EE247
Lecture 15

* Administrative issues

= Midterm exam postponed to Tues. Oct. 28th
o You can only bring one 8x11 paper with your
own written notes (please do not photocopy)

o No books, class or any other kind of
handouts/notes, calculators, computers, PDA,

cell phones....
o Midterm includes material covered to end of
lecture 14
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Lecture 15

» D/A converters
— Static performance of D/As (continued)
» Systematic & random errors
— Practical aspects of current-switched DACs
— Segmented current-switched DACs
— DAC dynamic non-idealities
— DAC design considerations
— Self calibration techniques

» Current copiers
* Dynamic element matching

— DAC reconstruction filter
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Summary Last Lecture

D/A converter architectures:
—Resistor string DAC
—Serial charge redistribution DAC
—Parallel charge scaling DAC

—Combination of resistor string (MSB) & binary weighted charge
scaling (LSB)

—Current source DAC
* Unit element
« Binary weighted
« Static performance
—Component matching-systematic & random errors
» Component random variations > Gaussian pdf

* INL for both unit-element DAC: Oy,= O, x25”2-1

» DNL for unit-element: Opy = O,
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DAC INL

Ot/ O
or = n(z_ijxag (281072
N

To find max. variance:

N
- n=N/2—>0'EZ=—><0}2

 Error is maximum at mid-scale (N/2):

1
o =—~N25-10, o0 B .
with N=28-] n/N

+ INL depends on both DAC resolution & element matching o,

» While oy, = o, is to first order independent of DAC resolution and is
only a function of element matching

Ref: Kuboki et al, TCAS, 6/1982
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Simulation Example

12 Bit converter DNL and INL

2 o, =1%

B |...004/3003LSB o | B =12

=L Random #

3 generator used in
a0 MatLab

500 1000 1500 2000 2500 3000 3500 4000 Computed INL:
bin
2 : . v O™ =0.32 LSB

2 LA e (midscale)
Why is the

o NW
results not as

500 1000 1500 2000 2500 3000 3500 4000 exp_ectgdper our
bin derivation?

INL LSB]
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INL & DNL for Binary Weighted DAC

out

* INL same as for unit B ®

element DAC
! A\ =\ =\
* DNL depends on transition
—Example: ®2%' 1L, w41, ®2a, ®I,
L evviinneennas
0to 1 >0py’ = Oyyy® =+

1102 > Opy° = 30-(111/1)2

¢ Consider MSB transition:
0111 ... > 1000 ...
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DAC DNL
Example: 4bit DAC

I Analog
re g Uil Ly LT LT LT
E I';soﬁ; I:4on ,Izon ’EIlon
7 4—---F---- oo m—— e L i

JA—

i e e ekl

RV TR
I I, Lo O
8Ly ® 41, @21, D1, T
Lo 1o
—l— i

* DNL depends on transition
—Example:

Oto1~> O-DNL2 = O-(allifef/lrl?f)2

. ,
1102 > Oy’ = 30—(d1mﬂlref) 0 & :
0000 0001 0010 0011 0100 0101

I S

1 L
110 0111 1000
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Binary Weighted DAC DNL

* Worst-case transition
DNL for a 4-Bit DAC occurs at mid-scale:

OhNL= (23‘1—])0'§ + (23‘1)0'5
0111... 1000...

=28¢07

GDNLZ/ G¢’

B/2
Obpwnr,, = 2% <o,

1 1
O NLmax 5?123 -10, EEO'DNL

max

1‘11‘11‘11‘1 - Example:
2 4 6 8 10 12 14 B=12, 0,=1%

DAC Output [LSB] - 0py = 0.64 LSB
>0, =0.32LSB
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MOS Current Source Variations
Due to Device Matching Effects

I zldrgldz
Ly 1,
dly _Iy—14)
Iy 1y L

dly _ AV, 2xdv,
Iy i Vos—Vin

 Current matching depends on:
- Device W/L ratio matching
- Larger device area less mismatch effect
- Current mismatch due to threshold voltage variations:
- Larger gate-overdrive less threshold voltage mismatch effect
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Current-Switched DACs in CMOS

diy_dv, 2V,

L " Vos =V | | H—— e e
T e
64

= 256 128

» Advantages: Example: 8bit Binary Weighted

Can be very fast
Reasonable area for resolution < 9-10bits

+ Disadvantages:
Accuracy depends on device W/L & V,, matching
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Unit Element versus Binary Weighted DAC

Unit Element DAC Binary Weighted DAC
B
°DNL %% opnp =270, =200,
B/ -1 B/ -1
~9/2 ~9/2
OrNL =2 O¢ OrnL =2 O¢

Number of switched elements:
S=2 S=B

Key point: Significant difference in performance and complexity!
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“Another” Random Run ...

