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[bookmark: _Toc505343710]Figure 0-1: Understanding simple analog circuits is crucial to design and testing of complex applications.

Understanding the characteristics of a semiconductor is the first step in applied design. Common semiconductor circuit components have known behavior which must be understood to apply these components in actual design implementations. Furthermore, understanding the interaction between components in well-documented circuit designs can be very informative when adapting these circuits into larger application circuits like those we will explore in Lab 4. 

In this lab we will look at foundational examples of circuits which use the semiconductors we explored in Lab 1. These circuits reflect the building blocks of analog applications in signal conditioning, amplification, and power electronics.
[bookmark: _Toc503859265][bookmark: _Toc505343623]

Learning Objectives

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

1. [bookmark: _Toc503859266]Explain the theory and design of rectifier circuits
2. Relate the application of specific diodes to design requirements
3. Explain the role of transistors in amplifier circuits
4. Apply theoretical knowledge about transistors to a simple application
5. Select component values to achieve desired amplifier performance
6. Identify causes of undesirable behavior in semiconductor circuits

[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:

· Input and output waveforms for simulated and diode rectifiers on the TI Analog electronics board
· Analysis of rectifier filter design
· Voltage Transfer Characteristics for CD, CS, and CG FET amplifiers
· Bias voltages for various FET amplifier configurations
· Voltage Transfer Characteristics for CE, CC, and CB BJT amplifiers
· Bias resistance values and selected biasing arrangements for BJT amplifiers

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


[bookmark: _Toc505343626]

Section 1: Diode Rectifiers

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

Half-wave rectification

In general terms, rectifiers convert alternating current (AC) into a direct current (DC). More specifically, they isolate a signal to be strictly higher or lower than a reference voltage. The simplest way to accomplish this is to pass the signal through a diode so that current can only flow in the positive direction. This circuit is called Half-wave rectifier.

[image: ]
Figure 1‑1: The most basic rectifier circuit

Obviously this design has the advantage of being very simple; however there are several drawbacks depending on the ultimate application. For signal processing applications, this circuit is completely impractical as any information encoded in negative analog voltages is completely lost. For most power applications half-wave rectification is not sufficient and the harmonic content is large and needs to be removed. The AC power is supplied only during half the cycle, meaning half of the capacity is not used. 
[bookmark: _Toc504395609]
Full-wave rectification

The intuitive solution is to rectify the negative half of the wave separately and then merge the two output signals to form a complete rectified signal. While this could be achieved in several different ways, it is likely that the only full-wave rectifier topology you will encounter in actual designs is the Bridge Rectifier. The bridge rectifier circuit is shown in Figure 1-2.

[image: ]
Figure 1‑2: A full-wave bridge rectifier
This circuit solves the issue of lost negative signals, as well as the asymmetrical loading in a power system; however, it still has some significant limitations, principally a lack of control of the peak voltages applied to the diodes. This is a problem since the circuit shown above would require diodes with a breakdown voltage well in excess of 120 volts, or D3 and D4 will break down resulting in ground rise or a short circuit load on V1 to ground. For this reason, in most power applications, the bridge rectifier is augmented with a transformer on the input signal which not only isolates the DC ground from the AC source, but allows for easy scaling of the input voltage to reduce the amount of work for DC-DC power supplies in the load.


Output filtering and peak rectification

The output of the bridge rectifier for sinusoidal AC power will closely approximate  as shown in figure 1-3. This is not ideal for powering a device as there are large portions of the cycle where the output voltage is very small. Furthermore the variation in output voltage, known as ripple, is very large. These issues are exacerbated by a negative offset due to factors including the forward voltage drop of the diodes.

[image: ]
Figure 1‑3: Rectifier operation and output waveform

[bookmark: _Toc503859282][bookmark: _Toc505343632]To alleviate this issue, output capacitance is added. This capacitance filters the output signal reducing the amount of ripple in the voltage at the cost of increasing the peak current load when the capacitor is charging. The resulting rectifier circuit is shown in figure 1-4, and closely resembles the power rectifier design used in the vast majority of modern electronic power supplies.

[image: ]
Figure 1‑2: A full-wave bridge rectifier

1.2 Simulate

Before experimenting on hardware, we will run a SPICE simulation of a bridge rectifier and consider the rectifier design using NI Multisim.

