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So dear students, welcome back to our NPTEL online certification course on Analog
Electronic Circuits. Myself Pradip Mandal from E and EC Department of IIT,

Kharagpur. Today’s topic of discussion it is continuation of Differential Amplifier.

In the previous lecture, we have completed analysis and today we will be talking about

numerical examples. So, the concepts we are planning to cover it is the following.
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Concepts Covered:

pmall signal equivalent circuits of differential amp.
Small signal analysis of diff. amp. for

*  Differential mode of stimulous (operation)

*  Common mode of stimulous (operation)

*  Generalized and pseudo-differential stimulous (operation)
Large signal analysis for

* D.C. operating point

*  Input common mode range and

*  Qutput signal swing

f) Differential amplifier using BITs 2
\ »iifferential amplifier using MOSFETs
.Mﬁrentialampliﬁerusin(MOSFET nd BITs

[

As | said that, the analysis part it is done in the previous 2 lectures, and we are going to

talk about numerical examples, and we do have primarily differential amplifier using
BJT then we do have differential amplifier using MOSFET and then also we do have
another example where we do have the differential amplifier, we do have both types of
transistor MOSFET as well as BJT.

So, this differential amplifier having BJT’s it will be having different perspective;
namely, the DC operating point and then small signal parameters, then differential mode
gain, common mode gain and then going to the input range and output swing.

So, almost every aspect it will be covered with this example. Similarly, here also, we will
be covering most of the aspects and then in the third example, we shall try to see that
how the performance can be enhanced by replacing one of the passive element namely,
the tail resistor by active device to enhance the performance ok.
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Numerical example: Differential amplifier realized by BJTs
* 1= B2 = 100; VBEGw): = VBE(n)2 = 0.6V; \‘L\-I = \_‘32 =100V; Ve )* J

* Vee=12V;Res = Rea = 5.2 k0 Rr= I’kl_lv

¢ Cui=Ciz=100pF» -

» For Vixe = 2,6V, Find: e
Operating points of transistors

« Output d.c. voltage
» Values of small signal parameters of transistors
» Outpul swing (distortion free oulput signal)

» Differential mode gain
» Common mode gain

So, we do have differential amplifier realized by BJT. So, this is the circuit we have
discussed before and you may recall that in our most of our analysis we used to split this
resistor Ry into two identical elements in parallel. And the intention of that was to get
more insight of the circuits particularly, to see how the differential signal and common
mode signal they are getting propagated from primary input port to the primary output

port.

Now, but then actual circuit of course, we do have only one tail resistor. So, the analysis
we have done there where this Ry it was split into 2 identical part and then if you connect
the emitter of the 2 transistors together, then this circuit and that circuit they are

essentially same.

So in our discussion now, most of the time we will be using this tail resistor it is
connected together. So, here how we do have the different device parameters namely, for
BJT’s we do have B. In this case, this p may not be having much of use, but for the sake

of completeness we are keeping the parameter.

And then we do have the Vgg(ony Of both the transistors 0.6. In fact, we are considering Q;
and Q,, they are identical and then we also have the early voltage of the 2 transistors =
100 V. And then we do have the supply voltage = 12 V and then the loads R¢; and Ry,
both are equal; and they = 5.2 kQ and the tail resistor it is 1 kQ.
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Then, load capacitance for this example it is not mandatory, but just to say that we may
consider high frequency signal also and then we can consider that the load is also
balanced namely the load here C;; and Cy, they are in this case they are both are equal to
100 pF.

Now to start with, we do have this DC voltage given to us which is 2.6. In fact, this DC
voltage should be sufficiently high, so that Q; and Q; should be in active region. And on
the other hand this DC voltage should not be too high otherwise, Q; and Q. may enter

into saturation region.

So, here we have picked up the value of this DC voltage well within its range, allowable
range. So, with this 2.6 of V)¢, let us try to find the operating point of the transistors.
And of course, we have considered Q; and Q, they are identical. So, how do you
proceed? First of all, for DC analysis we can ignore the AC signal part and then we may

say that we do have 2.6 V here and also 2.6 V here at both the base terminal of Q; and
Q2.

