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D-A And A-D Converters
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/10.1 INTRODUCTION

L4 @st of the real-world physical quantities such as voltage, current, temperature, pressure

and time etc. are available in analog form. Even though an analog signal represents a real
physical parameter with accuracy,

it is difficult to process, store or transmit the analog
signal without introducing consider

able error because of the superim-position of noise as in
the case of amplitude modulation. Therefore, for processing, transmission and storage purposes,
it is often convenient to express these variables in digital form. It gives better accuracy and

reduces noise. The operation of any digital communication system is based upon analog to
digital (A/D) and digital to analog (D/A) conversion.

Figure 10.1 highlights a typical application within which A/D and D/A conversion is used.
The analog signal obtained from the transducer is band limited by antialiasing filter. The
signal is then sampled at a frequency rate more than twice the maximum frequency of the
band limited signal. The sampled signal has to be held constant while conversion is taking

that ADC should be preceded by a sample and hold

quence in binary digit. The micro-computer or digital
signal processor performs the numerical calculations of the desired control algorithm. The
D/A converter is to convert digital signal into analo

g and hence the function of DAC is
exactly opposite to that of ADC. The D/A converter is usually operated at the same frequency
as the ADC. The output of a D/A converter is commonly a staircase. This staircase-like
digital output is passed through a smoothing filter to

Fig. 10.1 Circuit showing application of A/D and D/A converter
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e schematic of a DAC ig shown

Fig. 10.2. The input is an n.bit . o
pinary word D and is combined with g Vo - bt
o reference vol‘tage Vg to give an d,  (MSB) 5 g ;
analog output signal. The output of  Binary S— s .. B
a DAC can be either a voltage o WordD | % DAC 'f v. S8F

o i 3
current. For a voltage output D AC, d, —sE— S
the D/A converter is mathematically ) '
ibed as
descrl Fig. 10.2 Schematic of a DAC

Vo =K VFS (dlzﬁl + d22—2 + ...+ dnz-n)
"where, V, = output voltage
Vg = full scale output voltage
K = scaling factor usually adjusted to unity
d,dy... dy = n-bit binary fractional word with the decimal point located at the leit
{ d; = most significant bit (MSB) with a weight of Vs/2

d,, = least significant bit (LSB) with a weight of Vgs/2"
' 'There are various ways to implement Eq. (10.1). Here we shall discuss the following
' resistive techniques only:
Weighted resistor DAC
: R-2R ladder
Inverted R-2R laddea

/4.1 Weighted Resistor DAC i
w0 cirouita in Fi | 1 lifier with a binary
st circuits shown 1n Fig. 10.3(a) uses a summing amp Inary
n-electronic switches dy, dg, + « d, control'led b)’: binary
gle pole double throw (SPDT) type. If the binary input to

to the reference voltage (- Vp). And if the
d. From Fig. 10.3(a), the output

. One of the simple
- weighted resistor network. It has
~ input word. These switches are sin ]

' a particular switch is 1, it connects the resistance

~ ‘input bit is 0, the switch connects the resistor to the groun

e CUrrent, 1, for an ideal op-amp can pe written as

Ioz_Il'ﬂ".IZ-ih""’-1—n . . | : | : N
=Yg gt pR®

R s,

L R T S ST
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Vm = VR'

" voltage is therefore positive staircase as sh

(iii) The polarity of the reference voltage is chosen in a
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Fig. 10.3 (a) A simple weighted resistor DAC (b) Transfer characteristics of a 3-bit DAC

= l;& (h 2+ dp22 +.. 4 dy277)
The output voltage < i
V, =R, =1VR%(d12'1+d12'2+...+.dn;‘2.'") | | (102
Compax;ing Eq (10.1) with Eq. (10‘.2), 1t can be seen that if R; = R theh K = 1 and

