OPERATIONAL AMPLIFIERS

OpAmp, Op Amp, or Operational Amplifier — a complex device that may be
modeled as a voltage-controlled voltage source with high gain, high input
impedance, and low output impedance.

Terminal Nomenclature
Inputs: (+) terminal and (-) terminal
(sometime called the noninverting and inverting , respectively)
Outputs: V, or v, with respect to the circuit reference
Power terminals (not shown in the model): constant voltages V. and V.
(sometimes called the rail voltages)

Circuit Model

Rin

Integrated circuits with multi-transistors on chip are available with single or
multiple OpAmps available.

Circuit Symbol Example Chip Layout

+
TS

>
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OPAMP PARAMETERS

OpAmp Parameters
Voltage Gain A =V, /Av  (typically large A > 10,000)

Input Resistance R;, (typically large R;, > 100 k)
Output Resistance R,y (typically small Ry, < 100 €2)
Output Characteristic Practical Output Characteristic
Vo Vo
Av Av

Feedback — the typical usage of OpAmps involves feedback from the output to the
input terminals.

OpAmp

+ -

Av . Av .

i VYo + VYo
i i

Negative Feedback — the output is connected (perhaps through various
circuit elements) to the (-) terminal. Produces a stable output as
Av goes to zero.

Positive Feedback — the output is connected (perhaps through various
circuit elements) to the (+) terminal. Produces a unstable
behavior, e.g. overload or oscillation.
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IDEAL OPAMP PARAMETERS

Ideal OpAmp Parameters
Infinite Voltage Gain A = V,/Av =
Infinite Input Resistance R;, = 00 Q
Zero Output Resistance Ry, =0 Q

Ideal OpAmp Ideal Circuit Model
1@ .
+ AAv
Av n Av Vo
i Vo
T | '

Circuit Analysis with Ideal OpAmps

Assume output voltage is in the linear range (check final result)
Assume infinite input resistance R;, = o0 Q

(open circuit for no input current)
Assume zero output resistance Ry, = 0 Q (short circuit)

Assume Av =0 V (for negative feedback)
or (better)

Use dependent voltage source with a gain of A, let A go to infinity in the
solution.

OpAmp circuits are typically designed such that the circuit behavior (e.g. through

feedback) is dependent on external elements values and not on the OpAmp
gain parameter.

The internal design and frequency analysis of OpAmps are beyond the scope of
this class.

© Watkins 2009 MISSOURI S&T Page 3 of 30



BUFFER OPAMP CIRCUIT AND ANALYSIS

Buffer (or Voltage Follower) OpAmp Circuit
* Input voltage to (+) terminal
* Output feedback to (-) terminal

(+)

(-)
+ Av - +
+ AAv
Vs Vo

Kirchhoff’s-Voltage-Law:
-vs+tAv+ AAv=0 or Av=vg/(l +A)

and
Vo = AAV = vg/[(1/A) + 1]
liMA 000 Vo = lIMA 00 Vs/[(1/A) + 1] =vg
liMa 1000 Vo/Vs = liMa o 1/[(1/A)+1]=1

In the limit

Vo
Vo/vg =1
Note that the output voltage does
not depend on the load attached to
the output. Vs
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NON-INVERTING OPAMP CIRCUIT AND ANALYSIS

Non-inverting OpAmp Circuit
* Input voltage to (+) terminal
* Output feedback to (-) terminal through a resistive network

+
Vs
(+)
+ Av
+
Vs

Let v, be the voltage across R,
Kirchhoftf’s-Voltage-Law for the left-hand loop:
-VvgtAV+v,=0 orv,=-Av+vg=-V,/A + vg
Voltage division for the right-hand loop: (Note that the OpAmp input
current is Zero)
va=[Ra/(Ra + Rp)] vo
Hence,
Vo= -V,/A +vg= Vo
[R/(R, + Rp)] Vo
vs = [1/A + RJ/(R, + Ryp)] v,
Vo/vs =[1/A + R/(Ry + Ry)]™

limA to 00 Vo/VS = (Ra + Rb)/Ra Vs

In the limit
VO/VS = (Ra + Rb)/Ra
VO/VS =1+ Rb/Ra
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INVERTING OPAMP CIRCUIT AND ANALYSIS

