EE247
Lecture 16

* D/A Converters (continued)
— DAC reconstruction filter
* ADC Converters
— Sampling
» Sampling switch considerations
— Thermal noise due to switch resistance
— Clock jitter related non-idealities
— Sampling switch bandwidth limitations
— Switch conductance non-linearity induced distortion
» Sampling switch conductance dependence on input voltage
* Clock voltage boosters
— Sampling switch charge injection & clock feedthrough
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Summary Last Lecture

* D/A converters

— Practical aspects of current-switched DACs
(continued)

— Segmented current-switched DACs

— DAC dynamic non-idealities

— DAC design considerations

— Self calibration techniques

* Current copiers
* Dynamic element matching
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DAC In the Big Picture

Analog Input
Learned to build /\/ o
DACS Anti-Aliasing

— Convert the Filter
incoming digital AD Sampling
signal to analog Conversion +Quantization

1
000
DAC output > DSP ...001...
staircase form . 110
o D/IA "Bits to
Some applications Conversion Staircase”
require filtering —]
(smoothing) of DAC Reconstruction
output Filter
- Reconstruction
filter /Anal'og Output
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DAC Reconstruction Filter

B fJ2

« Need for and 5 T
requirements depend on Eos \ /—_\ ﬂ /

i H < |
application B ol

L~

* Tasks: t= )
— Correct for sinc droop - T

— Remove “aliases” 5 e

(stair-case approximation) 3 \ 3

o °° 3 i

by o LN

0 0.5 1 15 2 25 3

Normalized Frequency fif
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Reconstruction Filter Options
Reconstruction Filters
A

4 N\

Digital - » SC » CT
Filter DAC Filter Filter

* Reconstruction filter options:
— Continuous-time filter only
— CT + SC filter
» SC filter possible only in combination with oversampling (signal
bandwidth B << /2)
« Digital filter
— Band limits the input signal = prevent aliasing
— Could also provide high-frequency pre-emphasis to compensate in-

band sinx/x amplitude droop associated with the inherent DAC S/H
function
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DAC Reconstruction Filter
Example: Voice-Band CODEC Receive Path

DA SWITCHED SWITCHED SWITCHED B
CONVERTER GAPAGITOR CAPACITOR CAPACITOR Receive
—= | i, || o B
Senten :| ‘ Wb Output
¢ = gk T { seen
s=8KHZ  f—gkHz  f=128kHz  f=128KkHz A | oor
\ 7

Reconstr?;?:tion Filter

A
g f.= 128kHz
& sinx/x Compensator

Note: fg,"™> = 3.4kHz
f,PAC = 8kHz

Ssin(fyg™x T, (7, XT,)

= -2.75 dB droop due to DAC sinx/x shape

Ref: D. Senderowicz et. al, “A Family of Differential NMOS Analog Circuits for PCM Codec Filter Chip,”
IEEE Journal of Solid_State Circuits, Vol.-SC-17_No. 6. pp.1014-1023 Dec. 1982,
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Summary
D/A Converter

» D/A architecture

— Unit element — complexity proportional to 28- excellent DNL

— Binary weighted- complexity proportional to B- poor DNL

— Segmented- unit element MSB(B,)+ binary weighted LSB(B.)

- Complexity proportional ((281-1) + B,) -DNL compromise between the two

« Static performance

— Component matching
* Dynamic performance

— Time constants, Glitches
* DAC improvement techniques

— Symmetrical switching rather than sequential switching

— Current source self calibration

— Dynamic element matching
» Depending on the application, reconstruction filter may be needed
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What Next?

