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Initially, the Sequence Structure is too small. To enlarge, get the Positioning Tool (arrow) by
pressing the Space Bar, by sequencing through the Tools with Tab, or by using Shift/Right
Click to bring up the Tools Palette. Position the Tool at the lower-right-hand corner of the
Sequence Structure, Left Click, and drag to enlarge the Structure.

Right Click on the edge of the Frame of the Sequence Structure and go to Add Frame After
(Fig. A.4). The result will be two Frames with index O and index 1. Now place (e.g., drag) the
send and receive Vis into Frame O and Frame 1, respectively. Left Click on the left and right
arrows at the top of the Sequence Structure to move between Frames. The result will be as
shown in Fig. A.4. The Diagram shows Frame 1. The program will execute the VI in numerical
Frame order. Thus, the output voltage will always be sent before the input channel attempts to
read.

A.1.3 Programming Exercise: Digital Controls and Digital Indicators

The Front Panel of Measure.vi will now be configured to permit assigning the voltage to be
sent out and reading the input voltage from the Front Panel. The Front Panel of the new
configuration is shown in Fig. A.5. From the Front Panel and then from the Controls Palette, go
to Controls=>Numeric (Fig. A.5), and from this selection, get a Digital Control and a Digital
Indicator. You might want to color the Front Panel. For this, Shift/Right Click and get the
Coloring Tool from the bottom of the Palette. Then, with the Coloring Tool, Right Click on the
Front Panel and pick a color. You can also color the Diagram. Change the labels over the
Digital Control and Digital Indicator using the Edit Text Tool (Fig. A.5). Obtain the Tools Palette
with Shift/Right Click and the Edit Text Tool. The labels are defaulted as Numeric. Use the Edit
Text Tool from the Tools Palette to relabel as in the example (or similar).

Figure A.5. Front Panel with addition of Digital Control (send) and
Digital Indicator (receive). These are obtained with a Right Click on
Front Panel for Controls Palette and then Numeric and Digital Control
and Digital Indicator. Also shown is the Edit Text Tool for changing the
labels on the Controls from the default Numeric.
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Now go to the Diagram (under Menu Window>=>Show Diagram or use Ctrl E) for wiring the
program in the diagram. This will include Terminals and Numerics and Strings. Start by
connecting the sending VI icon (Frame 0) value to the Digital Control terminal (Fig. A.6). To
locate the terminal for the Digital Control, go back to the Front Panel, Right Click the Digital
Control for Send Volts, and move the pointer to Find Terminal. The Diagram will open and the
proper terminal will be highlighted. Note that the terminal for Digital Control is darker than
those for Digital Indicator. This provides for an alternative means of locating the proper

Figure A.6. Top Diagrams: Locating the value terminal on the icon and
moving the Wiring Tool to the Digital Control terminal. Bottom
Diagrams: Completed wiring for Frame O and Frame 1. Completion of

Frame 1 is discussed below.
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Get the Wiring Tool (appears like a roll of solder) by striking the Space Bar. To wire, first find
the correct terminal on the icon. There are three in this case. The terminal for this connection,
value, is the bottom third of the icon. To locate the region of the connection, sweep the Wiring
Tool over the icon and find the value. A given terminal displays a black-and-white blinking
while the Wiring Tool is in contact with this terminal. Now, with the Wiring Tool, Left Click on
the value connection region, Release, and move the Wiring Tool to the terminal of the Digital
Control. Left Click again to finish.

For an alternative view of where the connections are made, you can Right Click on the icon,
and get Visible Items>>Terminals. Recall again that the Digital Control terminal is darker than
the Digital Indicator terminal. This adds additional clarification as to the correct terminal.

Complete the connections to the icon with a Numeric Constant for the device (Right Click, then
Functions>>Numeric>>Numeric Constant) and a String Constant for the channel (Right Click,
then Functions>>String>>String Constant). Use the Pointing Tool (finger) to write in the
constant values. Obtain the various Tools by striking the Tab key.

Now sequence to Frame 1 to connect to the Al Acquire Waveform.vi icon. (Click on the
arrows at the top of the Sequence Structure.) Complete all wiring, as shown in Fig. A.6, except
for the waveform terminal (connection on the right side of the icon in Frame 1). This includes
device (numeric constant, 4), channel (string constant, 0), number of samples (hnumeric
constant, 100), high limit (numeric constant, 10), and low limit (numeric constant, 0). The low
limit can be set to 0 because no negative numbers are to be read.

As a reminder for using the Wiring Tool: In the Diagram, use Shift/Right Click to get the Tools
Palette and obtain the Wiring Tool. The Wiring Tool is also obtainable by pressing the Space
Bar, while the Diagram is the active window, to sequence between the Wiring Tool and the
Positioning Tool. Left Click on the terminal to be wired (do not hold) and move the Tool to the
other termination and Left Click again.

A.1.4 Programming Exercise: Using the Array Average Value VI from
Probability and Statistics for Averaging the Samples Received



To complete connections to the terminals associated with Frame 1, we must add the VI
Mean.vi (Fig. A.7). It is used to obtain the average of all of the number of samples (as
selected) in the reading (receiving) function. Note that Mean.vi is connected between the
waveform terminal of the Al Acquire Waveform.vi and the Digital Indicator terminal. The
output from Al Acquire Waveform.vi (waveform) in this case is a cluster of information
including a data array. In the Diagram, a much broader line than that for a single data point
represents the connection.

Figure A.7. Diagram showing Frame 1. The VI Mean.vi has been added
to average the data samples.
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Mean.vi is obtainable from two different locations in the Functions palette:
Functions>>Analyze>>Mathematics>>Probability and
Statistics>>Mean.vi;Functions>>Mathematics>>Probability and Statistics>> Mean.vi.
Connect the waveform of the Frame 1 icon to Mean.vi to the Digital Indicator Terminal.
Connect the output in Mean.vi, mean, to the Terminal of the Digital Indicator. This
measurement, which is the average of a large number of samples, is superior to obtaining a
single point that might very well fluctuate due to noise.

Project PA.2 Sending and Receiving Voltages from the Front Panel (Measure.vi, version 2)

A.1.5 Programming Exercise: Installing and Using the Waveform Graph

A given dc voltage is sent out via an output channel (e.g., frame 0 of Fig. A.7). A circuit node
response is measured, in our projects, by sampling the voltage a number of times. With
LabVIEW, we can easily obtain a graphical presentation of the sample data points to provide
an indication of the noise that exists on the dc voltage being measured and in the
measurement system. For this, obtain a new VI by saving a Save As copy and giving it a new
name. Here it is named PlotSamples.vi. The new VI will initially appear something like that in

Fig. A.8.

Figure A.8. Front Panel with addition of a Waveform graph. The graph
Is obtainable from the Front Panel under
Controls>>Graph>>Waveform Graph.
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To install the Waveform graph, in the Front Panel, Right Click and get
Controls>>Graphs>>Waveform Graph and place it on the Front Panel. Shift/Right Click on the
face of the graph to get the Coloring Tool and pick a color for your graph background field and
Frame. Figure A.8 shows a new graph installation with some color changes.

A new installation of a graph has the Plot Legend open (Plot O in the example). In general, this
feature and others can be hidden or made to appear by a Right Click anywhere on the graph
and then selecting Visible Items as shown in the example of Fig. A.9.

Figure A.9. Various graph features are obtained under Visible Items as
shown. This includes the Plot Legend for setting up the plot style.
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In the box of the Plot Legend, Right Click, go to Color and pick a color for the plotting points or
lines. Also, select Points under Common Plots. Hiding the Plot Legend might be in order, now
although this is optional. (Right Click on the graph face and select Visible Items>=>Plot
Legend.)

For the present application, it is preferred to have no grid. To accomplish this, Right Click on a
number on the Y-scale of the Frame of the graph, go to Formatting... and Grid Options (Fig.
A.10). Select the no grid (Left Click) condition as illustrated in Fig. A.10. Repeat for the X-axis.
Note that a given axis can be selected from the Formatting window at the top under Select
Scale.

Figure A.10. Y-scale Formatting showing the section of no grid from
Grid Options. Selection of Digits of Precision is also made in this
window.
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Now use the Edit Text Tool to edit the X and Y designators. Then Right Click on the graph face
and get Find Terminal. Complete the wiring to the graph terminal as in Fig. A.11. The final
Front Panel (Fig. A.11) has the label hidden and the X- and Y-axis designators edited to be
Sample Value(V) and Time (sec). The graph data are from a sample measurement from

Project A.

Figure A.11. Completed Front Panel and Diagram showing connection
to the terminal of the Waveform graph.
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Project PA.3 Plotting Measured Samples (PlotSamples.vi)



A.2 ADC and the Autoranging Voltmeter

Very often in measuring circuit characteristics, it is necessary to plot some voltage response
over a wide range of input-voltage stimulation. An automatic means of adjusting the voltmeter
sensitivity through the sweep is thus required. When set for the full measurement range
(limit), the 12-bit analog-to-digital conversion (ADC) in the DAQ has either a 2.44 mV
(unipolar, 10 V full range) or a 4.88 mV (bipolar, 20 V full range) resolution.

However, the range of the DAQ is software selectable. So, for example, suppose that in the
sweep we are measuring 5 mV and only positive voltages. The DAQ can be programmed for a
high limit of, for example, 100 mV and a low limit of O V (unipolar), such that the resolution is
24.4 uV.

The Project A LabVIEW library, ProjectA.llb, contains a preprogrammed VI for setting
automatically the range. The Diagram of the VI, Voltmeter.vi, is shown in Fig. A.12. As
indicated, the range is set through the high- and low-limit inputs to Al Acquire Waveform.vi,
for example, 10 V (high limit) and 0 V (low limit) in the diagram of our autoranging voltmeter
as shown in Fig. A.12.

Figure A.12. Diagram of autoranging dc voltmeter, Voltmeter.vi. The
While Loop runs until the comparison finds the measured value less
than the lowest possible limit.
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The autoranging voltmeter is programmed as follows. First, a copy of Al Acquire
Waveform.vi is Saved As..., modified for dc only and renamed as Al Acquire Avg.vi. The
modification consists of taking the average of the array of samples and providing for a single-
point output of the average value of the samples. Al Acquire Avg.vi is programmed to
operate in selectable bipolar or unipolar mode. Thus, this feature is included in Voltmeter.vi.

This VI is then used as a subVI in the autoranging dc voltmeter. Upon running Voltmeter.vi,
the execution starts with the subVIl Al Acquire Avg.vi on the left; the high limit set at 10 V,
and with the bipolar mode, the lower limit is —10 V. Thus the voltage being measured is first
sampled with minimum sensitivity but this is sufficient to obtain an approximate value of the
voltage. The initial measurement value is then processed through a selection scheme to decide
which limit should be set into the final measurement subVI that is again Al Acquire Avg.vi.
The limit choices are given in Table A.2. These are stored in an Array Digital Control as seen



on the left in the diagram . The While Loop compares the measured value with each limit
value starting at the top. The loop halts when the comparison finds the smallest possible limit.
Bipolar or unipolar are set according to the sign of the initially measured value.

A factor of 2 of improved resolution is available with the unipolar case. As noted, the valid limit
settings and associated resolutions are shown in Table A.1. With the autoranging voltmeter,
during a sweep, the resolution is maintained, through the sweep, at roughly a fixed percentage
of the value of the numbers being measured.