Inverting OpAmp Circuit
* Input voltage and output feedback to (-) terminal through a resistive
network
* Reference to (+) terminal

—MT—M—

Ra Rb
+
Vs AV
+ +
- Vo
+
Vs

Av

)|

Kirchhoff’s-Current-Law for the (-) terminal:
(Note that the OpAmp input current is zero)
(-Av - vg)/R, + (- Av - vy)/Rp, =0 and Av=v,/A
(- Vo/A - v5)/Ry + (- Vo/A - Vo)/Ry, =0

Hence,
vs/R, = (- /AR, - 1/ARy, - 1/Ry, )vo = (- 1/A)[(Ry, + R, + AR,)/R.Rp]v,
VO/VS = - Rb/[(Rb + Ra)/A + Ra]
1irnA to o Vo/VS =- Rb/Ra VO

In the limit
VO/VS = - Rb/Ra

Vs
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SUMMING AND INVERTING OPAMP CIRCUIT AND ANALYSIS

Summing and Inverting OpAmp Circuit

* Input voltages and output feedback to (-) terminal through a resistive
network

* Reference to (+) terminal

ATV —

+ Ra Rc

- Rb AV

Kirchhoff’s-Current-Law for the (-) terminal:
(Note that the OpAmp input current is zero)
(- Av - vs.)/Ry + (- Av - vgp)/Ry + (- Av - v)/R. =0
with Av =v/A

(- Vo/A - vsa)/Ry + (- Vo/A - Vsp)/Rpy + (- Vo/A - Vo)/Rc =0

Hence,
VSa/Ra + VSb/Rb = (- I/ARa - l/ARb - 1/ARC - I/RC)VO
VSa/Ra + VSb/Rb = (' I/A)[( RbRc + RaRc + RaRb + ARaRb)/RaRbRc]Vo
Vo = - RbRC/[( RbRC + RaRC + RaRb)/A + RaRb] Vsa
- RaRC/ [( RbRC + RaRC + RaRb)/ A+ RaRb] Vsb
1irnA tow Yo = - [RbRc/ (RaRb)] Vsa - [RaRc/ (RaRb)] Vsb
1irnA tow Yo = - [Rc/Ra] VSa - [Rc/Rb] Vsb

In the limit
Vo = - [Rc/Ra] Vga - [Rc/Rb] Vsb

The same approach will work for three or more inputs.
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SUBTRACTOR OPAMP CIRCUIT AND ANALYSIS

Subtractor OpAmp Circuit
* Input voltage and output feedback to (-) terminal through a resistive
network
* Second input voltage and reference to (+) terminal

AATVAN—

+ Ra Re

Apply superposition considering vs, and vg, separately
For vg, with vg, = 0
No current flows in the R, and Ry resistors and
The circuit is equivalent to the inverting amplifier with

Voa = - [Re/Ra] vsa  (In the limit A to o)

For vg, with vg, =0
The voltage at the (+) terminal by voltage division is
v = [Rg/(Rp + Ry)] v
The circuit is equivalent to the non-inverting amplifier with

Vob = [(Ra + RC)/Ra] Vi = [(Ra + RC)/Ra] [Rd /(Rb + Rd)] Vsb
or
Vob = {[1 + (R/RD]/[1 + (Ry/Ry)]} vsp (In the limit A to o)

Then by superposition
Vo =Voa T Vop = - [Rc/Ra] Vsa t {[1 + (Rc/Ra)] / [1 + (Rb/Rd)]} Vsb
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VOLTAGE-TO-CURRENT CONVERTER OPAMP CIRCUIT

Voltage-to-Current Converter OpAmp Circuit
* Input voltage to (+) terminal
* Output feedback to (-) terminal through a resistive network
* Load resistor in feedback loop