- The circuit shown in Fig. 10.3(a) uses a negative reference voltage. The analog .output

own in Fig, 10.3(b) for a 3-bit wei i
DAC. It may be noted that : Ak e : ‘Welg.htEd o
(i) Although the op-amp in Fig. 10.3(a) is connected in invertihg mode, it can also be
~ connected in non-inverting mode, P
(i) The op-amp is simply working as a current to voltage converter, -

ccordance with the type of the switch

used. For example, for TTL compatible switches, the reference voltage should be + 5V

and the output will ﬁt? negative, ;
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current would also affect the acey 8¢ drop acrony such 4 1, A wach
; E racy, ' . UCh 3 Jarge resistor dus
e i ) . cy. The 16 resistoy due
{0 s reaﬁonable, othfarwmc loading effect wi]| be :«hChmrie oA amallest resistor value 23
accurate ratios over such a wide range LSp(mf‘ lrhe difficulty of achicving and
& €8pecia i

2.5 * s ing
tainiie = 4 : :
mamte of W eighted resistor DACs to below 8.bi ly in monolithic form restricta

.. -hes in Fig. 10.3 (a) are in series wi i
’ switc with résistors and ¢ i -
very low and they should have zero offset voltage Bipolzﬁ-g:ref;e?ettg n;!rm r%urfm,—mm
. S1ISU0TE GO LA perio

St be . .
must O oltage switches, due to the inherent offset voltage when in saturation. H
n. However, by

we.ll ga?“ OSFET, this can be achieved.
“Herent types of digitally controlled SPDT electronic switches are available of whick tws
e Ul P AL LY

shown in Fig- 10.4. A totem-pole MOSFET driver in Fig. 10.4(a) feeds each resistor
d to t-]_q_e mvertmg mput terminal ‘a’ of Flg 10,3(3). The two Complemmwrv‘;am
pputs and Q c'ome. from MQSFET S-R flip-flop or a binary cell of a register which Iw]d_;_

f the digital information to be converted to an analog number. Assume a negative

B oné bit 0 . y A
C Jogic, i.e. logic ‘1’ corresponds to — 10 V and logic ‘0’ corresponds to zero volt. If there is T’
=1 and R = 0 so that @ = 1 and @ = 0. This drives the transistor @, on.
nnecting the resistor R, to the reference voltage —V whereas the transistor @

BT Ay
racy of the y “Histirg snd the

protletin ssacrigted
¢ DAC i3 the wide

Chapter10

:» the bit line, S

§ thus co e oy e 12
!\ remains off. Qimilarly a ‘0’ at the bit line connects the resistor R, to the ground terminal. ;
itch of Fig. 10.4(b) consists of CMOS inverter feeding an op-amp voltzg

i Another SPDT swi

follower which drives R, from a very low output resistance. The circuit is using a positive

Jogic with V(1) = Vg =+5 V and V(0) = 0 V. The complement Q of the bit under consideration ‘.

is applied at the input. Thus Q = 0 makes transistor @ off and @, on. The output of the™
CMOS inverter is at logic 1, that is, 5 V is applied to resistor R, through the voltage follower.

And if 6 = 1 the output of the CMOS inverter is 0V connecting the resistance R, to ground.

\/ ~Vg(=10V) / Ve(5V)
A .

B ORI

S AR AT i B

!

A

g ‘h':}s;. F o ) |

| Bitline. . o R |

{ g ‘ ——”:: & ¥ F;]Q1 '—V\W‘\——éa
| o flpke Rt -RIgt) ) a

__”: Q, e e

o - Op-amp Q . input fine
g ' input line e

@ K : + (®)

iy E " ‘-‘ " . ; . - = 5 % : .
* Fig. 10.4 (a) A totem pole MOSFET cwitch (b) CMOS inverter 33 switch
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EIPE Linear Integrated Circuits

Wide range of resistors are required in binary weigh
avoided by using R-2R ladder type DAC where only two v
75 well suited for integrated circuit realization. The typica
to 10 kK. . i osition