TABLE A.2
Unipolar Range Resolution Bipolar Range Resolution

Oto+10V 2.44 mV -10 to +10 V 4.88 mV
Oto+5V 1.22 mV -5to+5V 2.44 mV
Oto+2V 488 nv -2to+2V 1.22 mV
Oto+1V 244 uv -1to+1V 488 pVv
0 to +500 mV 122 pv -500 to +500 mV 244 v
0 to +200 mV 48.8 nv -200 to +200 mV 122 pv
0 to +100 mV 24.4 Vv -100 to +100 mV 48.8 v

-50 to +50 mV 24.4 wVv

Figure A.13 shows a measurement of a sine-wave from a function generator. This was
obtained in LabVIEW using the ac voltmeter that is discussed in a following unit. The voltage
waveform is sampled at the two limit settings, 100 mV (a) and 2 V (b). The peak of the sine-
wave is 10 mV. It is clear that the resolution is not adequate at the higher limit setting. In an
autoranging version of the ac voltmeter, the best limit setting is automatically assigned.

Figure A.13. LabVIEW measurement of a sine-wave voltage with peak
of 10 mV. The sinewave is sampled at two limit settings of (a) 100 mV
and (b) 2 V. The resolutions are (a) 48.8 x4V and (b) 1.22 mV.

Project PA.4 Using the Autoranging Voltmeter
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A.3 LabVIEW Oscilloscope and Voltmeter (ac)

An example of an oscilloscope is shown in Fig. A.14. This special version displays three
waveforms. These are the total waveform (ac + D), the sine-wave minus the dc (average
value) and the absolute value of the sine-wave (]ac]).

Figure A.14. Front Panel for a possible LabVIEW oscilloscope. Digital
Controls provide for inputs of Frequency, Count (number of samples),
and #cycles. Digital Indicators show Samples/Sec, Sec/Sample, VDC,

and Vac Peak. The limits are set in the Diagram.
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The voltmeter is designed to measure peak or RMS values for periodic waveforms, thus, to be
an ac voltmeter. Total sampling time must occur in exact multiples of cycles. This provides for
obtaining the waveform (sine-wave) peak or RMS value based on an average of all the
samples.

The required sample rate, SR, is obtained from

E= %(Frequency}](sampleﬁf Sec)

The values for all the numbers on the right-hand side are set in Digital Controls on the Front
Panel (Fig. A.14). The #Samples is also referred to as the Count.

SR and #Samples are then sent to the subVI, Al Acquire Waveform.vi. For example,
assume that the #Cycles is 4 and the #Samples is 256. Once cycle will be sampled 64 times.
Assume also that f = 1000 Hz. Sample rate SR will be 64000 samples/sec or about 16
usec/sample. The total sampling time is T - #Cycles, where T is the period and is T = 1/f. In
this example this is 4msec.

Digital Indicators in the Front Panel display the dc voltage, VDC, and the peak, Vac Peak. Vac
peak is calculated as the average value of |ac|] multiplied by n/ 2. The programming sequence
for obtaining the three waveforms is shown in Fig. A.15. In the Sequence Frame is also shown
the programming configuration for connecting to the graph on the Front Panel and the
computation of the peak value, Vac Peak.



Figure A.15. Frame of Sequence Structure showing series of events for
obtaining ac peak value. The mean is subtracted from the array with
the result converted to the absolute value, and the average is
multiplied by z/2.
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Project PA.5 Observing the Oscilloscope Output Graph



A.4 Measuring the Discrete Characteristics of Sending
and Receiving Voltages

In the discussion above of the autoranging voltmeter, the discrete nature of the ADC and DAC
was demonstrated. LabVIEW Vs that plot the input voltage versus output voltages for both
ADC and DAC demonstrate the effect further.

Figure A.16 shows the Front Panel of the VI Discrete.vi. This VI is for demonstrating the
discrete nature of the sending and receiving functions. We first consider that of the sending
function, as in the case of Discrete.vi in Fig. A.16.

Figure A.16. DAC in the bipolar mode. Plot of the programmed voltage
sent out (0.1-mV steps) versus measured actual output voltage. The
graph on the right is a plot of the input voltage samples for a single

output sweep.
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The graph on the left shows the voltage actually sent out (Y-axis) for a quasi-continuous range
of requested (programmed) voltage to be sent out (X-axis). In the example, the program
called for the output voltage to be swept over a range from —10 to 10 mV in steps of 100 pV.
The actual voltage sent out is discrete in steps of 4.88 mV; thus only four steps over the entire
range are sent out. The graph on the right is a plot of the input voltage samples from one (the
last) measurement. The plot illustrates the inherent scatter in this type of measurement.

Project PA.6 Discrete Output Voltage from The DAQ

In Fig. A.17 is shown the result of measuring a high-resolution output sweep with a less
precision input mode of measurement. The high resolution is obtained with a resistance
voltage divider. The graph on the left shows the discrete nature of the receiving function for a
low-resolution mode. For the limit settings, the receiving resolution is 4.88 mV.

Figure A.17. The full range of the output sweep is 10 mV. (The X-axis
is before the 100:1 voltage division.) The input channel has low
resolution, as revealed by the steps in the plot.
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The transition regions are nonabrupt due, to the bit uncertainty (due to noise) in these
regions. In Fig. A.18 is shown input voltage samples (for one output voltage) for a point in a
plateau region (a) and for a point in the transition region (b). Note that the plot in the graph

on the right in Fig. A.17 is for a plateau region (last point in the sweep in the plot on the left)
and shows no scatter.

Figure A.18. (a) ChanO_in samples for a voltage in a plateau region in
the plot of Eig. A.17. (b) Samples for a voltage from the transition

region.
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Project PA.7 Discrete Input Voltage from the Circuit Board



A.5 Sending and Receiving Waveforms

Measuring circuit response to waveform input signals requires simultaneous sending and
receiving data with the DAQ. An example was demonstrated above with the oscilloscope
measurement project (Fig. A.14). The function generator VI used for that measurement is
FG_A.vi. The main subVI of the function generator VI is SR_A.vi. The Front Panel and
Diagram of the VI are shown in Fig. A.19. The VI sends and receives voltage arrays from one
output channel and one input channel.

Figure A.19. The Front Panel and Diagram of SR_A.vi. LabVIEW AO
Write receives the array of the numerical values of the waveform and
sends them out on the output channel. The oscilloscope is launched in

sequence and measures the response voltage of the input channel

while the output array is still being executed.
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Information supplied from the top VI, FG_A.vi, includes sine-wave (or square-wave)
frequency (Frequency), number of cycles (Cycles), and number of samples per cycle
(Samples/Cycle). The information is used to facilitate the computation Sample Rate =
Frequency - Sample/Cycle and the size of the waveform data array (Cycle - Samples/Cycle).

The subVI, SR_A.vi, receives this information along with the waveform data array, as required
by the functions in the Diagram of SR_A.vi (Fig. A.19). The waveform data array is calculated
by a subVI, Sine-wave.vi (on the same level as SR_A.vi). (An alternative waveform,
SquareWave.vi, is selectable from FG_A.vi). The execution sequence is AO Config.vi, AO
Write.vi, AO Start.vi, OscilloscopeA.vi, AO Wait.vi, and AO Clear.vi.

The Number of Cycles is adjusted automatically in the top VI and increases for higher
frequencies. The increase provides assurance that the outgoing waveform is still executing



during the oscilloscope measurement phase. The duration of the waveform sent out is Cycles -
T.

Project PA.8 Using the Simultaneous Sending/Receiving Function




A.6 Summary of Programming Projects

PA.1 Sending and Receiving Voltages with the Sending and Receiving Vls

PA.2 Sending and Receiving Voltages from the Front Panel

PA.3 Plotting Measured Samples

PA.4 Using the Autoranging Voltmeter

PA.5 Observing the Oscilloscope Output Graph

PA.6 Discrete Output Voltage from the DAQ

PA.7 Discrete Input Voltage from the Circuit Board

PA.8 Using the Simultaneous Sending/Receiving Function




Unit B. Characterization of the Bipolar
Junction Transistor for Circuit Simulation

The inclusion of transistors in circuit simulation requires a model for the transistor. That is, the
simulator needs to know how the transistor behaves. Specifically, the simulator requires
knowledge of the terminal characteristics of the transistor. For example, for a given dc voltage
Vge applied between terminals B (base) and E (emitter), what will be the current into B (Ig)?
The mathematical relations are obtained from theory or experimental observation. Often, the
theory is very complicated, but much more simple relations serve very well as good
approximations.

TABLE B.1
SPICE Name Math Symbol Description
IS Is Description
ISE lse Saturation current.
BF Br Base — emitter leakage saturation current.
VAF Var Ideal maximum forward current gain.
BR Br Forward Early voltage.
NF Ng Reverse-current gain.
NE Ng Forward-current emission coefficient.

The parameters for the BJT, which are to be determined in the projects as described in the
following, are given in Table B.1. The parameters are obtained by fitting the mathematical
expressions as used by SPICE to measured current — voltage relations.



B.1 Fundamentals of Bipolar Junction Transistor Action

A bipolar junction transistor is made up of a sandwich of two semiconductor pn junctions.
Transistors are either npn or pnp. In the active-mode transistor state, one junction, the input
junction, is forward biased, and the opposite junction, the output junction, is reverse biased.
The behavior of the individual pn junction diode will first be considered to clarify forward and
reverse bias.

A semiconductor pn-junction diode in diagrammatic form is shown in Fig. B.1. The current and
voltage of an ideal pn-junction diode are related by

Equation B.1
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Figure B.1. Diagrammatic pn-junction diode. Applied voltage Vp is
shown for forward bias for which current freely flows. Opposite
polarity is reverse bias, where the diode is essentially cut off and Ip =
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where Vp is the voltage applied between the p and n regions (positive at the p terminal), Iy is
the responding current, and lgq is the saturation current. The thermal voltage, V-, is defined as
Vr = kT/q, where T is the temperature, k is the Boltzmann constant and q is the electron

charge. At 27°C, V¢ ~26 mV. Vp is positive for forward bias and negative for reverse bias.

As illustrated by the arrows in the junction of Fig. B.1, for forward bias, the diode current
consists of injection of holes from the p region (positive free carriers) into the n region and
injection of electrons from the n region (negative free carriers) into the p region. The
exponential factor in (B.1) is associated with the statistics of the free carriers, holes and
electrons, and the effect on the lowering of the barrier to free-carrier flow of the application of
the positive applied voltage.

The magnitude of Is4 is dependent on semiconductor electronic properties such as doping
levels and free-carrier lifetime and mobility. The magnitude of current flow for a given Vy is
dictated by a combination of the barrier-lowering factor (in the exponential) and the rate of
free-carrier recombination; that is, carriers are annihilated by recombining with the opposite
type of carrier on the opposite side of the junction from which they are injected.

A typical value for saturation current, lsq, is 10** mA, such that, for example, for Vp = 0.6 V,

Ip ==0.1 mA and increases by an order of magnitude for each additional increment of 6Vp =60
mV (at room temperature). The equation would suggest that for negative Vp and |Vp| >> V5,
Ip = —lsq and therefore is very small compared to the current under forward bias. In real pn-



junction diodes, the current is larger and is not independent of the value of the reverse applied
voltage. Nonetheless, it is still very small compared to the value of current for normal forward
bias.

As mentioned above, the bipolar junction transistor is made up to two junctions, which share a
common region. A pnp example is shown in Fig. B.2. The individual pn junctions of a transistor
also exhibit diode characteristics, and the junction currents are related to the junction voltages
by equations similar to (B.1). There is an essential difference that can be explained for the
case of one junction being forward biased while the other junction is zero or reverse biased.
Specifically, suppose that the transistor is a pnp (the other possibility being the npn) and the
pn junction on the left (input junction) is forward biased and the pn junction on the right
(output junction), is made to have zero bias by connecting a wire across this junction, as
shown in Fig. B.2.

