EE247
Lecture 16

D/A Converters
« DJ/A examples
— Serial charge redistribution DAC
— Practical aspects of current-switch DACs
— Segmented current-switch DACs
« DAC self calibration techniques
— Current copiers
— Dynamic element matching
ADC Converters
» Sampling
— Sampling switch induced distortion
— Sampling switch charge injection
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Serial Charge Redistribution DAC

. I = i
Nomlnglly C,=C, Vi ; _
« Operation sequence: <
— Discharge C1 & C2, S3& S4 S f\ Ilm "
closed S i 1 ‘
. . Vi & G
— For each bit in succession = I I -

beginning with LSB, by

* Slopen-ifb=1C1
precharge to Vgge if b=0 to
GND B

- Slclosed-S2 & S3 & S4 Vai2) = by g s g VN
open- Charge sharing C1 &
Cc2

- Y% of precharge on C1 N
+Y; of charge previously V,iN) = | EE:';UREF
stored on C2-> C2 e

H
Vallh = 5 Vage
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Serial Charge Redistribution DAC
Example: Input Code 101

Rodistributbon
cycle for ane bt

+ Example input code 101-> output 5/8 Vg

* Very small area
N redistribution cycles for N-bits conversion
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Resistor Ladder (MSB) & Binary Weighted
Charge Redistribution(LSB) Segmented DAC

* Example: 12bit

DAC

- 6-bit MSB
DAC- R string

—  6-bit LSB DAC
- binary
weighted
charge

redistribution
e Complexity lower
than full R string

— Full R string>
4096 resistors

— Segmented >
64R+7Cs
(65 unit caps)

Wiommn

6bit
resistor
ladder

= reset
lwoc Jic Joc lic T Ic I
T Y LS
L rpr
6-bit
binary weighted
charge redistribution DAC
r
Switch
Network
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Binary Weighted Charge Redistribution(MSB) &
Resistor Ladder (LSB) Segmented DAC

T freset v

out
Homework 6: lec iec Joo ¢ lc Jo I Veus

Compare sensitivity —
of these two b, b, by b AD ARy A
segmented DACs
to component = - = = = = =
mismatches
VREF
—
L1 1 6bit
Switch T resistor
Network ladder
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Practical Aspects
Current-Switched DACs
Unit element DACs ensure monotonicity by turning
on equal-weighted current sources in succession
Typically current switching performed by differential o
pairs !
Based on the code only one of the diff. pair devices "~ . . = z
are on-> device mismatch not an issue ¥ ¥ ¥
Issue: While binary weighted DAC can use the -|JJ |-l A I-] -‘E'T |-l AL
incoming binary digital code directly, unit element . _[T |
requires o v R n 1w
- Nto (2\-1) decoder I o] ] ! |
Binary Thermometer
000 0000000
001 0000001 %. o
010 0000011 ‘
011 0000111
100 0001111 PmLT
101 0011111
110 0111111
111 1111111
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Segmented
Current-Switched DAC

4'b|t MSB 4 M5B
Unit element o]
DAC + 4-bit 4| e |99 16 | Jsmse

D = .
. Aegister
binery o il O el a2

weighted 04 —
DAC

Note: 4-bit

MSB DAC

requires extra 1158
4-t0-16 bit ba— 4158

4 b Binm
sahied

decoder B2 — s | Rgintur il Wiigh

Digital code o= Famisiod

0 —]
for both

DACs stored

in aregister
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Segmented Current-Switched DAC
Cont'd

4-bit MSB
Unit element
DAC + 4-bit 15 equal eurent sources (MSB) lesier

binary l

weighted I I
DAC .

Note: 4-bit : L '

MSB DAC
requires extra 4 binary weightnd cumrent ssurces (LS8)

4-t0-16 bit

decoder n:l Im Im Iml,
Digital code

for both V2 s v I8
DACs stored

in aregister
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Segmented Current-Switched DAC
Cont'd

Domino Logic_

MSB Decoder .
-> Domino logic L ET " _
- Example: D4,5,6,7=1 | i

Out=1 PR
- e

Register _‘EIL
- Latched NAND gate:

- CTRL=10UT=INB st

INLI_LD

T

Register

EECS 247
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Segmented Current-Switched DAC
Reference Current Considerations

e IS |
referenced to - ————
VDD _ Lire
]
- Problem:

Reference

current

varies with Ve

Supp|y {Ext & Bandgap) .

voltage L

i Yoo Vi
R
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Segmented Current-Switched DAC
Reference Current Considerations

e IS
referenced to
V>GND
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Segmented Current-Switched DAC
Considerations

