re 1 " e 1 AQy = 0.5Q g +Qqy
Ll
FER W,=0.5w, AQ2 = Qen +2Qoi2 = 0.5Qcn +Qon
T oT AQ,-AQ, =0

[Eichenberger and Guggenbdhl, JSSC 8/89]

o Cancellation is never perfect, since channel charge of M1 will

not be 50/50 split

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

= ~80% cancellation

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

Penn 68 Fall 2019 - Khanna adapted from Murmann
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Differential Sampling

Vio = Vi~ Ve Vob = Vo1~ Vo2

Vi = c Vig = Vit +Vie Voo = Vo1 + Vo2
2

Vor = (1+&1) Vis + Vost

-1 I ¢ Voz =(1+82) Vi +Vosz

€1 +E; €1 +€;
Voo =[1+ 12 Z)Vln*(sﬁﬁz)vlc *(Vosw’vosz);[ﬁ%]vm

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 V5,
= Good rejection of coupling noise, supply noise, ...
= Small common-mode to differential-mode gain
0 Unfortunately, V has same gain error as basic
single-ended circuit
o 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
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Differential Sampling

Vor Vip = Vit - Vi Vop = Vo1~ Vo2
Vit + Vi Vo1 +Ve
V. =it Vi V. = Yo+ Vo2
ic 2 loc 2
Voz Vor = (1+81) Viy + Voss

Vo2 =(1+82) iz +Vos2

i
it
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: Differential Sampling
.
[
. Vor Vo =Vi-Ve Voo = Vo1 - Vo2
= Vir+ Vi Vo1 +V
vl1 T I Cc Vic ;% Voc :%
+ Voz Vot =(1+81) Vig + Vost
vf I I ¢ Voz =(1+82) 2 +Vos2
€1 +E; £ +E;
Voo :(” ! 2 2]\40 +(e1-82) e +(VDS|’VDSZ)E(1+%JVID
€ —€; €1 +E€; Vosi1+ Ve £ +E; Vosi1+ Ve
Voc=( 14 2]\/m+(1+ 12 ZJWc‘r( 0512 osz];[” 12 z]vm,r( 0512 osz]
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Big Ideas

eelsieeels

0 Elementary track-and-hold circuit and its
nonidealities
= Tinite acquisition time
= Tracking nonlinearity

= Signal dependent hold instant

0 First order improvements to elementary track-and-
hold

= Charge cancellation, CMOS switches, differential signals
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Admin

o Proj1
= Due Su10/6

0 Turn in design with characterization even if you
don’t meet all the specs
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