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DAC Families

Classification based on architecture approach: High speed

Digital Analog Parallel Flash
signal signal
din > DAC Aout

/ / PWM

Algorithmic
voltage/current

code
fs amplitude
Digital :
timebase Predictive Delta-Sigma
Distinctive characteristics: and many High dynamic
range
Feedforward vs feedback control more!

Single vs multiple stages

Amplitude vs time domains Typically mixed solutions...
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DAC vs ADC Design

Asymmetrical system architecture and signal purpose:

sensor pre AGC/ anti
e.g. microphone amp limiter alias
_________ X < ADC :
o))) O— HD% % core decimator

informatio clock (T DSP
) generator
action
.......... <— interpolator
@ E < == < core P
actuator power reconstruction
e.g. motor amp

...typically ADC is more performance demanding!
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Basic Flash Architecture din 3 DAC Vout

All parallel and segmented (unitary) resistive ladder: ;

ST 7/ e.g. 32x32-1

Vihigh

G GG S N SRS S B

:T C1 C1 C1____ :1 :1 :1 :1

e.g. single-ended L |
10-bit flash DAC o = Vout

:T C1 C1 C1____ :1 :1 :1 :1

| :r ZI ZI t1____ :I :I :I CI

VFS’ = Vhigh - ‘/low

UAB Integrated Heterogeneous Systems Design = F. Serra Graells




DAC Architectures and CMQOS Circuits Class Flash PWM Delta-Sigma

Basic Flash Architecture din 3 DAC Vout

All parallel and segmented (unitary) resistive ladder:

fs
Rse
Vout - ‘/low + R l VFS
total

Vhigh g oeemmmmmmmmmsss oo / e.g. 32x32-1
G GG S N :1 :1 :1 C1
:T :1 :1 C1____ :1 :1 :1 :1
e.g. single-ended L |
10-bit flash DAC o = Vout
:T :1 :1 C1____ :1 :1 :1 :1
| i S :I :I :I CI

VFS’ = Vhigh - ‘/low
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Basic Flash Architecture

Class

All parallel and segmented (unitary) resistive ladder:

5 (LSB)

Digital

nartural 10
binary di,—~
code (MSB) 51

e.g. single-ended
10-bit flash DAC

7

7

Vihigh

—o

decoder

Flash PWM Delta-Sigma

din —+—> DAC Vout
fs
Rsel
Vout - ‘/low + R VFS
total

A\

UAB

5-to-32

-

VFS = Vhigh - ‘/low

/
|
! AAN AAAA AN —- - - - AAAA ANAA AAMAA AAMAA :
] } VVVY YVVy VVVVV} VVVVV} VVVVV} VVVVV} VVVVV7 |
! |
| E]D) p) EDa EDa E]D) I:]D)
9 Q2 Q2 Q2 9 9 9 I !
T 1 < < P S < < < ]
! |
! |
! | AAN AAAA ANAA . AAAA ANAA AAMAA AMAN AN |
: } VVVY YVVy VVVVV} YVVVY YVVVY VVVVY VVVV?VVVV |
|
DD ) KOO D ) |
\ T Y Y y S— T T T '
! |
| | N
! . L
| . L
| N ?
| Lo
! |
! |
! | AAN AAAA ANAA . AAAA ANAA AAMAA AMAN AN |
: } VVVY YVVy VVVVV} VVVVV} VVVVV} VVVVV} VVVVVIVVVV |
|
R B A/ B A/ (/A B/ /R el :
| |
| |
: | AAN AAAA ANAA S AN ANAA AN AN !
) } VVVY YVVy VVVVV} YVVVY YVVVY VVVVV} VVVVY :
|
D DD DY, D, D D o |
]
| |
! [
\ 7/
* Viow

Integrated Heterogeneous Systems Design

-------- 7/ e.g. 32x32-1

¢ ° Vout

V¥ Non-constant
output impedance
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Basic Flash Architecture din 3 DAC Vout

