Amplifiers
W VI Y

« Anamplifier isafour terminal device that produces an output voltage (or current) proprtional to
the input.

« The schematic symbol can represent amplification of afactor Ay when both input and output are
referenced to ground.

o b o Vout = AOVin

« A differential amplifier uses two inputs and amplifies the difference between the inputs.

Vhon | Vout
u = — V.
AO Vout = AO(Vnon Vlnv)

Vinv

» Differentia drivers create adifferentia output.
v Vnon

L (Vnon_vi nv) = AOVin

Vinv

» Rea amplifiersare limited to output within the range of the power supply to the amplifier. These
output limits are called the rails.
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Amplifier Equivalent Circuits
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» A current amplifier can be repreesented as a Norton equivalent circuit.

—

lin m
Zin% <* AOiin % Zout

« Amplifiers can also use current in and voltage out or voltage in and current out.
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« Anamplifier can be represented as a Thevenin equivalent circuit for a voltage amplifier.
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| nput | mpedance
W~ W Y

» Theimpedance for an amplifier is calculated on oneinput. If there are two then the other istreated
as ground.

———— Vout
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Vin Zis; Vout

| Zout |

Y Y
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Yin
in =

in

» Theinput impedanceis equal to transistor base/gate impedance including any internal feedback.

Bipolar input (741) - 2 MQ.
JFET input (TLO71) - 102 Q.
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Operational Feedback
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Types of Feedback

Sample output Type of input Name

Voltage Voltage Voltage feedback
Current Voltage Current feedback
Voltage Current Operational voltage feedback
Current Current Operational current feedback

Operational Voltage Feedback
» Operational voltage feed back samples output voltage and adds it to input as current.

¢ Wt/ Ry A A A A ?

Vin
> .add AO sample
lint OWo /R O‘Vﬁ)ut

Vout

« If theinput impedance for the amplifier Agisvery large, no current can flow into the amplifier

oV
compared to the input and feedback, so the input must cancel the feedback. i, , = R(;“t
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Feedback Gain
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» Aninput resistor can set the current i;,.

Ry
_’iin
V. —V V: RI V,
i = in A in A out
in R VVVV Ty, |0
! —» lip

Vp—V
 Theinput current must all go through the feedback resistor. i | ARfOUt
V. /Ag /Ag—V,
. Theamplifier gain gives vy = AgVa.  —1— F;’“t - Yout Fgf L
i

. - L _ Vout _ 1

Solving for the gain with feedback. A = Vio  (R/R)(L/Ag—1)+1/A,
» For very large gain, Ap >> 1, and the gain is negative. A = _:f

1
« If the amplifier gain is much greater without feedback, Ag >> A, Av, | = Ajv, Vi, »V,, then
the input to the amplifier must be very small and is called a virtual ground.

LABORATORY ELECTRONICS II 5 of 14



Op Amp Rules

AV 1 L

A

» Op-amps have very high input impedance, so the input current is nearly zero. For most circuits it
can be treated as equal to zero compared to other currents in the citcuit.

» Op-amps have very large gain. Circuits that use negative operational feedback take advantage of
the large gain and feedback to keep both input voltages at the same value compared to other

voltagesin the circuit.

Two Rulesfor Op-amp Circuits

1.1,=1.=0. Theinput currentsare 0.
2.V,-V_=0. Theinput voltage difference is 0 when there is negative feedback.
V_
Vin- invertin feedback
Ly
Vo [ Vs B Vout
in+ non-inv. > +

L
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Output | mpedance
VI W Y

* Intrinsic output impedance Z,; is measured with no feedback by Thevenin equivalence.

» Operational voltage feedback reduces the output impedance.
R

L —

—» ljp

. v
lin Zout

» Theoutput impedanceis: Z' 5t = Vin / i

» Thethevenin output voltageis: Vi, = -ij, Rs.

» With v, shorted to ground, v = ij, Rs.

 Internaly the voltage drop isig Zy, = Ag Va = Ag lin R

_ _iian _ _Zout
t T A -
ou AOlian/Zout AO

ZI
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| nverting Amplifier

Ry o
Vin ¥ Vi
LW
From the op-amp current rule, sincel_=0, |, = I,.
From the op-amp voltage rule, sinceV, =0, V_=0.
Ohm’'slaw gives |, = Vi /Ry and V,: = —11Ro.
The gain for the amplifier is
A = Jout -
Vin R1
Input impedance, v_isavirtual ground:
Zi n= Rl
Output impedance using operational feedback
~Z
7' out «10

out = AO
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The basic inverting amplifier uses aresistor for input and feedback.

