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Lecture — 35
Basic building blocks of Electronics System: Data converters (contd.)

Hi welcome to this module. And in the previous module what we have seen? In the group
of modules we have seen how different amplifiers we can generate using the operational
amplifier like what are the applications such as, not inverting amplifier, inverting
amplifier, unity follower, summing amplifier, differential amplifier. We have also seen a
few filters; where we are talking about low pass, high pass, band pass, band reject righ?

Then we have focused on the data converters which are analog to digital data converters.

Now, let us see here what are the digital to analog data converters and then we will take
few examples of how we can design a complete signal conditioning circuit so that you

can interface it with sensors or transducers. All right,

So, when I talk about signal conditioning circuits, in the first block is always how to
convert the signal to a different domain. And that is there for example, if I have a sensor
which is showing the change in form of resistance, how can I change that form of
resistance and as a final form a is some kind of display. Then that resistor has to change
it to voltage, that voltage has to be signal conditioning, we have to use it so that we can
amplify the voltage, filter out the noise and then convert it to a digital domain so as to
run the microcontroller and finally, you need to display it on some kind of display

module.

It can be LCD LED or whatever the display model may be. And what is the importance
of instrument amplifier? Whatever the things that we have been learning in the earlier
modules we will be used utilizing all those things together combining it and then it will

make the entire electronic system.
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Basic Building Blocks for Electronics system

"% Amplifiers
Non-Inverting Amplifier
Inverting Amplifier
Unity Follower
Summing Amplifier
Differential Amplifier

\! Filters

1. Low Pass Filter

2. High Pass Filter
3. Band Pass Filter
4. Band Reject Filter

\./ Data (‘onverters
s

1L A
2. ¢ Digital to Analog Converters

Llic = O [

+ Signal Conditioning Cireuits
1. Resistor Divider Networks
2. Whetstone Bridge Linearization
3. Instrumentation Amplifier

So, if you see the screen what you can see that we have seen the amplifiers right? Filters,
data converters. Let us see for today, digital to data converter and then we will follow

about the difference in their conditioning circuits.
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Basic Building Blocks: Data Converters
Digital to Analog Converters

+ The basic block diagram of any DAC architecture is as shown
in Figure aside rERne
INPUT

+ The first DACs were board level designs, built from discrete I
components, including vacuum tubes as the switching

elements. Monolithic DACs began to appear in the early '70s oA A
INPUT

¢ As seen in the figure, the digital word is given as the input.
The analog reference voltage is applied along with supply J7
voltages for internal circuitry mostly consisting of op-amps Vs

‘GROUND
Somecren1ovg
+ They can be wired up using op-amps and discreet resistors

or made as a monolithic chip as is available currently in the
market

+ Now we will look at two common DAC configurations and
understand why one is better than the other

So, if you see the data converters, then the basic building block of DAC looks like this.
Where you have the digital input, right? You have a reference analog voltage and then
you have ground and then V s s and V d d which is the supply voltage and then the

output would be a analog in the analog domain.



So, the basic building block of any DAC architecture, you can use this block to show a
block diagram. The first DACs were board level designs field, built from district
components including vacuum tubes as the switching condiments. The more of the ting
DACs began to appear in early 70’s as in the figure the digital word which is here is
given to the input, analog reference voltage is applied with supply voltages for internal
circuitry mostly consisting of operation amplifiers. The it can be wired using op-amps

and discreet resistors or made as a monolithic chip as is available currently in the market.

And finally, we will we will look at two common DAC configuration understand why

one is better than the other one.
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Basic Building Blocks: Data Converters
Binary Weighted DAC
+ This is one of the simplest forms of DACs

* An op-amp circuit in the summing amplifier
configuration is used to implement it

+ Weighted resistors are used to distinguish each bit
from the most significant to the least significant

+ Transistor based or other types of switches are used to
switch between Vg and ground (o V) to provide the
necessary binary “1” and “0” levels

+ The circuit is as shown in Figure aside

* Voltages V, through V, are either Vig: or o V
depending on the position of the switches. V, is the N N
MSB and V,,is the LSB

* The expression for the analog output voltage is as
shown aside

So, if you see the DAC:s, there are 2 types of DACs. The first type that we are discussing
right now is the binary weighted DACs. now this is one of the simplest form of digital to
analog converter and operational amplifier which you can see right over here. Right? in
the summing configuration, if you see the summing amplifier what was summing
amplifier? That all these voltages were summed together and amplified at the output. So,

this is similar to a summing amplifier, so this is used to implement the DAC as well.