All parallel and segmented (unitary) resistive ladder:

s
nbartural ] 10 5 (LSB) Digital Voo = Vi + Rgei Ving
clgggy n / decoder Riotal
(MSB) 5} /

/ 5-to0-32 / \ﬁfs X(QENOB - 1)
VhighT e T e ! ERERE / e.g. 32x32-1

AMMA MAA MM ~e----- MM AMMA AMMA AMMA

VVVYV VVVYy VVVy VVVVY VVVVY VVVVY VVVY
DAY DY, 1D, 1D, 10, [0,

| AMMA MAA AMMA AMMA AMMA - A

MMM —- - - -- AAA
} VVVY YVVY VVVVV} YVVVY VVVYY VVVVY VVVV YVVY
D/, 10/, 1105/, 1105/, }D?}D?}D??D?I
T ’y ’y P S—— ’y ’y ’y

A\

e.g. single-ended

N |
10-bit flash DAC o ?
O
Ay | Vout
Lo AVAVAVAVA vAvAvAvA VAVAVAVAV} . VAVAVAVAV} AVAVAVAVAV} AVAVAVAVAV} AVAVAVAVAVTJVAVAVAVA
?D*} A R R A R R A
| AAN AAAA ANAA AN ANAA AN AN
T_D_)} VVVY YVVY VVVVV} TV-'V:V>V_)V TV-'V:V>V_)V TV-'V:V>V_)V} VVVVY
ﬁ\ : Lo d R ! V¥ Distortion due to
fy Smmmmmmmmmmemeee switch on-resistance

Vig = Vhigh —View °* View Var|ab|||ty
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Switch Optimization din =+ DAC Vot

Thermometric switched-resistor flash DAC:

[
natural Th ri Vi /2
binary d,, ermometric : _ (_q\thsign YFS
codey encoder ! I[p=(1) Ry, Zthmag
N N 9ENOB—1 Vour = IfRf
sign mag
A R —\\ R V .
_|_VFS ° i o Rip I E Vout = R—J;—;S <—1)thmgn Zthmag
2 ] W | '
; Run i Ly
T —
«9ENOB-1 . : Iy L
i Rth i °Vout
B L ST
Rp |
Vs L T AW
2 N 'I - Rth
current/ by = 2ENOB—1

source/sink like
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Switch Optimization din =+ DAC Vot

Thermometric switched-resistor flash DAC:

s
natural
binI;ry 4 Thermometric f )
o encoder ’ AV ot Ry
code - AKT |Rf + thpmagRen T
2ENOB—1 th
thsign thmag dv?
S O . Tnout _ AKTR, (1 -ty ) < 8KTR;
VFS :/ Rth \: df Rth
+=e e AW —
; Run i Ry
T WW—"
| : I A Switch non-linearity minimized thanks
«9ENOB—1 | : | LD . . : :
: 5 | to its signal independent bias point
i . th | i . out
LA |
Ves L T W
2 N ’I - Ryp,
current/ by = 2ENOB-1

source/sink like
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CMOS Circuits

Thermometric switched-current (SI) fully-differential flash DAC:

4 Thermometric f
" encoder s
continuous-time
oENOB waveform!
th P
sTTTTTmTTmmoommooomoooooooooos \ pr f \
i T T ) ) , ' I\/\/\/\/\I
| § 81 IR SRR !
i E — Voutp Vout = Voutp — Voutn
Ly, |
i i " Voutn V
B i MW = = 2P LR
"""""""""""""""""""" I Ifn R
XQENOB f

V¥ MOSFET noise contributions!

