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[bookmark: _Toc505343710]Figure 0-1: Operational Amplifiers are used in all sorts of analog devices from thermostats to stereos.

For more than half a century, operational amplifiers have made up the core of most analog signal conditioning tasks. They are very easy to use in analog circuit design, and significantly cheaper than amplifier circuits made of discrete components. For the vast majority of signal amplification tasks, a solid grasp of the application of operational amplifiers will more than suffice.

Even if you are not interested in designing analog circuits, op amps are so ubiquitous in modern electrical engineering, that you are very likely to have to apply knowledge of their operation as part of other design tasks. They form key parts of most sensor systems, as well as many control and processing systems.

[bookmark: _Toc503859265][bookmark: _Toc505343623]

Learning Objectives

After completing this lab, you should be able to complete the following activities.

1. Describe the purpose of an operational amplifier
2. Predict the behavior of an operational amplifier based on an ideal amplifier model
3. [bookmark: _Toc503859266]Explain the non-idealities of commercial operational amplifiers
4. Describe the purpose of various operational amplifier circuit topologies
5. Select and tune operational amplifier circuits for various applications
6. Correlate and compare simulated and experimental results

[bookmark: _r1ylgc7r20cy][bookmark: _w6d414oloqts][bookmark: _Toc505343624][bookmark: _Toc503859271]Required Tools and Technology
	[bookmark: _Toc503859267]Platform: NI ELVIS III
	· [bookmark: _2lhe0v8ltu2o]View User Manual 
http://www.ni.com/en-us/support/model.ni-elvis-iii.html

	[bookmark: _Toc503859268]Hardware: TI Analog Electronics Board
	· View User Manual
http://www.ni.com/en-us/support/model.TI-analog-elctronics-board-for-ni-elvis-iii.html

	[bookmark: _Toc503859269]Software: LabVIEW Runtime Engine
Version 19.0 or Later
	· [bookmark: _9gwdittee375]Before downloading and installing software, refer to your professor or lab manager for information on your lab’s software licenses and infrastructure
· Download & Install for NI ELVIS III
http://www.ni.com/academic/download




[bookmark: _Toc505343625]Expected Deliverables

In this lab, you will collect the following deliverables:

· Calculated theoretical amplifier circuit outputs
· Simulated circuit input and output waveforms
· Calculated values for resistances used in amplifier circuits
· Experimental signal waveforms
· Analysis of real-world specifications of the onboard amplifier
· (Optional) breadboard implementation of buffer and amplifier circuits
· (Optional) detailed design steps for various circuit topologies
· (Optional) simulated application of circuit designs

[bookmark: _bcs3wl446khl][bookmark: _ey8ycagfi1oe][bookmark: _Toc503859272]Your instructor may expect you complete a lab report.  Refer to your instructor for specific requirements or templates.
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Section 1: Comparators

1.1 [bookmark: _Toc503859273][bookmark: _Toc505343627]Theory and Background

The ideal operational amplifier

This is an operational amplifier as it is represented in electrical schematics:

[image: ]
Figure 1‑1: Schematic symbol for the op amp

It is a very simple representation for a rather complicated piece of semiconductor. From a theoretical standpoint, the ideal op amp has many characteristics which are impossible to achieve in the real world. If the positive input is at a higher potential than the negative input, then the output should instantaneously source infinite current at infinite voltage (as required) which is clearly not possible. The characteristics of an ideal op amp and the TLV172 (http://www.ti.com/product/TLV172) op amp are listed in Table 1-1. 

[bookmark: _Toc504395609]Table 1-1 Ideal and actual op amp parameters
	Parameter
	Ideal Value
	TLV172 Value 
(with ±15 V supply) 

	DC Gain
	Infinite
	100 dB

	Input Resistance
	Infinite
	100 MΩ

	Output Resistance
	0 Ω
	60 Ω

	Input Offset Voltage
	0 V
	0.5 mV

	Max Output Current
	Infinite
	±75 mA

	Vomax
	Infinite
	±15 V

	Gain Bandwidth Product
	Infinite
	10 MHz

	Slew Rate
	Infinite
	10 V/µS




When working with op amp circuits, it is important to understand when the ideal characteristics are a sufficient approximation and what the maximum parameters are that it can handle (i.e. maximum voltage and current). For example, an output of 10 V that drives a 10Ω load would require an output current of 1 ampere! Since the TLV172 cannot drive that much current (the maximum is about 75 mA), the output of 10V would never be attained. Furthermore, the bandwidth or frequency response of any op amp circuit is finite and limited by the open-loop frequency response of the op amp.

Operational amplifiers as comparators

The easiest way to get an intuitive understanding of the function of an operational amplifier is to look at it in the simplest possible circuit topology, the comparator. While this is not the most common application of the op amp, it is one of the most fundamental. Figure 1-2 shows the circuit

[image: ]
Figure 1‑2: Op amp comparator circuit

Ideally, the comparator is just two signals fed into the operational amplifier. As you would expect, the transfer curve of this circuit is the same as the open-loop transfer curve of the idealized op amp. 

