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Lecture — 19
Digital to Analogue Converters

I welcome you all to today’s NPTEL online certification course on Mechatronics. Today
we are going to talk about Digital to Analogue Converter. And, before that, 1 would like

to discuss the representation of any signal as a Fourier series.

(Refer Slide Time: 01:15)
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A digital to analog converter is used in the output signal conditioning and interfacing. So,
as | have been talking to you that the signals which we get from the microprocessor are
digital control architecture. These signals are digital in nature and these signals need to be
converted into the analog signal if you want to send or if you want to send those signals to
an actuator. Then we require the digital to analog converter.
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Fourier Series Representation of Signals

* Fundamental premise for the Fourier series representation of
a signal is that “any periodic waveform can be represented as
an infinite series of sine and cosine waveforms of different
amplitudes and frequency”.

* When this infinite series is summed up, it will reproduce the
original periodic waveform exactly.

* In practice, we do not need the entire infinite series because a
finite number of the sine and cosine waveforms can
adequately represent the original signal.

Fourier series representation of the signal, | wanted to have a little discussion on this topic
here before | present to you the digital to analog converter. This gives us some
visualization about analog signal and its mathematical representation that is the
mathematical representation of the analog signal.

The fundamental premise for the Fourier series representation of a signal is that any
periodic waveform can be represented as an infinite series of sine and cosine waveforms
of different amplitudes and frequencies. When this infinite series is summed up it will
reproduce the original periodic waveform exactly. In practice, we do not need the entire
infinite series because a finite number of sine and cosine waveforms can adequately

represent the original signal.
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* Fundamental (first harmonic w): It is the lowest frequency
component of a periodic waveform.

* The other sine and cosine waveforms have frequencies that
are integer multiples of the fundamental frequency w.

+ The 2nd harmonic would be 2wy ;"
* The 3rd harmonic would be 3w€, and so on.

* The Fourier series representation of an arbitrary periodic
waveform F (). )can be expressed mathematically as:

So, the fundamental or the first harmonic frequency w, is defined as the lowest frequency
component of a periodic waveform. The other sine and cosine waveforms have frequencies
that are integral multiples of the fundamental frequency w,. So, the 2nd harmonic would
be represented as 2w,; the 3rd harmonic will be represented at 3w, and so on. The Fourier
series representation of an arbitrary periodic waveform F(t) can be expressed

mathematically as this.

(Refer Slide Time: 04:03)

‘/ A 1@;5 (nwgt) + X @?n(w)

. Where Co is DCcomponent of signal
* Two summations are infinite series of sine and cosine
Zﬁeﬁ“c‘)rms

fo ) cos(nawyt)dt -
@ f F(t)sm(nwot)dt/
f F(t)dt =

. T|s perlod of the waveform -

So,
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F(t) =Cy+ A, cos(nwyt) + B,, sin(nwyt)

n=1 n=1

Where C, is a DC component of the signal. Then, the 2 summations here are the infinite

series of sine and cosine waveforms.

Now, here this A,, is defined like,

2 T
A, = T,f F(t) cos(nwyt)dt
0

2 T
B, = 7] F(t) sin(nwyt)dt
0

And,

C —1fTFt dt—AO

Here T is the period of the waveform.

(Refer Slide Time: 05:15)

I @000 ]
Example: Ideal square wave as an example of periodic

waveform

* Square wave is defined Ft)
mathematically as

1/0 T/Z/

<t<

. F(r)={ N T 1 R
-1, T/2<t<T. °

* \Where Tis the /perlod .

So, suppose we have a ideal square wave as an example of the periodic waveform. So, |

1

have an ideal square wave whose magnitude is 1 between 0 to T/ 2, and between T/ 2 and

T, itis -1, where T is the period. So, the square waveform is defined like this.
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& A= %fOTF(t) cos(nwyt)dt r

2 [ (712 T
=—U Lcos(nwot)dt+[ —cos(nwot)dt‘
T'{Jo 7R

2

~ (sin(nwot))”2 (sin(nwot))T
T\ (nwp) 0 (nwo) /2
. Fundame?tal frequency of a square wave is related to period as
n

Wy =7
T
* Substituting in A, we get A, = 0; soalso Ay = 0 (as sinnm = 0)

Now, this waveform if | want to represent mathematically that is the using the Fourier

series, then we can evaluate the different components here. That is, we can evaluate C,,
we can evaluate A,, and we can evaluate B,,, then we can see that how we can represent

this signal. So,

T
A, = %fOT F(t) cos(nwot)dt:% [JZ cos(nwot) dt + [ —cos(nw,t) dt]
2

=2 [(M)g B (M)T
r 0

Nwy Nwo T/Z

And, we know that the fundamental frequency of a square wave is related to period as

Wy = 2?" If we substitute here,

We get 4,, =0 and so, also A, =0 because here we will be getting sin(nr) type of terms.

