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The differential amplifier

The emitter coupled differential amplifier output isV,=Aq Vg + Ac Ve
WhereVd:V1—V2andVC:(V1+V2)/2

Intheideal differential amplifier A should be zero and A4 should be as high as possible,
Tofind Ay, we apply apurely differential signal V4 to the amplifier, withVc=0
ThenVo=AyVy4,andwecanfind Aqg .

Tofind A, we apply purely common mode signal V; =V,=Vcsothat Vo= A Vc.
From thiswean find A. .

In the general case, after finding A 4 and A, we can calculate Vo for given inputs.

EMITTER COUPLED DIFFERENTIAL AMPLIFIER

Gain Ag:

Vce

V2

vd/2

Vee L Vee

The differential mode gain is obtained by applying a differential signal. In quiescent state, both inputs are 0 and the
emitters carry equal currents Ig . The current in Regg is 2l .

When differential signal isapplied, Q1 current increaseto I + A Iz and Q2 current decreasesto lg - A Ig.

The current in Rge remains 2I¢ .

Thus voltage across Ree does not change from quiescent value, even when signal is present.

The voltage Ve therefore remains constant, and is equivalent to a DC voltage source equal to 2| eRge were connected in
place of Rge .

For signal analysis equivalent circuit, adc source is equivalent to ashort circuit for the signal.

Thusfor thesignal V4/2 the emitter of Q1 and Q2 are effectively grounded.

The circuit can therefore be bisected along the central axis of symmetry, without changing any signal voltages or
currents, and the half circuit isa CE amplifier circuit.

The gain thereforeis Vo /(V ¢/2) = — he Rc /hie and the input resistance of each half circuit ishie .

ThusVo /V4=Aq4=— he Rc/2 hie_and differential_input resistance is hie + hje = 2 hie across the two input terminals

vd/2

COMMON MODE GAIN:

Initially consider Quiescent state. The current in Rge is 2lg . Now give a pure common signal V ¢ to both inputs. The
current in both transistorsincreasesto I + A each. Current in Rge is now

2(lg + A).

Now replace Rge with two resistors, each of 2Rege valuein parallel. Thiswill not change the circuit in any way.
The current in each parallel resistor of 2Rge is2(Ig + A)/2= (g + A).

Thus ALL the current coming from each emitter (Ig + A) goesinto the nearest 2Rge resistance.

Thereisno current in the link joining the tops of the two 2Rge resistors., so we can safely open that link without
affecting behaviour of the circuit.

The original circuit can now be cut along the axis of symmetry to form two identical half circuits.

Each half circuit isa CE with Rg where Rg = 2Rge

Hence gain Vo/V¢ =A.= —he Re /(hie + (I + h e ) 2Ree ) = —Rc /2Rge for large hye and normal hie

The common mode input resistance is hie + (I + hee ) 2Ree
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CMRR improvement:

CMRR can beimproved by

1. Increasing Ree . Thisis possible only up to a certain limit decided by the power supply voltage and transistor bias
current. The Integrated circuit area problem and the theoretical limitations also exist asin CC case.

2. Replacing Ree by acurrent source.

3. Using active load (current sources) as Rc for getting high differential gain

4. Using cascaded differential amplifiers. However, direct coupling meansthat V. of thefirst stagewill be Vg of the
next stage. That in turn meansthat V¢ of the next stage will be even higher, with value approaching the V . value.
The next stage transistor will then get cut-off even with asmall input, giving arelatively smaller swing in output
voltage. For thisreason it is not practical to cascade more than two stages.

Analysis and design of MC1530:
The conditions for the analysis and design are

§R1 |

cc

R4

Q5

R3
6
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8
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R7 R10
R8
V,

All transistors have he = 100, and use V. = —Vege = 6V,

Transistors Q1 to Q4 havelc = 0.5 ma, Q5 haslc =1.56 maand Q6 haslc =5 ma

All current sources are current mirrors with equal current in each branch.

First stage is designed for maximum differential gain within alimited range of input voltage, and very high CMRR

by using a current source as Rge . The range of input voltage is decided by ensuring that Q7 does not saturate.