A Always-on Sl cell to reduce glitches
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CMOS Circuits

Thermometric switched-current (SI) fully-differential flash DAC: SI CMOS modular cell:
thio Do
4 Thermometric f S U AN .
" encoder ° i’ T |
9ENOB E )D Mbi i
th i ] |
pmmmmmm e Y Iyp Ity | )5 S Mo :
1 \ ' | '
B O S O S b o 09 ; W i — i
E i —ovoutp | —q | M7 M8i | o i I
i Iip, i i ] [ : Jp
E i T outn i Ith@D I
T e e S o s A 1 |M3i M4i| iIf"
"""" opvos  lm Ry § T v §
i ]Mli
A Good current control thanks to... | |
OpAmp cascode DA 17 _____________ )
virtual ground topologies
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CMOS Circuits

Regular versus return-to-zero (RTZ) digital signalling: SI CMOS modular cell:

continuous-time

T e P

Irp —Ipn waveform! ( T \
+in / )D j|\/|5i
waveform )O S NG '
asymmetry time | J__l_L i
i - [M7i M8i | A g

—Itn | - - - Lfp
L QO !

thi 1 0 0 | M3i M4i| Lpn
T
V¥ Inter-symbol interference depends on input code, 1
so it generates signal distortion! | Mii

N e e
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CMOS Circuits

V Full-scale reduction due to RTZ duty cycle

Regular versus return-to-zero (RTZ) digital signalling: SI CMOS modular cell:
_ , thi% RTZ logic )
continuous-tme ...~
Irp —Ifn / waveform! Irp —Ifn { T
+Lin A i i M g
waveform | | )0 T ve '
asymmetry time | | time i T
: g [M7i M8i|p- g
—Iin — I | - B , P
L QO !
| I - Ip,
thh 1 0 0 thh 1 0 0 : M3i M4l i
| T |
i M2i !
A RTZ minimizes inter-symbol interference ]Mli

N e e

V¥ Poor scalability with ENOB
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Sub-Ranging Architectures

Mixed segmented (coarse) and binary weighted (fine) solutions:

e.g. 8-bit coarse-fine gompac.t.layout din
single—ended S| flash DAC and S|mp|e dlgltal control 9
________________________________________ /____________________\.\______\ Rf
Loy @ Vres I
! | 1 .11 : "
: L] ;{sgl;{t{m , | Vi
: . | +
! 5-bit ! Vre
e N
= i &
1 - 1 2 4 8 16 E———
i 32L~ef @) Vref encoder i
i P Sy e e S v e &éq A Unlike in sub-ranging ADCs,
| | H_{ H_{ IY_{ H_{ H_{ H_{ | | still a single step conversion!
g El LT T T T i A Good ENOB scalability
1 1 1 1 1 1 1 1
smooth
transitions
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DAC Classification
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Digital Pulse Width Modulation 4 or DAC v
Discrete amplitude and continuous-time domains: ;
input din
buffer i ALU . .
continuous-time
\\ / Vs reconstruction filter Vo Ve — din v
fo o—> Register 4 + / out — tpwmfs FSs — fclk fs FS
. prm ~
>>—. % —> Vout d
fClk° > Counter 7 / L{E VOUt - 2ENOB VFS
Power
For = fSZENOB driver
prm
PR S Counter v
Fs ’_'_'_'_,_.—f'_'_'_'_: din s Vout
|
=
0 1 time 0 N\ /1 time
/. SAVIs

pwm
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Digital Pulse Width Modulation

Discrete amplitude and continuous-time domains: A Ouptut actuator can be reused
as reconstruction filter:
input din
buffer i ALU . .
continuous-time
\\ / Vs reconstruction filter I /é\\\
fs — Register A+ / Vowm ——
’_C{ prm ~_
>>=? = [ Vout /
fclk [ > Counter 7 / L{ E {>O

e.g. Class-D audio driver

fclk - stENOB

Energy close

Vowm / to f V¥ Overclocking

VEs : . .
Vout V¥ Output filter selectivity

0 \t / 1/f, time

pwm
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Digital Pulse Width Modulation

Discrete amplitude and continuous-time domains:

input din
buffer
\ {r ALU Vig continuous-time
reconstruction filter

/

X

F
E =< [ Vout

\ /
fs—> Register |+ \ ’_O(
o=
fclk o > COU nter 7 / L{

fclk - stENOB

A Relaxing output filter selectivity
through non-monotonic counters,
e.g. linear-feedback shift registers (LFSRs)