[image: ]
Figure 1‑3: Comparator example inputs

In the example circuit shown in Figure 1-3, where Vref is set to 3 V, when Vin is higher than 3 V, Vout immediately saturates at Vomax+ otherwise it saturates at Vomax–. This comparator circuit might be used to trigger a relay when the voltage from a sensor reached a certain threshold. Note that while op amps can be used as comparators, there are specialized comparator Integrated Circuits (ICs) available on the market that are optimized for high speed and lower power consumption.

Comparator with hysteresis

In the previous examples, the threshold is set by the voltage (V–) and remains fixed. In practice, it is often useful to change the threshold depending on the present state of the output, which is known as hysteresis. Hysteresis means that the transfer characteristic changes, depending on whether the input is increasing or decreasing. Specifically, the comparator’s threshold changes depending on the variation of the input, as shown in Figure 1-4. 

[image: ]
Figure 1‑4: Transfer characteristic of a comparator with hysteresis

The response of the system is the same when the voltage is outside of the ±VT range, however between these threshold voltages, the behavior differs depending on whether the voltage is rising or falling. The main motivation for introducing hysteresis in practical systems with comparators is to avoid rapidly triggering a comparator due to noise when the two inputs are close to each other. For example, an electronic thermostat has built-in hysteresis to avoid rapidly turning on and off a furnace when the room temperature is near the set-point.

Consider the circuit in Figure 1-5, where R1 = R2: 

[image: ]
Figure 1‑5: Comparator circuit with hysteresis

To illustrate the functionality of this circuit, consider an input of Vin = -7.5 V, and assume that the output Vout is saturated at Vomax+ ≈ 10 V. Then, we have V+ = 5 V because of the voltage divider. Thus, for Vout to switch to Vomax- ≈ -10 V, Vin has to increase to over V+ = 5 V. Assume that Vin has gone over 5 V and is now at 6 V. Then Vout, will switch to -10 V and V+ will now be -5 V. Thus, for Vout to switch back to Vomax+, Vin now has to decrease below V+ = -5 V. This illustrates how the switching threshold changes depending on whether Vin increases or decreases.
[bookmark: _Toc503859282][bookmark: _Toc505343632]
1.2 Simulate

Before experimenting on the actual circuit, we will simulate the comparator circuit both with (Figure 1-5) and without (Figure 1-2) hysteresis using NI Multisim.

1. Open a new Multisim circuit. Add a 5-terminal opamp and build the circuit shown in Figure 1-6.
[image: ]
Figure 1-6: Comparator simulation circuit
2. Run the simulation.
3. Set Vref to 0 V and record the threshold voltages for Vin that cause the output to change.
4. Repeat with a positive Vref.
5. Adjust the source voltages VCC and VEE for the amplifier and record the change in behavior.
6. Replace Vin with a 10 VP-P triangle wave at 0.2 Hz with 100% symmetry and 0 V DC offset
7. Record the shape of the output waveform a single cycle of the triangle wave. This is called the transfer characteristic of the circuit.
8. Open the parameters of the Opamp. Adjust the slew rate parameter, record the effect on the transfer characteristic.
9. Replace Vref with feedback resistors so that the amplifier circuit matches Figure 1-5.
10. Adjust R1 and R2 so that the comparator triggers at -1 V when falling, and 2 V when rising.
11. Capture and record a plot of the input and output waveforms and record the resulting resistance values.
12. Adjust the supply voltages VCC and VEE. Record the effect these changes have on the hysteresis.

1.3 Implement

In the lab, we will compare the actual behavior of the amplifier on the TI Analog Electronics board to the simulated and ideal comparator circuits.

1. Check that the LEDs on the ELVIS III are lit and flashing sequentially, if they are not, consult your lab manager, run the TI Analog Electronics Quick Start application, or consult the Software Deployment section in the User Manual.In the lab software folder, run Lab3_OpAmps.exe and verify that the “Status” LED on the Analog Electronics Board is lit.
2. Connect the ELVIS III function generator outputs to the CH1 and CH2 inputs on the board.
3. Connect oscilloscope probes to TP26 and TP29.
[image: ]
Figure 1-7: Op-amp circuit with probe locations
4. Set both function generator channels to a 0 V DC signal, adjust the DC offset of CH1 to test the behavior of the comparator. Record the threshold voltage(s) you observe, as well as the output voltages.
5. Set the CH1 input to a 10 VP-P triangle wave at 2 Hz, capture the input and output waveforms from the oscilloscope.
6. Record the transfer characteristics of the comparator. 
7. Based on the values of the positive feedback voltage divider, what should the threshold voltages be on the comparator with hysteresis? Record your calculations.
8. On the VI front panel, close S3 and S4 to introduce hysteresis. Temporarily disable the function generator input to CH2.
[image: ]
9. Compare the transfer characteristic of this circuit to the normal comparator, and record the actual threshold voltages.
10. Reconnect function generator CH2 and open S3. By adjusting the input resistance on Vctrl2 and the input voltage to CH2 configure the output to trigger at 2 V when rising and -1 V when falling.
11. Record the transfer characteristic of this circuit, as well as the resulting values for input voltage and resistance.
12. Press Stop to stop the VI.