DNL and INL of 12 Bit converter Now (by chance) worst

2
o -1/+0.1LSB, DNL is mid-scale.
-
O[T T T T T T T T T T T T T T T T T
Z
(ol ] T

2 . . . . . . . . Close to statistical result!

500 1000 1500 2000 2500 3000 3500 4000
bin

2
g 1 -0.8./+0.8LSB
=
o WMW
Z0

'
-

500 1000 1500 2000 2500 3000 3500 4000
bin
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10Bit DAC DNL/INL Comparison
Plots: 100 Simulation Runs Overlaid

Ref: C. Lin
and K. Bult,
"A 10-b,
500-
MSample/s
CMOS DAC
in 0.6
mm2," [EEE
Journal of
Solid-State
Circuits, vol.
33, pp.- 1948
- 1958,
December
1998.

Note: G,=2%

DNL (LSB)

INL {LSB)

{
15

200725 2

Thermometer

84 512

{

10-bit Input Code

]
|
|

EFS%HTE ’W'WF&G' 1024

DNL (LSB)

INL (LSB)

Binary

5 ; e |
200125 256 384 512 640”768 896 1024
10-bit Input Code
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10Bit DAC DNL/INL Comparison
Plots: RMS for 100 Simulation Runs

Ref: C. Lin
and K. Bult,
"A 10-b,
500-
MSample/s
CMOS DAC
in 0.6
mm2," [EEE
Journal of
Solid-State
Circuits, vol.
33, pp. 1948
- 1958,
December
1998.

DNL ( LSB)

INL (LSB)

Note: 6,=2%

24

Thermometer
0.04 ‘ l

i
0.03 : ¢

1 |

|
0.01 E !

i
000535256364 512 EAD 748 BOE T
10

T T
08— |

(0.5./1024)c = 16c
06— L

i I
04 ! -

02—, —~—f’r—~~h———+'i~v—

E 1
0., “ﬁﬁﬁ"iﬁ"ﬁ”ﬁi‘ﬁd"ﬁm“fi’n

10-bit Input Code

DNL (LSB)

INL (LSB)

Binary

10y T
08f—— /10240 = 320 —+—
u.a§ ‘

i :

04; {

§ i

u.zi l

00513 255 384 & 6T 695 1
1.07 T T T

i P
0.8 et o

|| (05.1028)c = 160
0.6 = -

{ ; [

L L
0.43 T E
i N

; I
"-Dﬁz'r'z!ss“m"rmmmﬁérm

10-bit Input Code

EECS 247- Lecture 15

Data Converters:DAC Design (continued)

© 2008 H.K. Page 14




DAC INL/DNL Summary

* DAC choice of architecture has significant impact on
DNL

*INL is independent of DAC architecture and requires
element matching commensurate with overall DAC
precision

. Resullts assume uncorrelated random element
variations

» Systematic errors and correlations are usually also
important and may affect final DAC performance

Ref: Kuboki, S.; Kato, K.; Miyakawa, N.; Matsubara, K. Nonlinearity analysis of resistor string A/D
converters. IEEE Transactions on Circuits and Systems, vol.CAS-29, (no.6), June 1982. p.383-9.
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Unit Element versus Binary Weighted DAC

Example: B=10
Unit Element DAC Binary Weighted DAC
OpnNL =O¢ ODNIL 52%0-&‘:3208
OINL 52%_10-8 :]60-8 OINL 52%_10'5- :160-8

Number of switched elements:

§=28=1024 S=B=10

Significant difference in performance and complexity!
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Segmented DAC
Combination of Unit-Element & Binary-Weighted

* Objective:
Compromise between unit-element and binary-weighted DAC

MSB (B1 bits) (B2 bits) LSB

b e V- ]

Unit Element |Binary Weighted

» Approach: ' v
B, MSB bits = unit elements dalce]
B, LSB bits = binary weighted Broa = BB,