5. Thesecond stage is designed for maximum A4 with A, =1. This can be done as the first stage takes care of the
CMRR.

6. The voltage shifter and output stages are designed to get O output in quiescent (no signal) case.

Calculation of current source resistances:

R7:

The current source Q7 hasto be active for the amplifier to work. ThenV cg7 = Ve /2 =3V

The inputs are at ground, Hencethetop of R7isat 0 — Vg — Ve and bottom isat Ve -

so voltage across R7 = (0 — 0.7 — 3.0) — (-6) = 2.3V

current through R7=lg+lp=2lc+le=05+05=1mA.

Hence R7 = 2.3 K, but we choose the nearest standard value 2.2K

BN
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ThusR7 =2.2K

R8:

With R7 = 2.2K voltage Vg; = -6 + (2.2Kx1ma) + Vggy =—6+2.2+0.7=- 3.1V
Thedrop inthetwo diodesis 0.7 x2 = 1.4V

Thentop of R8isat Vg; 2Vp=-3.1-14=-45V

Bottomisat -6 V.

Then Vg = -4.5-(-6) = 1.5V, Irg =1 mA (current mirror action)

Hence R8 = 1.5K

RO:
Vg7 is=3.1V, hence across R9 voltageis 3.1V. currentis1 mA, hence R9 = 3.1K

Calculation of differential stage

Rland R2:

The Q7 transistor being a current source has to remain active for the amplifier to operate.
Base voltage of Q7 is—3.1V, and under quiescent conditions, V7 is =— Vgg; = -0.7V.
When anegative signal is given to base of Q1, say —V, then the emitter voltageis —-V-0.7
And henceV¢; is—V-0.7. If thisvoltage is lower than Vg7 by 0.5V then Q7 will saturate.
Thus Q7 saturates at V7 =-3.1- 0.5 =-3.6V.

Corresponding Vg; is —3.6 +0.7=-29V

Thus input cannot be made more negative than —2.9 V or Q7 will saturate.

For safety we limit input to —2.7V

Then in positive half cycle, max Vg, = 2.7V

Now for maximum differential gain R¢ should be maximum. As R is made large, drop acrossit increases and V¢,
becomes lower. If V¢, islessthan Vg, by 0.5 then transistor Q1 will saturate.

So minimum allowable V¢ = 2.7 —0.5=2.2 V. Below this Q1 will saturate.

Then drop acrossR1 = 6 —2.2V = 3.8V

Current through R1 = 0.5mA hence R1=R2 = 3.8/0.5=7.6K

Gain stage resistance:

R3:

WithR1=7,6K , V¢ =V —c1 R1=6-7.6x0.5= 2.2V

Then Vge3=Vc1 and Vg =22-07=15V

Then voltageacrossR3=1.5V and Irz3 =lgz +lgg=05+05=1mA
SoR3=1.5K

R4:

With R3=1.5K , to get max differential gain R¢ should be largest.

Increasing Rc increase [common mode gain| as well, and this hasto be kept < 1
Thus max value of Rc we can use will make A =1 =Rc/2Ree

Then R¢ = 2Rge = 2x1.5K = 3K

Therefore R4 = 3K

Voltage shifter and output stages:

R5:

With R4 =3K, Ve, =6 -3x0.5=4.5V.

So VE5 =45-0.7=3.8V

Now for O input output voltagei.e Vg = 0.

Then VBG =0.7v

The voltage acrossR5 =3.8-0.7 =3.1V, and current =1,56 mA , giving
R5=2K

R10:

Voltage acrossR10isVge + Vg = -6 + 0.7 = -5.3V, and current = 1.56mA
Then R10=5.3/1.56 = 3.1K

R6:
Vo =0in quiescent state, so across R6 we have 6V. current is5 mA,
so R6 = 1.2K
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741 OPERATIONAL AMPLIFIER

The 741 Op Amplifier has four stages:
1. Input differential stage: Qland Q2 are CC input transistors with high R;,. They are cascaded with Q3 and Q4 which
are CB differential voltage amplifier, their low i/p impedance matching with low output impedance of the previous
CC stage. Q5, Q6 and Q7 are the current sources which act as active load f or Q3 and Q4, Q8 actsas the common
resistor (like Rge in the standard circuit). The branch containing Q12 and Q11 decides bias current. If this branch
i
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m}
has current I, then the branch with Q9, Q10 has a much smaller current | ; because Q10-Q11 are widlar source. |y
in Q8 inthe differential amplifier =13 as Q8 and Q9 are current mirror. These current mirrors are used to provide
the bias currents.

