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Lecture - 54

Analog to Analog Conversion — 11

Hello everybody, we started the discussing Analog to Digital Conversion and we had
seen certain type of techniques by which analog signal can be converted to digital

equivalent ok.
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Concepts Covered:
U Successive Approximation based ADC

CONCEPTS COVERED U Single Ramp ADC
O Dual Trace ADC

O Delta - Sigma ADC

We shall look at few more techniques like successive approximation based ADC, ramp
based ADC, single ramp dual trace then text double ramp and delta-sigma, often it is also

called sigma delta ADC.
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So, in the last plus when we ended, we discussed that continuous approximation,
continues tracking type of ADC is good, but the problem with that is if multiple input is
there; I mean, that need to be converted using a multiplexing kind of scheme, then it is
not very suitable because it locks loses the tracking part of it and it is begin from the

beginning which is not very advantages.

So, people thought about some other method; one such method is called successive
approximation right. So, in this case for, what we do? We follow a scheme which is
illustrated in this particular diagram. So, let us see how it works. So, when it begins the
countered that we have with us which stores the final value. So, that counter is initially
reset with all 0 ok. So, this is the beginning of it right. Then control logic is such that the
most significant bit of the counter is set to 1; most significant bit of the counter is set to 1

right. So, in most significant is bit is set to 1; so, in this particular case say it becomes 8.

So, the corresponding DAC output the corresponding DAC so, this counter will go
through this ladder and other things and all and DAC output you know in digital (Refer
Time: 02:32) it will be generated. So, that will be compared with the analog input that
will be compared with the analog input. So, this MSB 1 is basically whatever is the full
range your dividing into half right, the range is now made half. So, the half key voltage
so, these if the full range is V. So, V by 2 is now getting compared with the analog input



voltage right. So now, it V in is greater than V by 2 so, then you go this way and if V in
is less than V by 2 you go the other way ok.

Now, if V in greater than V by 2, what does it mean? The counter the digital equivalent is
more than this value which is now currently stored in the register so, 1 triple 0 is not

enough right. So, then what you will do, you will look at now second MSB.

So, you will make the second MSB 1, when such a situation occurs, but if V in is less
than V by 2 what will happen? So, this voltage what is stored in the counter is more than
the input voltage right. So, what do you do, you make this 1; this MSB which was 1 we

reset it ok. So, it becomes 0 and we make next MSB 1 is it fine.

So, this is done in this comparison and setting the value will be done in 1 clock cycle
right. So, next when it is 1 1 0 O this is the 1, again we do a comparison; similar
comparison if the input voltage is more than that will go this direction and if the input
voltage is less than that we shall go in this direction. So, this is how it goes on and we
can see one example then it will be clearer. So, this is the marked in this yellow right. So,
the input voltage is in between what about the reference voltage that we were talking
about within 10 upon 16. So, this fraction is because 4 bits, 1 up on 16 is the fraction and

11 so it is within this value ok.

So, then of course, it is more than 8 so, it go this way. So, it is less than 12, so it go this
way then it goes in this direction 1 0 1 0 right. So, it is more than that, more than 10 into
V ref ok. So, it goes in this direction ok. So, when it is more than this direction so, there
are two possibilities, 1 0 1 1 and 1 0 1 0 right and then it has become 11. So, this is your
11, but it is less than 11. So, finally, this is what is it clear.

So, same thing what we were discussing, the same example, similar example you can
take up and understand how this is achieved or this is achieved right or this is achieved
right. So, this is one such example right and the first value will be 0 0 0 0 means this is 0

into 0 voltage and V is the input voltage is V ref by 16.

So, that is all 0 case and rest of the cases are like this fine. So, if you have understood

this, then rest of the things are simpler.
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So, whatever we have discussed this same thing is now put into this logic block right. So,
this is the successive approximation register where these you know these MSB’s are
successively set right and this is the control logic. So, that is it is just you know this
initial start signal comes right and the first is MSB’s set, the corresponding DAC takes
the output and compares with the analog input, the way we are looking at example right.
And when the end of conversion risked the signal is made out, comes out and you know
next conversion can get initiated and at that time whatever is stored in register is finally,

latched right and that is the corresponding digital output ok.

So, n-bit ADC will require n bifurcations, the one that we have just seen; so that means,
n irritation will be required and each irritation required 1 clock cycle right. So, when 10-
bit converter with 1 megahertz clock, if where thinking about then the conversion is
completed in to 10 microsecond ok. Each clock requires 1 micro second so, 10 clock

cycle means 10 microsecond ok.