 INL: unaffected same as either architecture

* DNL: Worst case occurs when LSB DAC turns off and one more MSB DAC
element turns on > Same as binary weighted DAC with (B,+1) # of bits

» Number of switched elements: (258'-1) + B,
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Comparison
Example: (o)
B=12, B,=5 B,=7 OpN =2 7 0.=20y
B,=6, B,=6
! é/_j o/NL = 2%_10-8
MSB LSB
, S=25"_1+B,
Assuming: C, = 1%
DAC Architecture Oinise) | Oonpsey | # of switched
(B1+B2) elements
Unit element  (12+0) 0.32 0.01 4095
Segmented (6+6) 0.32 0.113 63+6=69
Segmented (5+7) 0.32 0.16 31+7=38
Binary weighted(0+12) 0.32 0.64 12
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Practical Aspects
Current-Switched DACs

* Unit element DACs ensure monotonicity by four §
turning on equal-weighted current sources in : |
succession * + + +

Typically current switching performed by
differential pairs [ I] [ I] [ q [ I]

For each diff pair, only one of the devices are _ il L L it
on-> switch device mismatch not an issue L] ] =1 ']

* Issue: While binary weighted DAC can use the
incoming binary digital word directly, unit %
element requires a decoder

Binary Thermometer
000 0000000
001 0000001
> N to (2N-1) decoder 010 0000011
011 0000111
100 0001111
101 0011111
110 0111111
111 1111111

N to2"—1 Decoder

DIGITAL INPUT
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Segmented Current-Switched DAC
Example: 8bit>4MSB+4LSB

* 4-bit MSB Unit 4MsB

element DAC + p7—] — |
4-bit binary e 72, Ato-16 1‘.6 B 1‘.6 Switched our
. uffer U urren
weighted DAC gi - Sources
* Note: 4-bit MSB
DAC requires
extra 4-to-16 bit
decoder 4LSB
.. D3 —| 4LSB
* Digital code for 4 . 4 | Binary
both DACs Dy | Buffer a | R 7P| Weighted|—
stored in a D0 — Sources
register
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Segmented Current-Switched DAC
Cont'd

* 4-bit MSB Unit

element DAC + 4- |
bit binary Weigh ted 15 equ-al current sources (MSB_) ouT
DAC 1 I 1’

* Note: 4-bit MSB : B !
DAC requires extra
4-to-16 bit decoder 4 binary weighted current sources (LSB)

5 ool Toal Torl Too

* Digital code for
both DAC:s stored - i - 116
in a register
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Segmented Current-Switched DAC
Contd

Domino Logic
* MSB Decoder ate.

—>Domino logic R, S .
—>Example: D4,5,6,7=1 OUT=1

D7 —
D6 ——| NMOS
D5 —— Decode
D4 —

* Register

- Latched NAND gate: ’ ] our

- CTRL=1 OUT=INB

Register
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Segmented Current-Switched DAC
Reference Current Considerations

* I 1is referenced

to VDD VDD = -__'
o out

- Problem: s,
Reference
current
varies with
supply Ve
Voltage (Ext or Bandgap) R

Vss
Iref:(VDD- Vi) /R
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Segmented Current-Switched DAC
Reference Current Considerations
JAMAE

referenced to
VsséGND

IrEf:(Vref'Vss) /R
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Segmented Current-Switched DAC
Considerations

* Example:

—2bit MSB Unit
element DAC & 3bit

binary weighted DAC :
LSB> |

* To ensure monotonicity
at the MSB-> LSB
transition: First OFF
MSB current source is
routed to LSB current
generator
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DAC Dynamic Non-ldealities

* Finite settling time
— Linear settling issues: (e.g. RC time constants)
— Slew limited settling

« Spurious signal coupling
— Coupling of clock/control signals to the output via
switches

 Timing error related glitches
— Control signal timing skew
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Dynamic DAC Error: Timing Glitch

» Consider binary weighted
DAC transition 011 = 100

» DAC output depends on
timing

* Plot shows situation where
the control signals for LSB &
MSB

— LSB/MSBs on time
— LSB early, MSB late
— LSB late, MSB early

DAC Output
1 1I.5 2 2..5 3
[ . .
1 15 2 25 3
‘1 15 2 25 ;5
Time

EECS 247- Lecture 15

Data Converters:DAC Design (continued)