[bookmark: _Toc503859283][bookmark: _Toc505343633]1.4 Analyze

1-1 Present your threshold values for the simulated and hardware circuit with a 0 V reference. How does the behavior of the actual amplifier compare?

1-2 How did changing the supply voltages in the simulation affect the output of the circuit? 

1-3 Describe the effect of a different slew rate on the output signal.

1-4 Show your calculations for the hysteresis thresholds. What was the predicted hysteresis?

1-5 What feedback resistances were required to achieve the desired hysteresis threshold in the simulation? How did you achieve the same result with the hardware comparator?

1-6 How did the transfer characteristic of the simulated comparator with hysteresis compare to that implemented on the board?

1-7 How did adjusting the supply voltages affect the functionality of the comparator with hysteresis?

1.5 Practical Design

Now that you understand the theoretical foundations of the comparator, we will look at the process of designing a comparator for a noisy signal. For this design task we will utilize a slightly modified version of the comparator with hysteresis taken from the TI Analog Engineer's Circuit Cookbook: Amplifiers (refer page 205)
[image: ]
Figure1-8: Comparator with Hysteresis.
Source: TI Analog Engineer’s Circuit Cookbook

This circuit is used to convert a noisy signal with a slow slew rate to a clean signal with sharp edges suitable for a digital input. The input signal in this case is a triangle wave with added noise. The desired output is a 5 VP-P square wave at 60% duty cycle. Assume Vtriangle is ~5 VP-P, and Vnoise has an amplitude of <0.2 V.

Design process:
1. Select desired high and low trigger voltages. Since we want a 60% duty cycle, the average trigger voltage should be 3 V, and difference between the voltages should be greater than the amplitude of the noise signal by a safe margin of error.
2. Select a standard resistor value for R1. Note that the total resistance of R1+R2 will define the constant current draw across the voltage divider so both resistors should be relatively large, at least 100kΩ.
3. Calculate R2 using the formula:

4. Calculate R3 using the formula:

5. If necessary, you may want to adjust the value of R1 so that values for R2 and R3 are closer to standard resistor values.
6. Verify that the width of the hysteresis window is greater than the noise amplitude using the formula:

7. Implement the circuit in Multisim and test the performance of your design. Your circuit should look similar to Figure 1-7.
[image: ]
Figure 1-9: Multisim model of comparator with hysteresis

Section 2: Signal Amplification

2.1 Theory and Background

Operational amplifiers as buffers

One of the simplest signal processing applications of the operational amplifier is the signal buffer, shown in Figure 2-1:

[image: ]
Figure 2‑1: Op amp buffer circuit

This introduces the second major function of the operational amplifier: feedback voltage control. In the case of an opamp used as the comparator, we saw that the opamp would saturate at either the positive or negative Vomax . The opamp when configured as a buffer circuit does not. If the output voltage is less than Vin then the amplifier output will increase towards Vomax+, and if it Is higher than Vin it will decrease towards Vomax-. The result is that with a negative feedback loop like the one shown above the voltage at the positive and negative input terminals will always be equal. This means that Vbuf will precisely follow Vin which can be very useful for decoupling a source from a load while maintaining voltage control.

Amplifying a signal – The non-inverting amplifier topology

Now that we know a negative feedback loop will drive the input voltages to be equal, we can start manipulating the feedback signal to achieve an amplified output. If we replace the direct feedback with a voltage divider we get the circuit shown in Figure 2-2:

[image: ]
Figure 2‑2: Non-inverting amplifier circuit

This is known as the non-inverting amplifier topology to distinguish it from the inverting topology which is more commonly seen in most designs. In this topology, the output voltage is divided such that the voltage at the negative input is equal to

Equation 2-1


Since we know that Vamp will adjust until V+ and V– are equal, we know the above equation will be true for V+ as well, so we can solve for Vamp giving us the amplifier gain

Equation 2-2


The inverting amplifier topology

If inverting the signal is acceptable, or even preferred, there is another topology which is more straightforward to tune. The circuit is essentially the same, only with the inputs switched as shown in Figure 2-3. 
[image: ]
Figure 2‑3: inverting amplifier circuit

As with the non-inverting topology, there is a reference signal connected to the positive input, and a voltage divider on the negative input. The difference is that the reference voltage is almost always tied to ground, meaning that the output of the voltage divider must also be zero volts at all times. This is often referred to as a virtual ground since it is always at ground potential while remaining isolated. Conversely, the voltage divider is now relative to a non-zero voltage so the output of the divider is now

Equation 2-3


Subbing in the 0 V reference for V– and solving for Vamp we get

Equation 2-4


This makes intuitive sense, since the current through R1 and R2 must be equal due to the high input impedance of the amplifier, so using ohm’s law, the ratio of Vamp and Vin will be the same as the ratio of R2 to R1.

2.2 Simulate

Before experimenting on the actual circuit, we will simulate the functional behavior of the opamp.