¢ Example: 2-bit MSB ———
Unit element DAC + e Fo.iY 7
3-bit binary
weighted DAC
* Toensure
monotonicity at the "
MSB-> LSB =
transition: First OFF :
MSB current source L L, IJ' ) '
isrouted to LSB : N7 £l
current generator * i l’{} -rf
B
| b S v
s P
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IEEE JOURNAL OF SOLID-STATE CIRCUITS, VOL. 24, NO. 6, DECEMBER 1989 1517

A Self-Calibration Technique for
Monolithic High-Resolution
D /A Converters

D. WOUTER J. GROENEVELD, HANS J. SCHOUWENAARS, SENIOR MEMBER, IEEE,
HENK A. H. TERMEER, AND CORNELIS A. A, BASTIAANSEN

out out
I %\Llref Iref % lIref
S1

s1

cgs—’— V?s cgs—[— v_gs
(2) (b)
Fig. 2. Calibration principle. (a) Calibration. (b) Operation.
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Current Source Replica
Self-Calibration

1
1
T" oHIT

I SWITOH ARRAY

|
E*-*‘*'—}r—.'—ﬂ.-:_; fi = IS*"*I ; o
e e el £

ey
]_[ CaL _ﬂ-—‘ﬁms
I :)_#"_rc:fﬂrrsm

=
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output level [dB]
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Data Converters
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timing
clk & ‘
confrol Vout
' Tout
data — -
. o—i i
input é e |
d 2-way
a current switches|
t
o O 12 112
o 10-bit binary
g current divider
i fout fldunp —;l ':I_—
s coarse| coarse - =
t oarse Current I
e |- coarse| _ . .
¢ Dl decoder| 2-way current SW|fchesl Divider
— i Tht
; calibration
--------- ’65-sfoge i switching network calibration
shift [ \H H + Cicuitny,
register : 64 calibrated spare
““““ current sources source|
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T 2.0
—
7
3 1.0
N //
=
% o0
L
z \ 100+ .
= Y2 -
<Jt -1.0 /
80—+ Z
o W
o 4 e
LJ : 4
= 7
Z -2.0 | 60- hv‘)/”
0.0 1.0E4 2.0E4 3.0E4 4.0E4 S5.0E5 /(N+THD) @/
INPUT CODI ~
aB] 40 S
7 fin= 1 kHz
P
P fe =44kHz
2y B =20kHz
/-’
04— |
-100 -80 -60 —-40 -20 0
-




Current Divider

2 12 1/2+diy/2  1/2-d1,/2

|, = tartlae

4 , ML MZ]by i w2
dlg _la1- la

Id Id
dl, > ea@l"% 0 IdeaI_C_urrent Real Current
Jd__ 2 Vmu Divider Divider

lg Ves~Vin ee Y & a

M1& M2 mismatched

—>Problem: Device mismatch could severely limit DAC accuracy
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IEEE JOURNAL OF SOLID-STATE CIRCUITS, VOL. SC-11, NO. 6, DECEMBER 1976

Dynamic Element Matching for High-Accuracy
Monolithic D/A Converters

RUDY J. VAN DE PLASSCHE

! t =t s at
Clocic G y=tost
j | a I =1+al
I;T ‘j i_*“] I‘Z:z—al
—t

(b)

Fig. 2. (a) New current divider schematic diagram. (b) Time dependence
of various currents in the new divider.
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Dynamic Element Matching

During F, During F,
19 =31,(1+D) 17 =31,(- D)
19 =31, D) 1 =41,(0+0,
fclk
< |£1) + |;Z)
: 2 /2 error D
— Lo (l' D1)+ (l+ Dl)
2 2 l,
=lo
2
EECS 247 Lecture 16: Data Converters © 2004 H.K. Page 19

Ve Uy Yo I
T Ukl

oL eardd)
1= S firar a4
Iy= Hf“E*AijAMg Lyt (& A2+A;)-4§:|
(b)
Fig. 4. (a) Binary weighted current network using different switching

. ; o v (a) Binary weighted current network with equal switching
frequencies. (b) Time dependence of currents flowing in the first and frequency. (b) Error analysis results.
second divider stage.
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Dynamic Element Matching

During F ; During F,
1 =41,6+D) 17=41,0- D)
19 =41,6- D) 19=41,1+D)
19 =410 19 =312 D,
:%|0(1+ Dl)(l+ Dz) :%lo(l' Dl)(l' Dz)
| 4 | (2)
<|3> =3 > 3
1, (1+D)1+D,)+(1- D,)1- D)
4 2
|
-L@+0p)