And here we need to take note that when we are considering conversion time which is
very small, very short then other delays which are there in the circuit like settling time of
ladder, comparator delay, switching time of multiplexer all those things need to be
counted ok. And, together the actual conversion time whatever we are talking about this

is you know becomes off significance right ok.



So, that was successive approximation register is very successive approximation based

ADC which is very popular, it is inherently low cost.
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Now, we look at another method where we are using ramp signal ok. Now, it has got
certain advantage, it is little bit slower lower, but it has got certain advantage which we
shall discuss little later. So, first of all see how it works ok? So, this is a op-amp OA
stands for Op Amp ok, this is op amp right and this is working in a integrated mode right

and then the output of it is given by this formula.

So, basic op-amp, analog electronics or basic electronics that you have studied so, you
have seen such configuration. So, the output is something like this right and it with this is
analog input which is remaining constant when you are trying to make use of it in the it
would be conversion. Remember that in all these cases because of this requirement for
each of these ADC type we are talking about a sample and hold. So, analog voltage is
there to sample it and hold it in a capacitor, the one that we have you know similar thing
we have discussed in DAC ok. So, that the input remains stable for during the time of
conversion, it does not change then you know the output will become ironies so, that part

we consider that is there.

So, this V i is we can consider as constant during the conversion time. And, what is
happening, when V i is constant? So, with respect to time RC is constant. So, it changes

like this it increases like this ok.



Now you see this wave form if we send it to a comparator, compared to the kind of
waveform we had send before earlier you know from the DAC through the counter. So,
those where staircase kind of you know wave form right and this is a continuously
increasing kind of thing. So, this is something which we take note as a difference, if we

are using this in a ADC design right.

Now so, this slop is like this, V i by RC which remains constant ok. But one issue is
there, when we are using this time for the calculation of the digital equivalent that this
ratio should not change, but if you know R and C value changes with you know
temperature or some environmental condition and all. So, then this kind of arrangement

becomes a bit problematic ok.
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Single Ramp ADC . _‘t“*
Clock mr I!'}"}"‘""’f__
.\mhm. I 7 “‘J{“ g (LK - _tiIL’:M_”
g / @1
| ko
l-lll-'ru‘:llul CLK _Jﬂl%‘)illlil.)l. |_:J JIIWI'\II I
L Strobe } [ 1 :
\-J’ RESET _i -L

r Strob
MANUAL =

RESET

Y Iframp is 1 mV/js, clock is 1
MHz, V, = 345 mV, then 345
clock pulses to RESET with

- latched display showing 345.
Strobe passes content of decade [ -
counters to four latches. N Variation in R,C affect.
i

So, that we know in order limitation and how we can make use of it so, here is a single
ramp ADC arrangement. So, initially these are the decade counters, this 3 are decade
counters that you can see right. So, initially when you start so, it is it reset ok. So, these

counters are already set you can see this reset signal going there ok.

And after that so, this is your this comparator and this is the ramp generator, the circuit
that you have just seen ok. So, this particular ramp generator is initially reset and then it
is you know generating the ramp, the way you see over here and this is your analog input
voltage so, this is your V X and whenever this ramp voltage goes up to this then the

comparators (Refer Time: 12:10) ok.



So, this comparator is remaining high because analog input voltage is higher than the
ramp output which is at the negative terminal of the comparator, inverting terminal of the

comparator.

So, this is remaining high and whenever it excides it, it goes low ok. So, when it go low
the clocking stops, you can see this is the you know clocking to the counter. So, the

clocking to the counter stops is it fine.

So, whenever as long as it is remaining high, this V C is remaining high; that means,
ramp output is less than the analog input voltage, the clocking come here and counters
starts counter is increasing, note that this counter value we are not using through DAC
for comparator, we are using the ramp instead ok. So, this counter output is not fed
through a DAC to be comparator or like the previous case. So, the counter output at is
actually going in this direction to come up with the digital equivalent of the analog input

right.

So, once you know it reach, it reaches this particular point and these clocking gets
stopped right; so, this is what you see the clocking gets stopped, a strobe signal is
generated by the control logic ok. So, this strobe signal that you see over here, it latches
the latches these counter output to a set of flip flops ok. So, that is what you see over

here right.

So, it will remain latched till the next strobe signal comes ok. And this output; now
through a 7 segment display 7 segment decoder, it goes to 7 segment display and the
counter output which is the digital equivalent ok, we shall see an example of the analog

input that will be displayed over here ok, that will be displayed over here.