1. Open a new Multisim circuit. Using generic diodes, assemble the circuit shown in figure 1-2, omitting the filtering capacitance for the moment.
2. Configure V1 to output a 120V sinusoidal waveform at 60 Hz, and configure the transformer to have 100 input windings and 10 output windings.
3. Add a voltage/current measurement on the positive output of V1, as well as on the positive rail of the DC output.
4. Run the simulation and capture the input and output waveforms.
5. Stop the simulation and add the filter capacitor C_F.
6. Run the simulation again and capture the input and output waveforms.
7. Adjust the capacitance between 1 pF and 1 mF. Make note of the effect on the output waveform.
8. Increase the output resistance to 100 kΩ and repeat the test with varying CF. Note any differences as the effect of the changing capacitance.
9. Stop the simulation and replace the general diodes with LEDs (as these have a significantly different terminal characteristic than a PN junction diode).
10. Record the effect of this change on the resulting waveforms.
1.3 Implement

In the lab, we will plot the I-V curves of the diodes on the Analog Electronics board and compare them to the device specifications.

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 Lab2_Implementation.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.
4. Connect oscilloscope probes to TP17 and TP18.
[image: ]
Figure 1-5: Diode I-V section with pertinent test points
5. Set the function generator CH1 to output a sinusoid at 1kHz, and 12 Vpp.
6. Verify that the “Status” LED, as well as the “Diode Rectifiers” section LED are lit.
7. Capture the output waveform for the half-wave rectifier.
8. Measure the minimum and maximum voltage at TP18.
9. Click SW2 to connect the filter capacitance.
10. Capture the output waveform for the half-wave rectifier, and measure the minimum and maximum output voltages.
11. Click SW2 again to disconnect the filter capacitors.
12. Set the load resistance on the bridge rectifier to maximum (6kΩ)
13. Move the oscilloscope probes to TP13 and TP14.
14. Capture the input and output voltages of the transformer.
15. Move the second probe from TP14 to TP15 capture the input and output waveforms.
16. Move the second probe from TP 15 to TP16 and once more, capture the output waveform.
17. Measure the minimum and maximum voltage at the output of the rectifier, as well as the length of time where the output is 0 V during each cycle. Repeat the test at 3.5kΩ and 1kΩ load resistances
18. Repeat step 17 with the filter capacitance connected.
19. Press Stop to stop the VI.

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

1-1 Present the output waveform for the half-wave rectifier. What were the maximum and minimum voltages? How does the maximum voltage compare to the input waveform voltage?

1-2 How did adding the filter capacitance change the waveform? Did it significantly affect the maximum and minimum output voltages?

1-3 Present your output waveforms for the transformer. Comparing the two, how does the output waveform differ from the input waveform? Why might this be the case?

1-4 Present the output waveform for the bridge rectifier. What were the maximum and minimum voltages? How does the maximum voltage compare to the input waveform voltage? How does the output waveform and voltage compare to the half-wave rectifier?

1-5 Did adjusting the output resistance affect the output waveform significantly? If so, why? How did the output waveform and voltage compare to the half-wave rectifier when under the same 1kΩ load?

1-6 How did the behavior of the rectifier change when filter capacitance was added? How did the effect of output resistance change with the filtering added? How does the filtered full-wave rectified signal compare to the half-wave filtered output?

1-7 How does the performance of the hardware rectifier compare to that of the simulated rectifier? How might the differences in performance be explained?



Section 2: MOSFET Amplifiers

2.1 Theory and Background

Voltage Transfer Characteristic

In Lab 1 we were interested solely with the relationship between the MOSFET gate potential and the resulting current flow. While this is a useful relation to understand, from an amplification standpoint, we are more interested in the output voltage rather than current. To this end, we must add a resistance which will drive the output voltage at which point we can plot the Voltage Transfer Characteristic (VTC) which is just the curve relating the input and output voltages. For an example, consider the following circuit:

[image: ]
Figure 2‑1: A simple MOSFET amplifier

In the cut-off region, there is no current flow, so in the absence of a voltage drop across RD, Vout will be VDD. Conversely, in the triode region, current flows essentially unrestricted to ground, pulling Vout to zero. In this way the circuit operates as a logic inverter when Vin is close to ground or VDD. Where this circuit gets interesting is in the saturation region. When Vin is in the middle range, the saturation current through the FET drives a constant output voltage which is directly related to the input voltage. The resulting VTC curve for the circuit shown above will look something like that shown in figure 2-2.

[image: ]
Figure 2-2: Sample VTC curve

While this relation is highly non-linear, a linear amplification can be achieved by operating the transistor only in a range in the middle of the saturation region which is very close to linear (shown by the red line overlay). The slope of this relation will be driven by the transconductance (gm) of the FET and RD. This mode of operation is achieved by biasing the signal, so that the signal varies about a bias voltage in the middle of this range.