Analog Input /\/

* ADC Converters: Anti-Aliasing
Filter
. AD Sampling
- N_eeo_l to build Conversion +Quantization
circuits that I 000
"sample” DSP ...001...
T 110
. D/A "Bits to
— Need to build Eolvelsof) Staircase”
circuits for

Reconstruction
Filter

Analog Output /\/

amplitude
quantization
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Analog-to-Digital Converters

*Two categories:
— Nyquist rate ADCs - fsigmaX ~ 0.5xfsamp"ng
* Maximum achievable signal bandwidth higher compared
to oversampled type

¢ Resolution limited to <14bits

— Oversampled ADCs - f ™ << 0.5xf

sig sampling
* Maximum achievable signal bandwidth significantly lower
compared to nyquist

* Maximum achievable resolution high (18 to 20bits!)
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MOS Sampling Circuits
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ldeal Sampling

* In an ideal world, zero 421
resistance sampling L
switches would close for Vin S1 Vour
the briefest instant to
sample a continuous IC

voltage v onto the
capacitor C

—>Output Dirac-like
pulses with amplitude o, " "
equal to V, at the time : :
of sampling

— T=1/f o

* In practice not realizable!
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Ideal Track & Hold Sampling

b,
o | |

VlN _./ \" : b
Slo | > Vour
C — T=1/fs—

LY/

e tracks input for ¥z clock cycle when switch is closed
+ |deally acquires exact value of V,, at the instant the switch opens
» "Track and Hold" (T/H) (often called Sample & Hold!)
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Ideal T/H Sampling

I
Continuous // \\
Time L~ N
GCilo
& O
T/H signal = iL

(Sampled-Data

_ | ~
Signal)

T
Clock

Discrete-Time
Signal
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Practical Sampling

Issues
01

Switch induced noise due to M1 finite channel resistance
Clock jitter (edge variation of ¢,)

Finite Ry, = limited bandwidth > finite acquisition time
* Ry, = f(V;,) > distortion
Switch charge injection & clock feedthrough
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Sampling Circuit KT/C Noise

AKTRAf

L
= v
VIN Vout e : Vout
M1 R Ss1
T T

+ Switch resistance & sampling capacitor form a low-pass filter

* Noise associated with the switch resistance results in - Total noise
variance=kT/C @ the output (see noise analysis in Lecture 1)

* In high resolution ADCs with such sampling circuit right at the input,
KT/C noise at times dominates overall minimum signal handling
capability (power dissipation considerations).
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Sampling Network kT/C Noise

For ADCs sampling capacitor size is usually chosen based on having thermal

noise smaller or equal or at times slightly larger compared to quantization noise:
Assumption: = Nyquist rate ADC

2
For a Nyquist rate ADC : Total quantizati on noise power ~ %

Choose Csuch that thermal noise level is less (or equal) than Q noise

2
kgT (A”
c 12
2
B p—
> C>12kgT| 22
VEs
578
- C212kgTx >
V
FS
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Sampling Network kT/C Noise

228
C ZlZKBT 5
VFs

Required C,;, as a Function of ADC Resolution
B Crin (Ves=1V) Chin (Vs =0.5V)
8 0.003 pF 0.012 pF
12 0.8 pF 2.4 pF
14 13 pF 52 pF
16 206 pF 824 pF
20 52,800 pF 211,200 pF

The large area required for C = limit highest achievable resolution for
Nyquist rate ADCs

Oversampling results in reduction of required value for C (will be covered in
oversampled converter lectures)
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Practical Sampling

Issues
01

+ Switch induced noise due to M1 finite channel resistance
=)« Clock jitter (edge variation of ¢,)

* Finite Ry, = limited bandwidth - finite acquisition time

* Ry, = f(V;,) > distortion
Switch charge injection & clock feedthrough
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Clock Jitter

» So far : clock signal controls sampling instants —
which we assumed to be precisely equi-distant in
time (period T)

» Real clock generator - some level of variability

 Variability in T causes errors
— "Aperture Uncertainty" or "Aperture Jitter*

* Whatis the effect of clock jitter on ADC
performance?
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Clock Jitter

« Sampling jitter

adds an error actual
sampling

voltage timet,

proportional to the

product of (t;-t,) \

and the derivative

of the input signal

at the sampling nominal (ideal)

instant sampling

time t,
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Clock Jitter

* The error voltage is

actual
e=x’(to)(tJ—t0) sampling
time t;
Error §A
* Does jitter matter .
h lina dc nominal
when Samp g sampling
signals (x’(z, )=0)? time t,
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Effect of Clock Jitter on Sampling of a
Sinusoidal Signal