1. Simulate the buffer topology using an ideal (or close to ideal) Opamp. How does the input relate to the output?
2. Replace the ideal Opamp with a generic 3-input Opamp.
3. Adjust the supply and offset voltages on the simulated opamp. What effect do these parameters have on the signal fidelity?
4. What happens if you reduce the Open Loop gain of the amplifier?
5. Add feedback and ground resistors to create a non-inverting amplifier. Adjust the resistors to attain a gain of 2.
6. Adjust the opamp parameters as you did in steps 3 and 4. What parameters affect the gain?
2.3 Implement

In the lab, we will compare the actual behavior of the opamp on the TI Analog Electronics board to the simulated and ideal circuits.

1. Check that the LEDs on the ELVIS III are lit and flashing sequentially, if they are not, consult your lab manager, run the TI Analog Electronics Quick Start application, or consult the Software Deployment section in the User Manual.In the lab software folder, run Lab3_OpAmps.exe and verify that the “Status” LED on the Analog Electronics Board is lit.
2. Connect the ELVIS III function generator outputs to the CH1 and CH2 inputs on the board. Close S2 to provide feedback
3. Connect oscilloscope probes to TP25 and TP29.
[image: ]
Figure 1-7: Op-amp circuit with probe locations
4. Apply a 2 kHz sine wave with an amplitude of 1 VP-P to fgen CH1.
5. Using equation 2-4 select small resistances (<2 kΩ) which will give an inverting amplifier gain of -4 V/V.
6. Set fgen CH2 to 0 VDC and set the Vctrl2 input impedance to minimum.
Capture the output waveform, and compare it to the theoretical output.
7. Adjust the feedback resistance to 10 kΩ and manually adjust the Vctrl1 input impedance to achieve the same -4 V/V gain. Make note of the input impedance and any differences in the output signal.
8. Increase the amplitude of the input signal from the function generator until the output is distorted. Make note of the maximum and minimum output voltages.
9. Change the signal input to a 0.5 VP-P square wave at 10 kHz. Note the rise time on the output signal as well as any distortion.
10. Switch the outputs on the fgen so that Vctrl1 is grounded and Vctrl2 is connected to the square wave input
11. Note how the output signal has changed, and how it compares to the input.
12. Press Stop to stop the VI.

2.4 Analyze


2-1 How did the ideal opamp perform in simulation?

2-2 How did changing the offset and supply voltages in the simulation affect the performance of the amplifier? What about the open loop gain?

2-3 Did the changes to the amplifier significantly affect the resistances needed to achieve the desired gain in the simulated amplifier?

2-4 What resistances did you choose for the -4 V/V amplifier? How did selecting a small value complicate the tuning of the gain?

2-5 Did the output of the -4 V/V amplifier match the theoretical output? Submit the actual output waveform annotated with any differences from the expected output.

2-6 What resistance did you need to achieve the same gain with 10k feedback resistance? Does this agree with the equations? How did it affect the output signal?

2-7 What were the maximum and minimum output voltages? What does this tell you about the supply voltages for the amplifier circuit on the board?

2-8 What was the rise time of the output square wave? Was the signal distorted in any way?

2-9 Draw the output waveform of the non-inverting amplifier as well as its inverting counterpart and the input signal. How are the gains of the amplifier circuits related?

2-10 If you wanted an amplifier gain of 0.25, what topology would you select and what resistances might you use?

2.5 Breadboard Exercise

In this section, you will explore the behavior of an op-amp amplifier with various gains. Building an amplifier using a breadboard offers unique challenges including power limitations and part selection. In this section you will observe the result when the ideal output signal has a higher voltage than the supply voltage.

1. Use the NI ELVIS III to set up the following circuit:
[image: ]
Figure 2-4: Circuit Set-up
2. Open the following instruments from Measurements Live: 

· Function Generator (FGen-Arb)
· Oscilloscope (SCOPE)
· Variable Power Supply (VPS)

3. In the Variable Power Supply window, set the following settings:

Table 2-1 Variable Power Supply Settings
	Power Supply “+”
	Static

	Voltage
	4.00 V

	Power Supply “-“
	Static

	Voltage
	-4.00 V



4. Click Run to provide supply voltage to the op-amp.
5. Configure the Function Generator as follows: 

Table 2-2 Function Generator Settings
	Frequency
	60 Hz

	Amplitude
	5 Vpp



6. Click Run.
7. In the Oscilloscope window, set the following settings:

Table 2-3 Oscilloscope Settings
	Horizontal and Acquisition

	Time/Div
	2 ms

	Channels

	Channel 1 and Channel 2
	Active

	Volts per division
	2 V



8. Click Run.
9. Observe the relation between the input and output signals of the amplifier.
10. Increase the amplitude of the input signal so that it is higher than the supply voltage. In the Function Generator window, set the Amplitude to 9 Vpp.
11. Observe the response in the Oscilloscope.
12. Return the FGen to 5 Vpp
13. Replace R2 with a larger resistance (>1k ohm) and observe the effect on the output signal.
14. Try to achieve an output gain of 0.75. Is this easy? Why or why not?
2.6 Practical Design

As we observed in the breadboard module, selecting resistors to get a desired gain is a practical complication. The same is true of selecting an opamp as there are numerous options for opamps depending on the kind of signal being amplified, and the input and output requirements. To simplify matters as much as possible, we will consider the buffer circuit and look at the design decisions inherent in the selection of a single component.