VOU'[
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Non-inverting Amplifier
W W Y

» Usethe positive input for the signal to get positive gain.

ViV,

+ Vout

—
Rl%%le e

« From the op-amp voltagerule, since V, =V, V_=V,,.

e From the op-amp current rule, since|_=0, [, = I..
 Ohm’'slaw givesl, = Vi /Ry and Vgt = 11Ro + Vi,
* Thegainfor the amplifier is
Vout _ 1R, +11Ry ~ R +R, R,

Vin I1Ry Ry Ry

A =

* Input impedance based on op-amponly  Z > 10°"

» Output impedance again uses operational feedback.

7
out «10
Ao

Zl

out —
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| nput Current
W W AT

» The bias current = common-mode input current, Ig = (1. +1.)/2.

» The bias current causes a voltage drop across the feedback resistor.
R

W

— iy I

Vin A /\RIA A Ag Vout
— iin

» Typical values. Bipolar 10-100 nA, FET 10-100 pA.
« With small feedback resistors, bias current can be neglected.

 Offset current = differential-mode input current, Ig = (1. - 1.)/2.
» Typical values: I;; = 0.11g to 0.5l.

Vout
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Offset Voltage

YTy S AT S S
Anideal amplifier gives an output of O for an input of zero.
« For adifferential amplifier the input isthe difference v;,, = v, — V..

» For areal amplifier, if v, = v, then vy; usually saturatesto V¢ or Veg.
» Thereisafinite difference called the offset voltage, Vi, = v, — v. needed for v, = O.

» Typical valuesfor offset voltage are 0.1 to 10 mV, with temperature dependence 1 to 10 uVv/°C.
* “Precision” op-amps have V,, on the order of 10 uV or less and temperature dependence |ess than
1uV/eC.
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Common Mode Gain

FLTiYY S LY S S

Differential amplifiers have some amplification Ax), for signalsin common to to both inputs.

High gain amplifiers can have Acy, on the order of 1.

A common mode rejection ratio defines the ability of an amplifier to suppress common mode
signals.

Thetypical CMRR = Ay / Ay = 60 to 120 dB.
The input bias current adds to the common-mode gain, but can be corrected.

Vi v
WSS Vou

:U%
<
N+

The bias current is pulled into the inverting input through both R; and R,. If Rz isequal to the
parallel equivalent of R; and R, the voltage drops will cancel.
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High Frequency Gain

FLTiYY S LY S S

 Integrated circuit amplifiers provide large gain, eg. Ag = 10* to 10°, or 80 to 120 dB.

« Amplifiers act like low-pass RC filters, including a phase shift at the breakpoint or corner
frequency fc, so the gain is afunction of frequency.

» Amplifierstypically have a hard threshold f+ as well.

» Open-loop gain is measured with no feedback. Closed-loop includes the feedback , sothe gainis
limited by the feedback resistor.

log Ag
- open-loop BODE PLOT

/4

closed-loop

» Thetypical maximum frequency isfy = 0.1 to 10 MHz.
» For a“compensated” op-amp, fc = fr/ A.
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Slew Rate
o o YT

» Slew rate measures the ratye of amplifuer response to a changing input voltage.
e Typical S=11t0 10 V/us. “High-speed” op-amps have S= 100 to 1000 V/us.
* Aninput sine wave with o = 2rf and amplitude A

Acosmt

has a maximum slope
Aw = 2rAf

The peak-to-peak voltage must be less than S'rf.

Vv
/1/f

p-p

log f

« Slew rateis particularly important in digital applications, such as square-waves with rapid voltage
changes.
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	Amplifiers
	. An amplifier is a four terminal device that produces an output voltage (or current) proprtional to the input.
	. The schematic symbol can represent amplification of a factor A0 when both input and output are referenced to ground.
	. A differential amplifier uses two inputs and amplifies the difference between the inputs.
	. Differential drivers create a differential output.
	. Real amplifiers are limited to output within the range of the power supply to the amplifier. These output limits are called the rails.

	Amplifier Equivalent Circuits
	. An amplifier can be represented as a Thevenin equivalent circuit for a voltage amplifier.
	. A current amplifier can be repreesented as a Norton equivalent circuit.
	. Amplifiers can also use current in and voltage out or voltage in and current out.

	Input Impedance
	. The impedance for an amplifier is calculated on one input. If there are two then the other is treated as ground.
	. The input impedance is equal to transistor base/gate impedance including any internal feedback.

	Operational Feedback
	Types of Feedback
	Operational Voltage Feedback
	. Operational voltage feed back samples output voltage and adds it to input as current.
	. If the input impedance for the amplifier A0 is very large, no current can flow into the amplifier compared to the input and feedback, so the input must cancel the feedback.


