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[bookmark: _Toc505343710]Figure 0-1: Audio amplification is one of the core real-world applications of analog circuits.

Having established a solid understanding of the building blocks of analog circuits, we will now move on to real world applications of the electronic components you were exposed to, in the last few labs. Since analog electronics is everywhere it can be difficult to isolate an application from the surrounding system, as with power electronics or RF applications. As such we have decided to focus on two applications which are commonly encountered in daily life.

The first application is temperature sensing. This application is a great example of signal amplification and sampling, as well as a useful application of the temperature effects of semiconductors.

The second application is audio amplification which are common sub-systems seen in cell phones and other smart devices, and is also representative of the general challenge of designing and implementing multi-stage amplification.
[bookmark: _Toc503859265][bookmark: _Toc505343623]

Learning Objectives

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

1. Describe the temperature effects of a diode or BJT
2. Predict the behavior of a circuit under different environmental conditions
3. [bookmark: _Toc503859266]Explain the operation of an analog to digital converter
4. Identify shortcomings in digital sampling
5. Describe the structure of a multi-stage amplifier
6. Identify limitations of amplifier configurations and combinations
7. Tune a multi-stage amplifier for a desired gain and minimum distortion

[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:

· Gains and offsets for converting ADC readings to voltages
· Gains and offsets for converting voltage readings to temperatures
· Analysis of sources of error in temperature measurement
· Temperature response curves for BJT and IC sensors
· Input and output waveforms for the FET input stage of the multistage amp
· Bias voltages and resistances of the FET input stage
· Gain analysis for the input stage
· Input and output waveforms for the BJT output stage of the multistage amp
· Bias voltages and currents for the output stage
· Gain and stability analysis for the complete multistage amplifier

[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: Temperature Sensor

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

Thermal Effects on Semiconductors

The behavior of an idealized p-n junction diode is usually modelled by the Shockley diode equation:

Equation 1-1


This equation relates the current I to the diode voltage VD. When simulating a diode it is common to assume that the thermal voltage, VT, is a constant around 25 mV, and that the saturation current IS is temperature invariant. Neither of these are the case, and in general, the thermal effects on IS exceed those of VT. The result is that as a diode heats up, the overall current at a given diode voltage will increase. The result is that the forward characteristics must be generally represented as a series of temperature-dependent curves as shown in this graph from the datasheet for the BAS16 diode on the TI Analog Electronics board.

[image: ]
Figure 1-1: Thermal effects on forward diode voltage

This can be a complicating factor when designing analog circuits which need to operate consistently independent of temperature. However, the effect can also be useful since it means any p-n junction device can theoretically be used to measure temperature.

Diode-connected BJTs

While the simplest option for a p-n junction would obviously be a simple switching diode, the temperature coefficient of these devices is usually rather inconsistent and sensitive to changes in supply current. As such, many temperature-dependent designs will utilize a diode-connected transistor:

[image: ]
Figure 1-2: Diode-connected transistor

By connecting the base and collector, we short out the n-p junction between them and the resulting device is functionally identical to a diode, but with more consistent thermal properties.

Generating Voltage Output

Since the temperature coefficient of the junction relates voltage to temperature, we must hold the third variable, current, constant. To this end we are using a low current shunt regulator to generate a precise voltage of 2.5 volts at the emitter of the BJT. In combination with a high-precision 2.49 kΩ resistor, this circuit drives a constant current of 1 mA. Combining this current with the operating current of the ATL431, the total offset current is actually about 1.11 mA. The result is a circuit where the only external variable is temperature, and the system can be characterized in terms of that variable’s relation to the output voltage.

[image: ]
Figure 1-3: Current source reference circuit using ATL431 

The reference schematic for this circuit is shown in Figure 1-3. This image is taken from Texas Instruments Application Report SBOA277A, which deals with diode temperature sensing in detail.

[bookmark: _Toc503859282][bookmark: _Toc505343632]Analog-to-Digital Conversion

For most applications, once an analog sensor value has been generated, it must be sampled into a digital format to be processed, stored and/or shared by a microprocessor or digital temperature controller. This is accomplished using an analog-to-digital converter or ADC. For this application we are using a Texas Instruments ADS7948 2-channel 10-bit SAR ADC. SAR stands for successive approximation register; the SAR generates digital values which perform a binary search by using a digital-to-analog converter (DAC) to generate successively closer fractions of a reference voltage using an array of internal resistors in a voltage divider. The result is a 10-bit number which can be converted back to an analog value using the formula: 

Equation 1-2


Where NC is the binary code value from the ADC, and VREF is the reference voltage given to the ADC. Further details of ADC circuits and applications are covered in the TI Analog Engineer’s Pocket Reference.

1.2 Simulate

Before experimenting on the actual circuit, we will simulate a temperature sensor, including signal conditioning circuitry using NI Multisim.