So, let us see how you know you know it works out with using some numbers. So, if
your ramp is 1 milli volt per micro second so, that is the kind of ramp you are having and

clock is your 1 megahertz the clock is 1 megahertz and V X is 3 45 milli volt.

Then how many clock pulses will be required? So, 345 clock pulses will be required to
reset, is it fine right? So, V X is 345 milli volt; so, 345 you know this micro second of
time will be required 1 millivolt per microsecond and we are considering the clock is as
1 micro hertz, 1 megahertz ok. So, then each clock is 1 microsecond so, 345 millivolt;

345 micro second and 345 clock in that will be happening here. So, this particular



counter we will show 345 value and that is getting latched and it will come over here this

is it clear.

So, you have to set these values appropriately or a proper decoding or mapping need to
be done if the other values are set ok. But, as I said that in these cases these ramp, the
slope is key and the value of R and C is something need to remain constant, if that varies
then 345 will becomes 346, 347 or you know less ok. So, that is a cause of concern that

we will conclude to the error.
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So, what people have thought off? In such a case that use of dual trace analog to digital
converter ok. So, here what is happening you can see, that in the beginning so, if this is
the circuit. So, this is the analog input voltage right now the first the ramp is generated
this part, this is inviting so, the ramp will be in the negative direction right. So, this is the
integrator op-amp that you can see have seen before so, this depending on this V X for a

fixed time t 1, the ramp is generated.

And depending on this V X value so, it will come here or here or you know in some
other place. So, this is what is deciding the slopes V X by RC V X by RC ok, if V X is
more or V X is less so, this point will be different ok. Right now, it is here, it will be here

or it will be here, is it fine. So, that is the first part.



So depending on this thing, it will come somewhere here and after that this term; so, t 1
is fixed right. And then what happens? It switches to a reference voltage so, this is a
fixed reference voltage, so this is a negative reference voltage ok. So, this is negative
means and this is a negative right so, negative it is becoming the positive; so, it will now

going upward direction right.

So, here it is starting from here, if the V X was less it will start from here, V X was more
it will start from here, but in this case the what is that called? This reference voltage is
fixed. So, it will take different point of time. So, if it is starting from here, it is taking this
t 2, if it is starting from here because this slope is same it will reach over here at a
smaller t 2, it starts from here it will reach there at a larger t 2. So, this t 2 gives me an
idea about what the V X was, right and if we get a digital equivalent of t 2 so, that is

something can be you know shown as a representation of the analog input voltage.

So, this is what is considered over here and what is the benefit? Of course, time required
another thing is one aspect because we are always you know this making t 1, so it is not
it is not need to go to the you know the maximum value of the V X. So some fixed value,
some fraction of V X is sufficient all right. And the other thing over here, you can see the
relationship so this is it is going up to V C is V X by RC into t 1 and for the other case V
Cis equal to V R by RC into t 2, this is reference voltage we are talking about right.

So, when you are you know putting them together. So, the RC and RC in the either side
cancels out and this is the relationship that you are getting. So, V R is known the

reference voltage and t 1 is also known so, V X we can get from t 2.

So, this RC at one side, if there is small you know variation of R and C because of
temperature and another things, the same way it will affect the other side also. So that
way, this variation part is taken care of in some sense in this particular arrangement right.

So, this is what we can see in duel trace ADC right.
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So, here if we look at the arrangement, the dual trace ADC circuit arrangement. So,
certain things we can see which in the which is similar to you know single trace ADC,
single slope ADC that we had seen before. So, this is the latch ok, this 7 segment display
the 7 segment decoder driver, display, this is strobe of it so whenever this count as been

completed.

So, initially what you see? This is the count of you know t 1 the fixed time that is taking
place right and this is the control block which is doing the switching. So, from V X to
reference voltage and from the this comparator ok. We can see the clocking will take
place, the way we had seen it before and the final circuit will be will put it would look
something like this ok. And we actual counting which is happening for t 2 right so, this is
the one, similar to what we have had seen in case of previous single ramp arrangement
ok. So, now the comparator is now comparing with 0 because it is coming down and then

going up right.

So, this is a fixed 0 over here compared to the analog voltage input that had in the
previous case ok; in single ramp case. So, rest of things are similar for this part of the
circuit right. So, the disabling of clocks all things are similar the way we had seen it

before in the control logic right.