Let us consider a few operational amplifiers which are widely available, the TLV172 amplifier which is used on the TI Analog Electronics Board, as well as two alternate amplifiers featured in the TI Analog Engineer’s Circuit Cookbook, and a low-cost option. The typical specifications of the amplifiers are collected in table 2-4.

Table 2-4: Comparison of Op Amp Specifications
	
	TLV172
	LM7332 
	OPA192
	LM358

	VSS (V)
	4.5 to 36
	2.5 to 32
	4.5 to 36
	3 to 30

	VCM-MAX (V)
	 (V+) - 2
	Rail-to-rail
	Rail-to-rail
	(V+) - 1.5

	VOUT (V)
	Rail-to-rail
	Rail-to-rail
	Rail-to-rail
	(V+) - 3

	VOS (mV)
	0.5
	0
	0.5
	3

	IQ (mA)
	2
	2
	1
	<1

	IB (pA)
	±10
	±1000
	±5
	-200

	UGBW (MHz)
	10
	19.3
	10
	0.7

	SR (V/µS)
	10
	12
	20
	0.3

	Cost (USD)
	1.5
	4
	4.5
	0.5



Based on your application and specification requirements, there is a decision to be made based on your choice, generally you are going to want to get the lowest cost device which meets your other specifications, but low cost could result in the so-called “trade-off” for other performance metrics.

We will look at the technical specification parameters listed above and consider the best option based on various needs.

VCM-MAX
This specification may be given as a range, but it is usually a function of the input voltages. Rail-to-rail means that VCM has the same range as VSS. The common mode voltage is the maximum input voltage that the amplifier can reject when it is present on both inputs. In the case of a buffer or amplifier, this is roughly analogous to the input voltage range. 
· Which amplifier would you select to maximize the potential input voltages?

VOUT
This specification is fairly intuitive. The output voltage range is almost always a function of VSS. Many amplifiers are referred to as Rail-to-rail amps, meaning that the output voltage range is effectively identical to the supply voltage range. 
· How would you have to change the supply voltages if you were using the LM358 rather than one of the rail-to-rail amplifiers?

VOS
The offset voltage is actually a collection of several non-idealities in the manufacture of the amplifier. Collectively the total offset voltage is the DC voltage across the amplifier inputs which results in an output of zero. Ideally, VOS would be zero, but in practice, it is a distribution like that shown in figure 2-5 which is taken from the TLV172 datasheet.

[image: ]
Figure 2-5: Distribution of VOS values
· How would you expect this distribution to change if the amplifier had tighter tolerances? 
· How would you decide if an amplifier met your requirements for maximum offset?

IQ
The quiescent current is the current draw of the amplifier when it is not in operation. That is, if there is no load current, this is the current drawn by the amplifier just due to internal losses. 
· Based on the quiescent current, which amplifier would be best for a low-power system running off a battery for a long period of time?

IB
The bias current of an amplifier is the current which flows into the inputs and through the internal transistors to ground. Ideally this would be zero, but it can vary wildly. 
· Why would you need to minimize bias current if your source impedance was very large?

UGBW
The Unity Gain Bandwidth (or sometimes GBP, Gain Bandwidth Product) is a measure of the maximum frequency of input signal which can be transmitted at a unity gain. To decide if an amplifier is suitable for your design, take the maximum expected input frequency by the desired gain and compare it to the UGBW. 
· How would you expect the accuracy of the GBP to change at very large gains or high frequencies? What characteristic would the GBP need in order to remain accurate over large ranges?

SR
The Slew Rate of an amplifier is simply the maximum rate at which the output voltage can change. Ideally this would be infinite, but practically it will be a constant on the order of 1 volt per millisecond. 
· Why might a high slew rate be an issue for an amplifier be an issue in a sensor feedback system?


Section 3: Sum and Difference of Signals

3.1 Theory and Background

Weighted summing amplifier

The inverting amplifier circuit has a single input which is separated from the negative amplifier input by a significant resistance. Because of this, it is possible to expand the circuit to include several inputs, all connected to the negative input via similar resistors as shown in Figure 3-1

[image: ]
Figure 3‑1: Weighted summing amplifier

Again this circuit can be analyzed by looking at the flow of current. Since the negative input will be held at zero volts, we can calculate the current flowing from each input voltage source, and equate that to the current flowing through R3 like so

Equation 3-1


You could add an arbitrarily large number of voltage sources and resistances to the left side of the equation and it would still hold true. Rearranging to solve for Vsum yields

Equation 3-2


Notice that the magnitude of the contribution from each voltage source can be adjusted individually using the associated resistance, which is very helpful for balancing and tuning the combination of signals.

Difference amplifier

In all the amplifiers up to this point have been either strictly inverting or non-inverting. However, by combining the two topologies we get a new kind of amplifier in which the output is the sum of one inverted, and one non-inverted signal. The result is an amplifier which outputs the difference between two inputs.

 [image: ]
Figure 3‑2: Difference amplifier

The top half of the circuit shown in Figure 3-2 will look very familiar since it is completely unchanged from the inverting amplifier topology. The input to the positive terminal of the operational amplifier is in essence a non-inverting amplifier, but that may be difficult to see at first glance. An easier way to interpret this circuit is that it is an inverting amplifier but with a nonzero virtual potential at the negative input. This means that we can use Equation 2-3 however in this case the potential V– is nonzero, and is defined by the voltage divider of R3 and R4.