For simplicity, consider a 3-bit DAC as shown in Fig. 105 (a),,th,?eeghfost‘;’lgcglfivalem
d, dy d3 corresponds to the binary word 100. The circuit can be simpll ld . g baeasily
form of Fig. 10.5(b) and finally to Fig. 10.5 (©)- Then, voltage at noce

calculated by the set procedure of network analysis as

2
I -V —R
VY R(3 )= Ve

e DAC. This can be
tors are required. It
ranges from 2.5 kQ

ted resistor typ
alues of resis
1 value of B

2R+—2§R 4
, -y .
The output voltage is . PZ} (Vf) (-H-’ v ?’ﬁ'f}ﬁ)
‘ Vp ¢ K
V= ﬂ(_ﬁ)=ﬁ=ﬁ_&
TR 4) 2 2
—/ VYWV
2R

-
Vo
Lo
Vo

."‘,;;L
?tm z %& N W)
a7 v OF
_‘RJ’V /j ‘.'b i
(c) ?R ol v a? 3

Fig. 10.5 (a) R-2R ladder DAC (b) Equivalent dircuit of (a), (c) Equivalent circuit of (b)
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*10.7 (a) where the position of MSB and LSB is interchanged. Here each input binar

_witch position corresponding ¢ :
W Ponding to the binary word 001 in 3 bit DAC is shown in Fig:

ivalent form of Fig. 10.6 (b). The voltages
s are easily calculated in a similar fashion

h _— :
The circuit can be simplify

6@ u:.d to the equ

10: ¢ nodes (A, B, C) formed by resistor branclze

e
at th . output voltage becomes
nd the

(b)

In a similar fashion, the output voltage for R-2R laddet
3.bit binary words can be calculate3> |

10‘;.3/ Inverted R-2R Ladder

In weighted resistor type DAC and R-2R ladder type DAC, current flowing in the resistors
changes as the input data changes. More power dissipation causes heating, which in turn,
creates non-linearity in DAC. This is a serious problem and can be avoided completely In
Inverted R-2R ladder type DAC’. A'3-bit Inverted R-2R ladder type DAC is shown in Fig.

vy word
connects the corresponding switch either to ground or to the inverting input terminal of the

op-amp which is also at virtual ground. Since both the terminals of switches d; are at ground

potential, current flowing in the resistances is constant and independent of switch position,

ie. independent of input binary word. In Fig. 10.7 (a), when switch d, is at logical ‘0" 1.e., to
the left, the current through 2R resistor flows to the ground and when the switch d; 1s at
logical ‘1’ i.e., to the right, the current through 2R sinks to the virtual ground. The circuit
has the important property that the current divides equally at each of the nodes. Thus is
because the equivalent resistance to the right or to the left of any node is exactly 2 R.iThe
division of,the current is shown in Fig. 10.7 (b). Consider a reference current. of 2 . Just
to the right of node A, the equivalent resistor is 2 R. Thus 2 mA of reference input current

divides equally to value 1 mA at node A. Similarly to the right of node B, the equivalent

resistor is 2 R. Thus 1 mA of current further dizgdes to value 0.5 mA at node B. Similarly,

current divides equally at node C to 0.25 mA.(The equal division of current in successive
nodes remains the same in the ‘inverted R-2R 1adder’ irrespective of the input binary word.
ilfllulsi the currents remain consta_nt in each branch of the ladder. Since constant cx_})rrent
cirp €s constant voltage, the laddér node voltages remain constant at Vg/2°, Vg/2!, Vy/2°. The

cuit Wf)rks,qn the principle of summing currents and is also said to operate in the current
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m Linear Integrated Cireuits =~

current mode or invert.ed ladder is thg "
th changing input binary words (COdeg) tce
ffects on the performance .f the

8

:‘I‘Odt‘. The most important advantage of the cur
e ladder node voltages remain constant even wi

v . a
“?‘"‘-". capacitances are not able to produce glow-down €
cireuit,

It may be noted that the switches used in Fig. 10.7(a) are thet SdP gfh::'lttshe“ dlscuased
earlier, According to bit d,, the corresponding switch gqta cpnnec te Pl g‘;ound for ¢
=0 or to -V} for d, = 1. The current flows from inverting input term d. th ~ Vg for ;=
and from ground to ~Vy for d, = 0. Regardless of the binary input word, the current jp , g
resistive branches of the inverted ladder circuit remains alvyays con@tan}t}: as expla_lned in Fig
10.7(b). However, the current through the feedback resistor £ is ht t49 ;}Jm{rung Currep,
depending upon the input binary word. It may further be mentlon?d't ak llg' 0'7_ (b) Showg
only the current division for making the analysis simple, though it is a voltage driven DAC