Figure B.2. Diagrammatic semiconductor pnp transistor. The input
junction on the left has forward bias voltage Vp, and the output
junction on the right is shorted for zero bias. The input pn-junction
diode current Ip couples with the output pn junction to flow into the
output p region.
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Even though the forward-biased pn junction on the left shares the n region with another pn
junction (on the right), it behaves like a pn-junction diode such that the current — voltage
relation for the junction still has the form of (B.1) and is

Equation B.2
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The saturation current is now designated ls, since Ig iISd. [If the width of the n region is very
large, the holes injected into the n region will recombine with electrons in the n region, and the
associated current will flow entirely out through the contact to the n region. In this limiting
case, the current — voltage relation for the junction on the left reverts to (B.1). The presence
of the p region on the right will play no role.]

In a transistor, the n-region width is made small and the statistical chance of an injected hole
surviving the transit across this region, without recombining with an electron, is very high.
Upon entering the p region on the right, the holes are accommodated by the exit of an equal
number of holes moving out at the contact to this p region. (Actually, they are converted to
electrons at the interface of the contact and semiconductor to be consistent with having only
electron flow in the metal contact and device connecting metal.)

In an ideal transistor, this is the only current mechanism. The various other current
components of the real transistor are discussed below. These include electron injection that
would be expected from the n region into the p region of the forward-biased junction on the



left (as in Fig. B.2). In practice, special fabrication techniques are employed to make this
component of current very small.

In the application of a transistor in the active mode, as for example, in an analog amplifier
stage, the output junction is reverse biased, as shown in Fig. B.3. The junction configuration
now represents a transistor; the regions are accordingly designated as emitter (E), base (B),
and collector (C). Consistent with these assignments, the current into the transistor on the left
is the emitter current, lg, and the output current on the right is the collector current, Ic, and
according to the mechanism described above for the ideal transistor, Ic = Ig.

Figure B.3. Diagrammatic semiconductor pnp transistor in active-mode
operation. Regions are now designated emitter, base, and collector.
The emitter — base junction is forward biased and the collector — base
junction is reverse biased.
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With forward bias (voltage) across the emitter — base junction and reverse bias across the
collector — base junction, the emitter — base current equation, (B.2), is slightly altered, to
become

Equation B.3

Voo
- T = EE VT

Variable subscripts have been changed to reflect the fact that the pnp structure is now
specifically a transistor. (The parameter Is is the same in SPICE for the diode and the
transistor models. Isq was used above for this discussion alone to differentiate between the
two.) For reverse bias of the collector — base junction, the —1 of (B.2) is eliminated.

In this simplified version of the transistor, the output current is independent of the collector —
base voltage. The possibility of infinite voltage gain is thus provided, because the output circuit
behaves like a pure current source; that is, it will force current into an external resistance,
which can be large without limit. This conclusion remains subject to additional alterations for
the real transistor. However, in principle, the transistor mechanism as discussed is applicable
short of certain limitations.

An example of obtaining gain from a transistor in an amplifier circuit is shown in Fig. B.4. A
ground has been added at the n-region terminal to establish a reference. Therefore, the output
voltage, Vo, is defined with respect to this reference. To the transistor circuit of Fig. B.3, we
have added an input signal V¢, and a load resistor, R,.. Note that since the input and output are
referred to the base, the circuit is a common-base amplifier.

Figure B.4. Amplifier circuit incorporating a pnp transistor. The output
voltage is with respect to ground at the n-region terminal. The base is



common to the input and output and hence, this is the common-base
amplifier configuration.
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Suppose that initially, Ve, = 0 and Vgg is selected to give Ic = 1 mA. This is, in an amplifier, the
bias current. The output supply voltage is chosen to be Vcc = 12 V. We select R, = 5 kQ giving
a bias output voltage Vo = IcR. = 5 V. Note now that the collector-base bias voltage is Vgc =
Vce — Ve = 7V and the junction is reverse biased.

We now apply an input voltage (signal, ac, or incremental voltage) Ve, = 18 mV. This
increment added to Vg will cause Ic to double (i.e., Ic = 2 mA). The result is a new output
voltage of vp(sig) = 10 V. Thus the incremental (or signal) output voltage is 8Vo = Vvo(sig) — Vo
=V, = 5 V. Base — collector voltage is now vgc = Vg = 2 V and the junction remains in a
reverse-bias state.

The incremental (ac or signal) ratio of output and input voltage is V,/Vpe = 5V/18 mV = 278.
Note that the gain is power-supply limited. Employment of a larger power supply permits the
use of a larger R, which results in a higher gain. We will later show that the gain is in fact
Vr/V1 based on an approximate linear representation between the input and output voltage.
Note that in this case, the linear approximation is Vg /V: = 192, which indicates, for the
example above, that the linear relation provides a fair estimate.

An alternative bias arrangement is shown in Fig. B.5. The input terminal is now that of the n
region and the p terminal is a common node to the input and the output. This is the common-
emitter configuration. Note that the voltage applied to the input junction has not changed, and
the output junction now has a bias voltage of Vec — Vgg and remains reverse biased as long as
VEec>Ves.

Figure B.5. Common-emitter transistor amplifier configuration. The

common terminal is now the p-emitter region and the input is at the

base (n region). The output is between the common emitter and the

collector. This diagram includes a possible I and thus Ic < Ig, as is
discussed in Unit B.3.



In electronic amplifiers, all three terminal configurations are possible: common base, common
emitter, and common collector (emitter follower). Themost frequently employed amplifier
stage is based on the common-emitter mode, but the other two serve important roles in
electronic amplifiers. In all three, the emitter — base voltage is the input control-terminal
voltage. In the common-emitter and common-base, the output current is the collector current
and in the common collector, it is the emitter current. The common-collector configuration is
usually referred to as the emitter follower.

In the subunits that follow, the detailed SPICE relations that generally relate the branch
currents to the terminal voltages are developed. This includes the addition of many aspects of
the real transistor which were not included in the discussion above of the highly idealized
transistor.

Initially, the forward-active mode is explored, and this is followed by a discussion of the
reverse-active mode. The reverse-active mode is where the situation in Fig. B.3 is reversed.
Thus, Vg is positive (base — collector junction forward biased), while Vgg is zero or negative. In
the reverse-active mode, Vcg becomes the input voltage, and the output current is the emitter
current, Ig.

Although the transistor is not operated in the reverse-active mode, the relationships developed
for this case can be combined with those from the forward-active mode. The combination
produces the general equations for relating currents and terminal voltages in transistors for all
bias possibilities (i.e., where the transistor is biased out of the active mode).



B.2 Base-Width Dependence on Junction Voltage

In real transistors, the base width depends on the voltage applied across a pn junction. The
effect is known as base-width modulation. A diagrammatic representation of the effect is
illustrated in Fig. B.6. Not shown in the diagrams in Unit B.1 of the pnp structure are the
depletion regions, which are shown shaded in Fig. B.6. These are the transition regions that
are depleted of free carriers, and in which the barrier is formed that impedes electron and hole
flow to the p regions and n region, respectively. The base width (n region) is actually the width
between the depletion regions. In the diagram of Fig. B.6, we define wg, for Vgc = 0 and wg for
Vgc > 0.

Figure B.6. Diagrammatic pnp structure showing the effect of base —
collector voltage on base width.
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The magnitude of saturation current, lg, in (B.3) is specifically defined for Vgc = 0 or wg. In a
circuit application, though, Vgc will in general be nonzero and the base width can vary as
shown; in the example of Fig. B.6, the base width is wg for a given applied Vgc. TO a
reasonable approximation, the relationship between the effective saturation current with a
nonzero Vgc can be accounted for with the form.

Equation B.4
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where “His the effective saturation current for a reverse-applied base — collector voltage. The
approximate form assumes that Vgc << Vjae. The expression in the denominator, 1 — Vac/Var,

comes from the fact that Ty is approximately inversely proportional to the base width, and the
base width is roughly

Equation B.5
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The parameter V4 is called the Early voltage for forward-active operation. It has a counterpart
for reverse-active operation, Var. The base-width dependence on junction voltage is included in
the nonideal factors taken up in Unit B.3.



B.3 BJT Base, Emitter, and Collector Currents in the
Active Mode

The discussion of the transistor mechanism of Unit B.1 is extended here to include base-
current mechanisms, which exist in the real transistor, and the effect of base-width modulation
as discussed in Unit B.2. Initially, the case of active-mode operation is discussed, and this is
followed by the general-bias case, which includes the possibility of both pn junctions becoming
forward biased.

In the device model for the bipolar junction transistor, the parameter Bpc is

Equation B.6
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where Ig is the composite of all contributions to the base current. (The use of "dc" is consistent
with SPICE.) This relates the output current, I, to the input current, Ig, for the transistor
operated in the common-emitter terminal configuration.

In the following, the discussion is based on the npn transistor, as shown now with the
schematic symbol in Fig. B.7. The npn is chosen over the pnp, as it is substantially more basic
to BJTs than the pnp. This probably has to do mostly with the fact that a common-emitter
stage is consistent with a positive power supply (a holdover from the vacuum-tube days), that
the npn is superior in terms of frequency response, and that it has consistently been the
device of BJT digital switches including the TTL. The pnp was used in the discussion above on
the fundamentals of transistor action, as it is somewhat more intuitively satisfying to have the
current and particle flow (where the illustration is with the hole) in the same direction.

Figure B.7. BJT (npn) in the common-base configuration, showing
terminal voltages and branch currents.
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The assignment of polarities of voltages Ve and Vgc is consistent with forward bias for both the
emitter — base and collector — base junctions. Vgc will be negative in active-mode operation.
The assignment of V¢ is standard, as it will be positive in active-mode operation. Current
directions are assigned to correspond to the actual directions of the currents in the forward-
active mode.

Base currents do not couple between junctions. Rather, as suggested in Fig. B.8, a given base
current is associated with a given pn junction. In the forward-active mode, a base-current
component is added to the emitter current as indicated in Fig. B.7. However, since the base —
collector junction is reverse biased, the base-current contribution to the collector current is
negligible and (B.3) still represents the total collector current. The collector-current relation
with the base-width-modulation effect (Unit B.2) now included becomes

Equation B.7



I o1 BE TEVT | VBC
c=1g y
AF

Figure B.8. Diodelike characteristics of the base currents. They are
separately associated separately with their respective pn junctions.
These currents do not couple across the base.
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The equation has also been generalized to include the SPICE parameter ng, the forward current
emission coefficient (which is usually assumed to be 1).

The base current, for the forward-biased base — emitter junction, is made up of two terms;
these are the ideal base current (because it has the same Vge dependence as Ic) and the
leakage base current. The leakage component is typically small enough to be neglected and
often is, for simplicity, in practice.

In the absence of leakage base current, the base current is

Equation B.8
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where lsge is the base — emitter saturation current. In the active mode, Vge is positive, and

typically, Vge =~0.6V. The exponential term is, for this case, exp(Vge/NgVy) =10 such that
the —1 is quite negligible. The —1 is necessary for the current to go to zero for Vge = 0. This
current is due to (npn) injection and recombination of minority-carrier electrons in the base
and injection and recombination of minority-carrier holes in the emitter. Base current could
also be connected to injection of holes into the n-type emitter, which recombine at the emitter-
contact metal — semiconductor interface. In any event, base — emitter junction base current is
predominantly from injection into the emitter, as opposed to injection into the base.

For this case of no leakage current and for Vgc = O, the forward-active current gain (or current
ratio) is defined as Bpc =B¢. Using (B.6), (B.7), and (B.8) (with —1 neglected), this is

Equation B.9
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and lsge = Is/Be- Consequently, the ideal base current is normally written as

Equation B.10
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Note that the base current does not have Vc dependence as exhibited by the collector current.
This is demonstrated to be valid in Project B.