2. Thegain stage has buffer CC Q14 and amplifying CE with Rg Q15. The Q15 load is active load given by current
mirror transistor Q13A, and the output is buffered by Q18 which passesit on to the output stage.

3. TheQ13B and the block labelled V isthe voltage shifter for ensuring the the two output transistors are ON under O
input conditions, Then V, = 0 asit isthe electrical centre of the output branch . Block “v” isaVge multiplier .

4. Output is complimentary pair of transistors. Under 0 input both are ON when +vei/pisgiven at Q18 base, Q17
conducts and Q18 cuts off, delivering current into load. During negative input Q18 conducts and Q17 cuts-off thus
current is taken from load.

5. Under O input condition I, =1, and | =1, (current mirror) so l4 =l,—I = 0, hence no input to the next stage, and
output stays OV

6. When positivei/pisgiven to Q1, current |, increases, and |, decreases. Hence |, — | =14 is drawn from the next
stage.

7. When negativei/pisgivento Q1, current |; decreases, and |, increases. Hence l, — 1 =14 is delivered to the next
stage.

8. Theamplifier first stage is thus a trans-conductance amplifier.

Analysis of \ :
differential gain of From 08
741

The currentsin the various current
sources are shown in the figure,
which gives the important sub-
circuits of the 741. All Transistors
have h = 200 and Q3 and Q4 have
hre= 4.

Theinput stage transistorsQ2 and
Q4 with their load Ro6 and R;14 are
shown in the second figure. Output
resistance of Q6 and input resistance
of Q14. Appear as paralel load to
Q4 collector.

Riq calculation:

Q1

2M

Ro5

15 uA

15uA

Q2

Q3

12 uA

Q4
6UA
12 uA

EZM

Ro6

15uA

Q!4

250 uA

Q15

50? 10

Q16
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Here Rig = 2Rz = hip +(1+hre2 )Ri4 @Nd Rig = Mgy /(Mres +1)

hieoVr 1+ hgep hieaVr

hence Ry =
lco  1+hfea lca

herel =15 UA and Iy = 12 UA

giving Rig = 1.38 MQ

1% stage gain: Q2
Ris = Ros|| Risg = 04
And output of first stage = Vg =i X R4
NOW ics = hreg / (1+htes)iea
Withies = (L+hrep)inz = (L+hre)Vig/ 21z
V14 hfe4 1+ her Ro Ri14
Then, = RL4 + 1
Via  1+hes Tig i

Now hiel4: hfe]_4VT / iC14 = 350K. S|m||ar|y hfels = 21K
Then Riis = higgs +(1+hes )Ry = 41K

Then Riza = higra +(1+he14 )(Rs || Riss)

Givi ng R1.=4.88M

Using values of Rj;4and Ry, R 4 = 1.42M, giving

First stage gain = V4 /Vig = 166

Second stage gain

If we assume that R6 was not present then

ib1s = (Mret1)ip1a

Then icis = Mreashhera | s

With Rg, thereis aloss of current and the new gainis B = heeshrers (Re/(Rs + Riss))
Neglecting drop in Q18

Vbi6/Vo1a = - B (Rowa/Ria)

hre14 and hyeg5 can be calculated and are 350K and 21K.

then Rizs = higgs + (1+hres)R7 = 41K, and Rizg = hieas + (1+hres4)(Rs || Riss) = 4.88M
B = 200x200x(50/(50+41)) = 22000

Second stage gain = Viy6, Vhia = - 22000 (0.2/4.88) = -902

thus Ay = 166 x -902 = -150000

OUTPUT RESITANCE:

For small signals Q16 and Q17 are in parallel astheir bases are connected.
Then Ry = [(Rosl|Ro13a) + (hiea7 + hiess)] / (hrea7 +1)

And Roig = (Roaas + hies) / (Mreas + 1)

Now hig7 = 26K (By calculation)

hie]_g = 26K and hielB =52K gIVIng Ro18 = 1.25K

Then Ryg||Roz3a and

R, = 1.25 + (26]|26) / 201 =71 Ohm

Thus each transistor has o/p resistance 142 Ohms.

