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D/A Converter Basics.

D/A

_>V

out

}

B, Is a digital signal (or word),

B, = b12_1 + b22_2 +... 4 bNZ_N (1)

b, equals a “1” or a “0” (i.e. a binary digit).

V

ref

— an analog reference; V, ,, — output .

-1 —2 —N
Vout = Vier(b12 "+by2 "+ ... +by2 ) (2)

Define V| ggto be LSB signal change, V| gg= V,ref/Z'\|
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D/A Converter Basics

e For errors, define “units” of LSB 1 LSB = 1/ 2'\I

* A multiplying D/A allows V. to be a varying input
— Vit Proportional to multiplication of V¢ and B;,,.

e For ideal D/A , output signal is a well defined value
— Nno guantization error!

Vout

Vref A
1 4+

3/4-+

1/24 g IV
: LSB _ -
val I Rivvia 1/4 = 1LSB

0 H

J0 01 10 11 (100)" B,
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D/A Resistor -String (Hamade, JSSC, Dec. 1978)

ref
b, e Guaranteed monotonic
2
5.1 b, e Integrated with better than 10-bits
= | = absolute accuracy.
b :
S B « Delay through the switch network
b, b, | b V major speed limitation
I > out
ZN [, b *Resistors might be realized using
Resistors = _ b polysilicon
b 2
,—?_El = « If n-channel only used, can be laid
b, out small
_?_ J— JR—
b,| b b, « Requires ? resistors
-2 -2 -2
% [ 1 1
: 3-bit
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D/A Resistor -String — Digital Decoding

V

Resistors

ref

3 to 1 of 8 decoder
N

!; >_——oVOUt

3-bit

University of Toronto

Higher speed implementation
(less resistance thru transistors)

 Large cap load on buffer input

« Can pipeline digital decoding for
faster speed

« Requires ? resistors

slide 5 of 20

© D.A. Johns, K. Martin, 1997



Folded-resistor
e (Abrial, JSSC, Dec. 1988)

£V

-string D/A

word lines eLess capacitance load
_,__LL 1 1 over the single bus
g g oy o approach
blo— g T T 1 1 « Requires ? resistors
e iw?_iw?_ﬁwﬁ_ﬁv?m
— o
> e 8 1 1 1 |=
N x MI_; | l_,_LE
_L 1 1 1
i H o QI;;_,Vout
2 to 1 of 4 decoder
4-bit
. )
&
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Binar y-Weighted Resistor D/A’_s.

RF
M
2R 4R 38R =1O6R=
Lv.,, 4-bit
bl b2 b3
Vout = _RFVrefE_ZR_Zl-R_SR_ E (3)

Only N resistors

Resistor and current ratios are on the order of 2N
No guarantee of monotonicity.

Prone to glitches (more later).
5%%

Bl
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Reduced Spread Binar y Resistor D/A

F
J MA
b, b, b, b, Vout
Lc 1o Lo L T
2R 4R 2R 4R %mq =
/\/\/\/ 1
re .
4-bit

 Reduced resistor spread
o Keep repeating this procedure —> R-2R ladder
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R-2R Based D/A Con verters

R, R, R, R, R; Rj R, R,
LLrL L rRL L RL LR
Viet © W W W NN—
2R 2R )RS | 2RZ | )
Vref Vref Vref Vref
= 7R = R = 3R — T6R
R, = 2R
R, = 2R|lI2R = R
R, = R+”R4 = 2R
R, = 2R||R; = R
3 3 ()
 Small size, good matching (only R and 2R)

University of Toronto
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R-2R Based Resistor Lad ders
 Example D/A converter

Re
- b, - b, i b3 i b, er Vout
I, |, I, L
Irl 2RR 51 ZRR Zl ZRR §l R 2R~
Ky, A AW AW W\/1
et 2R 78 = A-bit

e Currents through the switches are scaled
e Should scale switch sizes for good accuracy

 No node voltage changes except for output —> fast
5%%

Bl
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R-2R Based Resistor Lad ders
o Slower circuit having equal current through switches

Fgﬁ L D O L5
| %) | | |
. 4-bit

 Node voltages change — slower circuit
 No need to scale switch sizes (smaller size)