10.2.4 Multiplying DACs

A digital to analog converter which uses a varying reference voltage Vg is called a multiplyip,

D/A converter (MDAC). Thus if in the Eq. (10.1), the reference voltage U is a sine wave givey
by

vr(t) = Vi, cos 2nft

Then, vo(t) = V,, cos (2rft + 180°)
-V A
\/Rc TR T YR L
2R 2R 2R _ S
d,(MSB) d, d,4(LSB) “~ R
0
, ? f =
1] i v
_ - 0

@ J=_

A R B R C 2R
VAN — AV

«— | «— f—
2mA 1mA 0.5mA

ama PR T 2R I

imA [ d=1  05mA [d=0 0.26m

| —1
¥ - +—I,
' (b) T

Fig. 10.7 (a) Inverted R-2R ladder, DAC (b) Inverted R-2R la ing division
¥ of current for digital input word 001dde.r T B

where V,, will vary from 0\{ to (1-2™ v, depending upon the input code. When used 11];: :
this, MDAC behaves a8 a digitally controlled audio attenuator because the output Yo
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of the voltage representip

. . g the i
gion digital logic. If fo) 1
8" lled by 4181 . ! Iolloweq 4, cod
g’ﬂtro llemable integration whijch, can ban oP-am inte;r:::)d fhe attenuator seétting can be
a e d T, the
P ators, filters: th
08¢

5 Monolithic DAC
104 hic DACs consisting of R.

M"%ohlo, 12, 14 and 16 bit resolutiy, fron. SWitches an
for

M Varioug g
ith a current output. The SE/Ng 50 :
D ACeW;:-e hybrid D/A converters available ip DATS2 8
el

2R laddey

ith a voltage output.
- series for current as well as

. as eight input date 1 gic with settling time around
‘ 1but data lineg d, (MSB) through dy (LSB). It
uires 2 mA reference grurrent‘éf;(}r full scale nput and two power supplies V, =8+ 5V and
red™ 5V (Vgg can range from — 5V to —15 vy, 1y, total refere
BB istor Ry and voltage reference
by ¢

nce current source is determined
Ly ce Vy and is equal to VR/Ry4 = 5V/2.5 kQ = 2 mA. The
2 dstor Rys = R, match the input lmpedance of the reference source. The output current I,
:5 calCUlate as
Ve | < oni
I = & ZdiZ‘l di=0or1
o R14 i=1

For full scale input (i.e. dg through d, = 1)

i=1

8
L==2Y_ | $1x2| =2 mA (255/256) = 1.992 mA
°” 2.5kQ

The output is 1 LSB less than the full scale reference current of 2 mA. So, the output
e 0 . .
voltage V, for the full scale input 1s

V,=2 mA (255/256) x 5 kQ = 9.961 vV
In general, the output voltage V, is given by

Vi d . g 9'13_++-4‘L]
Vo='§i‘Rf|:2+4+8 256

.. dding resistor
- from -5V to+5V by a Yios
. d for bipolar range Ir esistor Rp supphe
The 1408 DAC can be cahbrati in 4 as shown in Fig. 10.8 (b}' gltecinem generated by
R (5 kQ) between Vg and 0}1: tpl:ml))ut in the opposite direction 0
ImA (= Vi/Rp) current to the o

g a .

o 79-i | (Va/Rp)
I; = Io _ (VRIRB) = (VRIRM) L:z;dﬂ ] (

] : tput becomes,
R b rd = 00000000, i.e. Z€r° input, the outpu! At -
2% binary input word = V5 % 5 kQ=—
 V=[R=(,- WRR= O |
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“eay Intograted Circuits