Energy close Energy close

prm to fs ‘/})wm to fclk
Counter / Counter /
dps—‘““‘;;;f. Vrs dps -1~~~ Vrs
: dm Vout | '_'|_|r : din Vout
el 0 U
| I |
0 1/f, time 0 1/f, time 0 1/fs time 0 1/f, time
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Dual-Ramp Analog Integration

Sub-ranging PDM DAC architecture:
din Icoarse I ine
Vout — i L

_ Coarse PDM 2ENOB R Cifs J
fs—> Register A~ + V4 Binit ~

—2 prdmc

MSB 8 >> C; ¢pdmc
/ Leoarse l L Ppdm f L
—o—"

dino—+—  fax—> Counter = % - ﬁs | 2l Vi . Vint
/ \ Ttine T Vieso—1* Vine | C. L
LSB 8 >>=? 3 i i i |
fs = Register A~ + pdmf\ 0 1/ time
Fine PDM
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Dual-Ramp Analog Integration BNos

fclk::2 2 fs

ENOB
Icoarse =272 Ifine

Sub-ranging PDM DAC architecture:
din Icoarse + Ifine

Vou —
Coarse PDM ' QENOB Ci fs
fs ——> Register A+ 2 ¢oi/nit N o~ _
MSB 8 >>=7 Ppime c, Dpdme
/ ICOaTSe \I/ I I ¢pdmf i _—
—O—" o
dino—+—  far— Counter % - Gs ' . Vint
4_@_(\ ooy % —> Vout i |
B Ifine T %"ef + Vint i C i i
LSB 8 S I - |
pdm f )
fs——> Register A+ . 0 1/ time
Fine PDM

e.g. 16-bit dual ramp DAC
feik = 256 f

A Relaxing output filter selectivity

A Strong reduction of clock speed requirements

. . Icoarse = 256]fine
V¥ Coarse-fine matching
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Analog vs Digital DSM

gain
coefficient

\
Vin —{ S/H ©) »

e

integrator quantizer

—1
N H{::H—liz—l JI_ X

x N €quant

UAB

Integrated Heterogeneous Systems Design

high-pass filter

(quantization noise shaping)

F. Serra Graells

/iz Dot (2 :Z_N‘/;n z) + 1_2_1 NEquant <
G (2) (2) + ( ) (2)
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Analog vs Digital DSM din =3 DAC Vout

gain .
coefficient integrator quantizer

\ / / fs
-1 -1
Vipy o— H z s c [ dou .
S/ &) » 1—271 > 1—21 . 7 fout high-pass filter

1\ XN Cquant (quantization noise shaping)
fs /_ -N -1 N
LV Dout(2) = 27" Vin(2) + (1 —z ) Ejuant(2)
bit-shifting
(277 gain coefficient)
\ full-adder truncation  +%°
. /S \ }V A Flash output DAC with
register | register reduced number of levels
A A Vi
discrete time XN - o
domain already ﬂaShDAC V¥ Possibility of loop
output instability for N>2
y
[s
UL
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Multi-Stage Noise Shaping (MASH)

flash
output DAC
Cascade of 1st-order DSM /
: dout
. - . ! 71
Forward digital cancellation din ) = [ o A= Vour

A Intrinsically stable

1S
oy 9]
_/ =
jom o L=
| ! c
: Z_l : -9
BV / -
: NS 1_ -1 7 _l_r'_ 4 | 0
| : 3
i ! Q
| | c
1 1 m
| | @)
|\ /I
x N S
_/

/205 \

] |

] ]

: 271 , _'_,_r L,

| 1— Z_l 7 ’ :

] ]

] ]

] ]

] ]

] ]

I 1

I I

] ]

|\ /l
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MUIti'Stage NOise Shaping (MASH) Cancellation filter

19 -1
Cascade of 1st-order DSM / St (-2 B /

Forward digital cancellation din oA o 1 () e Vour
| €1 i | 1 |
A Intrinsically stable | | i __ Differentiator

