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Overview 
 
Operational amplifiers (commonly abbreviated as op-amps) are extremely useful electronic devices.  
Some argue, in fact, that operational amplifiers are the single most useful integrated circuit in analog 
circuit design.  Operational amplifier-based circuits are commonly used for signal conditioning, 
performing mathematical operations, and buffering.  These topics are discussed briefly below. 
 
Signal conditioning is the process of manipulating a given signal (such as a voltage) to improve its 
properties or usefulness.  Examples of common signal conditioning processes are: 

• Level adjustment:  the overall level of a signal may be too small to be usable.  For example, 
the voltage output from a thermocouple (an electrical component used to measure 
temperature) may be only a few thousandths of a volt.  It is often desirable to amplify the 
signal to increase the output voltage – this is often done using circuits containing operational 
amplifiers. 

• Noise reduction: electrical signals are susceptible to noise; an undesirable component of a 
signal.  (For example, static on a radio signal.)  Operational amplifier circuits can be used to 
remove undesirable components of a voltage signal. 

• Signal manipulation: Electrical signals are often used to transmit information.  For example, 
the voltage output of a thermocouple changes as the temperature of the thermocouple 
changes.  The sensitivity of the thermocouple output to temperature changes may be changed 
by an operational amplifier circuit to provide a more readily usable output voltage-to-
temperature relationship. 

 
A common use of electrical circuits is to perform mathematical operations.  So far, we have focused 
on developing mathematical models of existing circuits – we have been performing analysis tasks.  
The design process, conversely, can be considered to consist of implementing an electrical circuit that 
will perform a desired mathematical operation.  (Of course, a large part of the design process consists 
of determining what mathematical operation is to be performed by the circuit.)  Operational amplifier 
circuits are readily developed to perform a wide range of mathematical operations, including addition, 
subtraction, multiplication, differentiation, and integration. 
 
It is often desirable to electrically isolate one section of an electrical circuit from another.  For 
example, using an electrical circuit to supply power to a second electrical circuit may result in 
undesirable loading effects, in which the power requirements of the second circuit exceed the power 
that the first circuit can provide.  In this case, a buffer can be used to isolate the two circuits and thus 
simplifying design problems associated with integrating the two circuits.  Operational amplifier circuits 
are commonly used for this purpose. 
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Before beginning this chapter, you should 
be able to: 

After completing this chapter, you should be 
able to: 

 

• Apply Kirchoff’s voltage and current 
laws to electrical circuits (Chapter 1.4) 

• Use nodal analysis and mesh analysis 
to analyze electrical circuits (Chapter 
1.6.1, Chapter 1.6.2) 

• Represent systems as block diagrams 
(Chapter 1.7.0) 

 

 

• State ideal operational amplifier modeling 
rules 

• State constraints on operational amplifier 
output voltage 

• Represent operational amplifiers as 
dependent voltage sources 

• Be able to identify 741-type operational 
amplifier pin connections 

 
 

This chapter requires: 

• N/A 
 

Operational amplifiers (or op-amps) are active devices.  This differs from passive devices, such as 
resistors, in that an external power source must be provided to the operational amplifier in order to 
make it function properly.  Op-amps are rather complex devices, consisting of a number of 
interconnected transistors and resistors.  We will not be interested here in a detailed description of the 
internal operation of operational amplifiers – instead, we will use an op-amp model which provides us 
with relatively simple input-output relations for the overall circuit.  This simplified model will be 
adequate for many analysis and design purposes. 
 
The operational amplifier symbol which we will most often use is shown in Figure 1.  Operational 
amplifiers are essentially three-terminal devices, having two input terminals and one output terminal.  
The inputs are called the inverting terminal (indicated by the – sign) and the non-inverting terminal 
(indicated by the + sign).  We will use vn and in to denote the voltage and current at the inverting 
terminal, and vp and ip to denote the voltage and current at the non-inverting terminal.  The voltage 
and current at the output terminal are denoted as vOUT and iOUT.  It is assumed that vp, vn, and vOUT are 
all relative to some common reference voltage level, such as ground. 
 