For binaye
Ay input word = 10000000, output V, becomes

Vo=, - vurpr, = (ViR p) (dy/2) — (Vi/ Ry Ry

=G VRS k) (1/2) ~ (5 V/6 k€)] 5 kQ =(1 mA = 1 mA) X 5 kQ = 0V
Y Pt word = 11111111, output V, becomes

= VR (2551266) — (VRpIR, = (1992 mA - 1 mA) X 5 kQ

=0.992 mA x 5 kQ = + 4.960 V

For l\m

Vee(+5V)
13 | Rig
(MSB) d, —{5 14 F—AAMAA——0 V(+5V)
d, —|g 2.5k
d; 7
d,—g .
d,_|g 1408 Ry
———AAAAA——
ds —10
d; — 11 4 Out _5kQ
d,—{12 <«
® 1463 1 215— ° 741 =0
+ Vo
15pF Ris 2 2.5kQ
Veel:8V) T T F
(a)
Ry
14 +
2.5kQ =
5kQ
R
1408 . R,
1 ’
4lout "™ Y sk
sy T I >\
. T8
1215 * Vo

L:J R,
15pF‘_1 2.55kQ L

VEE("5V) (b)

Fig. 10.8 1408 D/A converter (a) Voltage output in unipolar range (b) Modified circuit for bipolar output
ar ou

Example 10.1
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colution SRR DA and AT Cotivainiiy %7
The output voltage for iy S
10.3 mV (1 x 28 4 ¢ ‘3“';1?1101)111

103111\7(367)-—378V x 2 +1><25

n

i ) MSB and f
| range ull scale output for an 8-bit DAC for the 0to 10V
: Solution
LsB=1_ 1
2% 95g
: For 10 V range, LSB = M_
‘ 256 39 mV
— (1
and MSB = (5) full secale = 5V

Full scale output = (Full scale voltage — 1 LSB)
Example 10.3

What output voltage would be produced b
; a D/IA .
V and whose input binary humber is y converter whose output range is 0 to 10

(i) 10 (for a 2-bit D/A converter)
(i) 0110 (for a 4-bit DAC)
(iii)) 10111100 (for a 8-bit DAC)

Solution

G) v, = 10V(1xl+0xl)=5v
"9 4

s — 1 1 1 1
(i1) V0—10V[0x§+1x§+1 = +H0X 24)

#-10(1 1) 3.75.V
4 8
(m) V =10V (1l x 1/2 + 0 X 1/22+ 1x1/2% +1x1/2"+1x 128

+1><1/26+o><1/27+0x1/28)
=10V (1/2 + 1/8 + 1/16 + 1/32 + 1/64) = 1.34 V

g, 4
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10.4” DAC/ADC SPECIFICATIONS

(I,Both D/A and A/D converters are available with w.ide range of spec;ﬁc:tm;lss a'f:l:n‘;al;lzo:ds
important specifications of converters generally specified by the manulac l‘i:re which may 5@
Resolution: The resolution of a converter is the smallest change in voltage

produced at the output (or input) of the converter. For example, an 8-bit D/ﬁzcsc;)lvei‘rzﬁz 1;_1:1?
2%_1 = 255 equal intervals. Hence the smallest change in output voltage is ( 0
scale output range. In short, the resolution is the value of the LSB. =

Resolution (in volts) = 2&? 1LSB increment (10. 3)“ ‘
However, resolution is stated in a number of different ways. An 8-bit DAC is said to have

: 8 bit resolution
: a resolution of 0.392 of full-scale

: a resolution of 1 part in 255

Similarly, the resolution of an A/D converter is defined as the smallest change in analog
input for a one bit change at the output. As an example, the. input range of an 8-bit A/D.
converter is divided into 255 intervals. So the resolution for a 10 V' input range is 39.22 mV.
(= 10 V/255). Table 10.1 gives the resolution for 6-16 bit DACs. b