E.g. D, =D, = 1% - matching error is (1%)? = 0.01%

/2 error Dy

I,
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Summary

D/A Converter

* DJ/A architecture

— Unit element — complexity proportional to 28- excellent DNL
— Binary weighted- complexity proportional to B- poor DNL

— Segmented- unit element MSB + binary weighted LSB-> complexity
proportional (281-1) + B, — DNL compromise between the two

e Static performance
— Component matching
* Dynamic performance
— Gilitches
« DAC improvement techniques

— Symmetrical switching rather than sequential switching

— Current source self calibration
— Dynamic element matching
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MQOS Sampling Circuits

EECS 247 Lecture 16: Data Converters

© 2004 H.K. Page 23

e How can we
build circuits
that "sample”

Re-Cap

Analog Input

A/ID
Conversion

1

DSP

!

D/IA
Conversion

Analog Output

AY;

Anti-Aliasing
Filter
Sampling
+Quantization
000
...001...
110
"Bits to
Staircase"

Reconstruction
Filter

AY;
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ldeal Sampling

fy

* |n an ideal world,
zero resistance Vin —‘;’ | Vour
sampling switches C
would close for the I
briefest instant to =
sample a continuous
voltage v, ontothe ™ “ "

capacitor C
* Not realizable!
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ldeal T/H Sampling

fi

Vin _.510—_[ > Vour

C flJ
L

* V, tracks input when switch is closed
» Grab exact value of V,, when switch opens
» "Track and Hold" (T/H)

e T=1/f
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Ideal T/H Sampling

Continuous time
Time

T/H signal i

(SD Signal) _[/_ r\x

] il
~ U UU U]
[ [
DT Signal T T
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Practical Sampling

fl
\Y; Y,
IN JET’ ouT
T
* KT/C noise =

* Finite R, = limited bandwidth
* Ry, = f(V,,) = distortion

» Switch charge injection

* Clock jitter
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kT/C Noise

kT O

c 12
B 12
cs 12kBT§éz 19
VFS a

In high resolution ADCs kT/C noise usually dominates
overall error (power dissipation considerations).

Cmin (VFS = J-V)
8 0.003 pF
12 0.8 pF
14 13 pF
16 206 pF
20 52,800 pF
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Acquisition Bandwidth

* The resistance R of
switch S1 turns the f.l

sampling network into a
lowpass filter with Vi Vo

Vv
R Slo | > Vour
risetime = RC =t

I
e Assuming V,, is —

constant during the
sampling period and C —v [1. att
is initially discharged Var (V) V'“(l © )
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Switch On-Resistance

& 160
Vin - Vot ot =——=<<D
in o g 2fsg f_l
- ;
\/ine}é 4 << D VIN _M_/ VOUT
Worst Case: Vi, =Vig R S
T 1 C
t<<e —— —
2 In(2B - 1) |
1 1 =
R<<- P
2fCn(2°- 1) fy | |
Example:

— T=1/f—

B=14, C=13pF, f,=100MHz
T/t >>19.4, R <<40W
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Switch On-Resistance

W Vps 6 d|D jod
I D(triode) = nCoxT?GS' Vi - %%/DS’ 9on W
DS lv,®0

Wi W
Jon = nCoxT(VGS -Vp) = nCOXT(VDD = Vin - Vin)

w
for 9 = rTCoxf(VDD - Vth)

Vin 6
Voo - Vin g

9on = 90?-‘

*Switch conductance varies with input voltage
*As the ratio of Vp, /V,, gets smaller > conductance variation more pronounced
- Technology scaling aggravates the situation
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Sampling Distortion

M= TA354  ENR =880 SO0 =050 SHON - T0808 SFOR = 40,82

af A= ol MBFE 4

Vout = ) OC = 36 A4FE
® _T® V, 00
2E& Voo-Vig™
Vin(;l'e DD mﬂ.