1. Open a new Multisim circuit. Using 1 mA DC current sources, a BC846 NPN transistor and a TI OPA197 op amp, construct the circuit shown in figure 1-4. Because of how current sources function in multisim, VIN can be connected to ground. 
2. Set R1 and R2 to 1 MΩ.
3. Connect the positive supply of the op amp to a 5 VDC supply, and the negative supply to ground.
[image: ]
Figure 1-4: Diode temperature sensing circuit
Source: TI Application Report SBOA277A
4. First, we must establish the operating range of the temperature voltage. Measure the voltage on the positive terminal of the op-amp with the simulation temperature set to 25°C, repeat at 0 and 50 degrees.
5. Set the simulation temperature back to 25 degrees and reduce R1 until the voltage at the negative terminal of the op-amp is below the lowest voltage measured in step 4.
6. Set R2 equal to R1. Experiment with different temperatures and measure the output voltages that result. Record the experimental data in a table.
7. Using Ohm’s law, calculate the additional current required to increase the input voltage on the negative terminal to be higher than the highest input voltage on the positive terminal observed in step 4.
8. Set R2 such that when the output of the op-amp is at the positive limit (+5 V) the required amount of current flows through R1, as calculated in step 7.
9. Experiment with different temperatures and note the output voltages in a table.
10. Replace the transistor with a BAS16 diode, repeat steps 4-8 with this circuit.
1.3 Implement

In the lab, we will observe the actual behavior of the temperature sensor circuit amplifier on the TI Analog electronics board. Before starting the lab, ensure that the LEDs on the left side of the ELVIS III are lit with one dark LED cycling through numbers 0-3. If this is not the case, check with your Lab Manager.

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 Lab4_Applications.exe and verify that the “Status” LED on the Analog Electronics Board is lit.
3. Connect oscilloscope probes to TP30 and TP31.

[image: ]
Figure 1-5: Temperature sensor circuit with temperature sensitive components highlighted
4. Measure the reference voltage at TP 30, and the temperature output voltage at TP31. Calculate the voltage drop across the resistor, make note of any deviation from the expected 2.5V or any additional noise.
5. Measure the output voltage of the temperature sensor (TP 31) at room temperature.
6. Warm up the BJT package (outlined in red in Figure 1-5) by touching it with your finger and note the effect on the voltage at TP31.
7. Given that the TI ADS7948 measures with 10 bits of resolution, calculate the full scale output(maximum possible output value) and enter it in the ADC Full Scale control.
8. On the TI Analog Electronics board, R1 is set at 536 Ω, and R2 is 33 kΩ. Calculate the non-inverting amplifier gain for this circuit.
9. Given that there is no path to ground for the reference current other than through R1, calculate the resulting offset voltage VOFF (recall that IOFF is 1.11 mA)
10. Using the values from step 7 and 8, calculate the relationship between the transistor base-emitter voltage, VBE and the output voltage measured by the ADC, VOUT.
11. Use the graph in Figure 1-6 to determine the output voltages for -55, 25, and 150 degree temperatures (recall that the source current is constant at 1 mA)
[image: ]
Figure 1-6 I-V temperature curves for the BC848 NPN transistor
12. Assuming that the temperature coefficient TC is linear in the range from -55 to 150 degrees, calculate the gain and offset which relate the ambient temperature to VBE.
13. Using the results from steps 9 and 11, calculate the final BJT gain and BJT offset required to convert output voltage to temperature and enter them on the front panel.
14. The datasheet for the TMP235 IC temperature sensor gives the following table for relating temperature and voltage. 
[image: ]
Find the appropriate IC gain and IC offset and enter them on the front panel.
15. Measure the output voltages at TP34 and TP35, note any discrepancy between the ADC output and the actual voltages.
16. Measure the reference voltage at TP36. If it is not exactly 5 volts, update the ADC Ref value and repeat step 15.
17. Touch the BJT (highlighted in red in Figure 1-5) and the TMP235 (highlighted in green) and capture the resulting temperature curves.
18. Press Stop to stop the application.

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

1-1 What were the measured/calculated voltages in step 3? Was there offset or noise? How would errors in this voltage affect the resulting output?

1-2 What were your measured output voltages for room temperature and while touching the transistor? What does this tell you about the gain of the temperature sensor circuit?

1-3 Present your calculations for steps 7-10. Summarize the resulting formulae and reference values.

1-4 Show your calculations for the thermal coefficient and the resulting constant.

1-5 What were your final BJT gain and offset? Did the resulting values match reality?

1-6 What were your final IC gain and offset? Did the resulting values match reality?

1-7 Was there error in the ADC measurements? Was there error in the reference voltage? If so, did updating the reference amend the error in the measurement?