Now, if I consider Vgg(ony drop of 0.6, then we do have the emitter voltage DC wise it is
2 V. Now Rt = 1 kQ. So, the current flow here it is % so that is 2 mA. And under

quotient condition, in absence of the small signal, this 2 mA current it is equally getting
divided into 2 halves, one for the left branch and another one is for the right branch. So,
1 mA current it is flowing through Q; likewise, for the Q.

Now, we assume that of course, this is the emitter current 1 mA. So, we assume that the
base current is very small. So, we can say that the collector current of transistor 1 as well
as transistor 2 both of them we can well approximate by 1 mA. Now we do have 6 V
here sorry, we do have 2.6 V here we do have 2 V here, and now we do have 1 mA

current is flowing through this resistor which is having a value up to 5.2 kQ.

So, the drop across this resistor it is 5.2 V. So, the voltage at the collector DC voltage at
the collector it is 12 V — 5.2. So, that = 6.8. So, we can say that now we obtain the
operating point and then also we obtain the DC voltage. DC voltage it is same here also
6.8 V ok.

1073



(Refer Slide Time: 08:55)

Numerlcal example: Differential amplifier rcahzcd by BJTs

v"

+ Pr= = 100; ViE(on) = VBE(mz2 = 0,6V; VAr= Vaz = 100V; i A -

* Vee= uV Rei = Rez = 5.2kQ; Rr=1kQ

+ Cri=Cr2 = 100pF 0'3”47 : e
» For Vixc = 2,6V, Find: Vo §8-22 BV

*» Operating points of transistors - 5 ’\

/7 Oulpul d.c. voltage 24"

/ Values of small signal parameters of transistors )
/ﬁ» Ouipul swing {ﬂlslnrmw:mulpul signal) Ve j0ob

% Differential mode guin 9 5 ¥ i _I_ Ve
vm J

/~ Common mode gain / ?
i’

.ﬁn,‘- 100024 = 0% kn_
PRLPRLASSTS 28

I, im

So, to summarize the DC operating point, we do have 2.6 V is the base voltage and then
at the emitter. So here also, it is 2.6 V and at the emitter we do have 2 V. Then, voltage
here it is 6.8 V and here also it is 6.8 V and the collector current in both the transistors
they are equal and they are 1 mA right.

So, that gives us the operating point of both the devices. In fact, you can calculate what
is the Vce and ensure that Q; and Q; both are in active region of operation. In fact, we do

have sufficient headroom.

So, in case if you have say Ve is at is 0.3 V. So, this voltage it can come down as low as
2 point; so, this voltage it can go as low as 2.3. So likewise, so we do have a swing here

with respect to DC voltage it is 6.8 — 2.3. So, that = 4.5. So, the —ve side swing it is 4.5.

So, the output showing; so, —ve side it is 6.8 — 2.3 V, alright. So, that is considering Vce
voltage = 0.3 and that = 4.5 V. So, likewise for +ve side for +ve side the voltage here it
can go towards the supply voltage. So, here we do have 12 V DC and then the DC
voltage at the output it is 6.8.

So, the +ve side on the other hand it is 12 — 6.8. So, that = 5.2 V. So, we do have fairly
good swing. So, which means that whatever the DC voltage we do have, over that DC
voltage we can have very nice signal swing. So, the circuit operating point it is very
good. So, 6.8 V is the DC level.
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So, now we obtain the output swing. So, we obtain operating point, we obtain the DC

voltage; now, next thing is the small signal parameter of transistors. So, we do have the
collector current Ic = 1 mA, and that gives us gm = %, if I consider thermal equivalent

voltage, it is 26 mV.