Vs

Let v, be the voltage across R,

Kirchhoff’s-Voltage-Law for the left-hand loop: (Av = v,/A)
-vg+tAvV+ 1R, =0 or 1 R,=-Av+vg=-vV,/A + vg
(Note that the OpAmp input current is zero)

Then
iL = - VO/ARa + Vs/Ra = - iL/[ARa/(Ra + RL)] + Vs/Ra
ir{l + 1/[AR/(R, + Ry )]} =+ vs/R,
ip =+ vs/{R, + 1/[A/(R, + Rp)]}

Hence,
lima o0 1/Vs = liMa v 1/{R, + I/[A/(R,+ Rp)]} = 1/R,

In the limit
1./vs=1/R, or 1=+ vg/R,
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HALF-WAVE RECTIFIER OPAMP CIRCUIT

Half-Wave Rectifier OpAmp Circuit

* Reference to (+) terminal
* Input voltage and output feedback to (-) terminal through a resistive

and diode network

— -

Ra

+

Vs

Differing behavior for vs > 0 and vg <0

For v¢ >0
The upper diode in “off” and the lower diode is “on”

No current flows in the R}, resistor so

Vo+r = 0
The other output is equivalent to the inverting amplifier with

Vo. = - [R/R,] vs  (In the limit A to o)

For v¢ <0
The upper diode in “on” and the lower diode is “off”

No current flows in the R, resistor so

Vo. =0
The other output is equivalent to the inverting amplifier with
Vo+r = - [Ry/Ra] vs  (In the limit A to o)

|
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INTEGRATING OPAMP CIRCUIT AND ANALYSIS

Integrating OpAmp Circuit
* Input voltage and output feedback to (-) terminal through a resistive
and capacitive network
* Reference to (+) terminal

R C
+

Vs Av

- Vo

The negative feedback drives Av to zero.

Kirchhoff’s-Current-Law for the (-) terminal:
(Note that the OpAmp input current is zero)
(-Av-vs)/ R+ Cd(- Av-v,)/dt=0 with Av=20
(- vs)/R + C d(- v,)/dt =0
vs = - RC d(v,)/dt

Hence,
Vo = - (1/RC) J(vg)dt
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DIFFERENTIATING OPAMP CIRCUIT AND ANALYSIS

Differentiating OpAmp Circuit
* Input voltage and output feedback to (-) terminal through a resistive
and capacitive network
* Reference to (+) terminal

AT =

Vs Av

The negative feedback drives Av to zero.

Kirchhoff’s-Current-Law for the (-) terminal:
(Note that the OpAmp input current is zero)
Cd(- Av -vg)/dt+(-Av-vy)/ R=0 with Av=0
Cd(- vg)/dt + (1/R)(- vo) =0
- RCd(vs)/dt = v,

Hence,
Vo = - (RC) d(vs)/dt
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MULTIPLE OPAMP CIRCUIT AND ANALYSIS

Two-Stage Circuit with Multiple OpAmps
* Output feedback to (-) terminal through a resistive network

Consider each amplifier stage separately. The negative feedback drives Avi,
Av2, and Av3 to zero and the OpAmp input currents are zero.

First Stage: Since Avi and Av2 are zero, the voltage across resistor Ry, is vs.
The current through the resistors R,, Ry, and R, are the same.

(VSI - Vsz)/Rb = Vs/Rb = (V1 — Vz)/(zRa + Rb)
So  (vi—Vv2) =[(2Ra + Rp)/Rp] vs = [1 + 2(R/Ry)] vs

Second Stage: Since Av3 is zero, the voltages vs; and vs. are equal.
vi+ = [Re/(R¢ + Rg)] vo2  (Voltage Division) and
(va.— V1)/Re + (v3. - vo)/Rg=0 (KCL)
V3. =+ [Rd/(Rc + Rd)] vit [Rc/(Rc + Rd)] Vo