Amplifier configurations

There are three common configurations for processing a signal using a FET. In each configuration, a different terminal is connected directly to the common rail (either VDD or VSS). The first, and most common configuration is the Common Source (CS) amplifier. As the name implies, the source is connected to ground and the output voltage is VDS, with the input signal driving the gate. You may recognize this as the circuit discussed earlier in Figure 2-1.
 
Mirroring the common source amplifier is the Common Drain amplifier where the drain is connected directly to VDD and the output voltage is taken across a source resistance to ground. This configuration is shown in Figure 2-3.

[image: ]
Figure 2‑3: Common drain MOSFET amplifier

The final configuration is slightly more complex since, unlike the common source or drain configuration, the Common Gate configuration (as the name implies) has the gate connected to the common rail. Instead of setting the gate potential, Vin is used to vary the source potential. The resulting circuit is shown in Figure 2-4.

[image: ]
Figure 2‑4: Common gate MOSFET amplifier

Note that unlike the other configurations, the signal must be biased below the common rail in order for current to flow through the FET. You can consider this amplifier as functionally similar to the common source amplifier; however the gain of this configuration will be positive rather than negative.

2.2 Simulate

Before experimenting on the actual devices, we will simulate amplifier topologies in an idealized form using NI’s Multisim live simulator (go to www.mulisim.com).

1. Open a new multisim circuit and add a BSS138P NMOS FET
2. Construct the common source amplifier circuit shown in figure 2-1.
3. Add a DC source driving the gate-drain voltage Vin. Set RD to 5 kΩ, and provide a VDD voltage of 15VDC.
4. Change the simulation to a DC sweep and configure Vin to sweep 0-10 V in 0.01 V increments.
5. Add a voltage measurement at Vout.
6. Run the simulation and capture the results.
7. Adjust the minimum and maximum sweep voltage to capture just the saturation region of the FET operation voltage, capture the resulting curve.
8. Select the most linear region of the curve and record the ideal bias voltage (the point in the middle of the linear region), the total operating range, and the slope of the curve in this region.
9. Repeat steps 2-8 with the common drain amplifier shown in figure 2-3.
10. Repeat these steps a third time, this time with the common gate configuration. Note that this configuration will require a negative bias voltage, so you will have to adjust the sweep window accordingly.
2.3 Implement

In the lab, we will capture the voltage transfer characteristics of the actual FET amplifier circuit on the TI Analog Electronics board.

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 Lab2_Implementation.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.
4. Connect oscilloscope probes to TP19 and TP20
[image: ]
Figure 2-3: MOSFET I-V section with pertinent test points
5. Click the arrow to run the VI and verify that the “Status” LED is lit.
6. Select the FET Amplifier in the Active Section list, the indicator LED on the MOSFET Amplifiers section of the board should be lit. 
7. Set the drain resistance to 5 kΩ and the source resistance to 0Ω.
8. Set the function generator CH1 to output a 20V p-p triangle wave. Adjust the “symmetry” to 100%.
9. Measure the output voltage at TP20. The curve should resemble the VTC from the simulation. Identify the ideal bias voltage for this circuit, and capture the VTC curve in the active region.
10. Change the function generator output to a 1 kHz sine wave at 100 mVp-p with a DC offset adjusted to match the bias voltage found in step 9.
11. Capture the output voltage waveform at TP20.
12. Adjust the drain resistance and record the effect on the output waveform.
13. Repeat steps 6 to 11, however this time set the drain resistance to 0Ω and the source resistance to 5 kΩ. The output voltage will now be measured at TP21
14. Experiment with different source and drain resistances, as well as different bias voltages and input amplitudes. Compile a table of resistances, biases, and amplitudes and identify cases which result in distortion of the output waveform.
15. Set the function generator CH1 (or 2 for the common gate amplifier) to a 5 VDC output signal and activate function generator channel 2.
16. Set both the drain and source resistances to 5 kΩ.
17. Close the switch connecting Vctrl2 to the source terminal.
18. Repeat steps 8 to 11 with this configuration. The input signal can now be measured at TP21 and the output signal at TP20.
19. Experiment with adjusting the drain and source resistances. Record the function of these resistances in the effect of the amplifier.
20. Press Stop to stop the VI.

2.4 Analyze

2-1 Present the simulated VTC curves for all three configurations, annotate the curve with your selected bias voltage, and the region of relative linearity.