The parameter B¢ is the SPICE transistor-model B. Implicit in the assignment of IS (lIs) and BF
(Be) in the SPICE device model is the assignment of the ideal base-current saturation lsge =
Is/Be. That is, there is no Isge (SPICE parameter) in the model. If the general active-region
relation for Ic, (B.7), is now used in the Bpc definition, we obtain the Bpc relation for nonzero
Vge, Nnamely,

Equation B.11
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where ¢ is a constant (SPICE BF) and Bpc = B for Vgc = O.

In the real transistor, there is, in general, a component of leakage current. It is associated
with recombination of holes and electrons in the depletion region of the base — emitter
junction. In SPICE, the leakage-current component is characterized with parameters ng (base —
emitter leakage coefficient) and Iz (base — emitter leakage saturation current). When added
to the ideal component, the total base current is

Equation B.12
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(These are both positive into the transistor for the npn.) The parameter ng is ideally 2
(according to early, simplified theories), but in practice is typically about 1.5. When transistors
are operated in or above the midrange of their rated current capacity, the leakage component
becomes negligible.

For a small power transistor, the midrange starts at about 100 mA, such that the leakage term
would be very significant at, for example, 1 mA. In the project on the transistor, which is
designed to determine the SPICE parameters discussed here, a low-current range of less than
about 1 mA is selected. The low current also avoids inadvertent rise in the temperature of the
device during evaluation.

Similar equations that apply to the reverse-active mode can be obtained by direct substitution
of the equivalent variables. The output current and input voltage, are, respectively, I and Vgc,
while, for the reverse-active mode, Vge = 0 or negative. Based on the equivalent substitution

Equation B.13
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The minus sign comes from having assigned the current direction of the emitter current out of
the transistor (Fig. B.7). The parameter Is is common to (B.7) and (B.13). Equations (B.7) and
(B.13) are combined to obtain the general case of Vge and Ve both positive (forward bias) in a
following unit.

The reverse-operation base current is [the reverse-operation equivalent of (B.12)]

Equation B.14
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where [ is the dc current ratio (reverse-active mode) for the case of no leakage component of
base current, and is given by Br = Ig/lg. In practice, the reverse ideal current gain is 0.1 < By
< 10, and therefore, the reverse-operated transistor is not a useful configuration in, for
example, analog amplifiers. However, the reverse-active mode equations are essential, as is
shown below, for developing the general equations for the forward mode. The general form
includes the possibility that the transistor will be out of the active mode.

Although Vg (reverse Early voltage), Isc (reverse leakage saturation current) and n. (base —
collector leakage emission coefficient) are officially SPICE parameters, we will not be
concerned with these as they would rarely be a factor in the study of analog circuits.



B.4 Diode-Connected Transistor Circuits for Measuring
Base and Collector Current

The circuit shown in Fig. B.9 is used in the parameter-determination project for measuring the
base current with the collector open. The collector is tied to the output channel voltage, which
holds the collector — base junction in reverse bias, and therefore in the active mode. The
configuration is effectively a diode (open collector) with two terminals, base and emitter, and
the diode current is the base current. The base current is that of the active-mode transistor,
because the collector — base junction is maintained in a reverse-bias state. Note that according
to (B.12), base-current magnitude does not otherwise depend on the value of the base —
collector voltage. This is shown to be valid in the project. (The base current is much different
when the collector terminal is tied to ground and the base — collector junction is forward
biased.)

Figure B.9. Circuit for measuring base current in the open-collector
diode-connected circuit.
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The measurement circuit includes a current sensing resistor, Rg. The relation between Iz and
Vge for this terminal configuration is (B.12), repeated here
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As noted above, the base current of (B.12) exhibits no base-collector voltage dependence
other than the requirement that the transistor be in the active mode.
This is assured in this circuit since Vgc is
Equation B.15
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where V¢ =Chan0_out.

In the alternative diode circuit of Fig. B.10, the base and collector are connected such that Vpc
= 0 and the equation for the collector current is (B.7) with Vgc = 0, or, simply,

Equation B.16
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Figure B.10. Circuit for measuring emitter current. In this circuit, Vgc =
0 and (B.16) applies.
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The measured current in the circuit, that is, sensed by the sensing resistor, Rg, is the emitter
current, lg. This is the sum of (B.12) and (B.16), which is

Equation B.17
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We note that (B.12) remains valid for Vgc = 0. Current measurements from the two diode
circuits provide, therefore, I¢, from Ic = Ig —lg. In the parameter measurement project, it is
verified that the base current is the same for both measurement circuits. This is a means by
which the independence of base current on reverse voltage is demonstrated.

In the BJT parameter determination project, parameter extraction from the exponential
relations is obtained from plots of current — voltage characteristics. The form of the log of the
current versus voltage provides information on the two parameters of the exponential from a
straight-line curve fit. For example combining the currents from the two circuits gives, as
noted, Ic = Iz — Ig and [from (B.16)]

Equation B.18
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The zero voltage intercept thus reveals Is and the slope will show that n¢ ~1.

A simple exponential represents the base current only approximately, as it is a combination of
two exponentials; that is,

Equation B.19
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In the measurement of the base current, using the circuit of Fig. B.9, the measured semilog
plot will appear to be a straight line. This would suggest that the current — voltage relation is a
simple exponential, as in the case of the collector current. However, parameters Ngyrime and



Iseprime Vary, depending on the given narrow range of base — emitter voltage of the
measurement. Note that since ng = 1 and ng > 1, Ngprime Will be in the range 1 < Ngprime < Ne.

Sample measured results are shown in Fig. B.11, where the current is plotted on a log scale.
For this plot, Ic has been obtained from Ic = Iz — Ig. Both plots are straight lines, indicating the
exponential relationship between current and voltage for the two cases. Careful scrutiny of the
lower curve (lg) should show a slight upward curvature since it is a mixture of two exponential
terms, as noted. The steeper slope for emitter current is a result of the fact that nr = 1 and

nEprime > 1.

Figure B.11. LabVIEW plot of measured currents (mA) versus base —
emitter voltage (V). The ratio of the two is the fyc of the transistor.
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B.5 Output Characteristics of BJT in the Common-
Emitter Mode

The common-emitter terminal configuration can be considered the fundamental building block
of BJT analog amplifier circuits. The common base and common collector are applied to some
extent in more special-purpose roles, such as for high output resistance (common base) and
low output resistance (common collector). Therefore, a study of the transistor in the common-
emitter mode is basic to a study of analog circuits.

The output characteristic of the common-emitter transistor is defined as the output current (lIc)
as a function of the output terminal voltage (Vcg) for Iz (or Vge) held constant. It is very
important to understand in the design of both analog and digital circuits. The output
characteristic is experimentally explored in the project on parameter determination. The
measurement circuit for obtaining the output characteristic is shown in Fig. B.12. This is also
the circuit for measuring Bpc versus lc, which is discussed below.

Figure B.12. Circuit for measuring transistor output characteristic and
Pboc versus lc.
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The equations presented in Unit B.2 are in terms of terminal voltages Vge and Vgc. The
common-emitter configuration has input voltage Vge but output voltage Vce. Therefore, it is
preferable to eliminate Vgc in the equations in favor of Vg, using Vec = Vee — Vce.-

When plotting the output characteristic, for example, from 0 < Ve < 5V, the range of Vg is

Vee < Ve < —(5 — Vge). Since Vg =0.5 V, Vgc covers the full range from strongly forward
biased (out of the forward-active mode) to clearly reverse biased (forward-active mode). This
requires that the I [(B.7)] and Iz [(B.12)] equations be modified to include all possibilities.

To obtain an equation for Ic under general biasing conditions, we start with the fundamental
equation of transistor action of the BJT. This is

Equation B.20
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This is a composite of (B.7) and (B.13) in which the base-modulation effects are neglected.
Both of these equations are for Ic and Ig in the ideal transistor. (In this unit and beyond, we
assume that n = 1.) Sometimes referred to as the linking-current equation, this is



symmetrical in Ic and Iz and neglects all components of base current and dependence of the
base width on Vgc and Vge.

To add an additional degree of applicability to the real transistor, base-width modulation must
be added. We are interested in a relation between currents and voltages for the transistor in
the forward-active mode. In this case, Vg is fixed at 0.4 < Vg < 0.6 V. On this basis, base-
width modulation of the emitter — base junction can be neglected. On the other hand, the
relation must apply for a Vgc range, which includes relatively large negative values. Therefore,
the effect of base-width modulation of the collector — base junction must be included in a
modification of (B.20). If base-width modulation due to the dependence of base width on Vi is
added and the substitution Vgc = Vge — Ve is now made, (B.20) becomes:

Equation B.21
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The general equation must include any significant base current that contributes to collector
current, that is, for when the base — collector junction becomes forward biased. For this we
use (B.14) with base leakage current neglected. (Leakage current is neglected throughout this
unit.) This is

Equation B.22
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The —1 term has been retained in order for the equation to apply at all possible polarities and
values for Vgc = Ve — V¢E, including zero where this contribution of collector current is zero.

We note that this base current is in a loop (Fig. B.8) through the base — collector junction and
is positive out of the collector terminal; Ic of (B.21) is positive into the collector terminal as in
Fig. B.7. Thus, the component of base current from (B.22) subtracts from the collector current
to give

Equation B.23
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Again, for simplicity, this equation neglects the leakage current associated with the collector —
base junction [lsc term (B.14)], which is only a fair approximation for the level of Ic at which
we will obtain an output characteristic in the parameter extraction project on the BJT.

A plot of this equation for I¢ as a function of Ve can be obtained for constant Vge or constant
Is. For the latter, Vg is also a variable such that the plot requires, in addition, a solution for
Vge as a function of Ve for constant Ig. In the project on the output characteristic, the
measured data and a SPICE solution are compared during the measurement. The input circuit
provides a more or less constant Iz. However, the SPICE solution, which is computed by
LabVIEW, is exact. It allows for a variable Iz and associated variable Vge. The SPICE solution
formulation used by LabVIEW is outlined below in Unit B.7. The SPICE solution is also explored
in the project Mathcad file.



After measuring the output characteristic, the segment of the resulting data array from the
active region (Vce > Vge) is extracted. From these data, a straight-line curve fit is obtained by
LabVIEW, which produces a number for the slope. From (B.23), we obtain an equation for the
active region from letting Ve > Vgg, with the result

Equation B.24

I —1.e"BE V[, YEE~VCE
Cact -2 iV
AF

The slope for the active-region equation is slope = dlca/dVee = Ic/Var. Thus, Ve can be
calculated from Vs = Ic/slope, where Ic is the value taken from the data array for Veg = Vge.

For the special case of Ve = Vg, One can obtain a value for Is from the relation

Equation B.25
=

After V4 and Is have been obtained, an iteration on Br will produce a final curve fit to the
output characteristic, thereby providing a number for Br. In this manner, all three parameters
of this unit are obtained: Is, Bgr, and Var.

An example of a SPICE output characteristic (calculated in Mathcad), which uses the measured
transistor-model parameters, is shown in Fig. B.13. Also shown is the calculated active-region
plot.

Figure B.13. Mathcad calculated plot of the complete output
characteristic, (B.23), and the active-region segment, (B.24). The
saturation region [(B.34)] is graphically revealed where the plots

separate.

i

[C[ma)

Active-Region Eq. ,p—z;:

Cutput Char.