So, that = i Oandthenr, = gi. So, that is 100 x 26; so, that = 2.6 kQ. And then output
mi

early voltage
Sab AL LS

resistance ro, so, that = 0, this = % So, that is giving us 100 kQ.

c

So, we assume that this 100 kQ it is much higher than this passive load Rc; and R¢;. So,
that gives us the small signal parameter. In fact, for the other transistor parameters are
also same corresponding to whatever the parameter we obtain for Q;. So, now we obtain
the small signal parameters of both the transistors. Next thing is we need to find the

small signal gain namely, a differential mode gain and common mode gain.

So, the differential mode gain Aq = gmRc and this is equal to R¢ it is 5.2 and g, = % and
this is of course, it is kQ. So into 10° so, that is equal to 200 and the common mode gain

on the other hand it is —&25¢— alright .
1+ gm(2RT)

And so, in the numerator we do have 200, just now we have calculated and then we do

haveal + % So, this is equal to how much? %; I do have calculator for me. So, %
= 77; + 1 and the denominator and so that, reciprocal of that, multiplied by 200 is giving

me 2.566 and so and so.

In fact, if you ignore this 1, you will be getting this = 2.6. Of course, it is having a — sign,
alright. So, we do have the differential mode gain of 200 and then we do have the

common mode gain; common mode gain is basically approximately it is — 2.6.

So, now next thing is that once we feed the signal, once we feed the small signal namely,
Vin1 and then vi,, based on this differential mode gain and common mode gain, we will be
getting the signal at this point namely, at v, and then vy;. And to get the individual
signal first of all, based on this Aq and A¢ as you have done for the macro model based

numerical example.
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To get the individual signal first thing is that, we need to see what is the differential
input, and then what is the common mode input, and then we multiply this differential
and common mode component of the input by their respective gain to get the v, 4 and
Vo ¢, and from that we can find what will be the individual signal. So, keeping the
operating point same, let we find what will be the corresponding output for a given set of

Vin1 and Viny.

(Refer Slide Time: 17:48)

Numerical example: Differential amplifier realized by BJTs
+ B1 = P2 = 2004 VBE(on)1 = VBE(on)2 = 0,6V VA1 = VA2 = 100V V.

* Vee=12V; Rei = Rez = 5.2 kQ; Rr= 1kﬂ y |
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* VINe = 2.6 -om{y*) ﬁJ W/
i o A Q;ﬁ :a[ yInt Nic
Vyy = (l.(ll.Sm(T.r) ()““l(t_T t) ¢ e

- - \ !“
Vinz =

n n
lll)ls‘m(r.t +(l.'5m(—,‘t)f" _T_v‘~
Fmd = J R, gL

(§ = ‘.'\ X mT\} L
} » Vo1 andg v,'";‘ﬂ = OLS’ K;, £)

Vyz (8055 l“t/ Yo.d= @N092)Si 1Y) - 45 (- =
+2520¢) Vo = 120025 a1 4 | =-0'52 $30 (AL £ )
—L, L

So, in the next slide what we have it is, so, we are keeping the operating point same.
Namely, we do have Vinc = 2.6 V and that gives the whatever the operating point we
obtain and we know that DC voltage wise Vo pc = 12 — 5.2, so, that is 6.8, right.

And also, we have calculated the Aq = 200 and A. on the other hand, it is — 2.6 now here
we do have the vin; and viy; and if you see here, the this part similar to our numerical

examples associated with the macro model vip.

So, this 2 if | consider, so, this is giving Us Vin ¢ = Vin1 — Vinz = 0.02 sin (ZT“ -t). On the
other hand, if | consider the common part namely, if | take the average of the 2 inputs; so
that gives us the common mode input Vi, ¢ = w =0.2 sin (i—’TT -t).

So, we do have the common mode component and we do have the differential mode

component here and we do have the differential mode gain and common mode gain. So,

1076



from that we can get v, ¢ = 200 x 0.02. So, that gives us 200 x 0.02 sin (Z?Ht) =4

sin (2?“ ~t). So, that is the differential output.