Glitch Energy

» Glitch energy (worst case) proportional to: dr x 25/

* dt > errorin timing & 28/ associated with half of the switches changing

state

» LSB energy proportional to: 7=1/f,

e Needdrx281<<T

or dt << 2BtIT

© 2008 H.K. Page 27

* Examples:
/. [MHZ] B dt [ps]
1 12 << 488
20 16 <<1.5
1000 10 <<2

- Timing accuracy for data converters much more critical compared to digital

circuitry
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DAC Dynamic Errors

» To suppress effect of non-idealities:

— Retiming of current source control signals

» Each current source has its own clocked latch
incorporated in the current cell

* Minimization of latch clock skew by careful
layout ensuring simultaneous change of bits

— To minimize control and clock feed through
to the output via G-D & G-S of the switches

» Use of low-swing digital circuitry
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DAC Implementation Examples

+ Untrimmed segmented
— T. Miki et al, “An 80-MHz 8-bit CMOS D/A Converter,” JSSC
December 1986, pp. 983

— A.Van den Bosch et al, “A 1-GSample/s Nyquist Current-Steering
CMOS D/A Converter,” JSSC March 2001, pp. 315

» Current copiers:
— D. W. J. Groeneveld et al, “A Self-Calibration Technique for
Monolithic High-Resolution D/A Converters,” JSSC December
1989, pp. 1517

» Dynamic element matching:

— R. J. van de Plassche, “Dynamic Element Matching for High-
Accuracy Monolithic D/A Converters,” JSSC December 1976, pp.
795
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IEEE JOURNAL OF SOLID-STATE CIRCUITS, VOL. $¢-21, NO. 6, DECEMBER 1986 983
An 80-MHz 8-bit CMOS D /A Converter
TAKAHIRO MIKI, YASUYUKI NAKAMURA, MASAO NAKAYA, SOTOJU ASAI,
YOICHI AKASAKA, AND YASUTAKA HORIBA
2u tech., 5Vsuppl
8x8 array ,‘f]‘l? H ’ PPl
Rioss © 4% ¥ookbes 6+2 segmented
" (Externai, :_< vout B76i543
-— 011110
$88956909 s
é 63 Non-Weighted él FLAGs | T
. Current Sources H el L0 o B i”
: for 6 MSBs i || weighted Current g . @14 =
—— Sources gt L | 1@ %D’@
% % é é é e é é for B2, B1(LSB) o QAR
‘ o 1 g ° OFF @ 7
EEEERE BRI e
| |
L L IFs/26 | 1 Ilrs/27O IFs/28 | CURRENT CELL—
B88(MSB)~B3 B2, B1(LSB) Fig. 2. Two-step decoding.
Fig. 1. Basic architecture of the DAC.
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DEVIATION DEVIATION
(POSITIVE) (NEGATIVE)
z
Two sources of systematic error: Eg l _ AVERAGE
- Finite current source output resistance EF SUTELY
- Voltage drop due to finite ground bus resistance "'g
LOCATION

Vop

7 j lout

«—o VG1(Bias Voltage)

Finite Resistance
of Ground Line

1 2 3 4 58 6 7

SEQUENTIAL SWITCHING
6 4 2 1.3 5 7

SYMMETRICAL SWITCHING
Fig. 9. Symmetrical switching.

.é ] X -i Column Switching Sequence

32 7 531 2 46 8

E 101 I R EEEE R

z minjnniEIninin

’ﬂ:‘; Avarage Gm-R=0 . . . . . . [] .

£ 10 001 NiNinEininiuN

o e Ooooogoo

o 0. Y

&2 o099 0.04 Qooooog

2 v R S d s RininininninN

3 0 05 10 jem= RInININInIRInIN

= Normalized Location g =3¢ PAD

Current Cell Gro\m’d Line
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Current-Switched DACs in CMOS

Assumptions:
RxI small compared to transistor gate-overdrive
To simplify analysis: Initially, all device currents assumed to be equal to /

VGSMZ = VGSM, —4RI

Ves,; =Vas,, —7RI

VGSJW = VGSMI —9R]

VGij = VGSM, —] ORI

L=k(Vss,, —Vth)z

4RI Y
L=l 11—
Vs, =Ven

Example: 5 unit element current sources
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Current-Switched DACs in CMOS

-1 =11[1-7Rg’"w] ~I, (1-7Rg,,,)