	Feedback Gain
	. An input resistor can set the current iin.
	. The input current must all go through the feedback resistor.
	. The amplifier gain gives vout = A0 vA.
	. Solving for the gain with feedback.
	. For very large gain, A0 >> 1, and the gain is negative.
	. If the amplifier gain is much greater without feedback, A0 >> A, , then the input to the amplifier must be very small and is called a virtual ground.

	Op Amp Rules
	. Op-amps have very high input impedance, so the input current is nearly zero. For most circuits it can be treated as equal to zero compared to other currents in the citcuit.
	. Op-amps have very large gain. Circuits that use negative operational feedback take advantage of the large gain and feedback to keep both input voltages at the same value compared to other voltages in the circuit.
	Two Rules for Op-amp Circuits

	Output Impedance
	. Intrinsic output impedance Zout is measured with no feedback by Thevenin equivalence.
	. Operational voltage feedback reduces the output impedance.
	. The output impedance is: Z’out = vth / is.
	. The thevenin output voltage is: vth = -iin Rf.
	. With vout shorted to ground, vA = iin Rf.
	. Internally the voltage drop is is Zout = A0 vA = A0 iin Rf.

	Inverting Amplifier
	. The basic inverting amplifier uses a resistor for input and feedback.
	. From the op-amp current rule, since I- = 0, I1 = I2.
	. From the op-amp voltage rule, since V+ = 0, V- = 0.
	. Ohm’s law gives I1 = Vin/R1 and Vout = -I1R2.
	. The gain for the amplifier is
	. Input impedance, v- is a virtual ground:
	. Output impedance using operational feedback

	Non-inverting Amplifier
	. Use the positive input for the signal to get positive gain.
	. From the op-amp voltage rule, since V+ = Vin, V- = Vin.
	. From the op-amp current rule, since I- = 0, I1 = I2.
	. Ohm’s law gives I1 = Vin/R1 and Vout = I1R2 + Vin.
	. The gain for the amplifier is
	. Input impedance based on op-amp only
	. Output impedance again uses operational feedback.

	Input Current
	. The bias current = common-mode input current, IB = (I+ + I-)/2.
	. The bias current causes a voltage drop across the feedback resistor.
	. Typical values: Bipolar 10-100 nA, FET 10-100 pA.
	. With small feedback resistors, bias current can be neglected.
	. Offset current = differential-mode input current, IB = (I+ - I-)/2.
	. Typical values: Iio = 0.1IB to 0.5IB.

	Offset Voltage
	. An ideal amplifier gives an output of 0 for an input of zero.
	. For a differential amplifier the input is the difference vin = v+ - v-.
	. For a real amplifier, if v+ = v-, then vout usually saturates to VCC or VEE.
	. There is a finite difference called the offset voltage, Vio = v+ - v- needed for vout = 0.
	. Typical values for offset voltage are 0.1 to 10 mV, with temperature dependence 1 to 10 mV/C.
	. “Precision” op-amps have Vio on the order of 10 mV or less and temperature dependence less than 1 mV/C.

	Common Mode Gain
	. Differential amplifiers have some amplification ACM for signals in common to to both inputs.
	. High gain amplifiers can have ACM on the order of 1.
	. A common mode rejection ratio defines the ability of an amplifier to suppress common mode signals.
	. The typical CMRR = A0 / ACM = 60 to 120 dB.
	. The input bias current adds to the common-mode gain, but can be corrected.
	. The bias current is pulled into the inverting input through both R1 and R2. If R3 is equal to the parallel equivalent of R1 and R2 the voltage drops will cancel.

	High Frequency Gain
	. Integrated circuit amplifiers provide large gain, eg. A0 = 104 to 106, or 80 to 120 dB.
	. Amplifiers act like low-pass RC filters, including a phase shift at the breakpoint or corner frequency fC, so the gain is a function of frequency.
	. Amplifiers typically have a hard threshold fT as well.
	. Open-loop gain is measured with no feedback. Closed-loop includes the feedback , so the gain is limited by the feedback resistor.
	. The typical maximum frequency is fT = 0.1 to 10 MHz.
	. For a “compensated” op-amp, fC = fT / A.

	Slew Rate
	. Slew rate measures the ratye of amplifuer response to a changing input voltage.
	. Typical S = 1 to 10 V/ms. “High-speed” op-amps have S = 100 to 1000 V/ms.
	. An input sine wave with w = 2pf and amplitude A
	. Slew rate is particularly important in digital applications, such as square-waves with rapid voltage changes.