0-; |
0 1 z

WCE[]

The low-voltage region where Ic < l¢sy is called the saturation region. The voltage and current
in this region are Vcesar and lcsae- IN the derivation of the general equation for I¢, (B.23), the
leakage current of the base — collector junction was neglected. If this is not valid, the reverse
Br, Which is determined through curve fitting, is somewhat artificial. For example, suppose that
the leakage current totally dominates the collector — base current. For this case, the general I¢
equation is

Equation B.26
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where a new definition of a sort of By is defined in the relation Isc = Is/Brieak- A curve fit to the
measured output characteristic would give Brieak- HOWever, because nc > 1, the result depends
on the level of collector current at which the measurement is made. If, in a given
measurement, the Breax IS interpreted as Bg, it would function as Bg in SPICE (when assigning

BR to the model), but it would only be valid in a simulation for collector currents close to that
of the measurement.

H«l
&



B.6 SPICE Solution for Iz versus Vg of the
Measurement Circuit

All components of base current are those from (B.12) (forward mode) and (B.14) (reverse
mode). These are summed together to obtain the following expression for the general bias
case:

Equation B.27
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In the measurement circuit of the project on the output characteristic of the BJT, the circuit
will provide a current source at the input and Iz (to a good approximation) will be a constant.
However, in the event that a precision solution for Iz and Vg is required, it can be obtained by
equating (B.27) to Iz from the input circuit equation (Fig. B.12), which is

Equation B.28

Iy =(Vag -~ Ver)/ Ry

In the Mathcad project file, a solution for Vge as a function of V¢ is obtained (using a root
finder) for a given Vg and Rg. The result for Vge (at a given V) is used in (B.23) for a solution
for I¢, and hence the output characteristic is obtained. For this, the leakage components of
base current are neglected.

In the LabVIEW output characteristic measurement project, a SPICE solution is obtained along
with the measurement. The solution is obtained with LabVIEW using an iterative solution. The
equations are (B.28) and (B.27) (without the leakage terms) solved for Vge. This is

Equation B.29

The iterative method consists of guessing an initial Vge and solving for Iz from (B.28). This is
used in (B.29), with the given Vg, to obtain a better value for Vge. The new Vg is then put
back into the circuit equation, (B.28), and so on, until Vge stops changing significantly. This Vg
is then used in (B.23) for a solution for I¢ at the specified V. For the complete output
characteristic, the solution is repeated in increments of Ve for a range from zero up to a
specified maximum. This is accomplished in LabVIEW with a Formula Node in a While Loop.
The analytical formulation is explored in the project Mathcad file.

From (B.29), we note that over the full range of 0 < Ve < 5V, for example, the limits of Vge
are for Vg = 0,



Equation B.30

Voe (i) = Vo |n[51'ﬂj

=

while for large Vg,

Equation B.31

=

Ve hi) = Vo |n[51ﬂ]

The case of (B.30) uses Br >> Br. For example, for Be/Br = 100, the difference Vge(hi) — Vge(l0)

zVTIn(BF/BR), which is about 120 mV. In the base circuit equation (B.28), this change would
be minor compared, for example, with a base bias voltage, Vgg, of 5 to 10 V. Thus, base
current is close to a constant over the full range of Vg, based on Chanl out =Vgz = 5V or
greater, as dictated by the design goal. That is, Vgg is much greater than the change in Vg as
Vce moves from (B.30) to (B.31).

We note that, consistent with the limit of (B.31), the solution for Ig is from

Equation B.32

I
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Therefore, Iz and Vge are constant and I¢ only varies with Ve due to the Ve dependence in
(B.24). The value of the limit Ve is quantified in the next unit.



B.7 Collector-Emitter Voltage and Collector Current in
the Saturation Region

An equation for Vcesar (Ve in the saturation region) can be obtained using the equations for Ig,
(B.27) (with leakage components neglected), and I¢, (B.23), to eliminate Vg:. The approximate
equation for I is again
ot Vee Ve, Is E[VBE“‘“'CEJNT
g == =
P Pr

The equation for Ic, (B.23), which neglects the V,: term (well justified at low voltage of the
saturation region), and the —1 is

Equation B.33
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Eliminating Vge between the approximate form of (B.27) and (B.33) gives

Equation B.34
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where

Equation B.35
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The subscript comes from "beta forced,” the conventional way to define I/l in the saturation
region. Note that by definition, Borced < Br, as Ic < lcact defines the saturation region.

For example, we compute Vcesar at lcsat = 1c/2. Assume that B = 100 and Bg = 1 such that
Brorced = Pr/2 = 50. For this case, Vcesar = 120 mV. Note that this is the midrange for the
validity of (B.30).

It should be noted that Vcgsy: is Not defined for Brorces ==*Pr. This is because of the neglect of

the —1 from the equations. Technically, the maximum Vcgsat iS Vcesat zVBE, as this is the
maximum Vce at which the base — collector junction is forward biased, the condition for the
onset of the saturation region. At V¢ values very near Vgg, the —1 terms in the current
equations are not mathematically negligible. On practical grounds, though, (B.34) is valid for
when the output characteristic is clearly in the saturation region.



A value for Br can be obtained, using (B.34), from one set of data points, lcsg: and Veesa: from a
measurement, with B known. If this proved to vary with the I, chosen for the calculation, it
would suggest that the discussion at the end of Unit B.5 applies. That is, the leakage current is
not negligible and the effective Bg, Brieak. IS @ variable throughout the saturation region.



B.8 DC as a Function of Collector Current

bDC as a Function of Collector Current”
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B.9 Signal or Incremental Common-Emitter Current
Gain

Since Bpc/lg is a variable function of Ic, the incremental B4 is, in general, different from the dc
Boc- (The incremental B, is often referred to as B, but B4 is consistent with SPICE.) To get an
approximate value, we could calculate B,. from

Equation B.42
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with I¢; = Iz and where (B.39) is used to obtain Bpc at the two currents. The definition of B, is
from the limiting case of I, ==*I¢,, that is,

Equation B.43
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Performing this operation with the use of (B.39) leads to

Ba =

Equation B.44
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The result indicates that B, = Bpc (N > 1) and that the two converge in the limit for high Ic.
This is the expression used in SPICE for the incremental B,., and it is used by SPICE when NE
and ISE are included in the model. Otherwise, SPICE uses Bac = Bpc = Be- (If IS and BF are not
specified in the model, SPICE will use default values, typically, BF = 100 and IS = 10*° A. For
the project transistors, IS is about 1073 A.)



B.10 Summary of Equations

Iz Common-emitter dc
Foc = I current gain.
Vo /n. v T Forward active-mode
I~ =Ig= BE' "F T 1-_BC output characteristic
Vo relation.
I W N, W o, Forward base current.
IE. — —S[e BE:/ F T _1]+ISE[E E.E:/ E T_l]
&
F
I W % Vo d AW Reverse base current.
IB:_S(E BC/ R T_lJ_,_ISC{e BCY T T_lJ
&
|34
ITIELT V-V Vor -V 1 [Vor=Var ) Output characteristic
Io = Iy [E BE T_E[ BE -::E]f”"r][l_ BE.FAFCE]_E[E[ 5E~VoE] "‘r_lﬂ relation.

l+_£;+ﬁforced

Fr Fr

W =Vmln
_E t T
=a l_Bforced

Fac =

Collector-emitter
voltage in saturation
region.

Collector-current
dependence of dc
common-emitter
current gain.

Collector-current
dependence of
incremental (ac)
common-emitter
current gain.



B.11 Exercises and Projects

Project Mathcad ExerciseB.mcd - ProjectB1l.mcd - ProjectB.2.mcd - ProjectB3.mcd
Files

Laboratory Project Characterization of the Bipolar Junction Transistor for Circuit

5 Simulation

PB.3 Diode-Connected Transistor Measurements

PB.4 Measurement of Bpc versus the Collector Current
PB.5 BJT Output Characteristic Measurement

PB.6 Simulation of the Output Characteristic Measurement




Unit C. Common-Emitter Amplifier Stage

Analog amplifier stages (BJT) generally comprise three possible terminal configurations:
common emitter, common base, and common collector (emitter follower). As the names
suggest, in each case, the input and output are referred to the common terminal. The MOSFET
equivalents are common source, common gate, and common drain (source follower),
respectively.

As the most fundamental of transistor amplifier building blocks, the common-emitter stage is
the logical configuration to begin a study of signal amplifiers. The common-emitter considered
initially in this unit is obtainable with a simple extension of the dc measurement circuit from
Unit B (Fig. B.12). Based on this circuit various aspects germane to signal amplifiers in general
are discussed. In Unit C.7, the common-emitter stage with active load is explored. Both types
of ampilifiers, with resistive and active loads, are investigated extensively in projects.

The emitter-follower stage is discussed in Unit C.9 along with a general treatment of the
various effects on the common-emitter stage with an emitter-branch resistor. An entire unit
(Unit C.7) is devoted to the source-follower stage, the MOSFET equivalent of the emitter-
follower stage. The common-gate stage, the MOSFET equivalent of the BJT common-base
stage, is considered extensively in conjunction with the role it plays in the differential amplifier
stage (Unit 8).



C.1 DC (Bias) Analysis

The two common-emitter amplifier-stage configurations studied in projects are shown in Fig.
C.1. We note that the dc circuit of Fig. C.1(a) is that of Fig. B.12. Amplifier performance
analysis can be performed with the two output channels available from the DAQ in the
following manner: Fig. C.1(a) uses separate channels for the input and output bias circuits and
superimposes the input signal on the input bias. In Fig. C.1(b) we add a signal-source resistor
and coupling capacitor and use one channel for the input signal and one channel for bias. The
capacitor is required to prevent the connection of the signal source from affecting the dc (bias)
operation of the circuit. The latter represents the classical practical common-emitter amplifier
stage. The signal-source resistor provides for a current-source input signal and hence linear
amplification.

Figure C.1. (a) Base current bias (dc) and input signal applied to the
same node. Collector circuit has a separate power supply. (b) Amplifier
with signal coupling capacitor and single power supply for bias.
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In the experimental project on the common-emitter amplifiers, we measure the voltage gain
as a function of the collector current and compare the results with SPICE. The bias collector
current is swept from 0.1 to 1 mA. The measurement uses the circuit in Fig. C.1(a). A DAQ
output channel (Vgg) sets the bias currents. Another output channel (V) sets the design bias
Vce at each bias current. The gain of the circuit of Fig. C.1(b) is also measured with particular
emphasis on the bias solution and the frequency response.

C.1.1 DC (bias) Formulation

A formulation for obtaining the collector current for a given Vgg [Fig. C.1(a)] is based on the
following: From the input loop equation,

Equation C.1
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The two relevant transistor characterization equations are (B.6),

Ip =Fpelp

and base — emitter dc voltage equation, from (B.7), setting Vgc = O for simplicity,

Equation C.2
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The equation set above has three unknowns, Ic, Iz, and Vge. The equations can be combined to
obtain a function for I,

Equation C.3
A
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A good estimate can be obtained with using Ve ~=0.6V, giving simply
Equation C.4

_ Wpp —0.BY

I
C Rp

Fo

The simple expression is sufficient, for example, for selecting a value for Rg in the circuit of
Fig. C.1(a) in the BJT amplifier project. We have also neglected the dependence of Bpc on Vgc
of (B.11). This is a reasonable approximation for establishing the nominal values for the
measurement circuit components.