2
Rg :
-1, =11[]_ ZmM,] =1 (I_QRng) Example: 5 unit element current sources
10R
—>15—11[1_ 0 gmmj =1, (1-10Rg,, )
2

- Desirable to have g, small
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Current-Switched DACs in CMOS
Example: INL of 3-Bit unit element DAC

Sequential current source switching

/‘/‘\‘\ Symmetrical current source switching

o
w

o
)

INL [LSB]

o
O'_\ i\_ N
\
[ ]
/
\
-
/
N

'
o

3 4
Input

Example: 7 unit element current source DAC- assume g, R=1/100

« If switching of current sources arranged sequentially (1-2-3-4-5-6-7)
- INL= +0.25LSB

« If switching of current sources symmetrical (4-3-5-2-6-1-7 )
2>INL = +0.09, -0.058LSB > INL reduced by a factor of 2.6
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Current-Switched DACs in CMOS
Example: DNL of 7 unit element DAC

0.2

0.1

DNL [LSB]
o
/:/
N
y P
~
~
-
-

Sequential current source switching
._Symmetrical current source switching
5

V2T Ty T s 6
Input

Example: 7 unit element current source DAC- assume g,R=1/100

« If switching of current sources arranged sequentially (1-2-3-4-5-6-7)
- DNL,,, = + 0.15LSB

« If switching of current sources symmetrical (4-3-5-2-6-1-7 )
> DNL,,. =+ 0.15LSB
—->DNL unchanged
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IEEE JOURNAL OF SOLID-STATE CIRCUITS, VOL. 36, NO. 3, MARCH 2001 315

A l(g;?it 1-GSample/s Nyquist Current-Steering
(&%) CMOS D/A Converter

Anne Van den Bosch, Student Member, IEEE, Marc A. F. Borremans, Student Member;, IEEE,
Michel S. J. Steyaert, Senior Member, IEEE, and Willy Sansen, Fellow, [EEE

02 ; ' T T ' 0.15 : : - : .

0.1 <
o o
7]
o, 8 o.osiil 1
- d -l
z° z |
2 g o
e [=}

L
14
o

_0.0s} (AP S— | |

-0.2 i -01 H . "
() 200 400 600 800 1000 1200 "o 200 400 600 800 1000 1200
DAC Input Code DAC Input Code

More recent published DAC using symmetrical switching built in 0.35p/3V
analog/1.9V digital, area x10 smaller compared to previous example
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IEEE JOURNAL OF SOLID-STATE CIRCUITS, VOL. 36, NO. 3, MARCH 2001 315

A 10-bit 1-GSample/s Nyquist Current-Steering
CMOS D/A Converter

Anne Van den Bosch, Student Member, IEEE, Marc A. F. Borremans, Student Member, IEEE,
Michel S. 1. Steyaert, Senior Member, IEEE, and Willy Sansen, Fellow, IEEE
B5 BE B7 B3 B8

* Layout of Current 11111
sources -each
current source thermometer
made of 4 devices decoder
in parallel each T
located in one of
the 4 quadrants
Thermometer
decoder used to
convert incoming ]
binary digital
control for the 5 2]
MSB bits g —|
Dummy decoder 8 —
used on the LSB &—
side to match the g —
latency due to the
MSB decoder —

.

clock }- switching matrix

.

dummy decoder
I

- EEEE"E
e

switching matrix
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IEEE JOURNAL OF SOLID-STATE CIRCUITS, VOL. 36, NO. 3, MARCH 2001 315

A 10-bit 1-GSample/s Nyquist Current-Steering
CMOS D/A Converter

Anne Van den Bosch, Student Member, IEEE, Marc A. F. Borremans, Student Member, IEEE,
Michel S. J. Steyaert, Senior Member, IEEE. and Willy Sansen. Fellow. [EEE

* Current source layout
— MSB current sources layout

in the mid sections of the - =
t6| 14 | 164
fOUI’ quad glaj2|s &lz|als
11| 7 Tla|1] &
— LSB current sources on the il 8113
periphery B B1) B B4
[-r Ly L B4
3|15 15|93
— Two rows of dummy current s ]alr R0
sources added @ the Ela] 2% OB0C
periphery to create identical ] AL ad kL
environment for devices in Moj80 1 B
the center versus the ones
on the outer sections
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IEEE JOURNAL OF SOLID-STATE CIRCUITS, VOL. 36, NO. 3, MARCH 2001