Table 10.1 Resolution for 6-16 bit DACs

Bits .. Intervals LSB size - . lsBsize .
‘ (% of Full Scale) - (10 V Full Scale)
6 63 1.588% . 158.8 mV
8 256 0.392% 39.2 mV
10 1023 0.0978% 9.78 mV
12 4095 0.0244% 244 mV
14 16383 0.0061% 0.61 mv
16 B 65535 0.0015% 0.15 mv
Linearity: The linearity of an A/D or 9
D/A converter is an important measure of - i
1its accuracy and tells us how close the Vis ‘ 7,
~lN

converter output is to its ideal transfer
characteristics. In an ideal DAC, equal
increment in the digital input should
produce equal increment in the analog
output and the transfer curve should be
Linear. However, in an actual DAC, output
voltages do not fall on a straight line because
of gain and offset errors as shown by the
solid line curve in Fig. 10.17. The static
performance of a DAC is determined by

Analog signal——»
| b |am|wN|=m|ns]w o~
<
T

<
@
T

@
™

1

-
w

<
@

-

<
a

\

]
000 001 - 010 011 100 101 110 111
Digital word ———» ;

Fig. 10.17 Linearity error for 3-bit DAC
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traight line through t} L “M‘A;nf"ﬁéﬁ‘%ﬁafif
1ting & SUTRIEHE 8h the meagyye . R
cfilzi'iation of the “Cltluall output from the fittélclollilxigl:nl(’l";:tﬂ.. The linearity errop measures the
The error is u;ua y LXpresse.d as a fraction of LSB inf:\:on by €/A as shown in Fig. 10.17
oltage. A good converter exhibitg g lineari ‘rement or percentage of fu‘ll~sc31(;_

Accuracy: Al?solute accuracy ig - lens than + (1/2) 1.9B,
output and the ideal converter outy Viation between the actual
ain and offset errors have been removed, y is the

maximum deviat;
Data she eviation afte
» ets norm : . T
rather than absolute accuracy. The Accuracy of a converter g :llly specify relative accuracy
8

jncrements oOr percentage of full scale voltage, 0 specified in termg of LSB
Manotoniczty:.A monotonic DAC is the one whoge an -
in digital input. Figure 10.18 represents the alog output increases for an increase

converter

transfer curve for a non-monotonic DAC, Ty

since the output decreases when input code g Fs|

changes from 001 to 010. A monotonic 4 Vs

characteristic 18 es‘sential in control %V,s_

applications, oth'erw1se oscillations can 1y,

result. In successive approximation ADCs, % L

a non-monotonic characteristic may lead to g,, B VRS

missing codes. g % Voo

 If a DAC has to be monotonic, the error g Av k-

should be less than + (1/2) LSB at each 8'Fs L 1 | | | o
output level. All the commercially available 000 001 010 011 100 101 10 111
DACs are monotonic because the linearity Digitat word ——
error never exceeds + (1/2) LSB at each Fig. 10.18 A non-monotonic 3-bit DAC

output level.

Settling time: The most important dynamic parameter is the settling time. It represents
the time it takes for the output to settle within a specified band + (1/2) LSB of its final value
following a code change at the input (usually a full scale change). It depends upon the
switching time of the logic circuitry due to internal parasitic capacitances and inductances.
Settling time ranges from 100 ns to 10 pus depending on word length and type of circuit used.

Stability: The performance of converter changes with temperature, age and power sup[_ﬁy
variations. So all the relevant parameters such as offset, gain, linearity error and monotomeity
must be specified over the full temperature and power supply ranges.

A brief overview of ADC and DAC selection guide is given below:

A/D converters:

AD 7520/AD 7530 10-bit binary multiplying type
AD 7521/AD 7531 12-bit binary multiplying type
ADC 0800/0801/0802 8-bit ADC

B/A converters: ' C .

AC 0800/0801/0802 8-bit DA : -

DAC 0830/0831/0832 microprocessor compatible 8-bit DAC
DAC 1200/1201 12-bit DAC ible DAC
.DAC 1208/1209/1210 12-bit microprocessor compatible
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