Equation 3-3


The resulting equation can be rearranged to solve for Vdiff yielding

Equation 3-4


This is not terribly useful in this form since what we are trying to achieve is to eliminate any signals which are common to both inputs. This is referred to as common mode rejection. Since we ultimately want an amplifier with the output

Equation 3-5


We can combine Equations 3-3 and 3-4 and simplify to get the relation

Equation 3-6


By selecting values which meet this requirement we will achieve the desired functionality of amplifying only the differential signal, in most cases this is achieved in the simplest way by setting R4=R2 and R3=R1

3.2 Simulate

Before experimenting on the actual circuit, we will simulate both amplifier topologies.

1. Construct the summing circuit as shown in Figure 3-1, with all resistances set to 1 kΩ as shown in the schematic.
2. Feed a 4 VP-P sine wave (from separate sources) into V1 and V2. Note the output waveform.
3. Adjust the phase of the V2 input until the sine waves are 180 degrees out of phase. Observe the output waveform.
4. Measure the current flow from the sources. Adjust the phase offset and note the changes in the current waveform.
5. Reconfigure the circuit to match figure 3-2. Repeat steps 2-4 and note the results.
6. Scale all the resistances in the difference amplifier, maintaining a constant gain, note any effect this has on the other aspects of the amplifier operation.
3.3 Implement

In the lab, we will compare the actual behavior of the amplifier on the TI Analog Electronics board to the simulated and ideal circuits.

1. Check that the LEDs on the ELVIS III are lit and flashing sequentially, if they are not, consult your lab manager, run the TI Analog Electronics Quick Start application, or consult the Software Deployment section in the User Manual.
2. In the lab software folder, run Lab3_OpAmps.exe and verify that the “Status” LED on the Analog Electronics Board is lit.
3. Connect the ELVIS III function generator outputs to the Summer CH1 and Summer CH2 inputs on the board, close S2 to provide feedback.
4. Connect oscilloscope probes to Summer CH1, Summer CH2 and TP29.
[image: ]
Figure 3-3: Op-amp circuit with probe placement
5. Set the fgen inputs so that Summer CH 1 is fed a 1 kHz sine wave at 2 VP-P with a 1 VDC offset, and Summer CH 2 is fed a constant 1 VDC.
6. Capture the output waveform. Adjust the feedback resistance and record the effect.
7. Adjust the feedback resistance so that the output waveform is 3 VP-P and record the resulting resistance, and the DC offset of the output signal.
8. Change the input to Summer CH2 signal so that it is a 900 Hz sine wave at the same amplitude and offset as CH 1. Capture the output signal. (You may need to increase the time step of the oscilloscope to capture the full behavior of the signal)
9. Lower the frequency of CH2 to 500 Hz. Take note of the output waveform and how it differs from other frequencies.
10. Move the input from the ELVIS III function generator CH 1 to the Function Generator Input CH1 test point.
11. Adjust the input resistance on Vctrl1. Make note of the effect on the output signal. 
12. Move the input from the ELVIS III function generator CH2 outputs to the Function Generator CH2 input on the board.
13. Close S3 to complete the voltage divider on the positive input. Given that R4 is fixed at 4.99 kΩ, find and select the values for R1, R2, and R3 which will yield a difference amplifier with a gain of 2 V/V.
14. Set the function generator inputs to constant DC values. Set CH1 to 3 V and CH2 to 5 V. Record the output voltage.
15. Change CH1 to -3V and record the output voltage.
16. Change CH1 to a sine wave at 1 kHz with an amplitude of 2 VP-P and a DC offset of 2. Vary the input voltage of CH2 and observe the effect on the resulting output waveform.
17. Change either R1 or R2 so that equation 3-6 is no longer satisfied. Record the effect on the output waveform.
18. Press Stop to stop the VI.

3.4 Analyze

3-1 Submit the waveforms which resulted from the simulation when the signals were in phase, and 180 degrees out of phase. What do you notice about the waveforms?

3-2 What was the current flow from the signal sources? How did the change in phase affect the simulated current?

3-3 What did you observe when simulating summing signals of opposite phase? How might you change the circuit to allow you to both add and subtract such signals?

3-4 In simulation, how did scaling the resistances affect the operation of the amplifier?

3-5 Submit the waveform captured in step 6 of the in-lab experiments. How did adjusting the feedback resistance change the output?

3-6 What resistance was required to achieve the 3 VP-P output waveform in step 7? What is the relation between that resistance and the summing resistances? What is the DC offset of the output signal, and how does it relate to the input DC value?

3-7 Submit the waveform captured in step 8. What do you observe about this waveform? What does the frequency of the modulation of the amplitude represent?

3-8 How did the summed waveform change as the frequency of CH2 dropped? What did you observe at 500 Hz?

3-9 What happened when the Vctrl1 input resistance was adjusted? How might this effect be useful for comparing signals of different amplitudes?

3-10 What values did you select for the resistances in your difference amplifier? Explain your reasoning.

