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D/A andA/D Corverters

Thislecture describeghe specificationgnd principlesof opefation of A/D and D/A corvertes.
After this lecture you shouldbe ableto specifythe required numberof bits of accuracyfor a givenvoltage range and

maximunmallowederror.

You shouldalso be able to statethe purposesof the following circuits: sample-and-holdmultiplexer, differential

amplifier andlow-pasdilter.

Digital-to-Analog Cornversion

A digital-to-analogD/A) corverter(DAC) is a chip

or circuit thatconvertsa digital numberinto anana-
log voltage or current. D/As are usedto control

devices that require a rangeof control voltagesor

currentssuchaselectro-acoustitransducergspeak-
ers),sometypesof variable-speedotors,andmary

otherapplicationswherean analogsignal outputis

required. The mostcommonapplicationis to [re-

]Jcreatewaveformsfrom digital signals—for example
in CD players.

D/A Converters

A D/A converter canbe visualizedasa circuit that
addsup a numberof voltagesunderthe control of
a digital signal. Eachvoltagecanbe turnedon and
off by anelectronicswitchwhichis controllerby the
digital input. The circuit belov shavs a 3-bit D/A
consistingof a summingamplifier fed by threedif-
ferentvoltages. Dependingon which switchesare
closed,the outputcanrangefrom 0 to 7 volts. By
usingdigital signalsto control the switcheswe can
build a circuit whoseoutputvoltageis proportional
to thedigital value.
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Exercise: What is the maximum output voltage? What digital
input is required to produce this output? What is the minimum
output voltage? What is the corresponding digital input? By how
much does the output vary for each increment in the digital input?
How would these values change if the analog reference inputs
were 0.2, 0.1 and 0.05 volts?
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D/A Cornverter Specifications

Many different Digital-to-Analog corverters are
commerciallyavailable, both as chips and as sub-
systemgmodules,boards,etc). To selectthe right
D/A corverter it is necessarnto understandD/A
specifications. The mostimportantspecsare reso-
lution and settlingtime. In someapplicationsother
specificationsuchasslew rate linearity, monotonic-
ity may also be important. Thereare also various
typesof digital and analoginterfaces. Sincediffer-
entmanugcturersusedifferentdefinitionsfor some
of thesespecificationst is importantto checkeach
manufcturers definitionswhencomparingdevices.
The resolution(output stepsize) is given by the
outputvoltagerangedividedby the numberof possi-
ble outputlevels. An N-bit DAC canoutput2\ dif-
ferentlevelsin 2N — 1 steps. N rangesfrom 6 (for
simplehigh-speedorverters)up to 20 or more (for
precisioninstrumentation).

Exercise: You need to produce a voltage with a resolution of
20mV and an output range of 0 to +5 volts. How many bits of
resolution are required?

Theaccuacyis themaximumdifferencebetween
the outputandthe theoreticaloutput. This is typi-
cally (but notalways)this is approximatelythe same
astheresolution.

The settlingtime is the time it takes the output
to reacha percentagée.g. 99%) of the final value.
Valuescanrangefrom hundredsof millisecondsfor
high-precisiorunitsto nanosecond®r devicesused
in high-frequeng waveformgenerators.

Thelinearity is the maximumdifferencebetween
the output and a linear interpolation betweenthe
minimum and maximumvalues. This is usuallyon
theorderof 1/2N.

Theoutputis monotonidf anincreasen thedigi-
talinputalwayscausesnincreasen theanalogout-



put. Thisis usuallyguaranteed.

Therearevarioustypesof digital DAC interfaces.
Somedeviceshave chip-selecandaddresginsand
canbeeasilyinterfacedto microcomputerssif they
wereperipheralkchips. Otherdevicesomit the regis-
tersandthusrequireadditionallogic to interfaceto a
microprocessor

Thereare varioustypesof DAC output circuits.
Somearedesignedo generate current(ratherthan
avoltage)thatis proportionato thedigital input. Of-
ten the DAC is simply is a setof N switchesand
anaccuratevoltagedivider network andan external
voltagereferencanustbesupplied.

Finally, therearedifferentwaysof manugcturing
DAC devices. In additionto the standardnonolithic
ICs,therearealsohybriddevicesthatmountIC chips
togethemwith a smallnumberof discretedevicesinto
an IC-like package. This allows the manubcturer
to adjust(“trim”) eachdevice duringmanufctureto
obtainhigherprecision.TherearealsoDAC modules
in whicha D/A corverterbuilt from discretecompo-
nentsis packagedn a sealedmodule. Hybrids and
modulestendto be usedfor higherperformancele-
vices.