Section 2: Audio Amplifier

2.1 Theory and Background

Transistor Amplifiers

Signal amplification is one of the principal real-world applications of analog circuits. As we saw in Lab 3, many general amplification applications can be handled with integrated amplifiers. However, it is important to understand how these amplifiers operate, and how they are designed for specific applications.
There are three requirements which apply to almost all amplifier applications. The amplifier circuit must provide:

· High gain – The principal role of most amplifiers is to provide significant increase in signal amplitude, or power.
· High input resistance – Many signal sources are low power, so a high input resistance is needed to prevent signal degradation.
· Low output resistance – Ideally an amplifier will have zero output resistance, since any resistance at the output degrades the gain of the amplifier.

In addition, for some applications, there are additional requirements such as minimum bandwidth, low operating voltage, or high thermal stability. Achieving these requirements with a single stage amplifier is not practical, since usually an amplifier stage is optimized to address only one or two of these needs.

Amplifier Circuit Selection

As we saw in Lab 2, there are several amplifier circuits that can be constructed using FETs and BJTs. The characteristics of each type of circuit are summarized below:

	Amplifier
	Pros
	Cons

	Common Source/Emitter
	High input resistance
	Strictly negative gain

	Common Gate/Base
	High, positive gain
	Low input resistance

	Common Drain/Collector (Source/Emitter Follower)
	Low output resistance
	Unity gain


Table 2‑1: Characteristics of transistor amplifier components.
For each of the major classes of amplifier, either a FET or BJT can be used. Certain options will be more practical to meet different requirements. In extremely general terms, FETs are more expensive, and are more challenging to use in low-power applications since their bias voltages tend to be higher. However FETs usually have higher switching bandwidth, and obviously because of the insulation between the gate and the body, they always have higher input resistance than BJTs.

Biasing Circuits

There are three general approaches to biasing a transistor. The most common is to fix the gate or base voltage using a voltage divider. This has the disadvantage of having inconsistent gain for a given configuration due to variations in the I-V curve of the transistor. This variation can be mitigated by adding a second resistor in addition to the gain resistor. For example in the common source amplifier below, a resistance has been added between the source and ground to allow for tuning of the drain current during amplification.

[image: ]
Figure 2-1: MOSFET CS amplifier with fixed gate voltage and added source resistance.

The second approach can be used only on common emitter or common source amplifiers. A feedback resistor is added from the drain to the gate on a FET or the collector to the base on a BJT. This introduces negative feedback in the current flowing through the transistor since increased current causes a voltage rise in the DC component of the input. Note that in the case of a BJT amplifier, this feedback adds current draw on the collector and thus limits the voltage swing on the output.

The final approach is to use a constant-current source between the transistor and the common rail which is combined with a large resistance maintaining a DC input of 0 V. The current flow increases the voltage differential across the transistor until a stable current through the transistor is achieved. This corresponds to the saturation operating region for a BJT or active MOSFET operation.

Current Mirrors

The implementation of a constant current source is usually achieved using a circuit known as a current mirror, shown implemented with BJTs in figure 2-2.

[image: ]
Figure 2-2: BJT current mirror.

RM controls the reference current through Q1, and thus the base-emitter voltage. Q2, driven by the same base voltage, will draw the same current from the collector terminal. The accuracy of this current mirroring is a function of the similarity of the I-V curves of the two transistors. Matching pairs of BJTs for this express purpose are commonly available. Implementing the same circuit using FETs can be expensive since it is much harder to produce matched pairs of FETs due to variations in the channel length even within batches of transistors of this type. There are constant references available for use in many applications.

Output Stages

Because of its low output resistance, the emitter follower is commonly used as a final “output” stage of an amplifier, after other stages have provided the required gain and input resistance. However because the signal is usually quite large at this point, and may swing between large positive and negative values, a simple single transistor emitter follower is often not sufficient. As such, it is common to use an output stage consisting of a pair of complementary transistors, that is, one NPN and one PNP BJT. This way, each can provide power and signal output in either the positive or negative voltage range. The general form of this sort of output stage is shown in Figure 2-3

[image: ]
Figure 2-3: Emitter-follower output stage

As you can see, Q1 will conduct when the signal is positive, sourcing power from VCC, and Q2 conducts when the signal is negative, sinking power to VEE. This basic output stage suffers from a dead band near 0 V which results in signal distortion; however this can be mitigated with a proper biasing circuit as we will see in section 2.2.

2.2 Simulate

Before experimenting on the actual circuit, we will simulate the output stage of the amplifier and consider the biasing arrangement.