2-2 What is the slope in the linear range for each amplifier? Based on the relationship between this slope and the amplification of the signal, why would you choose one topology over another if you want a specific gain?

2-3 Present your captured VTC curves for the actual hardware. How do the actual bias voltage and linear regions compare to that in the simulation?

2-4 Present your resulting waveforms from step 10. Do the amplifiers distort the signal in a noticeable way?

2-5 What effect did the source and/or drain resistances have on the gain for each of the amplifier configurations?

2-6 Given your understanding of the effect of the transconductance of the FET and the structure of the common source amplifier, how would you select a drain resistance to achieve a desired amplifier gain?

2-7 What limitations did you identify for the amplifier in terms of input amplitude and gain in steps 14 and 19? What factors do you think principally contribute to these limitations?

2-8 What is the purpose of capacitive decoupling on the input for the CG amplifier? How does this compare to how you would normally go about biasing the input signal for an amplifier? Why did the gate voltage need to be above VSS for this bias configuration to work?

Section 3: BJT Amplifiers

3.1 Theory and Background

BJTs vs. MOSFETS

As the theory behind a BJT amplifier is essentially the same as for a FET, we will skip over a deep analysis of BJT amplifier transfer characteristics, and instead focus on the design considerations which are different for BJTs than FETs.

Whereas the input resistance of a FET is effectively infinite in most applications; a BJT is activated by current flow through its base. This means that either the signal source must be able to provide sufficient current, or if the input is isolated with a coupling capacitor, then the biasing circuitry must supply the required current so as not to discharge the decoupling capacitor and degrade the input signal.

The other significant difference is that while most MOSFETs have relatively few variables which affect their functionality, mostly limited to the physical size of the channel. By comparison there are several variables in the physical construction of a BJT which can significantly change the I-V curve of the device, and as a result can affect its application as an amplifier component, or logic switch. 

BJT amplifier configurations

These configurations will seem very familiar if you have worked with FET amplifiers. Generally speaking each design will function very similarly to the corresponding FET circuit, with most of the differences having to do with biasing the inputs effectively.

There are three principal BJT amplifier configurations, shown in Figure 3-1:
(a) Common emitter
(b) Common collector
(c) Common base
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	(a)
	(b)
	(c)


Figure 3-1: BJT amplifier configurations

As with the MOSFET amplifiers, where the common source configuration was the most common, the Common Emitter amplifier is the configuration you are likely to see most often in BJT amplifier applications. This is because it is relatively simple to bias, and can produce large gains. The common collector has functionality similar to that of the common drain configuration. It will output a buffered voltage that closely matches the input voltage, and as such it is frequently referred to as an “Emitter follower”. Finally, the common base amplifier which is typically used when output resistance must be high; however it suffers from extremely low input resistance which can overload signal sources.

Biasing circuits

We will cover the application of biasing circuitry in more detail in Lab 4, but for the purposes of this lab we will focus on the two simplest solutions to the problem of properly biasing an input signal.

The first solution (and the one which we will demonstrate in this lab) is to use a voltage divider coupled capacitively to the input signal. This requires both collector and emitter resistances to limit the amount of current the bias circuitry adds to the collector current.

The second option is to use a feedback resistor from the collector to the base of the transistor. This has the advantage of creating a negative feedback loop from the output voltage to the bias voltage which makes the bias more stable in the face of gain or temperature effects which may change the emitter current.

3.2 Simulate

Before experimenting on the actual devices, we will simulate amplifier topologies in an idealized form.

1. Open a new multisim circuit and add a BC847 NPN BJT.
2. Construct the common emitter amplifier circuit shown in figure 3-1.
3. Add a DC source driving the base voltage Vin and set RE to 5 kΩ and supply 15 VDC to VDD.
4. Change the simulation to a DC sweep and configure Vin to sweep 0-10 V in 0.01 V increments.
5. Add a voltage measurement at Vout.
6. Run the simulation and capture the results.
7. Adjust the minimum and maximum sweep voltage to capture just the active region of the BJT operating current, capture the resulting curve.
8. Select the most linear region of the curve and record the ideal bias voltage (the point in the middle of the linear region), the total operating range, and the slope of the curve in this region.
9. Repeat the process with the common collector amplifier shown in figure 3-3.
10. Repeat the process a third time, this time with the common base configuration. Note that this configuration will require a negative bias voltage, so you will have to adjust the sweep window accordingly 
3.3 Implement

In the lab, we will capture the I-V characteristics of the actual BJTs on the Analog Electronics board.