If I am putting w, = 2?” This is what | am going to get.
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* The coefficient B, can be found as

2 T/ ; s
* B, =;f0/F(t)sm(n/w0t)dt &

2 T/2 T

= —U f sin(nwot)dt—f f sin(nwot)dt]
T\, T/2
2 ( cos(nwot)>T/ . (cos(nwot))T

==|- +
T (nw,) i (nw,) ”

2
= ——[-cos(nwyT/2) + 1+ cos(nwyT) — cos(nw,yT/2)]
n(l)oT S

Then we can similarly find out the,

T
B, = %fOT F(t) sin(na)ot)dt:% [f05 sin(nwyt) dt + f;T —sin(nwyt) dt]

() - ()

=2 [— cos (na;°T) + 1+ —cos(nwyT) — cos(nwyT/2)]

n(l)oT

(Refer Slide Time: 08:33)

* B, = ﬁoT [ cos(nwyT/2) + 1+ cos(nw,T) — cos(nwyT/2)]
¢ Since wy = 21/T/
* B, = nl—n [~ cos(nm) + 1 + cos(2mn) — cos(mn))]
¢ B, = nl—" [~ cos(nm) + 1+ 1-cos(mn)]
2

© B, =;[1 - cos(nm)]

+ Ifnisodd, B, = 4/nr’ (cos(nm) = =1)*”

* ifniseven B, = 0; (cos(nm) = 1)
dl
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So, this since we have w, = 2?” | can substitute it over here and evaluate these terms. So,

this is what | am going to get. And, you see cos(nm) = —1, and if nis odd so, | can evaluate
B, =4/nn
and if nis even
B,=0
cos(nm) =1
(Refer Slide Time: 09:08)

* So Fourier series representation of a square wave of
amplitudej%is 0

« F(t)= C9/+ Y= Ay cos(nwgt) + =1 By sin(nwgt

* F(t) =By sin(wpt) + Bysin(3wt)+ Ejisin(Sth) 4o

. F(t) =®in(w0t) +2-sin(3gt)+ - sin(Sagt) + -

* Using an infinite sum representation
47
© F(t)=Yn=

@i

So, the Fourier series representation of a square wave of amplitude 1 is given by this one.

)l/

sin[(Zrl: 1)w(Lt] _

So, this is our original equation C, we have evaluated as 0, 4,, is0, C, we have seen this
is 0. So, here we will be getting only odd terms because even terms we have seen that, in

case of even terms B,, = 0.

So, this is what | am going to get B;, B; and Bs and then | can substitute for these 4/m
here, 4/3m, 4/5m and so on. And, using an infinite sum | can represent this as 4 by here

you have the odd terms. So, (2n-1)rr and sin here again you have the odd term.

447



(Refer Slide Time: 10:12)

4 4 4, v
« F(t)= ;sm(wot) + 55m(3a)0t)+ asm(SwUt) +o

7

Individual Harmonics Combined Harmonics

* Asthe harmonic ., /\/\/
frequency amp =ji-( n
increases, the EINAVAVAVAVAVAV g?/v\,x/v\ﬂ]

amplitudes of the amp =40

harmonics o) AW || zs%
e~ £ amp = 4/(5n) 0 “_/”)

decrease.

0,
= 0, 30, S0 ) .
amp=0 v O 304, 304 .., 00,

m—

So, this is how F (t) is represented over here. So, this is the Fourier series representation
of the square wave signal of the unit amplitude; so, now if you look at the individual
harmonics and combined harmonics. So, this w, frequency here we have the amplitude as

4/, this is the waveform, and 3w, as amplitude 4/3m.
So, if I add up these 2, this is what | get.