Sinusoidal input Worst case
Amplitude: A A= Prs o fs
Frequency: f, 4 X é
Jitter: dt

) le(t)] << A = Aes
X(t)=Asin (27 f,t) 2 2B
X' (t)=2x fy Acos (2zf,t) dt <<

2871,

X (1), S27 T A
Then: # of Bits f dt <<

. 12 1 MHz 78 ps
e(t) < [x'(t dt
0= I Ol 16 20 MHz 0.24 ps
le(t) < 27 f, Adt 12 1000 MHz | 0.07 ps
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Statistical Jitter Analysis

* The worst case looks pretty stringent ...
what about the “average”?

+ Let’s calculate the mean squared jitter error (variance)
+ If we're sampling a sinusoidal signal
x(t) = Asin(2nf,t),
then
— X(t) = 2xnf Acos(2nf,t)
- E{[X (1)} = 2n*f2A

Assume the jitter has variance E{(t;-t))?} = t?
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Statistical Jitter Analysis

« If X'(t) and the jitter are independent
— E{X(0)(t,-t)IP}= E{IX' (017 E{(t;-t)*}

» Hence, the jitter error power is
E{e?} = 2nf 2A2r2

* If the jitter is uncorrelated from sample
to sample, this “jitter noise” is white
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Statistical Jitter Analysis

SNR DUE TO APERTURE AND SAMPLING CLOCK JITTER

2
A°/2
jiter = 5 2700 2 b *
21 A N
1 2T 12
= ENOB
2¢2 2 SNR
2” fx T (dB) 10
=—-20log,(27f,7) e
40 ] 5
4
w0 L
0 :
I 4 |
1 5 16 &G o
ANALOG FULLSCALE SINEWAVE INPUT FREQUENCY (MHz2)
DEVICES 4.29
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Example: ADC Spectral Tests

€5 1 to clock jitter T
60 —— e oc e il T .
0 20 40 60 80 100 120

Frequency (MHz)
l*SFDR (dB) =-THD (-dB) - SNR (dB)|

Ref: 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. of Solid-State Circuits, Dec. 2001
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Summary
Effect of Clock Jitter on ADC Performance

+ In cases where clock signal is provided from off-chip—-> have to
choose a clock signal source with low enough jitter

» On-chip precautions to keep the clock jitter less than single-digit
pico-second :
— Separate supplies as much as possible
— Separate analog and digital clocks
— Short on-chip inverter chains between clock source and destination

 Few, if any, other analog-to-digital conversion non-idealities have
the same symptoms as sampling jitter:

— RMS noise proportional to input signal frequency
— RMS noise proportional to input signal amplitude

-In cases where clock jitter limits the dynamic range, it's easy
to tell, but may be difficult to fix...
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Practical Sampling

Issues
01

+ Switch induced noise due to M1 finite channel resistance
« Clock jitter (edge variation of ¢,)

=)« Finite Ry, = limited bandwidth - finite acquisition time
* Ry, = f(V;,) > distortion
» Switch charge injection & clock feedthrough
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Sampling Acquisition Bandwidth
¢

* The resistance R of switch S1
turns the sampling network into Vv ; v
a lowpass filter with finite time IN R g ouT
constant:

T=RC IC
* Assuming V;, is constant or L

changing slowly during the

sampling period and C is initially v, (1) =V, (1— e’t”)
discharged

* Need to allow enough time for 9 J
the output to settle to less than ‘ p—
1 ADC LSB - determines
minimum duration for ¢, or
maximum ADC operating freq.
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Sampling: Effect of Finite Switch On-Resistance

V"=V, % <<A since V,, =V, (1-e") ¢

,TS T
—V,e Voo <<AoOr r<<=

2 |n(v

1 :
] Vin Vout
TR

Worst Case:  V,, =V c

T, 1 0.72xT, 1:
T<<— I~ -

2 In(ZB—l) B J |

1 1 0.72 J J

R << : :

2fCIn(2°-1) Bf.C ty

e T=1/fg —i

Example:

B=14, C,,=13pF, f,=100MHz
TJ/7>>194, or107<<T /2 > R<<40Q
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Practical Sampling