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 Lab2_Implementation.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.
4. Connect oscilloscope probes to TP22 and TP23
[image: ]
Figure 3-2: BJT Amplifiers section with pertinent test points
5. Click the arrow to run the VI and verify that the “Status” LED is lit.
6. Select the BJT Amplifier in the Active Section list, the indicator LED on the BJT Amplifiers section of the board should be lit. 
7. Set the collector resistance to 5 kΩ and the emitter resistance to 0Ω.
8. Set the function generator CH1 output to a 1 kHz sine wave at 100 mVp-p.
9. Adjust the biasing potentiometer and observe the effect on the input signal and output signal. Note the bias voltages at which the signal begins to distort. Capture images of the waveform distortion you encounter.
10. Capture an un-distorted output voltage waveform at TP23.
11. Adjust the collector resistance and record the effect on the output waveform.
12. Add a resistance between the emitter and ground. Note any effects on the bias and gain of the amplifier.
13. Repeat steps 6 to 11, however this time set the collector resistance to 0Ω and the emitter resistance to 5 kΩ. The output voltage will now be measured at TP24
14. Set the function generator CH1 to a 5 VDC output signal (0 V amplitude) and activate function generator channel 2 with the same 1kHz sine wave at 100 mVp-p as was previously output on CH1.
15. Set both the emitter and collector resistances to 5 kΩ.
16. Close the switch connecting Vctrl2 to the emitter terminal.
17. [bookmark: _GoBack]Repeat steps 7 to 11 with this configuration. The input signal can now be measured at TP24 and the output signal at TP23.
18. Experiment with adjusting the emitter and collector resistances. Record the function of these resistances in the effect of the amplifier.
19. Press Stop to stop the VI.

3.4 Analyze

3-1 Present the simulated VTC curves for all three configurations, annotate the curve with your selected bias voltage, and the region of relative linearity.

3-2 What is the slope in the linear range for each amplifier? Based on the relationship between this slope and the amplification of the signal, why would you choose one topology over another if you want a specific gain?

3-3 How did the biasing circuit affect the input signal for the CE and CC amplifiers? In what range of bias voltages were these amplifiers functional?

3-4 Describe the distortion you observed at the limits of the amplification range. Why do you think the signal distorted in this way?

3-5 What effect did the emitter and/or collector resistances have on the gain for each of the amplifier configurations?

3-6 How did adding emitter resistance change the functionality of the bias circuit? Did it have an effect on the amplification gain?

3-7 How did the process for biasing the CB amplifier differ from the other two configurations?

3-8 What is the purpose of capacitive decoupling on the input for the amplifiers? What would happen if the input was connected directly to the amplifier?


[image: ][image: ][image: ][image: ][image: ]		
14

[image: ]23

image3.jpeg




image4.png
D1

V1
R LOAD

120V

60Hz 1k

OO




image5.png
R_LOAD
1kQ





image6.png




image7.png
R_LOAD
1kQ





image8.emf

image9.png
VDD

R.D

Vout

Vin




image10.png
Vout





image11.png
VDD

Vin

Vout




image12.png
Vin




image13.emf

image14.png
VDD

R.D

Vout

Vin




image15.png
VDD

Vin

RS Vout




image16.png
VDD

R.D

Vout

Vin




image17.emf

image1.png




image2.jpeg
ATTENTION R

A Observe precautions

‘lz 4 for handling electrostatic
sensitive devices

J2 60

m

mWﬁmuu

i

e

General  Schottky

s T
= - -

Zener

@ Diode |-V Characteristics

™

v cul 10- 88

i i
s £

; .u'ﬂ i € ”

#Diode Rectifiers

MVW

E’?a

mﬂvcmnu

FW —AN—

8 Op-Amp Circuits

Voo Ve T
o-@-|" (i pmOs
]
o ]

o-&-|[ 1 Nmos

‘& MOSFET |-V Characteristics

vcmoo—%i‘m -m

v xo-—ﬁ—l[flr 4|
-
vz o

=MOSFET Amplifiers

s

[P

1y

Temperature Sensor Application

&n

veuo

T

[Eee3

veu1 T

12 PNP.

@BJT I-V Characteristics

&) Power & Status

Tl Analog Electronics Board
Visit ni.com/teach/analog

van s
oAM=

Ve

Bon——T

#BJT Amplifiers

vcmogg P

Voo

vl 1

Technology by

TEXAS
INSTRUMENTS





image18.png
I3 TEXAS
INSTRUMENTS




image19.png
QUANSER

INNOVATE - EDUCATE




image20.emf
‘7 NATIONAL
’ INSTRUMENTS