 
 

Figure 1.  Operational amplifier symbol. 
 
 
Basic Ideal Operational Amplifier Model: 
 
We will begin by summarizing the rules governing ideal operational amplifiers.  Subsequently, we will 
provide some background material relative to these rules and some additional criteria which the 
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operational amplifier must satisfy.  It should be emphasized that these rules govern ideal operational 
amplifiers; modeling of non-ideal operational amplifiers will most likely be performed in later 
electronics courses. 
 

 
 

No requirements are placed on the output voltage and current.  One may not conclude that iOUT = 0 
simply because the input currents are zero.  It may appear, from the input-output relations governing 
the op-amp, that the op-amp violates Kirchoff’s current law – this is because we are not examining the 
details of the internal operation of the op-amp.  Since the op-amp is an active device with its own 
power supply, it can provide an output current with no input current.  Operational amplifiers, unlike 
passive devices, are capable of adding power to a signal.  The presence of the external power 
supplies raises some additional constraints relative to op-amp operation; we address these issues 
next. 
 
A more complete schematic symbol for an operational amplifier, including the op-amp’s external 
power supplies, is shown in Figure 2.  Figure 2 shows two additional op-amp terminals.  One is 
connected to a voltage source V+ and the other is connected to a voltage source V-.  These terminals 
are sometimes called the positive and negative power supply terminals.  We must set the external 
voltage supplies so that the positive power supply voltage is greater than the negative power supply 

voltage: 
−+

> VV .  In our discussions, it will be assumed that the power supply voltages are relative 
to the same reference voltage as all other voltages on the schematic. 
 

 
 

Figure 2.  Operational amplifier schematic, including external power supplies. 
 
 
The power supply voltages provide a constraint on the range of allowable output voltages, as provided 
below: 
 

Ideal op-amp modeling rules: 
 

1. No current flows flows into the input terminals: 0== pn ii . 

2. The voltages at the input terminals are the same: pn vv = . 

Output Voltage Constraint: 
 

• The output voltage is constrained to be between the positive and negative power supply 

voltages: 
+−

<< VvV OUT . 
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The above constraint is based on pure inequalities – in general, the output voltage range will be 
somewhat less than the range specified by V- and V+.  The margin between the output and the supply 
voltages will vary depending on the specific op-amp; outputs commonly remain a volt or so away from 
the supply voltages.  Any attempt to drive the output voltage beyond the range specified by the supply 
voltages will cause the output to saturate at the appropriate supply voltage. 
 
 
Operational Amplifier Model Background: 
 
The above rules governing our ideal operational amplifier model can be applied directly to operational 
amplifier circuits, but some background information will allow more insight into the basis for these 
rules.  We will still, however, treat the operational amplifier as a single circuit element with some input-
output relationship. 
 
An operational amplifier operates as a differential amplifier with a very high gain.  That is, the output of 
the amplifier is the difference between the input voltages, multiplied by a large gain factor, K.  Figure 3 
shows the operation of the op-amp, from a systems-level standpoint: 
 

 
 

Figure 3.  Block diagram of op-amp operation 
 
 
Thus, the input-output relation for an operational amplifier is  
 

 innPOUT vKvvKv ∆⋅=−= )(         (1) 

 

where inv∆  is the difference between the voltages at the input terminals and K is a very large number.  

(Values of K for typical commercially available operational amplifiers are on the order of 106 or 
higher.)  Since the output voltage is constrained to be less than the supply voltages,  
 

 
+−

<∆⋅< VvKV in  

 
so 
 

 
K

V
v

K

V
in

+−

<∆<          (2) 

 
If the voltage supplies are finite and K is very large, the difference in the input voltages must be very 
small.  Thus, 
 

 0≈∆ inv . 