& . . |
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Glitc hes

« Different delays for switching the different currents
« MSB change often worst case

It

R

e Glitches can be minimized by limiting the bandwidth
but that slows down circuit

. }J%se thermometer code to reduce glitches

Bl
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Charge-Redistrib ution SC D/A’ s
Programmable SC gain amplifier.
16C o
I I /'—_L

acTIc o %V
[sc J4C J2C |C ( o . out

ml(%%Hbl ;Hbz éHbS éHbzll C
Vref e ’ ’ f v 2

i( @ (P,) =

4-bit

Sign bit realized by interchanging input phases

Carefully clock-waveforms required to minimize
voltage dependency of clock-feed-through.

Digital codes should be changed when input side of
capacitors are connected to ground. Requires extra
digital complexity.

ale
P o

Bl
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Thermometer D/A Con verters

Binary Thermometer Code
0 0 0 0 0 0 0 0 0 0 0
1 0 0 1 0 0 0 0 0 0 1
2 0 1 0 0 0 0 0 0 1 1
3 0 1 1 0 0 0 0 1 1 1
4 1 0 0 0 0 0 1 1 1 1
5 1 0 1 0 0 1 1 1 1 1
6 1 1 0 0 1 1 1 1 1 1
7 1 1 1 1 1 1 1 1 1 1
by by bg
| b |
Binary-to-thermometer code conversion
v } y } v Rt
d1 d2 d3 d4 d5 d6 d AWy
! ! ! 1 1 - o Vout
[ Lg% g% et e e e
"SR "=R "SR "R "=R ~"=R -~ =
-V

slide 14 of 20

© D.A. Johns, K. Martin, 1997



Thermometer Code D/A Con verter

B1
Vref’_/" )
B

I

Top Capacitors are
Connected to Ground

Bottom Capacitors are
Connected to V¢

000 —&

() ooo

o0o0O0

@]

« 2" unit sized caps
» Guaranteed monotonic
* Much lower glitching

* Low DNL

slide 15 of 20

© D.A. Johns, K. Martin, 1997



Col.

Row

Current-Mode D/A’ s

University of Toronto

+
Vout

$$O
l

Column Decoder

T
[
iy

Row Decoder

| - Src
Array

e Thermometer-code

* High-speed, output feeds
directly to resistor

e Important that delay to
all the switches are equal.

* Overlapped clocks much
better than having non-
overlapped clocks.
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Current-Steered D/A [Colles, 88]

Operates as cascode current sources.

For max speed, keep voltage swing at source of Q1
small (just turned off)

Switching feed-through from the digital input
enhances switching speed.

T o o d
I

Faedle o Ao

blas O‘l

ref
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Segmented D/A
e Schoeff, 79: Saul, 85;: Grebene, 84

R/2
N  Combine
\ thermometer and
>—_° Vou binary

- «Accuracy needed
for LSB reduced

*» Glitches reduced

 \ery popular
Vref
o—\
Vref
2 MSB’s 4 Bit Binary LSB - Segment
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Dynamicall y-Matc hed Current Sour ces
e Schouwenaar, 88

Y

Shift Register

eEach current source
| is calibrated with a
ref

single reference

64 used so D/A can
continue operating

1] | | Achieved 92 dB
d3 94 Is..| b4 SNDR, and 20 mWw
with 3V.

oO—¢
oO———¢
o—
-
o——¢

» Used for audio

Switch Network . :
application

v v v v v v

To D/A

 Dynamic technigue with current switching for
realizing very well-matched current sources

e Up to 16 bit accuracy
5%%
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Dynamicall y-Matc hed Current Sour ces

S

|
|
Iref C%i “out

a1

C

A%

SleE_T

gs I':

Calibration

| Q1

®

0.9l

| e Current source 0.9l

| L added so a low gm
ref i v out device used (WI/L

S, | equal to 10/75)
y dl * Re-calibrate before

leakage causes

Cys . D ooy 0.5LSB error

Q1

iTT

Regular Usage

 Minimize clock-feedthrough and charge-injection by
having capacitance Cys and bias voltage Vg large

e Implies voltage error causes less current deviation.
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