And, this is the fifth harmonic 5wy,amplitude is 4/5z and if 1 add up these 2 this is what |
am going to get. And, this is the last one infinite w, amplitude is 0 and if | add it up all
these terms so, this is what | am going to get. So, what | am wanted intended to show it
here is that our square wave signal can be represented in this way. That is by the signal
sinusoidal signal of different frequencies and different amplitude. And, as the harmonic

frequency increases the amplitude of the harmonic decreases which we have already seen.
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Spectrum of a Square Wave

Lo

4, 4 4 .
e F(t)= ;sm(wot) - 551n(3w0t)+§sm(5w0t) 4o

* Plot of a unity amplitude
square wave with a DC
offset of 1.5. I

4/(3n)

Signal DC offset

Time -
“71 domain

DC component Time
Spectrum

Frequency
I I domain
1 | | A

a
o 3o, So, To, 90, e, o, Frequency

o,
_

So, the spectrum of a square wave this is your F(t). So, plot of unity amplitude square wave

or with a DC offset if this is 1.5 volt. Then in the time domain if I plot it, this is how the

signal is going to lo like and its spectrum is something like this frequency.

So, this is the zeroth one you have the w, frequency; this is that 1 by 5 the DC offset which

| was talking to you and then you have w, frequency 3w,, 5w,, 7w, and so on. So, as

you can see that as your frequency increases their amplitude decreases and when we sum

up all these different terms we get the required signal.

(Refer Slide Time: 12:53)

Digital-to-Analog Conversion

* A D/A converter allows a computer or other digital device to
interface with external analog circuits and devices.

* The simplest type of D/A converter is a resistor ladder network
connected to an inverting summer op amp circuit.

* This particular converter is a 4-bit R-2R resistor ladder network,
which requires only two precision resistance values (R & 2R ).

* The digital input to the D/A converter is a 4-bit binary number
represented by bits by, by, by, and bz, where by is the least
significant bit (LSB) and by is the most significant bit (MSB).
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Now, let us talk about digital to analog conversion. The digital to analog converter allows
a computer or other digital device to interface with external analog circuit and devices as
| talk to you. These devices could be the actuator. The simplest type of digital to analog
converter is a resistor ladder network connected to an inverter summing operational

amplifier circuit. So, that | am going to discuss with you.

This particular converter is a 4-bit R-2R resistor ladder network that requires only 2 precise
resistance values that is R and 2R and the digital input to the D to A converter is a 4-bit
binary number represented by bits’ by, b,, b,and bsand where b, is the LSB or the least

significant bit and b is the most significant bit or what we call in short as MSB.

(Refer Slide Time: 14:10)

4-bit resistor ladder D/A converter

* Each bit in the circuit controls a switch between ground and
the inverting input of the op amp.

So, this is how this R-2R ladder network comprises of. So, this is your inverting amplifier
operational amplifier. And, here you can see that these source volts and you have R, R, R
here and you have 2R resistor 2R here and this is 2R and here R the switches to switch

between the ground and the input to the inverting amplifier here.

So, these are the by, by, b,and b; which | talked to you with this b, is the least significant
bit and this bs represents the most significant bit. And, each bit in the circuit controls a
switch between the ground and the inverting input of the operational amplifier. So, this is
the inverting input as you can see. So, this is how each bit makes a connection to that.

450



(Refer Slide Time: 15:24)

* To see, how the analog output voltage, V,,; is related to the
input binary number, we can analyze the four different input
combinations 0001, 0010, 0100, and 1000 -and apply the
principle of superposition for an arbitrary 4-bit binary number.

* If the binary number is 0001, the b, switch is connected to the
op amp, and the other bit switches are grounded as shown in 4-
bit resistor ladder D/A with digital input 0001.

Now, to see how the analog output voltage V,,,; is related to the input binary number. We
can analyze the four different input combinations 0001, 0010, 0100 and 1000 and apply
the principle of superposition for any arbitrary 4-bit number, and let us start with the first
one. If the binary number is 0001 the b, switch is connected to the op-amp and the other

bit switches are grounded.

(Refer Slide Time: 16:13)

bjlo‘gllbu 4-bit resistor ladder D/A
000l with digital input 0001

- 1=t
7 +
R L E
R } v T 1

- ——

*+ Because the noninvertinginput of the op amp is
grounded, the inverting input is also at ground as per op Vl/‘_‘_/u = Vﬂj
amp principle. V== v
+  The equivalent resistance between node V/; and ground
is R, which is the parallel combination of two 2R values.

So, as we can see over here. So, this corresponds to 0001. So, here you can see that this

one b 0 is connected to the op amp inverting terminal over here and b 1, b 2, b 3 these are

451



grounded. So, this 001 is like this by, by, byand b5. So, this is there. Now, with this what
happens? So, with this because you see non-inverting input of the op-amp is grounded. So,
the inverting input is also grounded as per the op-amp principle. You can see that this is
grounded over here. So, this one is also grounded and this is what we have assumed when
we have discussed the operational amplifier. So, with this, if this becomes grounded then
this is how our configuration is. So, this R is here this 2R is here and this 2R becomes
something like this. Now, you can see that this 2R and this 2R are in parallel. So, | can
find out the equivalent of that 1/X is (1/2R +1/ 2R). So, this is 1/X is 2/2R or your X = R.