Issues
0

Switch induced noise due to M1 finite channel resistance

Clock jitter (edge variation of ¢,)

* Finite Ry, = limited bandwidth - finite acquisition time
= R, = f(V,,) = distortion

» Switch charge injection & clock feedthrough
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Non-Linear Switch On-Resistance

Switch-> MOS operating in triode mode:

1 Al b rriode)

W V,

RON - dVDS Vs 0
1 1
Ron = W = W
HCox T(Ves —Vin ) yron T(VDD =Vin =Vin ) Vs = ¢1 >Vop
Vpp- Vi
1
LetuscalR@ V,,=0 R, then R,=———"——
@Yn=0 R g Vin M1

W
ﬂCox T(VDD _Vth )
R |
Ron = 7\0/_
1— in
VDD 7Vth
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Sampling Distortion

Simulated 10-Bit ADC & N=16384 SNR=61.8dB SDR=405dB SNDR=39.8dB SFDR = 40.9dB
Sampling Switch modeled: of A=-0.1dBFS
Vout = 2ob
T(1 Ve
I I — = -35.1dBF:
v | 1—g 27\ Voo~Vin @ _AD_DC s i HD, = -41.0dBFS
n E HD, = -51.4dBFS
%
£
TS/Z =57 H - HD, = -77.7dBFS |
Voo — Vi = 2V
Ve = 1V iy
- Results in .

— 0 0.05 01 0.15 02 025 03 035 04 045
HD2=-41dBFS & Frequency [f/1, ]
HD3=-51.4dBFS
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Sampling Distortion

N=16384 SNR=620dB SDR=686dB SNDR=586dB SFDR =695dB

Doubling sampling time (or %
time constant) or A=-0.0dBFS
Results in:

HD2 improved from -41dBFS

to -70dBFS ~300B g
. Seo} o
HD3 improved from - i3 i ke e D, = -76.308rs
=76
51.4dBFSto -76.3dBFS <20 HD, = -83.5dBFS 1

~25dB

Allowing enough time for the

Sampling network Settllng9 0 005 01 015 gr.gquagf)’s“ﬁ.:!] 035 04 045
s

Reduces distortion due to switch R

non-linear behavior to a tolerable 10bitADC  T/2=107
level Voo—Vin =2V Vg =1V

EECS 247 Lecture 16: Data Converters- ADC Design © 2010 Page 34




Sampling Distortion
Effect of Supply Voltage

=16384 SNR=610B SDR=47208 SNDR=457dB SFOR = 47 &
N=16384 SNR=618dB SDR=40.5d8 SNDR=39.8dB SFDR=40.9d8 i S e il %0 i

0| = -0.1dBF:
0 A=-0.1dBFS e 1deeS

= -35.1dBF
— " HD, = -41.0dBFS

OFDC=-414¢8FS  Hp_=.47.4dBFS

HD, = -51.4dBFS

HD3 = -62 4dBFS

Amplitude [ dBFS ]
Amgitude [dBFS]

HD, = -77.7dBFS

01 015 02 025 03 035 04 045
Frequency [f/1,]

10bit ADC & T,/2 = 51 10bit ADC & Ty/2 = 5T
Vo=V =2V  Veg=1V Vop—=Vin =4V Ve =1V

« Effect of higher supply voltage on sampling distortion
-> HD3 decreased by (Vpp:/Vppo)?
- HD2 decreased by (Vpp1/Vop2)
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Sampling Distortion

N=16384 SNR=620dB SDR=686dB SNDR=586dB SFDR=69.5dB

* SFDR -> sensitive to ol B OOEES
sampling distortion - improve
linearity by: 20}
« Larger Vpp /Vis
« Higher sampling bandwidth @40
* Solutions: g
» Overdesign> Larger switches  g¢,|
Issue: ’ g %eo DO=-88.2prS HQZ:'GQ'MB:SDstaaan
- Increased switch a0 p—
charge injection ?