Now if you take an example, some numbers how it looks like. So, if you consider a 1

megahertz clock; that means, 1 microsecond is the time period and the reference voltage



is say minus 1 volt, t 1 is fixed say 1000 microsecond, reference voltage is also fixed and
it is negative. So, minus 1 voltage we are taking about and RC time constant is 1
millisecond, and the input voltage that the analog input voltage that we were trying to
convert to digital equivalent is 1.25 volt, then how it works? So, time in time t 1 so, V C
becomes because of this time constant 1 millisecond. So, it will go to minus 1.25 volt,
you can calculate right and for the t 2 slope is this is 1 volt right; so, 1 volt per
millisecond because of this time constant 1 volt per millisecond ok. And then the t 2 will
be requiring so, from 1.2 volt, minus 1.2 5 volt it has to go to 0. So, 1.25 divided by 1;

so, 1 2 5 0 micro second.

So now the counter, this counter will be having 1 2 5 0 value because so many clocking
has taken place each clocking is 1 microsecond right. So, at the output of it, when it is,
you know strobe comes and latched it will show 1 here 2 5 0. So, the output if there is a
decimal points, so 1.25 ok; so, volt that it will show. So, this is the way it will work, but

if for some other value according you know corresponding mapping need to be done.

Now, one important issue that I told that though it is slower so, this integrated type of
approach, but because of this integrating action at the analog input voltage ok, if there is
any noise or so, that gets averaged out ok. For which these are considered these kind of
you know ADC are found to be more accurate and multi-meter, voltmeter construction

etcetera these measurement purposes we have seen that these are used.
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el | c [ o] A Comparison
0

Delta-Sigma ADC i 5 Y A

== Delta-Sigma: 8-32 bits, <IM5/S
BT T T # :

Dual Trace: 12-20 bits, <100 5/5
onverte Sample 7 i
Integrator |(|J--t‘lﬂ:rr Clock {f) gl Suc. Approx.: 8-18 bits, < 10MS/S
e - b ey DS a8 & B Flash: 412 bits, <10 GS/s
A C [f™~_D I AT
L | > e S el gt Flash: expensive, high power
. " 5 &8 38 98 1 M 4
Analog ™~ L T 5 Dual Trace: notse immune
Input g ) B K R VAR (use in digital voltmeter)
Latched Digital Filter £ o1 sk oas o 1 W Suee. Approx.: Low cost
5~J e mparator | and Decimator 8 58 48 op o [M P S —
7 } 9 A 1p up L fast and accordingly, limits,
% L Y 0 58 38 ws 1
ol v Inpa; -E.J’B\f‘ noss s w1
et T S T Y
DAC ' +:13
— L3 B s
* Input needs to be oversampled (=100 times)  Average o5 -3 2R 0
*+ Works well for slow changing signal =(13-10)/16 15 &f8 138 /8 1
* High resolution possible but low speed =58 JERET I T T




We shall the last topic on ADC we shall discuss is called delta sigma ADC or sigma delta
ADC. It has got more analog component than digital or digital circuit digital electronic
circuit. But still it is, what discussing and there are methods also like pipeline ADC, but
that is under scope we wanted to have you know fairly good idea about how this ADC

and DAC works.

So with this we shall conclude this part of the discussion. So, let us see how it works; so
in these, this is the analog input and this analog input is compared with a voltage which
is coming from 1 bit DAC ok. So, you need to go through this example which will be
which will make it clear how it works right and this has got a reference plus V or minus

V right, and in this example we have taken it as either plus 1 volt or minus 1 volt.

So, this is now I mean this is a you know comes as a negative feedback. So, difference of
this is coming over here. So, this is point C right and then it is integrated and then there
is integrator and then there is a converter, which is this converter clock which is this
particular system in a over sample systems. So, for a analog signal, there is a particular
sampling frequency that is required from coming from the Nyquist rate. So, it is over
sampled to the extent of you know almost 100 times right for this kind of conversion and
because of which this requirement it works well for slow changing signal, but we can get

high resolution ok.

So, more of this internal aspect of it, the background theory will be clearer to you; when
you study digital signal processing and those aspect, but for this particular course from
the digital electronics point of view. We take note of what we mean by over sampling?
Ok That is much higher than the sampling Nyquist sampling rate that is there right. And

this comparator output is now coming back to this DAC right.

And since it is a oversampled case right, if you want to come back to the normal
sampling to use it with rest of the circuit, other part of the circuit. Then it needs to be
decimated; that means, for every n sample one signal, one sample is taken that is the

process of decimation and for that we need to put a digital filter before that ok.

So, these are as I said these are part of some advanced study that you can take up later
ok. This we are discussing here for this sake of completion since you have taken ADC

right. So, this is the whole arrangement and let us see how it works; this example will



make it clear right. So, let us consider that initial voltage that you would like measure

say 5 by 8 volt.