C

D, =41 WBFE

HE, =51 AEFE

Hmphliscls | dBFS |

HO¥, = -TT.THEEE

g T R TR T T

a3 F3% T3 nr s Q4
Fregirency [170 ]

10bit ADC & T/t =10
Vop=Vin =2V V=1V
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Sampling Distortion

W A AT 0 SO e el RO = LA POR « LA S AR PO SR N A 48 e 4
Fps H 1 e -
- o .
e IoRFR
= a 1 = 44 ! YL i i
£ o — i ;
| I
i 4 i Bl T el 1
£ i

10bit ADC & T/t =10 10bit ADC & T/t =10
Vpp =V =2V V=1V Vpp =V =4V V=1V

» Effect of lower supply voltage on sampling distortion
- HD3lincreases by (Vpp1/Vpp2)?
>HD2 increases by (Vppi/Vippy)
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Sampling Distortion

o= i Shif - (D Guls SON = 0RAGE SHE = 58 Gy SFTOR = (0 50
* SFDR is very sensitive to ar A= 0 028F5 ]
sampling distortion
« - Decreasing t by afactor 20t 1
of 2 improves HD3 by -
25dB! e
« Solutions: o siade MO =S |
« Overdesign—> Larger i 1 MO, = 10 2eEFY
switches !
- increased switch

charge injection 19
« Complementary switch
* Maximize Vpp/Veg

> decreased dynamic = ;ﬁf..h_'?,ff...“.j i
range ) =

. Constant Vag ? f(V,) 10bit ADC T/t = 20
> .. Voo = Vipn =2V Vg =1V
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Complementary Switch

fy
AL
go T_Aq N p
+ NMOS 9," 9 =9 +go_
s fis IVD [~ \\I / =
L - TS~—7—"—Fwos|
= = Necc 4
f, I — Vi
for—L 1 LT Vin Vi

«Complementary n & p switch advantages:
eIncreases the overall conductance
Linearize the switch conductance for the range Vtp< Vin <Vdd-Vtn
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Complementary Switch
Issues

TMGT  19EE 00 2003 M006 2008 2012

*Supply voltage scales down with technology scaling
*Threshold voltages do not scale accordingly

Ref: A.Aboeta, “A 1.5V, 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

9%  WMOSg, 0o =00 + O
H\-‘““'—]—‘é; ——PMOS|

o
 re—
Vin Wdd =

Vi

g

Vi

o F—*,,m' Ve

L1 Lot
v v 1Y s T e T

*As supply voltage scales down input voltage range for constant g, shrinks
- Complementary switch not effective when V, becomes comparable to Vy,
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Boosted & Constant V5 Sampling

Vad

_I__‘L x | Vgg=const.
— \\
o i1 O o /\ i1 O
—o o— —O0—O0—
OFF ON

* Increase gate overdrive voltage as much as possible + keep
Vg constant
» Switch overdrive voltage is independent of signal level
»>Error from finite Ry is linear (to first order)
»Lower R, achieved - lower time constant
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Constant V5 Sampling

boosted clock ]
Va,

™

Vda, S SREEES ST s - =
Vi N
\\ \\\
\\\ \\
input signal/
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Constant V4 Sampling Circuit

Constant Vgs Switch

VDD

Transient Analysis
toLsus

M1

107035

Ij M2

Ems

10/035 M8

M4

107035

il

"
s

107035

wol ¢ g

T

107035

107035
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Clock Voltage

Clock Booster

VDD

Transient Analysis
to 500ns.

Doubler
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Constant V55 Sampler: F LOW

Constant Vgs Switch: P is LOW

VDD
~ 2 VDD M3
(boosted clock) oress
* Sampling switch
M11 is OFF
VDD| c3 | M4
T 107038 g
I « e
VoD | M12. “11 e C3charged to VDD
vs1 Chold
=+ Input voltage < I
source
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Constant V55 Sampler: F HIGH

Constant Vgs Switch: P is HIGH
e C3 previously
charged to VDD

oo o
| [

|+
q}—

VDD,

C3

1pF T e M8 & M9 are on:

) 1 C3 across G-S of M11
Mo_| ?"’ M11 2

L

. S M11 on with constant
¢ VGS = VDD

e

1p

—
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Constant V5 Sampling

"
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Complete Circuit

1 I Vdd
|
M2

| MT!:' 1 E i

[ M3 !

1 : vl_*l—| M8 M7 NQQ_
Clock Multiplier | : « -

for M3 | I O m4 G
\: Ci—— c2 1C3——= Mi3

I boledn O )
M7 & M13for | I M5 A e |
reliability - T2 M11 jI

a g'_"-'

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

Level Shift

[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]
_’T 24 ma
Dummy

Md M1
Elj 8006 §

Anéleg Input Sampling Switch +
{© HD3 < -95dBc

o
8
=
&
5
et
< =8
Replica g4q

* An attempt to cancel body effect
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Advanced Clock Boosting

—1 &

[M. Waltari et al., "A self-
calibrated pipeline ADC
with 200MHz IF-sampling
frontend," ISSCC 2002,
Dig. Techn. Papers, pp.
314]

clk

» Gate tracks average of input and output, reduces
effect of I-R drop at high frequencies