I‘\‘_ _______________________________ ,; i 1— 1 /:/
é’ —Z_lEl -+ (1 — Z_l) EQ i i
—€] Co e \ \ i E
| o : | |
—,;.e(: = - i — # _l_l_'_ # i i 271 ﬂ‘%("'p i
E €9 i / i
i | Delay | i
D ettt L B et e ’ ! 1—271 !
x N -y i |
U i i
=2 T I i i

NS =

o
2
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Multi-Stage Noise Shaping (MASH)

Cancellation filter

Dyt (1-2Y) B pd
Cascade of 1st-order DSM ° Y Jr} e \
e - e e L dou
Forward digital cancellation din o5 ) —— Pl — 7 (0 = T [ Vou
i €1 i i + i
A Intrinsically stable | | | | _ Differentiator
I\\_ _______________________________ /; i 1— 1 /i/
Each DSM cancels O —2T'Ev+ (1-27Y) By | ;
quantization errors e [TTTITTIIT I \, \ | ;
of previous one o O =L L | Tt i
p : - 1 7 _'_l_'_ 7 i i z +> E
¥ Not suitable for ADC DSM i o e ;
due to mismatching ] i Delay | mil
at cancellation stage <« N T Ao | S
N\ i |
A N-order noise shaping: o _1 ______________________
ST e

Doyt = _NDin + (1 - Z_l)N En

NS =

o
2

Doyt = 272 [z_le + W]—i—(l - z_l) 271 [—z/_lEl/—i— 1 — 2= 2]+(1 - 2_1)2 [—z/_lEg/—l— (1 — z_l) EN}
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Multi-Stage Noise Shaping (MASH)

Example for 1-bit quantization 1st-order DSM stage:

> Y

8
- E‘\
—_
|
IS =
L
- \_‘

A Compact solution:

Carry
Addsr \

T o—F—
>+ —e

Eegister

1
Zl
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Multi-Stage Noise Shaping (MASH)

Example for 1-bit quantization 1st-order DSM stage:

din o—+F 7 J_l_'_ > ‘/out

T ‘; P
i 1 ! SR
Lo T il —>Y O%U Vel )
i ¢ | o | T/ TN A S
i E o . E - i 1— 51
| ! N 1 (o) |
i e i T ey | & |
=\ - | — | 28
4—So—€ . i .:—’l\ i
[0 VAV |
Y=X+(1-2")E Nl N YT
0] 1 |
= J i 2y |
. N 1 D 1
A Compact solution: T e, | @ |
: o :
Carry ][ | - |
Adder \ | |
\ =Y IV oz | ] i
Lo Y, =D. + (1 . —1) E % T :\ ------------------ ':
>+ —e 1= Hin & 1 B 1 Cancellation filter
Yo =—F1 + (1 — Z_l) Es /l\——eN
Register
z_l/
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Example of Application: Periodic Function Generator

7 level 7-level DAC output 0 7-level DAC output

—60 1

780 4

—100

—120 1

b
=160 4~ A

Vdac J

PSD [dByg/bin]

! . } ! ~180 | —
600 602 604 606 608 610 104 10° 106
Time [us] Frequency [Hz|

107

Sin Function MASH Flash Vout

Look-Up Table (LUT) AYXM DAC

&

MASH |
AZM

DAC
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Example of Application: Periodic Function Generator

7 level 7-level DAC output 0 7-level DAC output
_60 4
780 .
E
% —100 1
)
~ —1201
[92]
A,
—140 1
—160 p~ /\/\/\A
by ‘/dncJ
. . . . —180 +—— — —
600 602 604 606 608 610 10* 10 108 107
. Time [us] Frequency [Hz|
; ; 10 bit 7 level
Sin Function MASH Flash Vaac % Vout L 2nd-order filter output 10 2nd-order filter output
Look-Up Table (LUT) AYM DAC = ‘
1.1 —60 1
------------------------------------------------------------ ’ o —80 1
------- A .01 =
[ ' = 2 00l
— I Butterworth Filter © 2
1 S g 120
MASH 0.8 &
" SR
0.7 —160 N\ -V
— col
DAC i 600 602 604 606 608 610 180104 10° 106 107
Time [us] Frequency [Hz|
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