So, the equivalent of this one is a resistor of R ohm.

Now, you see here if | take the drop across this resistor is I/; — V, and this is also the same
resistor. So, that drop is going to be the same and that is equal to V, minus this is grounded.

So, this is 0. So, from here | can get,

(Refer Slide Time: 18:20)

* We have Vo = Srr{rly

==y 2ty
* Vpis |/p to inverting amp||f|er CII’CQJt which has gain of =
R _lv
2R/ 2
* So analogue o/p voltage corresponding to binary i/p

Similarly, I can have,

And,
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And, also you see that Vj, is the input to the inverting amplifier circuit and it has a gain of,

2R~ 2
So, that is there. So, the analog output voltage corresponding to binary input 001 will be
what? It will be amplified by,

Vour = X = Vs

N[ =
Q| =

So, what does this means that if your input is 0001, your output that is if for this digital

input your output is going to be,

(Refer Slide Time: 20:08)

* Similarly
+ forani/p of 0010,V = =3V

« forani/pof 0100,V,,; = —;ll/s,[

* forani/pof 1000,V,y; = —%Vs.u

* The o/p for any combination of the bits comprising the i/p
binary no.can now be found using the principle of superposition
as

' Voyt = b3Vout3/+ bZVout2/+ bl Vout P bOV()urE)/,

Similarly, if | carry out the similar analysis for an input of 0010,

Vs

Vour1 = —

x| =
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if it is 0100 this is,

Vourza = — = Vs

and if it is 100 O this is going to be,

Vouts = Vs

N[ =

Now, the output for any combination of the bits comprising the input binaries number can

be found using a number can now be found using the principle of superposition as this one.
Vout = b3Vours + b2Vourz + b1Vouer + boVouto

So, this way we can have any combinations of the output voltage using the principle of

superposition.
(Refer Slide Time: 21:19)

* IfV;is 10V, the o/p ranges from 0V to ( 15/16)10 V for the 4-bit
binary i/p, which has 16 values ranging from 0000 (0) to 1111 (15).-

* A negative reference voltage V; can be used to produce a positive
output voltage range.,~

+ Either case yields a unipolar ofp, which is either positive or negative
but not both.

* Abipolar output, which ranges over negative and positive values,
can be produced by replacing all ground references in the circuit
with a reference voltage whose sign is opposite to I; .

Now, if V; is 10 volt the output ranges from 0 volt to (15/16)10 volt for the 4 bit binary
input which has 16 values ranging from 0000 which is the Oth one to 1111 which is the

15th one. And, a negative reference voltage (V;) can be used to produce a positive output

voltage range.
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And, either case yields a unipolar output which is either positive or negative, but not the
both and if you need a bipolar output that is which ranges over negative and positive values
that can be produced by replacing all the ground references in the circuit with a reference

voltage whose sign is opposite to that of the V.

(Refer Slide Time: 22:24)

Multiplexers

* A multiplexer is a circuit that is able to have inputs of data from a
number of sources and then, by selecting an input channel, give an
o/p from just one of them.

¢ Inapplications where there is a need for measurements to be made
at a number of different locations, rather than use a separate A/D
converter and microprocessor for each measurement, a multiplexer
can be used to select each i/p in turn and switch it through a single
ADC and microprocessor

¢ The multiplexeris essentially an electronic switching device which

enables each of the iniuts to be samiled in turn.

Next another very important component is the multiplexer which is a type of switch
electronic switch device which are enable each of the input to be sampled in a term. So, a
multiplexer is a circuit that is able to have input of data from a number of sources and then
by selecting an input channel gives an output from just one of them. So, it can select an
input channel and for corresponding to that one it can give an output. In an application
where there is a need for measurement to be made at a number of different locations rather
than using a separate analog to digital converter and microprocessor for each
measurement, a multiplexer can be used to select each input in turn and switch it through

a single analog to digital converter and microprocessor.
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Multiplexer s

Digital o/p
Sampled signal ~ ——

Channel select signal

Signal Conditioners

The scheme could be like, you have a signal conditioning conditioner unit. There are

multiple signals like this. You pass it through a multiplexer over here. There is a channel
to be selected. And, you have a sampled signal here and then it can be sent to analog to
digital converter and you get the digital output from over here.