So likewise, we can calculate the common mode common mode output v, ¢ = — 2.6 x this

common mode part 0.2 sin (i—;t) it is having different frequency. So, this is equal to

how much? This is 0.52 sin (i—; -t) of course, with a — sign.

So, now we have obtained the differential and common mode component. So, the

individual signal now, we can say that say Vo, it is having the DC part 6.8 V, DC and

then, we do have the common mode part. So, that is — 0.52 sin (i—’TT 't) and then it is also

having half of the differential part. So, that = +2 sin (ZT“ ~t).

So likewise, if you see the other output Vo; S0, that is also having DC of 6.8 and then the
common mode part — 0.52 sin (i—;t) and then — 2 sin (Z?Ht) So, that gives us the

complete output. So, we can see here; this is the common mode part. So, this part and

this part they are common mode and then we do have the differential part, here and here.

And if you compare if you compare the common mode part and differential part, it is
almost that differential part if | see, individual signal-wise and if you take the particularly
the differential output, at differential part it is quite large. In fact, almost 8 times higher.

So, this part it is almost 8 times higher than the common mode part.

However, if you see at the input if you compare the differential part which is 0.2 and
then common 0.02 rather and common mode part it is 0.2. So, here on the other hand, the

common mode part it was 10 times higher.

Which indicates that the whatever the signal we are receiving here, that may be getting
affected by significantly | should say affected by unwanted signal having an amplitude

which is 10 times higher than the desired signal, differential signal.

And through this differential amplifier which is having differential mode gain, it is much
higher than the common mode gain and that is why at the output we are getting the
desired signal almost having 8 times higher amplitude than the unwanted component
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unwanted component is this common mode component, right. So, that is the basic

motivation.

Now, next thing is that how do we see the signal? Particularly, if I consider how the
common mode and differential mode signal it is getting propagated.

(Refer Slide Time: 26:23)

Numerical example: Differential amplifier realized by BJTs
+ 1= p2 = 200; VBE(on)1 = VBE(on)2 = 0,6V; Var = VAz = 100V
» Vee =12V; Rei = Rez = 5.2 kQ; Rr=1kQ
* Cur=Cr2 = 100pF

0.2 §i (Zn r)
.2 Sin T

0.2 i . t)
5 .m(”.

+ Find: -
"vu‘d and Vo ¢
» Vo1 and Vo2

!! Ll

Particularly, you may recall in the analysis we used to split this resistor into 2 parts, and
we use to claim that this 2 Rt and this 2 R+ we used to split them and then we used to see

that the signal here and signal here it was propagating differently for common mode part
and differential part.

And now here, at the input the stimulus it is having both differential as well as the
common mode part.

(Refer Slide Time: 27:20)
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Numerical example: Differential amplifier realized by BJTs
* B1= P2 = 2005 VBE(on)1 = VBE(on)2 = 0.6V; VA1 = VA2 = 100V v
* Vee = 12V; Rei = Rez = 5.2 k@ Ri=1kQ LAY sifso 0 2o
L Cu=Ci2=100pF  — g ey f——>0
* ViNe = 2,6V, ' fg,* "1\; ' ovp—?- ‘_‘;’5 s Vo2
I In2 1

¥ o' ‘0
° In1 I~ o a
For # '1?“),(’_(

> 2n 2\ p2ter
= 0.01 Sin{—. 0.2 Sin(—. : A
At 1 m(T r) + 02 “1(41' {) § 1
n n GRS vyt S 2R,
/1',”:=—lml.\‘m(f’,-.r)+ll..{,\‘m(ﬁ.r) I/ QL" Tw
+ Find: ‘ ' = = 2
» Vot and Vo2
] #Vo_d andVo_e¢

So, in case if you in this actual circuit if you split these 2 resistors and we like to see
what other things are happening, namely, with this kind of signal what is the signal
amplitude you are getting at the emitter and the output. So again, we are keeping the
same operating point, only thing is that the Ry it has been split into 2 parts, identical
parts 2 Ry and also here we have opened it, here we have opened it.