The collector — emitter voltage, Vcg, is then established with
Equation C.5

Yee =Yoo~ Tdhe

In designing a project circuit for a current sweep, Rg and R¢ are selected for the highest
currents and highest DAQ output voltage. In the amplifier project, the circuit of Fig. C.1(b)
uses the resistors from the circuit of Fig. C.1(a). It thus has a unique bias variable and V¢
solution for a given design Vce requirement. This is based on (C.3) and (C.5) and is

Equation C.6
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In the amplifier project, the project Mathcad file is used to find the solution for V¢ [with an
educated guess for Vgg, as in (C.4)]. If the result has Ve > 10 V, the limit from the DAQ, it is
necessary to decrease R¢ or increase Rg. This may be necessary, as the transistor ppc is not
known with precision at the point of the selection of the resistor values. After measuring the
actual V¢, the result is used in the Mathcad file to compute a value for Bpc from a circuit
solution.



C.2 Linear or Signal Model for the BJT

The primary function of a transistor in analog circuits is to produce a signal output current in
response to a signal input voltage. In the case of the common-emitter circuits of Fig. C.1, the
transistor input voltage is Vpe and the responding output current is the collector current I..
(Variable subscript conventions are covered in Unit 2. Uppercase symbols with lowercase
subscripts denote RMS or peak magnitude of periodic signals.) The linear relation between the
two variables is the transconductance, g,,. By definition, for the BJT

Equation C.7

Il: = Igrnl""lll:ue

In some simple amplifier circuits, this would be all that would have to be known about the
transistor to perform a design or analysis. More generally, however, the model also includes
input and output resistances, r; = r, + r, and r,, respectively. The transistor linear model,
which includes these components and a load resistor (in this case, bias resistor, R¢), is shown
in Fig. C.2. Applied input voltage V,. and responding I, are indicated.

Figure C.2. Linear signal model for the BJT. Model parameters are ry, r,,
Om, and r.. Added to the model are circuit components Rc and applied
voltage Vpe.

. . , 1
<<V gy, S ReS| e

The input resistance relates the input signal base current I, to the signal emitter — base
voltage, Vye, that is

Equation C.8
Yhe

I = —=2—
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Parameter ry, is the actual physical resistance through which the base current must flow to

arrive at the true, internal physical base — emitter junction. The signal voltage across the
r

internal base — emitter junction is be . Parameter r, is the linear relation between |, and
r

D and is not a physical resistance.

We assume in the following discussion that r, >> r,. This is especially true in the low current
range of our BJT transistor projects. As will be seen below, r, is inversely proportional to bias
collector current, I¢, whereas r;, is close to a constant and could be significant at currents
corresponding to midrange or higher for the transistor. (As a rule, r, must be taken into

consideration when the model is applied in very high frequency applications.) Note that
f
b

£33
neglecting r, compared to r, is equivalent to e be , as assumed below.



The output-resistance parameter, r,, accounts for the fact that total collector current, ic,
increases with increasing total collector — emitter voltage, vce. According to the output
resistance parameter relationship, the current through this resistance is

Equation C.9

Including r,, the current through the load, in this case bias resistor, Rc, is

Equation C.10
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This current flows up through Rc such that V. is negative for positive V.. Thus, the current
associated with r, subtracts from g,,Vye to reduce the current through Rc. For a positive Vye,
there is an increase in the total vgg, thus causing the total collector current to increase. The
result is a decrease in the total vce and hence a negative incremental V.

The two components of (C.10) are illustrated graphically in Fig. C.3. The output characteristics
are for two values of base — emitter voltage: bias only, Vgg, and bias plus base — emitter signal
voltage, Vge + Vpe. They are designated Bias and Signal. The solution to ic and v¢g is
constrained to the "load line,” which is igc = ic = Vco/Re — Vee/Re [(C.5)].

Figure C.3. Transistor output characteristic with no signal and signal.
Also plotted is the Rc¢ load line. The solution for ic and vce is always the
intersection.
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At a constant vce = Vg, the change in the current-source current for the applied Vpe iS gmVbe
[(C.7)]. The net collector current change (signal current), I., though, is as given by (C.10);
that is, it includes the component associated with r,. Since the output characteristic slopes
downward for decreasing vcg, the actual transconductance decreases, but the linear model
treats this effect with a constant g,, combined with the effect of the output resistance, r,.



C.2.1 Determination of the Linear Model Parameters

We can relate the values of the two parameters in (C.10) to the SPICE model parameters using
(B.7) with the substitution vgc = —(Vce — Vge). This is

Equation C.11
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Differentiating (C.11) with respect to vge (with vcg = Vcg, Ve = 0), gm is found to be

Equation C.12
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The approximate form only ignores a term on the order of I1c/Var, Where Ve >> V.
The output resistance is obtained with vge = Vge (bias value) or Ve = 0. This is
Equation C.13
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where, from (C.11), Ic(vce = Vee) = lsexp(Vee/V7). For simplicity, the bias collector current,
from (C.11), Ic = ic(Vce), is usually used for the calculation for r,. Finally, a relation for r,
comes directly from (C.7), I = gmVpe, and (B.41), I, = Baclp. Equating the two gives

Equation C.14
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Hence, from the definition r, = Vpo/lp (with De  be)
Equation C.15
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Note that the right-hand side of (C.14) is the alternative current-dependent current source of
the linear model of Fig. C.2.

As discussed in Unit B.9, B,. can be slightly different from ppc, but the distinction usually need
not be made in analysis or design. This is due to the fact that Bpc tends to be quite variable
among devices and that most analog designs are based on making the results as independent



of Bpc as possible. Signal parameter B, will be used in the following, but it is understood that
Boc can be used in the calculations without serious penalty in precision.



C.3 Amplifier Voltage Gain

Any transistor amplifier stage has a gain from the input terminal to its output terminal (base
and collector, respectively, for this case). But the circuit gain, from the source to the output,
takes into consideration the possible finite input resistance at the transistor input terminal.
Due to the finite signal-source resistance, an attenuation results from the signal-source to the
transistor input terminal. The example of this case of the common-emitter amplifier stage is
considered here.

C.3.1 Gain from Base of Transistor to Output at Collector

The midband (frequency-independent) signal version of the circuit of Fig. C.1(b) is shown in
Fig. C.4. It is obtained from the general circuit by converting dc voltages to zero. This includes
the capacitor voltage, which ideally, remains at its constant dc (bias) value. The rule followed
here is that if there is no incremental variation between any two nodes with a signal applied at
the input, then the component between the two nodes is superfluous. In Fig. C.4, the output
voltage is V, = V¢ and the signal source is designated Vs along with its source resistance, Rs.
In the case of an actual signal source, Ry is probably an equivalent rather than an actual
resistor. Thus, it is assigned a lowercase subscript.

Figure C.4. Signal equivalent circuit for the amplifier. dc nodes have
been grounded and the capacitor has been shorted.

Neglecting the output resistance, the signal collector current for a signal voltage applied at the
base reverts to (C.7), which is

I
Iu: = IElrnl""'ll:-e = v_cvbe
T

with gn = Ic/V1 [(C.12)]. ¢ is the bias current with uppercase subscript, not the signal, with
lowercase subscript. (Recall that signal voltage and currents can be, for example, periodic peak
or RMS values or instantaneous values, as these are all proportional throughout the linear
circuit. To be specific, as in the experiment on the common-emitter amplifier, we consider
them to be periodic-signal peak values.)

The signal voltage developed at the collector is (still assuming that r, >> Rc)
Equation C.16

From (C.16) and (C.7), the gain of the transistor in the circuit (input at the base of the
transistor and output at the collector) is



Equation C.17

We note that the magnitude of the result is the dc voltage drop across the bias resistor divided
by V:. For example, for Vgc = 5V and V; = 26 mV (room temperature), the gain magnitude is
about 200. The BJT circuit is capable of providing very substantial voltage gains.

C.3.2 Overall Gain Magnitude from Signal Source Voltage to Output

The circuit input resistance looking into the base of the transistor, Ry, is the transistor input
resistance, r, (still neglecting ry), in parallel with the bias resistor Rg, that is,

Equation C.18
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The gain from the signal source to the output at the collector of the transistor is thus

Equation C.19
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When the input-signal source resistance is large (Rs >> Ry), a good approximation for a, is
Equation C.20

R
d, = _R_ngC

5

Further approximation can be made using Rg >> r,, to obtain

Equation C.21
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Finally, using Bac = gml: [(C.15)],

Equation C.22
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This result is intuitive on the basis of I, =~ I, I; =V/Rs, and I, = Bacly. The sequence of
approximations for the gain magnitude is



Equation C.23
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An additional approximation is with B, zBDC.

Note that the requirement for the voltage gain to be greater than unity is that Ry < BacRc.
Thus, for sources with a large Rs, an amplifier design should have a high input resistance stage
such as an emitter-follower stage. The emitter-follower stage is discussed in Unit C.9.

In the Project C1 the gain of the amplifier as a function of bias current, Ic, is measured using
the circuit of Fig. C.1(a). This is made possible with the use of LabVIEW and the DAQ, with two
output channels, to provide a signal source superimposed on the input bias voltage. In this
case, the overall gain from the signal source is restricted (input bias and signal source resistor

are the same) and a, zDBaCRC/RB. Since Rg of the circuit is roughly BpcRc, the gain is on the
order of unity.



C.4 Accuracy of Transistor Gain Measurements

We want now to consider the measurement of the gain of the transistor amplifier (Fig. C.1)
based on the linear model. This model is not valid if the signals are too large, such as to cause
an unacceptable degree of nonlinearity. If the linear model is valid, the signal input voltage
magnitude, between the base and emitter of the transistor, is related to the fraction I./Ic
according to [combining (C.7) and (C.12)]

Equation C.24
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This voltage must be large enough for a good measurement using the DAQ board in the
computer (i.e., at least a few millivolts), yet small enough so as not to cause substantial
nonlinearity, which would invalidate the measurement of signal gain. Again, the signal-gain
concept is based on the linear model. In the following, we will find the conditions under which
the linear model is valid and to what extent.

The general expression (active region) between total collector current and total base — emitter
voltage, Vg = Vge + Vpe, is (Neglecting the Ve factor) [from (B.7)]

Equation C.25
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Equation C.26
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where the limit form for |l/lc]<<1 gives (C.24). The plus sign is for I, and V,. positive, and
vice versa.

Since the signal output voltage is V, = —I.R¢, the signal "gain” is
Equation C.27
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which reduces to the linear form, (C.17), when |I./lIc|<<1.

In the amplifier project, the gain is obtained by dividing the measured signal V, by the
measured signal Vpe. The circuit has Rs (=Rg) >> r,, such that I, :Bacvs/Rs [as in (C.23)]. As a



result, for the positive and negative peaks of Vg, the positive and negative peak magnitudes of
I, are equal. Thus, the fraction |I./l¢] is the same for both signal polarities. Incremental
voltage Ve Will respond nonsymmetrically according to (C.26). We note that this does not
constitute a form of distortion at the output, as is evident from the approximate form of (C.23)
(neglecting a very small effect due to variation of f,.).

For output currents on the order of, for example, |I./Ic|] = 0.5, the plus and minus peak values
of Vye are significantly different. In the amplifier-gain measurement project, the ac voltmeter
indicates a peak voltage, which is the average of the plus and minus peak values. To some
extent, in this manner, the error is canceled. A comparison is made of the average value of the
peaks, Vpeavg, With the distortion-free Ve, as shown in Fig. C.5.

Figure C.5. Plot of calculated measured Vpeavg as a function of frac =
I./1c and distortion-free Vpe. The measured value exhibits a 1026 error
at |1c/1c] = 0.5 and Vpe = 12.9 m and Vpeavg = 14.2 mV.
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In the amplifier project, the measurement base — emitter voltage is limited to about |I/Ic| =

0.2. This corresponds to Ve ~~5 mV. The measurement error, due to the distortion discussed
here, is only about 1% for this case.

The measurement circuit is configured to be able to measure the signal voltage with the dc
base — emitter voltage removed. Therefore, the DAQ conversion limit can be set at the

minimum of 50 mV, where the resolution is much less than Ve ~5mV.