Then, since vs; = v3., then
[Rd/(Rc + Rd)] vy =+ [Rd/(Rc + Rd)] vit [Rc/(Rc + Rd)] Vo
Vo = [Re + Ry)/R¢] [Re/(Re + Ry)](v2 - vy)
Vo = (Rd/RC) (Vz - V1)

Hence
Vo = - (Rd/RC) [1 =+ 2(Ra/Rb)] Vg
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VOLTAGE-TO-CURRENT OPAMP CIRCUIT AND ANALYSIS

Inverting OpAmp Circuit
* Input voltage and output feedback to (-) terminal through a resistive
network
* Reference to (+) terminal
* OpAmp drives an npn BJT with a load resistor R

The negative feedback drives Av to zero.

Kirchhoff’s-Current-Law for the (-) terminal:
(Note that the OpAmp input current is zero)
(-Av-vs)/Ri +(-Av-v.)/R, =0 and AV = Vp/A = (Ve + Vio)/A
[- (Ve T Vio)/A - Vs]/R} + [- (Ve + Vto)/A - Vel/R; =0
vs/Ri + vio(1/AR; + 1/AR,) = (- /AR, - 1/AR; - 1/R,)ve
Ve = [Vs/Ry + vio(1/AR; + 1/AR,)]/(- /AR - 1/AR; - 1/R5)

Hence,
1irnA too Ve = - (RZ/RI) Vs

For the BJT,
iE = Ve (1/R2 +1/Re) = Ve /(RZ || Re) = (RZ/Rl) [(RZ + Re)/RZRe] (' VS)
Note that proper biasing requires that vg < 0.

For the Load Resistor (note that the current is independent of Ry),
ic = OLOiE = O(.O(Rz/Rl) [(R2 + Re)/RzRe] (- Vs)

and
VL=Rpic
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NON-INVERTING OPAMP CIRCUIT WITH VARIABLE GAIN

Non-inverting OpAmp Circuit
* Input voltage to (+) terminal
* Output feedback to (-) terminal through a resistive network

Vs

For resistors R, = WRq and Ry, = (1 — W)Rror (note that R, + Ry = Rrogal)
where 0 <w < 1

Let v, be the voltage across R,
Kirchhoft’s-Voltage-Law for the left-hand loop:
-vgtAvV+v,=0 orv,=-Av+vg=-V,/A + vg
Voltage division for the right-hand loop: (Note that the OpAmp input
current is Zero)
Va = [Ra /(Ra + Rb)] Vo = {WRTotal /[WRTotal + (1 - W)RTotal)]} Vo
Va = (WRTotal / RTotal) Vo = WYV,
Hence,
Vo= -V,/A +Vg=WwWV,
vs = [(1/A) + W] v,
Vo/vs = [(1/A) + W]
lima o0 Vo/Vs = 1/W

In the limit
Vo/vs = 1/w
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NON-INVERTING OPAMP CIRCUIT EXAMPLE

Non-inverting OpAmp Circuit
* Input voltage to (+) terminal
* Output feedback to (-) terminal through a resistive network

Vs
Ra

In the limit,
Vo = (1 + Rb/Ra)VS

For an ideal-OpAmp amplification of 10, one set of external resistors are
R, =1.00 kQ and R, =9.00 kQ

Then,
Vo =[1 +(9000/1000)]vs = (10.0)vs

By the previous analysis, with a finite A
Vo=[1/A + R/(R, + Ry)]" vs

Let A =10,000, R, = 1.00 k2, and Ry, =9.00 k€2, then
vo = {(1/10,000) + [1000/(1000 + 9000)]} " vg
vo=(0.1001)" v¢ =(9.99) v§  and Av = v,/A = (0.0001) v,

Let A =100,000, R, = 1.00 kQ and Ry, =9.00 kQ, then
vo = {(1/100,000) + [1000/(1000 + 9000)]} " vg
vo=(0.10001)" v =(9.999) vs  and Av = v,/A = (0.00001) v,
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