- Increased nonlinear S
&D junction cap.
» Maximize Vpp/Ves
9Decreased dynamic range . 01 015 02 025 03 035 04 045

) Frequency [f/1_]
if Vpp const. ¢
« Complementary switch 10bitADC T/t =20
« Constant & max. Vgg # (Vi) Vpp—Vin =2V Vegg=1V
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Practical Sampling

Summary So Far!
+ KT/C noise )
228 1
C212ksT = L v

uT
Vs ViN
M1
* Finite R,, = limited bandwidth
R << 0.72
Bf.C |

* gy, = f(V,,) = distortion

V; w
9on =90 (l_v—l_j for 9o = :ucox _(VDD _Vth)
) pb ~ Vin o L . i
+ Allowing long enough settling time - reduce distortion due to

sw non-linear behavior
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Sampling
Use of Complementary Switches
61
1
Vi \+/ %  \mos g" G0 79" +9o°
¢ . .
== ® 1: - —PMOS}|
B 0 |
L —= = Ly,
¢iel—|_|—|_ L Vio Voo

*Complementary n & p switch advantages:

v'Increase in the overall conductance - lower time constant
v'Linearize the switch conductance for the range [VP|< Vin < Vdd -|V,,"|
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Complementary Switch Issues
Supply Voltage Evolution

VDD[V]

100

2.5V

Yr

1986 ~ 1995 1997 1999 2001 2003 2006 2009 2012

» Supply voltage has scaled down with technology scaling
» Threshold voltages do not scale accordingly
Ref:  A. Abo et al, “A 1.5-V, 10-bit, 14.3-MS/s CMOS Pipeline Analog-to-Digital Converter,” JSSC May

1999, pp. 599.
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Complementary Switch

Effect of Supply Voltage Scaling

Oeffective  NmOS g" %' =90" * Ooh %
| 1
: —PMOS!
TNa e ” T N —— 1 M *
o go° | v Vi ¢ Vo
; ez ok 1B
th Vm Vdd —_— I -
[\ / =
| oL LT
i Vi (Y I ey I
Vin
=" L
0 Vdd

*As supply voltage scales down input voltage range for constant g, s!

hrinks

- Complementary switch not effective when Vpp becomes comparable to 2xVy,
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Boosted & Constant Vg4 Sampling

*Gate voltage Vg =low
» Device off
» Beware of signal
feedthrough due to parasitic
capacitors

Ved
\/\(i Vgg=const.
o i1 0

ON

—0—0—

*Increase gate overdrive voltage as
much as possible + keep Vgg
constant

» Switch overdrive voltage
independent of signal level

» Error due to finite Ry linear
(to 1st order)

» Lower R,, - lowertime
constant
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Constant V55 Sampling

boosted clock

Vdd|

Vi

hY

™N

input signal/(: voltage @ the switch input terminal)
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Constant Vg5 Sampling Circuit

=z
VDD=3V T o

oy i

I+
=

o
)
=
it
(@]
N
=
TN I W
i_x%_
4
%

VP1
100n -+

This Example: All device sizes:W/L=10u/0.35u Sampling switch & C
All capacitor size: 1pF (except for Chold)
Note: Each critical switch requires a separate clock booster

Ref: A. Abo et al, “A 1.5-V, 10-bit, 14.3-MS/s CMOS Pipeline Analog-to-Digital Converter,” JSSC May
1999, pp. 599.
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Clock Voltage Doubler

VDD=0-23V M2 vDDR=3V
Saturation M2

M1 ‘."“ mode M1 off
off # Triode
03 SGV-V,M2) 3V033V (3V-VyuM2) > (BV-V,,M2)
............. Acquire ... .
e charge " c2)
PB
3V=0 033V
P
3V=0
VP
a) Start—up b) Next clock phase
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Clock Voltage Doubler

VDD=3V
* BothC1 & C2
M1 Triode - charged to
off VDD after 1.5
3V ~6V (6V-VipM2) 2 (3V-V,M2) > ~ 3V clock cycle
_____ Acquires
charge * Note that
bottom plate
of CL& C2is
either O or
VDD while top
plates are at
VDD or 2vDD
¢) Next clock phase
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Clock Voltage Doubler