And weighted resistors that are you see here the resistors values are seen from R, 2 R, 4
R, 2 raise to n minus R from V 1 to V n. If you have different voltages from V 1 to V n,

the weight of the resistors would change and that there is a reference voltage. If reference



voltage is exceeding the value of the voltage, then it will there will be change in the

output. We will see how this works. Just let us first understand the circuit in detail.

Now, weighted resistors are used to distinguish each bit from the most significant bit to
the least significant bit. You always write most significant bit as MSB where LSB is the
least significant bit. Transistor based or other types of switches are used to switch
between the V reference and ground. Now you see here there is a ground and here there
is a V reference. Depending on 1 or 0, you have to change the voltage. We will look at it
later so that we can give different binary inputs all right because, binary is given in the

either terms of 1 which is high or 0 in terms of the ground.

The circuit is shown here voltage is V 1 through V n and either V reference or voltage.
You see if I connect this switch to V reference and them I a voltage would be V reference
here right or, if I connect this switch to ground right? Then what will happen? I will have
here 0. So, either it is V reference or 0 depending on the position of the switch. V 1 is the
most significant bit and 0 and V N which is the nth bit would be the least significant bit
ok.

So, the expression of the analog output for the weighted binary digital to analog
converter is given by V out equals to minus IR f. What is here I? I minus I would be
nothing, but the summation of all this voltages so V1 by R 1 plus V2 by 2 R so V 1 by
R here V2 by 2 R, then V 3 by 4 R and so on and the V N by 2 raise to n minus 1 R. So
this is the least significant bit this is the most significant bit. So, this is a bit a binary

DAC:s is ok.
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Basic Building Blocks: Data Converters
Binary Weighted DAC Analysis

« If Ry = R/2, then the expression mentioned above becomes

4 14 Vi
V=—IR; =~[5’+%+%+— 2%:]

* For a 4 bit converter
& :'Vm[bxl"'bzl*hl*bnl]
il 8] 6

Advantages Disadvantages

+ Requires large number of resistors with high
precision for low value resistors

+Low switch resistance in the switching
transistors

+ Not scalable to high bit numbers as resistor
selection and precision gets affected

+ Simple construction
+ Simple analysis
+ Fast Conversion

Now, if I go further if my R F is R by 2, then the expression would be V out equals to
minus IR f equals to minus V 1 by 2 plus V 2 by 4 plus V 3 by 8 so on and then V N by 2
raise to n. For a b a 4 bit converter it is minus V reference right? V out equals to minus R
f so for a four bit converter, we will say it is like V out equals to minus V rf and then we
have 4 bits b 3, b 2, b 1 and b 0. So, it will be like 1 by 2, 1 by 4, 1 by &, and 1 by 16.
Right ? So, its. So, easy to convert your digital signal to analog domain by using this

particular DAC.

Now what are the advantages and the limitations of this particular DAC that is the
weighted binary DAC. The advantages are; that it is extremely simple to construct. the
analysis is also simple and the conversion it faster. While some of the limitations are, it
requires large number of resistors right with precision for low value resistors; because
you go on reducing the value of resistor, as you can see here, right? There isa V 1 by R
2, R 4, R 2 there are very large bit of resistors are required and extremely precise values

are also required.

Low switch resistance in the switching transistors is another important in a point. We
have to take care of and then finally, this is not scalable to high bit numbers as a resistors
election and precision gets affected. So, these are some of the limitations of the digital to

analog converter.
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Basic Building Blocks: Data Converters

R-2R Ladder DAC /
2

vy

* The R-2R ladder configuration is shown in Figure 3
for 4 Bit converter

+ Each bit corresponds to a switch as shown in the
figure. When the bit is high the switch is connected
to the inverting input of the op-amp. When it is low
it is connected to ground

+ Assuming ideal op-amp we get the configuration
shown in Figure 4 for the section marked with the
box in Figure 3. For this configuration the
equivalent resistance is given b

(2R)2R)
R, =
(2R+2R)

+ Extending this, with node V, also taken into account we get

e
R+R -

If you move further, then the second kind of DACs is called R-2R ok. So, the R-2R DAC
is shown in this particular schematic we can give a number figure 3 its just a figure. Do
not worry about it. And its for 4 bit each bit it corresponds to a switch as shown in the
figure you can see there are 4 bits, at bit 0, bit 1, bit 2, and b 3, and each bit corresponds

to a switch which you can see here.