Now each transistor isin series with 27 Ohm, so final output resistanceis
(142+27)||(142+27) = 83 Ohms

PDF created with FinePrint pdfFactory trial version http://www.fineprint.com



http://www.fineprint.com

DiffAmp.doc 6

SPECIFICATION PARAMETERS OF OP-AMPS

Input Bias Current (Ig) : average current entering i/p terminals when amplifier is balanced i.e. v, = 0 Typical 100nA
Input Offset Current (l;,): difference between currents entering input terminals when v,=0. Typical:10 nA

Vg

V=0

_]__ Output offset voltage

Input Offset Current Drift: ratio of changein I;, upon change in absolute temperature. Typical 0.1nA/degree C

Input Offset Voltage (Vi,): Voltage at the input terminals to balance the amplifier. Typical ImV

Input Offset Voltage Drift: Ratio of change in input offset voltage to the change in temperature. Typical 1uV/degree C
Output Offset Voltage: Output voltage when inputs are grounded.

Power Supply Rejection Ratio: Ratio of changein input offset voltage to the change in any one of the power supply
voltages. Typica 20 uvV/V

Slew Rate: Time rate of change of the closed loop amplifier output voltage under large signal conditions. Typical
1V/uS

Open Loop Gain: typical 50000

CMRR: Typical 100dB

Measurement:

A
Measure output signal voltage without R, , ensuring output voltage is not more than 30% of rating. Find A,

Output Resistance: vi
Vs
Attach R. and measure gain. T

Then Ay = RL/(RL + Ro) Ay and so Ry, = ((AV/Av)'l)RL ) i

+Vv
RidI
. . . . . . 50K Pot
Insert two equal resistorsin series with the two input terminals
measure output. v
Then new output Vo' =[Riq/ (Rig + 2R) ] V, where Vo isthe output
without the two resistances. 1

ThenRig = 2R [Vy /(Vo—Vo)] -

Vio: R R

Connect circuit as shown. Then v, exists between input terminals
From the circuit V, = [(R+ R')/R] Vi,
Take R =100 Ohmand R’ = 100K for easy measurement.

lio and Ig:
Use large resistance > 10M as shown, with noise bypassing capacitors. (0.01uF)
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Connect A and B short-circuiting the lower resistance.

then measured output isV, = Ig2R., from which |z, is obtained
If we short-circuit C and D and measure output, C
V, = -1g1R. which gives Ig;. Thus Ig; and I g, can be found.
From thislg = (lBl + lgo )/2 and lig=1lg1 — I

O

~L

R>10M

The capacitors are used to bypass effects of noise voltage which is generated by A
random flows of electronsin the resistance. At the high resistance used, this voltageis
significant. R>10M

CMRR: =

Using circuit shown, with R =R1 =100 Ohmsand R’ = R1’ = 100K we can calculate
CMRR asfollows:

Voltage acrossR = V; — [V{R/(R1+R;" )]

Across R = Vq-Vi -[VR/(Ri+Ry )]

Assuming egqual currentsin R and R’ ( neglecting input bias current) and noting that
R=R;and R’ =R, and solving,

Vi=(RI(R+R))V,

Ve=Vs[R’ /(Ri+Ry)] =Vs[R /(R+R)]

Also Vo =AgVq+ AV = [(ARV)/(RTR')] + [(AR VI/(R+R')]

Thus V,[1- (AGR/(R+R’'))] = (AR V /(R+R")

By choosing R and R’ such that AyjR/(R+R’) >>1 Vs
-VAGR/(R+R') = AR VJ/(R+R’)

and so

[AdA | = (R/R) (VJV,) which isthe CMRR.
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