2VDD -

VDD=3V : i

Clock period: 100ns *R1 & R2=1GOhm
= - dummy resistors added for simulation only
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Constant Vg5 Sampler: @ Low

VDD=3V
~ 2 VDD M3
(boosted clock) | Triode OFF
L » Sampling switch M11
is OFF
VDD| c3 M4
Device
¥ OFF

I ?
VDD M12 OFF
Triode oy

P I 1pF  * C3charged to ~VDD
Input voltage < =
source
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Constant Vg5 Sampler: @ High

* C3 previously

charged to VDD
M8
. 2L
« M8 & M9 are on:
VDD C3 C3 across G-S of M11
1 1pF T )
p
o Mo _L M112 « M11 on with constant
VGS = VDD
VS1 Chold
1.5V I L .
L1MHz L » Mission accomplished!?
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Constant V55 Sampling

’ Input Switch Ve
. Chold Signal
H /’
{ i e
. : i G
5 oA 4_{41\ i TN xl .
h S v \\Ilnput Signal
/I( \ ) i /\( H §
) AN A N
S Y A : \/
sl N 7 SN
| i
3\ il H
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Data Converters- ADC Design, Sampling

© 2010 Page 49

Constant V55 Sampling?

5
45
3 e
z <R
/
i \
e N\
soom
a
o towm  fowm  doom  aom  sowm  eon o moon  scon W1 RN T
time (5]
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Constant V55 Sampling?

X X

IR
* During the time period: « During the time period:
Vin< Vout Vin>Vout:
- Vgs=constant=Vp, > Vgs= Vpp - IR
—Larger Vgs-Vi, * Larger Vgg-Vy, compared to
compared to no boost no boost
—Vgs=cte and not a * Vs is a function of IR and
function of Input voltage hence input Vo|tage
- Significant linearity - Linearity improvement not
improvement as pronounced as for V;,< Vgt
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Boosted Clock Sampling
Complete (}lircuit

dd

M7 & M13 for
reliability

Remaining issues:

-V s constant only
for Vin <Vout

-Nonlinearity due to
Vth dependence of
M1lon body-
source voltage

Switch

Ref:  A. Abo et al, “A 1.5-V, 10-bit, 14.3-MS/s CMOS Pipeline Analog-to-Digital Converter,” JSSC
May 1999, pp. 599.
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Boosted Clock Sampling
Design Consideration

Choice of value for C3:

I
==

» C3too large - large charging
current > large dynamic power ;
dissipation VDDE" C3 |

+C3 too small->
Vogate-Vs=
VDD.C3/(C3+Cx)
> Loss of VGS due to low
ratio of Cx/C3
Cx includes Cgg of M11 plus
all other parasitics caps....

Ref: A. Abo et al, “A 1.5-V, 10-bit, 14.3-MS/s CMOS Pipeline Analog-to-Digital Converter,” JSSC
May 1999, pp. 599.
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Advanced Clock Boosting Technique

LVDD 58 Ref: M. Waltari et al., "A
self-calibrated pipeline
ADC with 200MHz IF-

clk sampling frontend,"
ISSCC 2002, Dig.
Tech. Papers, pp. 314

3 M2b 2.3
N Vour V. K
Sampling
Switch

Two floating voltages sources generated and connected to Gate and S & D
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Advanced Clock Boosting Technique

clk-> low L

V,
I

clk

N out

Vg h
Sampling
Switch
* clk=> low
— Capacitors Cla & Clb - charged to VDD
- MS > off
— Hold mode
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Advanced Clock Boosting Technique

clk> high —1 F
v M5 = M6
_'LDD Ss

Mda n3 Mab.
clk

M1a§j§_|— H Mib nib Mab|
" s vz (LT
Vv i Vour v j;lf
5 . 55
Sampling
Switch

* clk-> high
— Top plate of Cla & C1b connected to gate of sampling switch
— Bottom plate of Cla connected to Vy
— Bottom plate of C1b connected to V¢
- \\;GS & VGD of MS both @ VDD & ac signal on G of MS - average of Vy &
ouT