3-11 In steps 12 and 13, what happened when taking the difference of two positive voltages? How about a positive and negative voltage? Did both results agree with your expectations? Why or why not?

3-12 What happened to the output waveform in step 15 when the resistances were no longer balanced? Explain why this occurs.

3.5 Practical Design

Looking at the function of the difference amplifier, some practical limitations become apparent. The voltage divider which sets the positive input voltage provides a direct current path to ground. This could be mitigated by using large resistor values for R3 and R4, but that introduces additional thermal noise to the input signal.

Simulate the difference amplifier shown in Figure 3-2 and experiment with different inputs. How much power is dissipated if there is a common input of 30 VDC? How does this change if the output resistance is low?

An additional complication is caused by high value tolerance resistors. Any difference between the value of  and  will amplify the common mode signal, rather than the difference. This means that the common mode rejection capability of this circuit is highly dependent on the tolerance of the resistors.

Using your simulation, adjust the values of R4 and R1 down by 5%, and R3 and R2 up by 5%. This represents the worst case mismatch with low cost discrete resistors. How much is the output voltage affected by the common mode voltage now? What happens if you adjust the gain of the amplifier?

The worst case CMRR for a difference amplifier will be given by the formula below (taken from the TI Analog Engineer’s Circuit Cookbook) 

Equation 3-7


Where ε is the tolerance of the resistors. Given a minimum CMRR of 100 dB, how does the required resistor tolerance relate to the gain?

How might you redesign this circuit so that a lower gain (and thus higher resistor tolerances) would be acceptable?

Section 4: Frequency dependent signal amplification

4.1 Theory and Background

Frequency responses

Recall from Table 1-1, the ideal operational amplifier has several specifications which are infinite. Two of these parameters greatly affect the frequency response of a circuit. The first is slew rate, meaning that the output voltage of the ideal op amp can change infinitely fast. The second, related specification is bandwidth, meaning that the ideal op amp can transmit signals at any frequency. Obviously, both of these are practically impossible with actual op amps, so there will be frequency-dependent response in even basic circuits. This means that the calculated gain of an amplifier circuit will only apply to signals within a particular range, so in selecting an amplifier it may be necessary to select a specialized amplifier to deal with, for instance, very high frequency applications like RF signal amplification.

Open-loop gain

The open loop gain of an ideal amplifier is, as with so many other specifications, infinite. This is true at all frequencies since this amplifier also has infinite bandwidth. In reality, the gain curve of an amplifier is carefully designed and modified in a process called frequency compensation which is important to ensure that amplifiers are stable at key frequencies. The typical gain will be level at the open loop DC voltage gain, and then decay linearly after passing the break frequency. The slope of the gain curve will be specified given either the -3 dB and unity gain frequencies, or with a gain-frequency product.

Closed-loop amplifier frequency response

If we consider the gain of a closed-loop amplifier circuit built using an operational amplifier with an open-loop gain of A, we get a closed loop gain of

Equation 4-1


Note that as the gain approaches infinity, the closed loop gain approaches the theoretical gain of –R2/R1. Knowing that the actual gain is finite, but extremely large and dependent on signal frequency, a more realistic gain is given by the frequency domain function

Equation 4-2


In this case we assume the op amp to have a Single Time Constant (STC) response where ωt is the unity gain frequency. Note that this transfer function has the same form as a low-pass filter with a -3 dB frequency of

Equation 4-3


Inverting integrator circuit

Some amplifier circuits are designed with the specific goal of having a highly frequency-dependent response. One such example is the inverting integrator, also known as a Miller Integrator. This circuit replaces the feedback resistance with a capacitance as shown in Figure 4-1

[image: ]
Figure 4‑1: Miller integrator circuit

This circuit ideally has a transfer function of


Equation 4-4


However this assumes zero DC offset on the input, even miniscule DC input will eventually drive the integrator to (theoretically) infinite output. To mitigate this, the circuit is modified with a comparatively large feedback resistance Rf to provide the necessary negative feedback to compensate for any DC inputs.

[image: ]
Figure 4‑2: Integrator circuit with added feedback

This gives an actual transfer function of 

Equation 4-5


Which, for a sufficiently large feedback resistance (Rf ≫ R1, C1Rf ≫ 1) closely approximates the ideal transfer function from Equation 4-4.
4.2 Simulate

In this section we will simulate the function of an amplifier and integrator under varying frequency inputs.

1. Construct an inverting amplifier with a generic 5-input opamp as shown in figure 4-3.
[image: ]
Figure 4-3: Inverting amplifier with generic 5-input operational amplifier
2. Set the frequency parameters of the opamp so that they are close to the ideal: BW = 100 GHz, SR = 100 GV/s
3. Apply a 5 VP-P square wave input at 100 MHz (10 ns period).
4. Reduce the bandwidth by a factor of 10 and record the result on the output signal quality. Repeat until the signal becomes distorted and record the bandwidth required.
Note: this can be quickly tested using the “Parameter Sweep” simulation type and adjusting the unity gain bandwidth by decade.
5. Reduce the input frequency to 1 MHz (1 µs period) and increase the amplitude to 10 VP-P
6. Reduce the slew rate by a factor of 10. Repeat until the signal fidelity is reduced. Record the slew rate at which the signal begins to distort, and note what happens when the slew rate drops below 20 MV/s.
7. Reduce the input signal frequency to 10 kHz (100 µs period) and increase the feedback resistance to 1 MΩ.
8. Add a 10 pF capacitor in parallel with the feedback resistor, and record the resulting output waveform.
9. Increase the capacitor value and record the effect on the output signal. Increase the capacitor into the 10 µF range and record the result.
4.3 Implement

In the lab, we will compare the actual behavior of the amplifier on the TI Analog Electronics board to the simulated and ideal circuits.