1. Open a new Multisim circuit and add a BC848 NPN transistor and a BC858 PNP transistor.
2. Connect the transistors as shown in Figure 2-3, and connect the positive output of a 15 VDC source to VCC, and connect VEE to ground.
3. Connect an 1 kHz AC signal to Vin with an amplitude of 10 Vpp and a DC offset of 7.5 V.
4. Add a 10Ω load resistor between Vout and ground.
5. Run the simulation and measure the voltage and current flow from the signal source, and into the load resistor.
6. Add another NPN transistor and a 10 kΩ potentiometer, as well as a constant current source so that the complete circuit looks like that shown in Figure 2-4.
[image: ]
Figure 2-4: Biased output stage circuit

7. Set the bias current IB to 10 µA and run the simulation.
8. Adjust the biasing potentiometer RB and observe the resulting output voltage and current.
9. Repeat the process with a bias current of 1 mA make note of any differences in the performance of the circuit.
2.3 Implement

In this lab, we will combine the common source MOSFET amp from Lab 2 with the output stage simulated in section 2.2 and the current mirror circuit covered earlier in this lab. We will then observe how these circuits function together as a multi-stage amplifier

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 Lab4_Applications.exe and verify that the “Status” LED on the TI Analog Electronics Board is lit.
3. Connect the ELVIS III function generator outputs to the CH1 and CH2 inputs on the board.
4. Connect oscilloscope probes to TP37 and TP38.
[image: ]
Figure 2-5: Microphone amp section with probe locations
5. Under Active Application select the Audio Application.
6. Check that the Vin Source is set to Vctrl 1 and that Vcc is 10 V.
7. Apply a 1 kHz sine wave with an amplitude of 200 mVP-P to fgen CH1.
8. Measure the amplitude and DC offset of the waveform before (TP37) and after (TP38) the coupling capacitor. (note that because of the 5k input resistance on Vctrl 1, the input signal will be very small, on the order of 10 mVp-p, you will have to adjust the scaling on the scope significantly)
9. Adjust the MOSFET bias resistor and note the effect on the signal at both points, take special note of the limits of the bias voltage, and what happens when the resistance is set to minimum.
10. Set the FET gain resistance close to 1 kΩ and move your oscilloscope probe from TP37 to TP39. Set that probe to AC coupling.
11. Adjust the bias resistance so that the output amplitude is maximized (it should be close to 1.5 Vp-p) and record the bias voltage. Make note of what occurs when the bias is too low or too high.
12. Using the amplitude you measured for the input signal in step 8, calculate the gain AV of the MOSFET amplifier stage.
13. Keeping the bias constant at the value found in step 11, increase the MOSFET gain resistance until the signal begins to distort and record the max gain of the MOSFET amplifier stage.
14. Set the BJT bias resistor to 50% (so there is ~50 kΩ resistance on each side of the base tap.
15. Set the Current Mirror resistance to max.
16. [bookmark: _GoBack]Move the probe from TP38 to TP41, record the resulting input and output waveform for the output stage.
17. Adjust the bias potentiometer to 80% (~20 kΩ feedback resistance), this reduces the feedback current and reduces the bias multiplying effect of the BJT.
18. Capture the input and output waveforms of this configuration.
19. Reduce the current mirror resistance until the waveform is no longer distorted. Measure the voltage at TP43 and calculate the reference current given that VS is +15 VDC.
20. Move the probes to TP37 and TP42 and capture the input and output waveforms for the full amplifier.
21. Calculate the gain of the full amplifier. Adjust the FET gain resistance to achieve a gain of -10x.
22. Switch the input to the microphone 
23. Change the trigger source to TP42 with a small positive threshold (~200mV), and move the trigger time to the far left of the graph.
24. Set the scope mode to Normal.
25. Snap your fingers over the microphone and capture the input and output waveforms.
26. Try other kinds of sounds and capture any that generate interesting behavior in the amplifier.
27. Press Stop to stop the VI.

2.4 Analyze

2-1 In simulation, how did the input and output voltage compare in the emitter follower? What about the current measurements?

2-2 What bias voltage resulted in the largest signal from the input stage? What happened to the signal when the bias was too high or too low?

2-3 What was the input stage gain with a resistance of 1 kΩ? What was the highest amplification gain you were able to achieve? Was it necessary to adjust the input bias?

2-4 When the output stage was poorly biased, how was the quality of the output signal affected?

2-5 How did adjusting the bias current affect the output signal? What difference did you observe when the bias current was increased?

2-6 Present your input and output waveforms for the output stage at 50% and 80% bias. What effect did the lower feedback resistance have on the signal quality?

2-7 What minimum bias resistance was required to eliminate the distortion in the output stage signal? How did insufficient bias current distort the signal?

2-8 What was the total gain of the multistage amplifier? How does this compare to the input stage alone? What might cause this discrepancy?

2-9 What gain resistance was required to produce an overall voltage gain of -10V/V?

2-10 Present your input and output waveforms for the microphone with a snap, as well as any other interesting waveforms you captured.
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