EECS 247 Lecture 16: Data Converters- ADC Design, Sampling © 2010 Page 56




Advanced Clock Boosting Technique

— &
v M5 = M6 i
g0 ss Ref: M. Waltari et al., "A

self-calibrated pipeline
ADC with 200MHz IF-
ik sampling frontend,"
ISSCC 2002, Dig.
Tech. Papers, pp. 314

, :: M2b I_C-m-
VIN VOUT V.
Sampling
Switch

+ Gate tracks average of input and output, reduces effect of I-R drop at

high frequencies
 Bulk also tracks signal = reduced body effect (technology used allows

connecting bulk to S)
* Reported measured SFDR = 76.5dB at f;,=200MHz
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Constant Conductance Switch

Level Shift
High
(3.3V) 3.3V
opF GBW:
280 MHz | |
| < 3.6V
_/T

Replica gyq

2.4 mA

Dummy

" Elj so.'oe '—|

Anélcg Input Sampling Switch *
{© HD3 < -95dBe

Ref: H. Pan et al., "A 3.3-V 12-b 50-MS/s A/D converter in 0.6um CMOS with over 80-dB
SFDR," |IEEE J. Solid-State Circuits, pp. 1769-1780, Dec. 2000
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Constant Conductance Switch

Level Shift
High
(33V) 3.3V
2pF
e M2 K-
F e 8
<asv | &
_’T—' 2.4 miM
Dummy
Md mi | OFF
D Elj 8010.6 7
Analog Input Sampling Switch ‘r/
HD3 < -95dBe

()

Ref: H. Pan et al., "A 3.3-V 12-b 50-MS/s A/D converter in 0.6um CMOS with over 80-dB
SFDR," |[EEE J. Solid-State Circuits, pp. 1769-1780, Dec. 2000
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Constant Conductance Switch

M2-> Constant current

Level Shift
High - constant gy
(33V) 33V
2pF M1-> replica of M2
-]_Mf 4 & same VGS
T 8 as M2
T e | 2 > M1 also
J constant gy
g 24mA » Note: Authors report requirement
vt |ON of 280MHz GBW for the opamp for
D 80/0.6 § 12bit 50Ms/s ADC
Analog Input Sampling Switch * 7
* Also, opamp common-mode
(C) HD3 < -95dBc R R
compliance for full input range

required

Ref: H. Pan et al., "A 3.3-V 12-b 50-MS/s A/D converter in 0.6um CMOS with over 80-dB
SFDR," |IEEE J. Solid-State Circuits, pp. 1769-1780, Dec. 2000
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Switch Off-Mode Feedthrough Cancellation

it -

1

1 1

R1 1 Vyr o ] 1

: I_|—-'__v|wz !

c c2 [ - 1

Vin our

Vyst o ITI o Vot

High-pass feedthrough Feedthrough
paths past an open cancellation with a
switch dummy switch

Ref: M. Waltari et al., "A self-calibrated pipeline ADC with 200MHz IF-sampling frontend,"
ISSCC 2002, Dig. Techn. Papers, pp. 314
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Practical Sampling
!)ssues

Switch induced noise due to M1 finite channel resistance
Clock jitter

Finite Ry,, = limited bandwidth -> finite acquisition time
* Ry, = f(V;,) > distortion
==p ¢ Switch charge injection & clock feedthrough
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Sampling Switch Charge Injection & Clock Feedthrough
Switching from Track to Hold

VG
1

iJ;_Ml
1

H------ c-VitVi

tofr t

» First assume V; is a DC voltage
* When switch turns off > offset voltage induced on Cg
e Why?
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Sampling
Switch Charge Injection

MOS xtor operating in triode region Distributed channel resistance &
Cross section view gate & junction capacitances

! Coy, Cov
s G D |

et /\1__1_1_ .ié.lj:\J
__)———t LIl

(@]
I
[]
[
O

|||—| I—I

ik,

» Channel - distributed RC network formed between G,S, and D

» Channel to substrate junction capacitance - distributed & voltage dependant
 Drain/Source junction capacitors to substrate - voltage dependant

+ Over-lap capacitance C,, = LpxWxC,, associated with G-S & G-D overlap
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Switch Charge Injection
Slow Clock