As noted, a possible nonlinearity in B, could be a contributor to nonlinearity in the gain
function (C.22). The effect from including the B, nonlinearity in the development of (C.27) is
also, to a degree, canceled in the averaging process of measuring the gain.



C.5 Effect of Finite Slope of the Transistor Output
Characteristic

As discussed in Unit C.2, the signal model contains an output resistance, which reflects the fact
that the output characteristic of the transistor has a finite slope. This is characterized with the
SPICE parameter VAF. It was noted that the effect of the finite slope is to place a resistance
effectively across the output of the amplifier. It is calculated from r, = Vae/l¢, (C.13).

With increasing bias current, r, may not be negligible compared to Rc. In the project on the
gain of the amplifier, we will read the experimental data into a Mathcad file and adjust Vs to
make the SPICE calculation and measured data match. The gain expression that includes
transistor output resistance is

Equation C.28
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In a representative transistor, Ve =~100. The circuit design could call for IcR¢ =5V for a 10-V
supply voltage. In this case, the output resistance has about a 5% effect on the gain value.



C.6 Selection of Coupling Capacitors

External capacitors are added to the circuits of this unit for two purposes. One, shown in Fig.
C.1(b), is to connect the signal input source to the amplifier. The other is a special-purpose
capacitor of the amplifier project. It is attached to facilitate measurement of the base — emitter
voltage with high resolution. Design considerations for selection of the capacitor values are
discussed in the following.

C.6.1 Coupling Capacitor for the Common-Emitter Amplifier

The linear equivalent circuit of the amplifier of Fig. C.1(b) is shown in Fig. C.6. The selection of
the value of the capacitor Cy is based on the requirement that it has negligible effect on the
signal current at any frequency at which the amplifier will be operated. Including the reactance
of the capacitor, the input signal current is

Equation C.29

V. V. 1
[ = 5 = .

(0 R+ +Ry Ro#Rp g 1
* o ieafc, EafRg +RyIC,

Figure C.6. Signal model of the circuit for the determination the
characteristic frequency of the frequency response associated with the
coupling capacitor.
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The input signal current magnitude is

Equation C.30
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where

Equation C.31
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Frequency fiqg is defined as the frequency where the response magnitude is

Equation C.32
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It follows that for this case, fagg = fy,. Note that at f = 10f34g,

W
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C.6.2 Coupling Capacitor for Measuring the Base Input Voltage

In Project C1 measurement of the base input voltage is made at the signal side of the coupling
capacitor. This is the node designated by V, in Fig. C.6. Good measurement precision is
provided, as the dc component of the base voltage is blocked by the coupling capacitor. The

maximum voltage sensed by the input channel is only the signal voltage V, ==Vx ~5mV, as

discussed in Unit C.4. This value is much smaller than dc Vge ~0.5 V. In this configuration, the
limit setting for the input channel is set at 0.1 V, for a resolution of about 48 pV with the input
channel in the bipolar mode. If the peak signal voltage is, for example 5 mV, the resolution is
about 1% of the measured voltage

The required capacitor, Cy, for this case and for same fzqg, is substantially larger than that
obtained from (C.31). As will be shown, at f =fsqs, the requirement is that |Xcs| =~=r,. It

follows that at f near fagg, Rs >> |Xcp| since Rg >> Ry ="-rﬂ. The input signal current is thus
given approximately by

Equation C.33
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This includes the good assumption that R >> R, and that, by design, |Xcp]| sz for f zfgdB.
(Technically, the pole of the transfer function is ignored.)

The signal voltage, V(f), at the input signal source side of the capacitor is the sum of the
voltage at the base plus the voltage across the capacitor, that is, with (C.33),

Equation C.34
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The ratio V,(f)/V, is thus
Equation C.35
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Note that the form of V,(f) is falling, for increasing frequencies, to a plateau (V). We will

define fagg as the frequency where the magnitude of this ratio is 2 . This could qualify as a



type of corner frequency, as it represents the frequency where the frequency response

function is 2 times the asymptotic value. A solution for f3gz then comes from

Equation C.36
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giving

Equation C.37
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At f=10f345, Vi = 1.005V,,. Note that for this case of a current source [(C.33)], the value of the
capacitor can be obtained simply to satisfy |Xcp| = 1.

C.6.3 Coupling Capacitor for the Base Voltage Measurement of the DC
Sweep Circuit

The project circuit for making a precision measurement of the gain of the amplifier of Fig.
C.1(a) is shown in Fig. C.7. The circuit has the addition of C, and Rs for measuring the base
signal voltage without the dc component. The selection of Ry in the amplifier project is made to
satisfy if R >> r, such that the effect on the gain referred to Vs is small. The choice is, on the
other side, Ry < Rg, such that the charging time of C; is not prohibitively long during the bias
sweeps. The fzgs frequency at V, for this case is (C.31) with f, = f34g. In the amplifier project,
the capacitor is selected from (C.37) to satisfy the requirement for the amplifier of Fig. C.1(b)
using (C.37). The capacitor will thus certainly be adequate for the amplifier of Figs. C.1(a) and
C.7.

Figure C.7. Common-emitter amplifier for measuring the amplifier gain
as a function of bias current. The signal base — emitter voltage is
measured at V.




C.7 Common-Emitter Amplifier with Active Load

In the early days of electronic amplifiers, the voltage amplification device was, of course, the
vacuum tube. It existed in only one polarity configuration, that is, with positive plate (bus or
rail) voltage. With the appearance of semiconductor transistors came the availability of the
dual set of devices with opposite terminal voltage polarities. This is the case for BJTs, JFETSs,
and MOSFETs. (Vacuum tubes were implemented in class B amplifiers. The application required
a pair of inputs, one 180° out of phase with the other, normally derived from a transformer.)

The dual set has provided the versatility for a wide range of electronic system applications,
including the amplifier with active load shown in Fig. C.8. This can be compared with the circuit
of Fig. C.1, which in place of the pnp transistor, has a bias collector resistor, Rc.

Figure C.8. Common-emitter amplifier with active (transistor) load.
The npn is the driver transistor and the pnp is the load transistor. The
input signal source could be moved to the base of the pnp, in which
case the two transistors play opposite rolls.
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Note that either transistor base could serve as the input such that the opposite transistor
becomes the load. In Fig. C.8, the npn is chosen as the driver transistor and the pnp as the
load transistor.

A dc output characteristic plot is shown in Fig. C.9. Since the collector current of the individual
transistors is the same, the solution to bias voltage V¢ for the npn is the intersection of the
two curves, that is, 5 V. This would be a good choice for a bias output voltage for the power
supply voltage of this case, which is 10 V. For the plots, Vaen = 100 V and Vag, = 20 V were
used. (In the discussion of the npn — pnp amplifier, the added subscript n or p will denote npn
or pnp, respectively.)

Figure C.9. Output characteristics for the npn and pnp transistors. The
pnp emitter — collector voltage is Vec = Vce — Veg, Where vee is the
collector — emitter voltage of the npn. The bias variables Vcg, Vec, and
Ic are at the intersection of the two plots.
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A signal impressed at the base of the npn causes the npn curve to move up or down while the
pnp curve remains in place. Note that the pnp acts like a load line of a resistive load; however,
an extension of the active-region characteristic of the pnp intersects the zero-current axis at
Vce + Vagp = 30 V. The pnp active-load transistor thus provides the equivalent of a bias resistor
with a power supply of 30 V instead of the actual 10 V.

C.7.1 Gain of the NPN — PNP Common-Emitter Amplifier with Active Load

The gain benefit for the case of the active load is apparent from the following. The equation for
the gain of the BJT common-emitter amplifier with resistor R¢, which includes the output
resistance of the driver transistor (in this case, npn), is a form of (C.28)

Equation C.38
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where rq, is the output resistance of the npn and is given by [generalization of (C.13)]

Equation C.39
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where Ve and Vge are the transistor bias voltage variables and I¢ is the collect bias current of
the amplifier. Parameters Vag, and Vg, are used in this unit for the slope parameter for the npn
and pnp, respectively.

The output resistance expression is generalized here to emphasize that strictly speaking, the
collector currents and voltages must match as suggested in the expression. Voltages Vg and
Vce are bias values. In the following, as is standard in electronics circuit analysis, we
approximate the output resistance, for example, for the npn as follows:

Equation C.40

_ YaFn

Fan
I c

It follows that for the pnp



Equation C.41
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where Ic =lc(Vce), that is, the actual bias collector current.

For the pnp active load, the resistor R¢ is now replaced with the output resistance of the pnp,
to obtain

Equation C.42
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where the far right-hand side uses g, = Ic/Vr.

The gains for the resistive load and active load cases can readily be compared with the
substitution of g,, = Ic/V+ in (C.38) (gain with load R¢) and (C.40) for r,, to obtain

Equation C.43
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For the example of Vcc = 10 V and bias Veg = 5V, Vge = 5 V. Using Vagn = 100 V and Vag, = 20
V, the room-temperature gain magnitudes are |aywrc]| = 4.76 V/0.026 V=183 for the amplifier
with R; load compared to an npn — pnp amplifier gain magnitude of |a,,| = 16.7 V/0.026
V=641. In practice, the advantage will be considerably more, as the value for Vg, used here is
smaller than normal for BJTs. The small number was used above in the plot (Eig. C.9) to
exaggerate the effect of the slope.

C.7.2 Output Resistance at the Collector with an Emitter Resistor

In Project C2 the effect of an emitter resistor in the emitter branch of the pnp, Rg,, on the
output resistance of the pnp will be explored. The circuit is shown in Fig. C.10. The effect of
the emitter resistor is to increase the output resistance, due to the negative feedback effect, at
the collector of the pnp. This increase can be made to be substantial; in fact, to a good
approximation, the load on the amplifier is only r,, of the npn.

Figure C.10. Amplifier with an emitter resistor in emitter branch of pnp
to increase the output resistance at the collector of the pnp. Also
included is a capacitor, Cy, for grounding (signal) the base voltage of
the pnp.



The generalized gain expression, which includes the effect of the emitter resistor, is

Equation C.44
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where Rqp, is the output resistance at the collector of pnp, for the circuit with Regp.

Here, we develop an expression for the output resistance of a BJT with the emitter resistor.
This is a function of both Rg, and Rgp. In the Project C2 the amplifier gain is measured with and
without a base shunt capacitor, C,. With the capacitor in place, the base resistance in the
signal circuit is effectively zero, and this alters Ry, significantly. The linear circuit for the

general case of a BJT common-emitter amplifier with emitter resistor is shown in Fig. C.11.
The circuit includes a base resistor, Rg.

Figure C.11. Linear circuit for the determination of the output
resistance at the collector for a circuit with emitter and base resistor.
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A test voltage, V,, is applied at the collector with the base resistor and emitter resistor at
signal ground. In response, a current |, flows from V, through R in parallel with Rz + r,. This

induces a voltage Vge = (I, — Ip)Re across Rg that is applied to r; in series with Rg. Base current
I, is a fraction of I, as given by

Fe

Equation C.45
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Applied voltage V, sums up to

Equation C.46
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The approximation is based on r, >> R and is consistent with the fact that the signal voltage
drop across the output of the transistor is much greater than across the emitter resistor.

Eliminating I, in (C.46) using (C.45) results in the solution for R,, which is

Equation C.47
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The result has two limiting forms based on the relative value of Rg: When Rz >> r, + Rg,

Equation C.48
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The approximate form uses Ic :IE.
Intuitively, for Rg ==%ee, the feedback current, g lpr,, goes to zero.
For Rg=—30,

Equation C.49
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The alternative forms on the right in (C.48) and (C.49) use (C.15), Bac = 9mr.- Again, the

approximate form uses Ic ::IE. Note that the solution corresponds to the maximum fraction of
I, that can flow through r,(Rg = 0), to induce a feedback current.