1. Check that the LEDs on the ELVIS III are lit and flashing sequentially, if they are not, consult your lab manager, run the TI Analog Electronics Quick Start application, or consult the Software Deployment section in the User Manual.
2. In the lab software folder, run Lab3_OpAmps.exe and verify that the “Status” LED on the Analog Electronics Board is lit.
3. Connect the ELVIS III function generator outputs to the CH1 and CH2 inputs on the board. Close S2 to provide feedback
4. Connect oscilloscope probes to TP25 and TP29.
[image: ]
Figure 4-4: Op-amp circuit with probe locations
5. Adjust the input and feedback resistances so that they are equal.
6. Set CH2 to 0 VDC and input a 2 VP-P sine wave on CH1 at 1 kHz. Record the amplitude of the output waveform.
7. Increase the frequency of the input signal, multiplying by 2 each time. Construct a chart with the frequency and the resulting output amplitude. Stop when the output signal is smaller than the input signal.
8. Set CH1 on the fgen to a square wave at 1kHz with an amplitude of 2 VP-P
9. Set the input and feedback resistance to ~2 kΩ and close S1 to introduce feedback capacitance. Record the resulting output waveform.
10. Increase the feedback resistances to maximum, note any effect on the output waveform.
11. Open S2. Note any changes in output behavior.
12. Press Stop to stop the VI.

4.4 Analyze

4-1 At what bandwidth did the simulated amplifier begin to lose quality of signal?

4-2 At what slew rate did the simulated square wave begin to noticeably distort? What happened at slew rates below 20 MV/s? 

4-3 What was the result of adding capacitance in the feedback circuit? How was the output affected when the feedback capacitance was very high?

4-4 Plot the input frequency vs gain for the TLV172 on the board. At approximately what frequency did the amplifier stop being able to amplify the signal effectively?

4-5 Submit the waveform that resulted from adding capacitance in the feedback loop. Explain what is happening in the circuit.

4-6 Did increasing the feedback resistance affect the output signal? Why or why not?

4-7 What happened when the feedback was completely capacitive? Does this agree with the theoretical design of the integrator? Why might this be?

4.5 Practical Design

As you experienced in the Implementation section, the frequency response of every amplifier circuit is a practical design concern. The relationship between the design of the amplifier and the frequency response can be complex, and often the specification numbers in a datasheet are only part of the story. 

In most amplifier datasheets, below the specifications tables will be a large collection of graphs which expand on the simplified specs. For this design task we will focus on those which show the relation of various specifications to signals of varying frequencies.

[image: ]
Figure 4-5: Step response graphs for TLV172

The first specification to consider is the slew rate. This is often used as a deciding factor when selecting a component, however the response of an amplifier is more complex than a simple slew limit. Consider the two graphs from the TLV172 data sheet shown in figure 4-4. 
The slope of the output voltage in the first graph (Figure 19) represents the slew rate. What do you notice about the rising and falling slew rates? 
The second graph (Figure 20) shows a much more detailed view of the behavior of the signal immediately after the step. The period where nothing is happening at t < 1µS is referred to as “propagation delay” and reflects how long it takes the signal to propagate through the internal circuitry of the amp. How would this propagation delay relate to the theoretical upper limit of the bandwidth?
For more information on the settling behavior of amplifiers, see the TI Analog Engineer’s Pocket Reference.

Next, we will look at some more graphs from the data sheet.

[image: ]
Figure 4-6: Frequency response graphs for TLV172

The first graph (Figure 10) represents the open loop gain and phase at various frequencies. The product of gain and bandwidth is usually assumed to be linear. How good of an approximation would this be based on the graph?
For a system to be stable it must remain as far away as possible from 180 degrees phase, which would result in a positive feedback loop. The “phase margin” or the difference between the feedback phase and 180 at a particular frequency or gain will determine how stable the amplifier is. Continuing the phase graph past the edge of the graph, at what frequency do you think the amplifier would reach an oscillation condition?
The second graph (Figure 11) shows the effective gain of a closed loop amplification circuit at various frequencies. Note that the GBWP for the TLV172 is 10 MHz What do you observe on the frequency graph at that frequency?

Looking at one last graph from the datasheet:

[image: ]
Figure 4-7: VPP vs Frequency for the TLV172

Based on what you have seen in other graphs, what information can you glean from this graph? If you had a 1 MHz signal, what would the maximum output voltage be? What do you notice about the voltage output at the “Unity gain frequency” of 10 MHz? What would this mean for the effective gain at that frequency?
[image: ][image: ][image: ][image: ]		
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