Device still
conducting

+ Slow clock-> clock fall time >> device speed
-> During the period (t- to t,;) current in channel discharges channel
charge into low impedance signal source

» Only source of error - Clock feedthrough from C,, to C

EECS 247 Lecture 16: Data Converters- ADC Design, Sampling © 2010 Page 65

Switch Clock Feedthrough

Slow Clock
Vg M
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Switch Charge Injection & Clock Feedthrough

Slow Clock- Example
VG

1044/0.18
y L 4/0.18u
i ¥ L _ \V;
i

C=1pF

I

1
. ) l
Cov=0.1fF/pu Cou=9fF /4’ Vip=0.4V V =0 |, LA
_ Cov_ 10m0.LfFIp_ o ¥ f
C 1pF ! '
Allowing ¢=1/2LSB — ADCresolution <~9bit : tl
- Lotf t
Cov
Vos == (Vy, =V ) =—0.4mV
S
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Switch Charge Injection & Clock Feedthrough

Fast Clock
Ve Vg
v W | Vy
! o V, q4------ --VitV,
s 1 ° Vi {------ B
C=1pF
n+m=1 :I: v
o -
= = o i t

» Sudden gate voltage drop = no gate voltage to establish current in channel
-> channel charge has no choice but to escape out towards S & D
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Switch Charge Injection & Clock Feedthrough

Fast Clock
Clock Fall-Time << Device Speed: Vs
\
H4------ - Vi +Vi,
AVO __ Cov (VH _VL)_ ><Qch V, d-----+ .
Cov +C C
~— Cov (VH —VL)—EXWCOXL((VH M _Vth)) i _V_ _____ i t
Cyy +Cs 2 C, o !
Vo =V (1+ &) +Vos vV :__J_A_V_____
where ¢ = EXM A
Cs !
WC,,L(Vy -V,
VOS:—COV (Vi —VL)—EXM |
Cs 2 Cs Tt t

» For simplicity it is assumed channel charge divided equally between S & D
» Source of error - channel charge transfer + clock feedthrough via C,, to C;
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Switch Charge Injection & Clock Feedthrough
Fast Clock- Example

Ve V,
104/0.18 G
v L H H v,
[ 1 — Vg 4. -V,
M1 J_ Vi -
C=1pF
I VL_ ______ I——
1 t
+ = o :
v, A
fE fF A B
Cov=0.1-, Cox =9,V =0.4V Vpp =1.8V, V =0 '
u u !
2 1
o1y WECox _10mX0.18ux9FF /4 0 o t
C 1pF
vl,sz—@(vH —VL)—Exwz—l.BmV—M.GmV:—16.4mV
—C %
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Switch Charge Injection & Clock Feedthrough
Example-Summary

1.6%

0.4mV

1%

Clock fall time Clock fall time

Error function of:
- Clock fall time
-> Input voltage level
-> Source impedance
- Sampling capacitance size
- Switch size
8 Clock fall/rise should be controlled not to be faster (sharper)
than necessary
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Switch Charge Injection
Error Reduction

» How do we reduce the error?
- Reduce switch size to reduce channel charge?

AVO:—}% !
2 c T
T=RoyCi=————— 1T (note:?:kr)

W
4Coy T(VGS _Vth)

Consider the figure of merit (FOM):

/UCOX*(VGS _Vth)
FOM=— 1 =~ L X 2x S
TXA)/OZ Cs WCoxL((VH _Vi _Vth))
—>FOM oc u/ L

<+ Reducing switch size increases T - increased distortion> not a viable solution
< Small T and small AV - use minimum chanel length (mandated by technology)
< For a given technology 1 x AV ~ constant
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Sampling Switch Charge Injection & Clock Feedthrough
Summary

* Extra charge injected onto sampling capacitor @
switch device turn-off
—Channel charge injection
—Clock feedthrough to C via C,,

* Issues due to charge injection & clock feedthrough:
—DC offset induced on hold C
—Input dependant error voltage - distortion

* Solutions:
—Slowing down clock edges as much as possible
—Complementary switch?
—Addition of dummy switches?
—Bottom-plate sampling?
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