» Bulk also tracks signal b reduced body effect

* SFDR = 76.5dB at f;;,=200MHz (measured)
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Practical Sampling

fq
\' Vv
IN _W ouT
T

* Ry, = f(V,,) = distortion
==p ¢ Switch charge injection
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Sampling Switch Charge Injection

» First assume V, is a DC voltage
* When switch turns off - offset voltage induced on Cg

* Why?
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Sampling
Switch Charge Injection

Distributed channel resistance &

MOS xtor operating in triode region
gate & junction capacitances

Cross section view

- o

— % ¥ 2 EF

i

» Channel - distributed RC network
« Channel to substrate junction capacitance - distributed & variable
» Over-lap capacitance C,, =LyxXWxC,, associated with GS & GD overlap
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Switch Charge Injection
Slow Clocb

» Since clock fall time >> device speed
-> During the period (t- to ty) current in channel discharges channel charge

into source
» Only source of error > Charge transfer from C,into C;
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Switch Charge Injection
Slow Clocb
Ve ¢

1\/%

/\‘gl

C
I~ ' t
= [
DV
DV =- S (V- ) Vi |1 2
Cov tCs _—E}ﬁ
[
[
»- COV(\/i +Vip- VL) 0
t 1
Vo =V (1+€) +Vys of t
wheree =- Cov i Vg=- ﬁ(\/th-VL)
Cs
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Switch Charge Injection
Slow Clock- Example
VG
12m0.35m
1
VIN [ 1 . V
S
1
Cs1pF '
1 |
1
= i : -
'iDV
V, HE NS SO
Coy=0.3fF /m Cyy =5fF /N V;, =0.5V IN —:_:L'ti
! 1
1
o= Sov o 12MOIIFIM_ - o000 @ 7- bit t
C, 1pF ' ,
t- oy t

Voo =- S (V- W) =- 1.8mV
C

'S
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Switch Charge Injection
Fast Clock

Vg Vg
Vv L m Vi
IN /—\'l — V, 1------ - Vin+ Vi,
IR
Cs1pF
SR W S
- = VO i t
Vin —'LL

« 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
Fast Clock

Vg
V,
— Cov Qch H
DVO__CW*'CS(VH-VL)-@CS y [ HAVARRVA
IN]T-""~77 -
Gy oy, L WCh(L- 2Lp) (M - V- Vin)
» (VH VL)
Cov +Cs 2 Cs
V, lmoooo
Vo :Vi (1+e) +Vos Vo : t
1, WC,L ' v
T e Vin —LF
1
1
Vo= Cov () & WO (V- Vi) :
Cs 2 Cs !
1

Tott

* Assumption - channel charge divided between S & D 50% & 50%
» Source of error > channel charge transfer + charge transfer from C,, into C;
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Switch Charge Injection
Fast Clock- Example

V,
¢ 12n110.35m Ve
V == Vi
IN . V Ao ___ ] _ V.. -V
Ml o) IN th
Vinl==---~ -
Cs1pF
VA L
= I - vV : t
© i DV
1
Vin —qi
1
C,,=0.3fF /m C,, =5fF /nf Vi, =0.5V Vipp =3V |
1
1
e=-1/2 W Co _12MOBSSIFIM_ 5 100 6 4 5. it !
C, 1pF Lot t
Vo == ¥ vy - ) - 1 WOk Vi~ Vn) __ gy - 2. 3my =- 45.3mv
C, 2 G
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Switch Charge Injection

1.8mv

Clock fall time Clock fall time

-> Both errors are a function of clock fall time, input voltage level, source impedance
& sampling capacitance
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Switch Charge Injection
Error Reduction

* How do we reduce the error?
->Reduce size switch?

C,
t =RonGs :Wis
n’coxf(VGS'Vlh)
DV, =- Qe
2¢C,
FOM =t " DV, » WCS - L WCL (Vi - Vi - Vin))
nCDXT(VGS'Vth) 2 G
2
FOM »L
m

-Reducing switch size increases t - increased distortion> not a viable solution

—->Small t and DV - use minimum chanel length
—>For a given technology t x DV >conts.
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Sampling Switch Charge Injection
Summary

» Extra charge injected onto sampling capacitor @
switch device turn-off
— Charge sharing with C_,
— Channel charge

* Issues:

— DC offset

— Input dependant error voltage - distortion
» Solutions:

— Complementary switch?
— Addition of dummy switches?
— Bottom-plate sampling?
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