Now in this case, if we open it and if we are keeping the same stimulus namely, vi,; and
Vinz then what happens? First of all, if you see once you do have a split here, identical
split here and then even though we are applying the same 2.6 V here, the operating point
it is remaining same, but left and right half they are completely isolated.

So here again, if you see the operating point here, the DC voltage it 2.6 and the voltage
coming here it is 2 V and now 2Rt having Rt = 1 k, this current it is 1 mA. So, that gives

us the emitter current 1 mA and then the collector current is also very close to 1 mA.

So, we can say that 1 mA it is flowing through Rc; creating a drop of 5.2 V since its
value it is 5.2 k. So, the voltage here again it is 6.8. So, with this spilt of course, the as

expected the operating point is not getting changed.

So, the corresponding small signal parameter namely gm: and gmy, they remain same and
both of them are equal to i O and r, of the 2 resistors transistors they are remaining 2.6

k and then ro; = ro they = 100 k.
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Now, if I am having this parameter and then | do have a signal v in1 coming here. So,
what do you expect? That the left half it is completely isolated. So, just by analyzing this
left part we can calculate what may be the signal coming here and the signal coming
here, ok. So, let me clear the board and then let me write those signals expression.

(Refer Slide Time: 30:27)

+ 1= 2 = 200; VBE(on)1 = VBE(on)2 = 0,6V Var = Vaz = 100V
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+ Cur=C12 = 100pF
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So, the gain of this transistor Q; and its corresponding associated bias we can say that its

gmiRc1
1+ gm1(2RT)

calculated this = 200 and this is 1 + close to 77 and this = — 2.56 or | should say, = — 2.6.

voltage gain = of course, with a — sign. So, what is the value? Here, we have

So, if l'ignore this 1, then you then that gives us 2.6.

So, that is the gain from this point to this point. This means that for this input, the output
signal we are getting namely, vo2 what we are expecting here it is — 2.6 X vinl, alright.

And then we do have 2 components and if you see here so, the first component it is —

0.026 sin (2?" -t) and then we also have to multiply this 0.2 and 2.6 for this component.

So, that is equal to — 0.52 sin (i—: ~t). You might have observed that since this circuit,

left part it is completely isolated from the right part. So, this circuit of course, it is

working as common emitter amplifier having a degenerator of 2Rr.
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So, this circuit of course, it cannot distinguish which is common mode part and the
differential part. So, the differential part as well as the common mode part it will amplify

and whatever the signal it is coming here it is given here.

And also, if you see the signal at this point and so, if I call that signal it is ve;. So, what

kind of signal do I get? Before we can consider this Ry, we are getting almost the vi, here

and then we do have the output impedance which is =

8m1

And then we are connecting 2 Rr. Note that this viy; it is not this viy, it is the signal
coming at this point which is very close to this signal, alright. And so, before we
consider this resistance the signal here, if | consider it is having say infinite resistance

then at this point the signal it will be same as whatever the signal we are applying here.

So, that is why you are calling it is voltage it is getting translated to emitter or emitter is

following the base terminal. And then we do have this resistance which is = So, once

8m1

this Thevenin equivalent voltage source it is getting loaded by 2 Rt then, whatever the

voltage we do get here it is nothing, but this Rg;.

So, this voltage it is vin1, the reflected signal coming to the emitter multiplied by 2 Rt

that is because, divided by 2Rt + gi. That is because, this signal it is getting divided

across this — and 2R to create this voltage called ve;.

8m1

So, this is the; this is the signal we are getting at this point before connecting the load, it
was like this and then once we connect this 2 Ry then, whatever the voltage we are

getting here. So, if I calculate this one, it is coming vi,; multiplied by this is 2 k. So, 2000
and this is 2000, this is —that is 26 S0, 2026. In fact, this part it becomes very close to

8m1

1 this = 0.987, | think that was my calculation 0.987 multiplied by this vjn;.