Analog to Digital Converters

A controlleroften hasto measurea physicalquan-
tity, for exampletemperaturepressureforce, etc.
A sensaor often called a transduceris usedto con-
vert this physical quantity into an electrical signal
(currentor voltage). This electricalsignalmustthen
be corvertedinto a binary numberso that the digi-
tal controllercanuseit. An analogto digital (A/D)
converter(ADC) performsthis function.

Comparators

The simplesttype of ADC is a comparatar As its
nameindicates,a comparatoicompareswo analog
inputs (say Vi, andvef) andoutputsa logic signal
whichiis high if v, is greaterthanv,g¢ or low oth-
erwise.ComparatorgareavailableasICs, oftenwith
two or four unitsin onelC.
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The comparatocanbe consideredo be a one-bit
ADC sinceit’s outputtells uswhethertheinputvolt-
ageis above or belav thereferencevoltage.

Althougha comparatodoesnot offer muchpreci-
sion, it is oftensuficientsincefor mary applications
it's only necessaryo determinevhethersomequan-
tity is above or belav somethreshold.Comparators
alsoform the basisof othertypesof A/D corverters
aswill bedescribedelow.

Typesof A/D Corverters
Flash Converters

A simplewayto getbetter(morebits of) resolutionis
to usemorecomparatorsAs shavn belaw for a2-bit
flashconverterwe canuse2N — 1 comparatorssup-
plying themwith referencevoltagesthatareequally
spacedver the desiredcorversionrange.The other
comparatoinputsareconnectedo theinput signal.
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All of the digital outputsconnectedo reference
voltagesbelav the input signalwill be true andall
of the outputswith referencesignalsabove the in-
put signallevel will be false. The outputlogic cir-
cuit corvertsthese2N — 1 binaryvaluesinto anN-bit
number

Successie Approximation Converters

Anotherapproachs to usea D/A corverterto gener
atethereferencevoltageanda singlecomparatoto
comparethis voltageandtheinput. A digital circuit
canstepthe D/A outputup throughthe possibleval-
uesuntil the comparatoindicatesthatthe reference
signalis greatetthantheinput signal. Thedigital in-
putto the D/A would correspondo thevoltagestep
thatis the next-highestto the input signal. This ap-
proachwould take upto 2N comparisons.
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A fastermethodis to usea binary search. The
control circuit first testswhetherthe analoginput
is greaterthan or lessthan half of the D/A output
range.Thisfixesthevalueof themostsignificantbit.
Thenthe controllertestswhetherthe valueis greater
thanor lessthanthe half-way point of theremaining
range. This setsthe next most-significanbit. The
processs repeatedintil the valuesof all of the bits
aredeterminedThetime requiredfor this methodis
aboutN timesthe D/A settlingtime.

Thismethods sloverthanaflashcorverterbut re-
ducesthe numberof comparatorsequired. Succes-
sive approximatiorconvertersareprobablythe most
commontype of general-purposADCSs.
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Exercise: A 12-bit ADC is to be built using a DAC with a
100ns settling time. Approximately how long would each con-
version take for an ADC which did a linear search? For a

successive-approximation ADC?

Single-and Dual-SlopeConverters

A different approach, commonly used in high-
precisionlow-speedADCs, is to usetheinput signal
to chage up a capacitoruntil the capacitorvoltage

reaches fixedthreshold.A digital circuit measures

thetime requiredto reachthis thresholdby counting
thenumberof pulsesrom afixed-frequeng clock.

This approachs oftenusedin slow, low-precision
convertersbecausevery little hardware (one com-
paratorandonedigital outputto resetthe capacitor)
is required.

Oneproblemwith this approacthis thatvery accu-
ratecomponentsarerequiredo obtainpreciseesults
(e.g.thecapacitorsaandresistorsusedin theintegra-
tion). A slightly differentapproachs to usethein-
put voltageto chage up the capacitorasbefore,but
to dothis for afixedtime. Thenthe capacitotis dis-
chagedby areferencevoltageandthedigital control
circuit measureghetime requiredto completelydis-
chagethe capacitar Theratio of thedischagetime
to the chaging time is the ratio of the unknavn to

the known voltage. This dual-slopemethodis inde-
pendentof the valuesof the integrator components
becaus¢hesamecircuitis usedfor chaging anddis-
chaging.
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This method can be quite slov since suficient
conversiontime must be allowed the countermust
countup to 2N. However sincethis methodis quite
accuratet is oftenusedin high precision(e.g. more
than16-bit) converters.