When the bit is high, then what will happen? The bit is high. the switch is connected to
the inverting input. You can see an amplifier and inverting input of the amplifier is

connected to the switches and also the ground is connected to switches.

So, either you the switch will be connected to the inverting amplifier or inverting input
of the amplifier or it will be connected to the ground rght? So, assuming the ideal op-
amp we will get a configuration as shown here. So, let us say this is figure number 3 and
this is figure number 4.So, for this configuration the equivalent resistance can be given
as. So, if I see now you see this is very very interesting if | take this block ok, if I take
this block. Now the configuration is very simple because here is always R-2R you see let
us first understand, see this is resistor R there in 2R, R 2R, R 2R, R 2R and 2R, why here
last is 2 R? We will see about that.

So, if you see from the last block that is from here. And if [ have the equivalent circuit of
that 2R, 2R right at these then what will happen? My R equivalent would be 2R
multiplied by 2R divided by 2R plus 2R. And if I do that, my answer would be R right?



So, this is nothing, but R resistor R. So, this 2R and 2R will be and resistor R. Extending
this node to V 2, also taken into account we can have. So, if I take this V 3 is done, now

if I take it to V 2, What will happen for here? It will be R in it will be like this R and R.

So, it will be sorry R divided by R plus R. see if it is just here R and then there is this is
equivalent is R. Then what will happen this one is R by R plus R into V2 which is 1 by 2
of V2 its very, its very interesting and very easy also. The same way, you can extend it

further to.
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Basic Building Blocks: Data Converters
R-2R Ladder DAC Analysis

+ Similarly extending to other nodes, we have

V::%’/l
=

LI:EVM
Vii=-IR

Y

+ Substituting back we get the following set of relationships

vty vty voly Boe

8 rf> "2 7l refr 11 E ref
+ And expression for V,, as
Vesses ] 7 Vs ] 1
V. =—RlbLip -l ip ol p = = [ = [b;—+b,—+b —+b,—
S L TatrTakim +b”l()RJ e T 510

— — — I

For 4 Bit R-2R Ladder

Where b3, b2 , b1 and bo are the bits 3, 2, 1 and 0 as shown in figure

To the further nodes, now if we extend it to other nodes we can see V2 equals to half V1,
V1 equals to 1 by 2 of V reference and V out would be minus IR. Now if I substitute this
value then we have, V3 equals to V3 equals to 1 by 8 of V reference. V2 equals to 1 by 4
of V reference and V1 equals to 1 by 2 of V reference and the expression for V out can
be given as minus R into b3 V reference by 2R b2, V reference by 4R plus Bl V
reference by 8 R plus VO V reference by 16 R. In another way, if [ want to further write it
down I can write down as V out equals to minus V reference then b3 1 by 2 plus b2 1 by

4 plus bl 1 by 8 plus b0 1 by 16 and so on and so forth.
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Basic Building Blocks: Data Converters

R-2R Ladder DAC Analysis
* The general expression for V,, forann | *
bit R-2R Ladder DAC s
n 1
Voul = _Vrefzbn—i v
i
Figure
Advantages :
Disadvantages

* Only requires 2 values of resistors, R
and 2R and hence can be made more
precise and accurate

*Does not require high precision
resistors

+ The conversion rate is lower as
compared to binary weighted DAC

So, for this 4 bit R-2R ladder where we have thisb 3, b 2, b 1, and b0 as bits 3,2, 1 and 0
and if I want to have n number of bits then the general expression for the R-2R ladder
would be V out equals to minus V reference summation of I equals from I equal to 1 to n
b n minus 1 into 1 by 2 to the power 1. this is the expression for the n number of bits for

R-2R ladder and this again the schematic is shown in this particular figure.

The advantages and limitations of the R-2R DAC:s are the first one is that the it was only
2 values of resistors and in case of the weighted binary network; we require very high
value of resistors and extremely precise value of resistors. While if you talk about the
DAC:s using R-2R ladder then the advantage would be that it only requires two values,
either R and 2R and hence can be made precise and accurate. Second advantage is that
does not require high precision resistors that is a second advantage. This disadvantages
of the R-2R ladder is the conversion rate is lower as compared to binary weighted digital

to analog converter ok.