A 10-bit 1-GSample/s Nyquist Current-Steering
CMOS D/A Converter

Anne Van den Bosch, Student Member, IEEE, Marc A. F. Borremans, Student Member, IEEE,
Michel S. J. Steyaert, Senior Member, IEEE, and Willy Sansen, Fellow, [EEE

LATCH CURRENT CELL

s

clock
.
wp I L4

=
R S p—— Sp—

GND E‘ l]

» Note that each current cell has its clocked latch and clock signal laid out to be close
to its switch to ensure simultaneous switching of current sources

» Special attention paid to the final latch to have the cross point of the complementary

switch control signal such that the two switches are not both turned off during
transition
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IEEE JOURNAL OF SOLID-STATE CIRCUITS, VOL. 36, NO. 3, MARCH 2001

A 10-bit 1-GSample/s Nyquist Current-Steering

CMOS D/A Converter

Anne Van den Bosch, Student Member, IEEE, Marc A. F. Borremans, Student Member, IEEE,

Michel S. J. Steyaert, Senior Member, IEEE, and Willy Sansen, Fellow, IEEE

Trot-seate [IA]

» Measured DNL/INL with current associated with the current cells as variable
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IEEE JOURNAL OF SOLID-STATE CIRCUITS, VOL. 24, NO. 6, DECEMBER 1989

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 outp —
lIref Iref \LIref
S1 S1
S2
. T

T

\7

Cgsj_ _gs

(b)

Fig. 2. Calibration principle. (a) Calibration. (b) Operation.

1517
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16bit DAC (6+10)- MSB DAC uses calibrated current sources

Tout

. G

TI
Tf?;:“

2-way

timing
clk &
control
data :
input ] |
g
a
t
a
r
[
g
i
s
t
e |- coarse
r [ decoder
......... o i
65-stage|
shift [
register

current switches|

; °Vout

Hf * % 12 12
10-bit binary
T current divid
I S i
Current I
Divider

2~way current swifchesl

M

calibration
switching network

Ll E—
>|¥ 64 calibrated spare

current sources source

calibration
circuitry
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Current Divider Accuracy

2 IR 12+dl, /2 1/2-dl,/2

Lyj+142
[, ="
2 S MET S MR
dId:IdI_IdZ I I

Iy Iy

dl, 2 y [d V%]Hz’V Ide]a)licil(lirrent Real Current
I T h 1vider ivi

I VsV, Wy t Divider

M1& M2 mismatched

—>Problem: Device mismatch could severely limit DAC accuracy
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Dynamic Element Matching for High-Accuracy
Monolithic D/A Converters

RUDY J. VAN DE PLASSCHE

Divider

1.1 =t +at
Clock 5 B T5 =t t-y=t-st

I =I+al

Iafxm;‘zu Loila

*jan
Tsg

A

~t

rfibrme=dal £

=
(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 @, During @,

1 2) _

19 =11, (1+4y) Igzj—élo(l—m)
1 —

159 =11, (1-a) 157 =41, (1+4y)

felk
S 4 (2) 1
()=

/2 error A,
_1o (1=A1)+(1+4)) I,
2 2
Iy
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Pl +aAL)
1= Stfivarapria s 4]
U= o arrenty-cgogt ooy o 4E]
®)
(a) Binary weighted current network with equal switching
frequency. (b) Eiror analysis results.

Fig. 4. (2) Binary weighted current network using different switching
frequencies. (b) Time dependence of currents flowing in the first and
second divider stage.
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Dynamic Element Matching

During @, During @, 14 1)4 1,/2
10 =11,(1+8) 1 =41,01-4) o
1 =41,01-4) 19 =41,(1+4) Ja T

10 =110+ 4,) 19 =310(1-4,) 2 error A,
:%1(1(1+A1)(1+A2) :%Ia(l_A])(l_AZ)
1(1) 1(2) l[]
<11> =515
) 2
L0 A)I+A,)+(-4)1-4,) S |
4 2
=L(ran,)
T 172 /2 error A,
. . I,
E.g. A; = A, = 1% -=> matching error is (1%)? = 0.01%
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Dynamic Element Matching for High-Accuracy
Monolithic D/A Converters

RUDY J. VAN DE PLASSCHE

» Bipolar 12-bit DAC using dynamic element matching built in 1976

» Element matching clock frequency 100kHz

« [NL <0.25LSB! - e e -

12-Bit D/ A Test CHaip
0/A NETWORK DATA

Resolution : 12 bit
Acuracy: sl LS8 ar 5007
(linearity}

Cutput current : Zma

Temp. Coeft: of autput 5 ppm/feC
current :

Voltoge Coeff. of outpul | 1 ppm/V

current

Chip size 25525mm
Max.clock fregq. for 100 kHz

dynamic maiching !