So, initially all are you know reset this latch and other things so, these are all 0. So, the
first is 5 by 8 volt, then this since it is 0, 5 by 8 minus 0, this C is also 5 by 8 ok. Then if
you integrate so, earlier value was 0. So, C so this value is also 5 by 8 now, this is more

than the reference voltage of the comparator so, the output is 1 output of here is 1 ok.

So, this is coming as 1 so, this is 1 bit DAC so this is 1 bit DAC; so it will take because it
is 1, it will take plus 1 volt here. So, this is how the first row is C ok. Now, this is plus 1
volt; so, this plus 1 volt and this is your 5 by 8. So, plus 1 volt is coming as a minus; so,
this is your minus. So, 5 by 8 minus 1 so, minus 3 by 8§; so, earlier it was 5 by 8 over
here. So, it is getting integrated; that means, added up; so, 5 by 8 plus or minus 3 by 8.
So, the result is 2 by 8, 2 by 8 is still more than ground 0. So, this is still plus 1.

So, if it is plus 1 so, this is the DAC. So, output will be 1 so, output is 1 over here. So,
this output is this is fixed 5 by 8 volt that you know we are trying to convert. So, this 1 is
coming over here so, 1 and this is 5 by 8. So, if you subtract it will becomes again minus
3 by 8; so, this is minus 3 by 8 and earlier it was 2 by 8 this integrator. So, if you add

them together so, it is minus 1 by 8.

Now, in case minus 1 by 8, the comparator output is 0 ok. So, this is what you can see
over here and when it is 0 right for this DAC, we are this is negative reference voltage
that is minus 1 volt it is coming over here. So, if it is minus 1 volt ok; so, minus minus
plus so 5 by 8 plus 1 so, it will becomes 13 by 8 so, that is over here. So, 13 by 8 earlier

it was minus 1 by 8 so, it is getting integrated so, it is 12 by 8.

So 12 by 8 means, again it is more than your O so, this is what? This is plus 1. So, this
way it continuous you understand, you can you know for this is for 5 by 8 any other
voltage 3 by 8 or 4 by 8 anything that you can you do in a same manner and when you do
it these are the you know you know these 0’s and 1°’s that is that you are getting. So, as
you said this is 1 bit ADC that you can see and this is 1 bit DAC right.

So, these this series if you consider, if you just take a average of this output over here ok,
for large number of these values, then you will see this average value is close to this

analog input ok. For example, you have taken 16 such cases; so, in this case plus 1, you



cancountas 1,2,3,4,5,6,7,8,9, 10, 11, 12, 13 and minus or 3. So, total is 13 into 1 3
into minus 1 divided by 16. So, you can see the 10 by 16 that is 5 by 8 ok. Here it is
coming exactly the same ok, but it will be coming close depending on the fraction and

other things you take large number of this thing.

So, you will come to the approximation of this and this output this 0 1’s ok. So, this
density of 1’s so, how many 1’s are there ok, that from that you can get the idea of the
analog input that is there ok. So, this is how this delta sigma ADC or also it is called
sigma delta in some you know text so, it works more of it you will learn, in some other

course, in some other context ok.

So, a quick comparison I said that, some numbers we shall see, but remember this
numbers are changing with that you know the technology landscape very quickly. So,
delta sigma it is high resolution is possible. So, 8 to 32 bits conversion is there and the
speed of conversion the number of simple per second is in the order of maximum is 1

mega sample per second.

Dual trace 12-20 bits, but it is slower you can see, that is much slower, but it has the
capacity of this noise immunity, I mean you know the handling the noise ok; so, that is

the good thing about it.

Successive approximation 8§ to 18 bits, but 10 mega simple per second this much faster
ok, but number of bits is this less ok. Flash number of bits are a bit smaller 4 to 12 bits
for 10 Giga simple per second. So, it is very fast that we had seen and we expect also and

of course, it is costlier right.
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And with this we come to the conclusion and very quickly we have had seen that
successive approximation type ADC overcomes the limit of continuous type ADC when
converting multiple inputs. It successively divides voltage range in half, n-bit successive
approximation type ADC requires n clock cycles for conversion. Slope of single ramp
ADC is highly affected by variation in R and C and dual trace ADC average is noise and
shows better noise immunity. However, it is slower. Delta-Sigma ADC needs to

oversample input and works well for slow changing signals ok. It provides higher



resolution, but slower compared to successive approximation type and flash type ADC.

Flash type ADC is fastest, but takes more power and cost more.

Thank you.