So, these are the disadvantages again its a only disadvantage.
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Basic Building Blocks for Signal Conditioning Circuits
Wheatstone Bridge for resistive sensors

+ Most of the sensors used are resistive in nature. Hence, change of resistance should be observed and converted in
to voltage for further processing either by using Wheatstone bridge or Voltage divider.

Mathematically,

V, « AR only. (Linearity between sensor output and measured output voltage)

Generally, Wheatstone bridge circuits are preferred for measurement of resistance. For an accurate measurement, a
Wheatstone bridge circuit is used. The measuring circuit is as shown in the Figure.

+ Drawbacks

» Offset output voltage for no loading condition is
the main drawback with resistor divider
network.

» Tem) € variations needs 1o

mpensated with additional circuit.

» Wire length will also add into resistance value

which needs to compensated.

Now, let us go to the next module. And the next module would be a basic building blocks
for signal conditioning circuits. So, this is really interesting because how we can use or
convert our resistors change in resistance value to different domain that is our voltage
domain. So, like I give an example if you have a pressure sensor and if the pressure
sensor is made out of a pressure resistive material, when we apply a force to a pressure to
the resistor what will happen? It will be the sensor will bend and the corresponding

resistance would change corresponding to the applied force or pressure.

So, how can I change this value of resistor to another domain? That is the question and if
you see the slide what you find out is the wheatstone bridge for resistive network is one
of the answers to our question. That most of the sensors used are a resistive in nature.
Hence the change of resistance should be observed and converted to a low voltage for
further processing ok. Then the second thing is that, the this can be done further

processing can be done by using either voltage divider or wheatstone bridge.

So, how it can be done? Suppose I have a resistor right and I use sensor as another
resistor and this resistance which is R sensor so it will be changing this will be constant
R and let us say if I apply voltage V. V equals to let us say 5 volts all right? So, if my R
equals to R S when there is no and this sensor is let us say force sensors. Force sensors.

So, initially what will happen ?



I will have R equals to R S right? R equals to R S. So, here I will have voltage as 2.5
volts right? because its a potential divider network, resistor divided network. The, so the
at when there is no force, so force equals to 0, I will have 2.5 volts. When I change my
force this resistance value would change and this voltage value would change. But if you
see that the amount of voltage that is the total voltage that we apply supply voltage is 5

volts, but our starting voltage here is 2.5 volts.

Thus the range would be from 2.5 volts onwards that is almost half of 5 volts. That is
why the this kind of resistive divider network is not used and we go for or we opt for
Wheatstone bridge which is shown here and mathematically V o is proportional to delta
R only linearity between sensor output and whether the output voltage. Generally,
Wheatstone bridge circuit which is right over here you can see here there are 4 resistors
and the 4th resistor is your R sensor we cut it like this because your sensor will change

the resistance value and that is my R plus delta R.

Generally Wheatstone bridge circuits are preferably for measurement of the resistance,
for an accurate measurement of a Wheatstone bridge circuit is used. The measured circuit
is shown here and the drawbacks of this are offset voltage offset output voltage for no

loading condition is a main drawback right that is the first thing.

Second thing is temperature variation needs to be compensated by additional circuit and
finally, the wired length will also add into resistance value which needs to be
compensated. So, you see the temperature if the temperature of the resistor changes how
it is compensated? That is the drawback and finally, the wire length will also add the
resistance values to for the compensation. So, that is another thing that we need to take

care yeah.

So, we were looking at the drawbacks and like I said there are few drawbacks
particularly output offset voltage for no loading condition; that means, that even when
the resistors are all in the initial stage and there is no change in the resistance because let
us say again this resistance is our force sensor. So, we are not applying any force then all
the resistance values are same still you will find some kind of offset voltage at the output
and that offset voltage we need to null it that is one, one drawback. Second thing is that
with respect to temperature the things would change and finally, the wire length that we

already discussed.
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Basic Building Blocks for Signal Conditioning Circuits
Wheatstone Bridge for resistive sensors with

constant Voltage source constant current source
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Fig: Output voltage and linearity error for constant

drive bridge configurations(t s s
¢ ¢ current drive bridge configurations!

+ Linearity Error is major bottleneck with this configuration + Selection of I s trade off between full scale value considering driver
output voltagemmd measurable voltage change for smaller change in
Tesistance.