Power supply + ~18Y
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ISSCC 2004 / SESSION 20 / DIGITAL-TO-ANALOG CONVERTERS /20.1

A 3V CMOS 400mW 14b 1.4GS/s DAC for Multi-Carrier Applications

201
Bernd Schafferer and Richard Adams
Max Sample Frequency 1.4 GSPS
Example: State-
of-the-Art current Resolution 14 Bit
steering DAC DNL +/-0.8 LSB
INL +-2.1 LSB
6bit unit-element SFDR @ 1.0 GSPS > 60 dB
8bit binary IMD @ 1.0 GSPS > 64 dBc
NSD @ fout = 400MHz -155 dBm/Hz
Power ( Core ) @1.4GSPS 200 mw
Power( Total ) @ 1.4GSPS 400 mwW
Area ( Core ) 0.8 mm?
Area ( Chip) 6.25 mm?2
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ISSCC 2004 / SESSION 20 / DIGITAL-TO-ANALOG CONVERTERS /20.1

A 3V CMOS 400mW 14b 1.4GS/s DAC for Multi-Carrier Apnlications
Layout Tree Structures

20.1

CLK OUTPUT
4 /| CURRENTS
CLK SUPPLY IP N VCAS
.
-
£
=
— e
—
“~SEGMENT
“~ CURRENT

DECODER SWITCHES CASCODES
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DAC In the Big Picture

Ibczacrr;ed to build Anti-Aliasing

— Convert the Filter

incoming digital AD Sampling
signal to analog Conversion +Quantization
1
000
DAC output - DSP ...001...
staircase form T 110
o D/A "Bits to
Some applications Conversion Staircase”
require filtering —]
(smoothing) of DAC Reconstruction
output Filter
- reconstruction
filter / ——Analog Output
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DAC Reconstruction Filter

B J/2
+ Need for and R
requirements depend ;,0-5 ﬂ ﬂ /
on application 8 ol

sinc

DAC Output

e Tasks:

— Correct for sinc droop * ’
— Remove “aliases”

(stair-case

approximation) th 05 1 5 2 25 3

Normalized Frequency 1
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Reconstruction Filter Options

Reconstruction Filters

A
s N
Digital . » SC » CT
Filter DAC Filter Filter

» Digital and SC filter possible only in combination with
oversampling (signal bandwidth B << f/2)

 Digital filter
— Band limits the input signal - prevent aliasing

— Could also provide high-frequency pre-emphasis to
compensate in-band sinc amplitude droop associated with
the inherent DAC S/H function
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DAC Reconstruction Filter
Example: Voice-Band CODEC Receive Path

condibren smze || anars s, Receive
— R | s Output
_ ST T ! Smones,
Jo= 8Kz p— skrz  fi= 128kHz  f,= 128kHz HE |asr
\ J
Y }
Reconstruction Filter fi= 128kHz

& sinx/x Compensator

Note: f,,m* = 3.4kHz
fpAC = 8kHz
2sin(mf " x T)Nnfy " xT,)
=-2.75dB droop due to DAC sinc 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 2B- excellent DNL

— Binary weighted- complexity proportional to B- poor DNL

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

- Complexity proportional ((28'-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.eed. to build Conversion +Quantization
circuits that I 000
"sample” DSP ...001...
T 110
. D/A "Bits to
- N_eeq to build Conversion Staircase"
circuits for
amplitude Reconstruction
quantization Filter

Analog Output /\/
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Analog-to-Digital Converters

« Two categories:
— Nyquist rate ADCs > g™ ~ 05X umpling
* Maximum achievable signal bandwidth higher compared
to oversampled type

¢ Resolution limited to max. 12-14bits

— Oversampled ADCs - f,, " << (0.5xf,

Sig ampling
* Maximum achievable signal bandwidth significantly lower
compared to nyquist

» Maximum achievable resolution high (18 to 20bits!)
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