Voltage-to-FrequencyConversion

Yetanothemethodof convertingfrom avoltageto a
numbeilis to usetheanalogvoltageto controlthefre-
gueng of anoscillator VariouscircuitsandIC’s are
availablethatoscillateat afrequeng proportionalto
aninputvoltage.A countercanbeusedto countthe
numberof pulsesproducedn a fixed time andthis
becomeshedigital output.

This approachis alsorelatively slow but alsore-
quireslittle hardware.

A/D Specifications

The mostimportantspecificationdor an A/D con-
verter asfor a D/A corverter aretheresolutionand
accurag (numberof bits) andthe corversionspeed
(in microsecond®r milliseconds). Corvertersare
availablewith resolutiondrom 6 (for somevery fast
flashcorverters}o 18or more(slowv dual-slopenod-
elsfor high-precisiomapplications).

Exercise: You need to measure a voltage with an accuracy of
5 mV. The input will range from -10 volts to +10 volts. How many
bits of resolution are required?

Otherspecificationssuchaslinearity and mono-
tonicity aresimilarto thespecificationgor D/A con-
verters.

A/D corvertersalso differ in the input voltage



rangeghatthey cancorvert andin their digital out-
putinterfaces.

A/D Digital Interfaces

Aswith D/A corverters A/D corvertersareavailable
as chips (monolithic or hybrids) that can be inter

faceeasilyto a microcomputemasif they werestan-
dardperipherakhips. Most typesof D/A corverters
needto be suppliedwith a periodic clock signal, a
“start conversion” signalandthey generatea “con-

versioncomplete”statussignalwhenthe corversion
is done.Thesoftwarethathandlegshe A/D mustgive

the commando startthe conversion(e.g. by setting
a controlbit), andthenwait until the statusbit indi-

catesthatthe conversionis completebeforereading
theresult.

Successie-approximationADCs often provide
their outputsin a serialformat, onebit at atime, as
theconversiontakesplace.

Exercise: In what order would you expect the output bits from
a SA ADC with a serial output appear ?

Sampleand Hold

If the analogsignal changeswhile a corversionis

takingplace the ADC couldproduceanincorrectre-
sult. A device calleda sample-and-holdanbeused
beforethe ADC to hold thesignalattheinputto the
ADC constantThisdevice samplesheanalogsignal
atits inputfor a shorttime andthenholdsthatvalue
fixed at its outputuntil the next sampleis required.
Thediagrambelov shavs how thedevice works. An

electronicswitch is usedto connectthe analogin-

put to a capacitorduring the samplingtime. During
the“hold” time the switchis opened An outputam-
plifier with a very high input impedancds usedin

orderto avoid dischaging the capacitorduring the
holdtime.
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Multiplexers

Oftenseveralanalogsignalsneedto bemonitored.If
a sufficiently fastA/D corverteris available, its in-
put canbe switchedbetweerthe varioussignalsus-
ing an electronicsingle-polemultiple-thrav switch.
Thisdeviceis calledamultiplexer. Many ADC chips
have built-in multiplexersandS/H circuits.

Differ ential Amplifiers

Often the quantity of interestis the differencebe-
tweentwo voltages(e.g. the voltagedrop acrossa
resistor)ratherthanthe differencebetweena signal
andground. The circuit shavn belov combinesan
invertinganda non-irverting amplifierinto a device
calledadifferentialamplifier Thiscircuitis alsouse-
ful when an undesiredsignal (noise)is presenton
bothinputs. Sincethe differentialamplifier only re-
sponddo the differencebetweerthetwo voltagesit
will notrespondo thiscommon-modaoise.

Low-PassFilters

Oftenthe signal of interestis changingslowly (e.g.
the voltageoutputof a batteryasit dischages)but
has an additional higherfrequeng componentsu-
perimposedn it (e.g. voltagefluctuationsdueto a
rapidly changingload). A circuit calleda low-pass
filter will allow theslowly-changing(low-frequeng)

signalcomponento pasghroughto the outputwhile

removing or attenuatingthe fast-changing(high-
frequeng) component.Filters (low-passaswell as
othertypes)canbebuilt usingop-ampsresistorsaand
capacitors.