[1] Jon Wilson (2005) Sensor Technology Handbook, Newnes

So, if you further go the basic building blocks for signal conditioning circuits when we
talk about the constant voltage source, so that it means that Wheatstone bridge for
resistive sensors with constant voltage source and constant current source how it will
differ and let us look at this. So, if you see a lot of things we have merged in one single

slide very informative slide.

So, if you see here we have voltage V out which is here this if you see this particular
configuration where only one resistor is changing right? Then we have V B by 4 delta R
by R plus delta R by 2 and here the linearity error would be kind of 0.5 percent and then
you can also see further that if I have 2 resistors value which are potential dividers sorry
which are potentiometers then I will have my output voltage as V B by 2 into delta R by
R plus delta R by 2

Similarly if I use this particular configuration and here when one resistor is changing it is
increasing the resistance, the second resistor will be decreasing the resistance. This will
be the case of cantilever beam where you have the resistor one in the bottom and one the
top is a resistor. When you apply a voltage, the cantilever beam will move will bend and
there will be compressive stress and there will be tensile stress and because of which
there is be change in resistance one will be increasing, one will be decreasing. The final
one is, if you have all 4 resistors in this particular format with the constant voltage

source, then we have value V B into delta R by R.



So these are the configuration for single varying element to all element which as in
varying nature. So, if the figure shows the output voltage and the energy and for constant
voltages, these are all output voltage and linearity error you consider that the error in

case of this bridge as well as this bridge is 0 Right?

So, you preferably we should go for a 2 element varying or all element varying bridge
configuration. When you talk about constant current sources, then you can see here for
the first configuration, we have voltage equal to I B R by 4 into delta R by R plus delta R
by 4; where you have the second configuration which is similar to this one right ? We
have I B 2 I B by 2 into delta R. now here the output voltage will be different because

now we are using a constant current source.

Finally, we have the 2 varying element, we have I B by 2 delta R and finally, we have all
varying element then we have I B into delta R right? So, the output voltage and then
linearity error for constant drive bridge circuits configurations are shown here. Here the

linearity is 0.25 0 0 and 0 right?

So, the here for the constant voltage source we can see that linearity error is major
bottleneck with this configuration right? While in the case of a constant current source,
what we find is that selection of I B is trade off between full scale sorry between full
scale value considering driver output voltage and measurable output change for small

change in resistance right.
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Instrumentation Amplifier

Gain in the multiple stages: i.e. High Gain - so, you can
amplify small signals

Best option for signal conditioning low value
SENSOr responses.

+ Its two stage configuration with three op-
amps.

Inverting amplifier

. Two op-amps in first stage are non- gﬂ:’f’;:f:&'&
inverting buffers, second stage is an high passfilters!
amplifier which can have variable gain.

e Vout

+ Important Characteristics:

1. Very high gain accuracy.

2, Very high input impedance.

3. Very low output impedance.

4. Very low DC offset voltage- when there is 4

Now-inverting

no input signal, output must be zero.
. High gain stability with low temperature

amplifier

o

co-efficient, Eiﬁ”.“"“] mnp]lﬁer Differential ampliljler -> it rejects
PR vt o ut with very high common-mode interference -> so
6. Very hlgh CMRR Cﬂpahlllty (i.e.it is able to  iputimpedance- you can reject noise

reject a signal that is common to both the ~Se:oucan
8 connect to sensors
terminals)



So, there is another thing we need to take care of when we are designing the signal
conditioning circuits right? So, let me end my this module here. And I will continue with
the further signal signal conditioning circuits in my next module. Till then just go
through what we have learned and I will catch you in the next module with more
information about how to the instrument amplifier has can be used in the case of the

signal conditioning circuits.
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Instrumentation Amplifier

The instrumentation amplifier is a closed loop device like the differential amplifier but with
carefully set gain and additional input buffer stages

Its gain can be precisely set by a single internal or
Voltage

external resistor. The addition of input buffer stages - Foors |
makes it easy to match the amplifier with the ij
preceding stages il

. v,

This allows the instrumentation amplifier to be
optimized for its role as signal conditioner of low
level (often DC) signals in large amounts of noise

The high common mode rejection makes this

amplifier very useful in recovering small signals = Jrout -
e ; oo
buried in large common-mode offsets and noise ?j Foowr | g
: \
+ The output voltage comes out as: InpuBufrs Oiftentl Anpife

Figure: Instrumentation Amplifier
Ve %{ 1+ %](V: 4 Vl) Ref: semesters.in

out
1

So till then you take care.

I will see in the next module bye.