(Refer Slide Time: 24:03)

L A
The USB 6009 Data Acquisition Card

* The National Instruments USB 6009 is a typical small external
data acquisition card that is connected to a computer through
a USB port.

* |t has A/D conversion capabilities as well as D/A conversion,
digital 1/0, and counters/timers. The 1/0 lines are connected
with wire (16-28 AWG) to the detachable screw terminals.

* The screw terminals 1-16 are used for analog I/O, and
terminals 17-32 are used for digital I/O and counter/timer
functions.

Now, you see that in the last lecture, I have talked about analog to digital converter, in this
lecture | have talked about digital to analog converter. Now, these things are typically

available in the form of a data acquisition card.
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So, | will like to have a small discussion on USB 6009 data acquisition card. So, the
national instrument USB 6009 is a typical small external data acquisition card that is

connected to a computer through a USB port.

It has analog to digital conversion capabilities as well as digital to analog conversion,
digital input-output, and counters as well as timers. The input-output lines are connected
with wires 16 to 28 AWG to the detachable screw terminals. The screw terminal 1 to 16
are used for the analog input-output and terminals 17 to 32 are used for the digital input-

output and counter timer function.

(Refer Slide Time: 25:27)

O

NA
Analog ViNTromeirs
.—/

NI USB-6009
@ [ M-m.m@

Digital

LA K L N N B N X N X X & X J

USB 6009 Data Acquisition Card

So, here you can see that this 1 to 16 are used for the analog input output whereas, 17 to

32 are used for the digital input output.
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* The USB-6009 provides basic functionality for applications
such as simple data logging, portable measurements, and
academic lab experiments.

* The device features a lightweight mechanical enclosure and is
bus powered for easy portability.

* Sensors and signals are connected to the USB-6009 with
screw-terminal connectivity. The included NI-DAQmx driver
and configuration utility simplify configuration and
measurements.

The USB 6009 provides basic functionality for applications such as simple data logging,
portable measurements and academic lab experiments. The device features a lightweight
mechanical enclosure and is bus powered for easy portability. Sensors and signals are
connected to the USB 6009 which is screw terminal connectivity. The included NI-

DAQmx driver and configuration utility simplify configuration and the measurement.

(Refer Slide Time: 26:28)

* The analog terminals are different depending on which mode
the device is in, single-ended mode (also known as RSE) or
differential mode.

* In single-ended mode the positive voltage signal is connected
to an Al terminal and the negative voltage or ground signal is
connected to a GND terminal. This mode uses two terminals,
meaning there are eight analog inputs available (AI0-AI7). The
maximum voltage range in this mode is =10V to 10V.

The analog terminals are different depending on which mode the device is in single-ended

mode also known as RSE or different mode. In single-ended the positive voltage signal is
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connected to an Al terminal and in the negative voltage and the negative voltage or ground
signal is connected to the ground terminal. This mode uses 2 terminal meaning there are 8
analog inputs available that is AlO to Al7 and the maximum voltage range is in this mode
is -10 to 10 volts.

(Refer Slide Time: 27:12)

* Differential mode can be used to get a larger voltage range.

* This mode measures the difference between two signals, Al+
and Al-, each referenced to GND.

* A voltage range of -20V to +20V can be achieved; but the
maximum voltage on one pin (Al+ or Al- ) referenced to
ground is 10V.

* Differential mode uses one more wire than single-ended
mode, so only four analog inputs are available in this mode.

Differential mode can also be used to get larger voltage range and this mode measures the
difference between the two signals. So, Al + and Al- each reference to the ground. A
voltage ranges of -20 volt to 20 volts can be achieved, but the maximum voltage on one
pin that is Al+ or Al- reference to the ground is 10 volts. Differential mode uses one more

wire then single ended mode, so, only 4 analog inputs are available in this mode.

(Refer Slide Time: 28:07)
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* Another difference between differential and single-ended
mode is the resolution of the analog inputs. Differential mode
has a resolution of 14 bits whereas single ended mode has a
resolution of 13 bits.

0

* The analog input converter type is successive approximation,
and the maximum sampling rate is 48 thousand samples per
second (kS/s).

Another difference between differential and single ended mode is the resolution of the
analog input differential mode has a resolution of 14 bit whereas, single ended mode has
aresolution of 13 bit. The analog input converter type is a successive approximation which
| have already discussed with you and the maximum sampling rate is 48 thousand samples
per second.

(Refer Slide Time: 28:25)
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