Which means that, | do have this signal = — so, no | do not have the — sign here, I do have

the signal coming in phase. So, | do have 0.01 x 0.987; so, | do have 0.00987 sin (2?" -t).

And then we do have this part that is also getting multiplied by this one so, that = + we
do have 0.1974 sin (i—;-t). So, that is corresponding to this part. So, this is the signal

coming at emitter here.
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In fact, similar kind of things you will be getting at the other side namely, at this point
and likewise, here also we will be getting the signal. So, the signal coming here it will be
similar to whatever we obtained namely, the gain of this transistor along with its bias
arrangement it will be having the same gain of — 2.6.

So, we can say that vg, this vo; signal wise, it = this is having — gain is — 2.6 and this

signal it is —. So, | do have + 0.026 sin (%ﬁ -t) and then we do have this part. So, it is

having a — and then we do have 0.52 sin (i—’; -t).

So, we do have the 2 frequencies again, this amplifier it does not really understand the
common mode part and differential part. So, both of these parts are getting amplified by
the same gain. So, if | see individual signal, if | see the see individual signal this and this
of course, it is having both the frequency component and if you are keeping this node

still open and if you consider the differential output say Vo g IS Vo1 — Vo2 by definition.

And, so if | take the difference of this signal and this signal then, obviously, this part it is

getting removed, leaving behind this part and this part multiplied by 2; because they do
have opposite sign. So, what we are getting there, it is 0.052 sin (2?“ -t), and this part as |

said, that they are getting removed.

On the other hand, if | take the average of the 2 signals; so, if | take average of this signal
and this signal that gives us the output common mode. And so, if | take average of vy
and Vo, in fact, in that case this part and this part they are getting cancelled leaving

behind this part and this part.

So, that =— 0.52 sin (i—;t -t). So now if you see, that this part even if you are keeping this

is open, the common mode part common mode part it is same as the case when we have

connected it or in the previous circuit.

But then, the differential part if you see it is quite small. In fact, if you connect it to get
the original circuit, then what we have obtained it is that corresponding differential
output; it was having an amplitude it was 4 V if you recall right, and so, now if | make a
connection, what we are expecting that the emitter voltage at this at the emitter of

transistor-2 it is also having similar kind of signal as you can see here similar kind.
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So, what will be the difference? This part it will be same, but this part it will be having
opposite sign. So, if | observe the voltage at this point, before we make the connection

and we call this is say Vey. So, that is equal to this part and the first part it is having a —

sign, — 0.00987 then whatever, x sin (2?” -t).

And then this part on the other hand, it will be having + sign, + exactly this one 0.1974
then whatever it is. So, the moment we make this connection, this part and this part they

are getting cancelled out, and also at the output this part and this part they got amplified
and both of them this part it was it is getting converted into — 2 sin (ZT“t) with this

connection, if you make this connection.

Same thing this part is also getting increased to + 2 sin (ZT“ ~t) and naturally, the

amplitude of the differential part it got changed to 4 sin (ZT“ ~t). So, this got changed to 2

and this is also 2. So, that gives us the amplitude of 4, alright.

(Refer Slide Time: 44:57)

Numerical example: Differential amplifier realized by BJTs
* p1=p2 = 200; VBE(on) = VBE(on)2 = 0,6V; VA1 = Vaz = 100V}
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So in fact, in hardware you can make this experiment namely, you can construct this
circuit and then if you keep it open and then if you observe the signal here and here, what
you will be seeing here, mostly the common mode signal it will be dominating hardly
you will be seeing the information out of the differential part because, at the input the

strength of the differential signal is very small.
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And then, the moment you make this connection all of a sudden, then you will see that
the differential part it will be appreciated and then common mode component; however,

it will be remaining same.

So in fact, you can do this experiment in the lab, lab setup and you can get a feel of it
alright. So next thing is that we will see what will be the suitable range of this input
common mode voltage? And so, we have taken a meaningful voltage here, but we like to
see what may be its meaningful range namely, lower limit and upper limit. But then let

me take a short break and then we will come back.
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