 

and np vv ≈ . 
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The second operational amplifier modeling rule is a result of the high input resistance of operational 
amplifiers.  We assume that any difference in the input terminal voltages is due to the operational 
amplifier’s input resistance, Rin, times the current at the input terminals (see Figures 1 or 2 for sign 
conventions and variable definitions): 
 

 pinnp iRvv ⋅=−  

 
We will also assume that KCL applies across the input terminals, so 
 

 np ii −=  

 
The above equations can be combined to give 
 

 
in

np

np
R

vv
ii

−
=−=          (3) 

 
Since the input resistance of operational amplifiers is very large and the voltage difference across the 
input terminals is very small, 
 

 0≈−= np ii . 

 
The above results suggest that an operational amplifier operates as a voltage-controlled-voltage 
source as shown in Figure 4.  Typically, commercially available operational amplifiers have very high 
gains, K, very high input resistances, Rin, and very low output resistances, Rout.   
 

 
 

Figure 4.  Equivalent circuit for operational amplifier model. 
 
 
Combining the criteria provided by equations (1) and (2) results in the input-output relationship shown 
graphically in Figure 5 below.  The circuit operates linearly only when the output is between the supply 
voltages.  When the output attempts to go outside this range, the circuit saturates and the output 
remains at the appropriate supply voltage.  Notice that the negative supply voltage in Figure 5 is 
indicated as a negative number; this is fairly typical, though not a requirement. 
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Figure 5.  Op-amp input-output relationship. 
 
 
Our ideal operational amplifier model rules are based on the above, more general, operational 
amplifier relationships.  The assumptions relative to ideal operational amplifier operation, along with 
their associated conclusions, are provided below: 

• The output voltage is bounded by the power supply voltages: 
+−

<< VvV OUT  

• K → ∞.  This, in conjunction with equation (2) implies that 0=∆ inv  and vp = vn. 

• Rin → ∞.  This, in conjunction with equation (3) implies that 0=−= np ii . 

• ROUT = 0. 
 
 

Commercially Available Operational Amplifiers: 
 

Operational amplifiers are available commercially as integrated circuits (ICs).  They are generally 
implemented as dual in-line packages (DIPs), so called because the terminals (pins) on the package 
are in pairs and line-up with one another.  A typical DIP is shown in Figure 5.  The pins on DIPs are 
numbered; in order to correctly connect the DIP, pin 1 must be correctly oriented. Pin 1 is commonly 
located by looking for a notch at one end of the IC – pin 1 will be to the immediate left of this notch, if 
you are looking at the IC from the top.  Alternate methods of indicating pin 1 are also used: sometimes 
the corner of the IC nearest pin 1 is shaved off or a small indentation or dot is located at the corner of 
the IC nearest pin 1.   
 

 
 

Figure 5.  Dual in-line transistor package. 
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One common op-amp device is the 741 op-amp.  The 741 is an eight-lead DIP; a top view of the 
package, with the leads labeled, is shown in Figure 6.  Key features of the package are as follows: 
 

• Orientation of the pins is determined by the location of a semicircular notch on the package, 
as shown in Figure 6.  (Recall that Figure 6 is a top view of the device.)  Alternately, some 
packages place a circular indentation near pin 1 in order to provide the orientation of the 
pins. 

• Inverting and non-inverting inputs are labeled as –IN and +IN in Figure 2.  They are pins 2 
and 3, respectively. 

• The output is labeled OUT on Figure 6.  This terminal is pin 6 on the package. 

• The positive and negative power supplies are labeled as V+ and V- on Figure 6.  They are 
pins 7 and 4, respectively.  V+ should be less than +15 volts and V- should be more than -15 
volts.  A larger range of power supply voltages may destroy the device. 

• The pins labeled -OFFSET NULL, +OFFSET NULL, and NC (pins 1, 5, and 8) will not be 
used for this class.  The offset null pins are used to improve the op-amp’s performance.  The 
NC pin is never used.  (NC stands for “not connected”). 

 

 
 

Figure 6.  741-type operational amplifier pin connections. 
 

 