When applied specifically to the npn — pnp circuit of Fig. C.10, the limiting case is, for Rg, zero,

Equation C.50
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where Ry, is the signal resistance looking up into the collector of the pnp. For example, if Rg, is

selected to produce Vgg, = 1 V and Ba, = 50, the denominator is roughly 2, such that Ry =
(Bacp/2)rop. In this case, the load on the amplifier is due almost entirely to the output resistance
looking into the collector of the npn (Ron = ron), With the result that the gain is [from C.44]

Equation C.51
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The other extreme is for Rg, == r;; + Rg,, Where Rqp zrop [(C.48)]. The gain reverts to (C.42),
repeated here
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The npn — pnp amplifier circuit of Fig. C.10 is used in the project on the amplifier to investigate
the signal-derived magnitude of the slope parameters of npn and pnp transistors. Using a
bypass capacitor at the base of the npn, as discussed below, the signal circuit will effectively
have Rg = 0, and a gain measurement along with (C.51) yields Var,. The gain will also be
measured for the circuit without the capacitor and with Rg, == r;, + Rg, (by design). For this
case, (C.42) applies and the gain measurement provides information on the combination
output resistance parameter, Vag,p. Between the two measurements, values for both
parameters are determined.

In the measurement circuit of the npn — pnp amplifier, the gain referred to the signal source
(amplifier circuit gain) is

Equation C.52
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where Rqnp is the signal resistance at the output node (Fig. C.10), that is, the combined
resistance looking back into the collects of the npn and pnp transistors. In general, this is

Equation C.53
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With Rg, effectively made zero with the shunting capacitor, Ronp zron = Vae/lc. Without the
capacitor, Ry is obtainable from (C.47) for use in (C.53).

In the amplifier project, the circuit-gain equation (C.52) is used to convert measured gain into
Ronp @nd then information on Vag, and Vag,. With the availability of these numbers, we can then
calculate the gain produced by the transistor (base to collector), using (C.44).



C.7.3 DC (Bias) of the NPN — PNP Amplifier

The circuit equations for the circuit of Fig. C.10 are (collector power supply through pnp base)

Equation C.54

and (npn base)

Equation C.55
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In the project on the amplifier, Rg, is determined for a design collector current. The selection
uses (C.54) with, for example, Vcc ~9 V, that is, less than the maximum available from the
DAQ output. Then with Rgn = Rgp, Vean Will be less than Vcc by the amount of the drop across
Rep (for example, 1 V). This makes the good assumption that Bpcn ::BDcp, A LabVIEW program
then sets up the circuit for the design collector current by adjusting two supply voltages (DAQ
output channels).



C.8 Frequency Response of NPN — PNP Amplifier Due to
the Base Shunt Capacitor

In the npn — pnp amplifier project, we determine Vg, directly through a gain measurement for

a circuit configuration in which (C.51) is valid. The requirement that Rg, =0 will be
implemented by shunting the base of the pnp transistor to ground with a capacitor, Cy, as
shown in Fig. C.12. The capacitor must be sufficiently large to hold the base at ground at the
frequency of the gain measurements.

Figure C.12. Segment of the npn — pnp amplifier of Fig. C.10 showing
the addition of a pnp base-bypass capacitor, Cy.

The expression to determine the required value of C, can be obtained as follows: We start with
the expression for R, without C,, which is (C.47) and repeated here (referring to the
generalized circuit Fig. C.11):

Vo R
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With the capacitor in parallel with Rgp, Rg in (C.47) is replaced with the impedance of the
parallel combination of Rg, and Cy. The resulting R, is frequency dependent and is given by

Equation C.56
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This can be manipulated into the form

Equation C.57
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where

Equation C.58

1
f, =
2R ppCh

and

Equation C.59
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The approximate form uses Rgp == r;;, + Rgp. At f ::fl, Rop(f1) ::rop, such that a good
approximation is obtained with dropping the "1" in the numerator. The approximate form is
then

Equation C.60
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Further rearranging leads to

Equation C.61
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=

=
Lrp +REp T PacpREp 1 2mBacpRepCh

The approximate form again uses Rgp == r;, + Rgp.



Mathcad-generated plots of the magnitude of R (f) using (C.57) (and f, and f, exact) and
(C.61) (with the approximate forms for f, and f,) are shown in Fig. C.13. These are for Vag, =
150 V, Bacp = 50, Rgp = 330 KQ, Rg, = 800 Q, Cp, = 2 pF and Ic = 1 mA. Characteristic
frequencies are f, = 1.9 Hz and f, = 38.2 Hz. The approximate form is very close to the exact
form except in the lowest frequency range. For f =0, R(f) zrop in both cases. For example,
in the exact and approximate cases, Rqp(f) = 1.12r,, and Rqp(f) = 1.05r,,, respectively, for f =
0.

Figure C.13. Mathcad-generated plots of the magnitude of Rop(f) using
(57) and (61). The calculation made with the approximate form, (61),
also uses the approximate forms for f, and f,.
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Substituting Rqp(f) for Ry in (C.52), we obtain the frequency-dependent amplifier-circuit gain

Equation C.64

oy =-tom o

RB-n Fan

1+
Rop [fl
Then using (C.61) for Ryy(f) in (C.64) results in

Equation C.65
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Equation C.66
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The approximate form uses Ropmax == ron and the approximate f, and f,.
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The design frequency f3g4s is obtained from fap = " - 26 [(6.8)]. Utilizing the approximate
forms of f,, f,, and f,, fags simplifies to



Equation C.67
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The result is significantly lower than f, in (C.61) because Ry (f) is in parallel with ry,, which is
much smaller than the high-frequency value of Ry, (f). The parameter B¢, appears from the
association Bacp = Gmlp [(C.15)].

Mathcad-generated plots of (C.65) for the exact and approximate values for f, and f, are
shown in Fig. C.14. The parameter and component values are from the plots of Fig. C.13 with
the addition of Vagn = 250 V, Bacn = Pacp = 50, and Rg, = Rgp, = 330 kQ. With capacitor C, = 2
uF, fags = 3.8 H (exact f, and f,) and faggapprox = 4.5 Hz [(C.67)].

Figure C.14. Plots of (C.65) with approximate and exact values for f,,
(C.63), and f,, (C.66). The approximate form is sufficiently close for
selecting Cp.
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C.9 Common-Emitter Stage with Emitter Resistor and
the Emitter-Follower Amplifier Stage

It was shown that the emitter resistor of the measurement circuit of Fig. C.10 can have a
significant effect on output resistance. The emitter resistor has the effect of increasing the
input resistance as well, such that it is compatible with high-resistance sources and the resistor
adds to the bias stability. The common-emitter stage with an emitter resistor is, in fact, a very
common configuration in BJT electronics.

Here, we analyze the effect of the emitter resistor on the input resistance (at the base) and on
the gain of the common-emitter stage. The development leads directly to an assessment of the
signal performance of the emitter-follower (common-collector) stage. The two aspects of the
circuit with the emitter resistor are discussed in the following.

C.9.1 Input Resistance in the Common-Emitter Emitter-Resistor Circuit

The discussion is applicable to the circuit of Fig. C.10, where the input resistance is at the base
of the pnp. In this circuit, Re=Rg, and, for the analysis, a base signal voltage, V,, is applied
directly to the base of the pnp. A general signal circuit for a common-emitter stage (output,
Voce) With emitter resistor is shown in Fig. C.15. Also indicated is the output for the emitter-
follower stage (Voer).

Figure C.15. Linear circuit for deriving the input resistance of the

common-emitter stage with emitter resistor. The amplifier output

nodes for the common-emitter stage (Voce) and the emitter-follow
(Voer) stage are indicated.
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Assume that r, >> R|, such that we can neglect the current through r,. (This assumption is
violated in the circuit of Fig. C.10, as the load is the output resistance of the npn, ry,.) With
this simplification, the loop equation at the input of the circuit is

Equation C.68
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having used Ve = lyr,. The input resistance at the base is thus (with respect to signal ground)

Equation C.69
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The following form of the result provides a convenient way of assessing the effect of the
resistor on the input resistance:

Equation C.70
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The result shows that with Rg in the circuit, the input resistance is increased over that of the
circuit without Rg by a factor of approximately Vge/Vr. For example, with Vgg = 1V, Vge/V7 is
about 40 at room temperature.

For the npn — pnp circuit of Fig. C.10, R, at the base of the pnp is somewhat less than given
by (C.70) because the effective load, that is, ro,, is so large and the simplification made above,
r, >> R, is not valid. However, as is usually the case in design, such approximate forms are
sufficient. This takes into consideration that exact solutions are not required or justified, given
the variation in the model and circuit parameters that naturally occur.

If better precision is, however, required, a good approximation for (C.70) is readily obtained

1+fo~ =1+ [r ap T L ]
by replacing, in (C.70), 1 + B, with Pac Pac op/[ °F on) . This is specifically
applied to the circuit of Fig. C.10, where the input is at the base of the pnp and r,,=R, and the
output resistance of the pnp is rop,. The approximation is based on the expectation that Ve >>
Veet Fig. C.15 such that the voltages across ro, and ro, are similar.

Equation C.71
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Suppose that the gain expression is applied to the circuit of Fig. C.1(b) but with an emitter
resistor installed. From the signal source, the gain is then

Equation C.72
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where the resistance at the base, Ry, is now
Equation C.73

FitF g
Fi +Fp

With (C.71) for the base-to-output gain,



Equation C.74

R R Rp R
Ay fag == —

"R,+R, ™R, R, +RyRg

The result shows that the maximum gain is approximately R./Rg. Therefore, although the
circuit can have good bias stability, the emitter resistor seriously reduces the signal gain. The
circuit with a bypass capacitor would have a gain given by (C.19). The circuit with a bypass
capacitor would still have the advantage of bias stability. Essentially all practical common-
emitter circuits have the emitter resistor, with or without the bypass capacitor. A two-stage-
circuit significant voltage gain without a capacitor is discussed in the next unit.

C.9.2 Emitter-Follower Amplifier Stage

When the output is taken at the emitter instead of at the collector (Fig. C.15), the circuit
becomes an emitter-follower amplifier stage. (The collector resistor is unnecessary and the
collector terminal is connected to the power supply.) The output voltage in this case is
Equation C.75

oef = |III:- +1; :]RE =I} |I:I-"'Fj.auz:]RE

The emitter-follower stage gain (transfer ratio) is the ratio of (C.75) and (C.68), that is

Equation C.76

[1+tPa=1Rp  _ (14Pac)Re

Yol +(1+BaclRe Paciip Ry
I

=}

A magnitude assessment can be made from

Equation C.77

V.
I+PaciRr . Rg
Vip g

B
f‘; Vi 1 +Bac )R E

Ayaf =

For example, with Vge = 1V, a,, = 0.97 at room temperature. The input resistance, from
(C.70), for the same conditions in addition to Ic = 0.1 mA and B, = 100 is Ry = 1 MQ. The
emitter-follower stage is seen to have a gain of approximately unity and a very high input
resistance. Its primary role is therefore that of a buffer stage.

An alternative form for the emitter-follower stage gain is

Equation C.78




This is equivalent to a unity-gain amplifier with an output resistance of 1/g,,. The output
resistance is, for example, about 26 Q at Ic = 1 mA. Therefore, when an external load is
attached to the emitter-follower stage output, the gain remains near unity for very small load
values.

An example of an application that takes advantage of the characteristics of the emitter-
follower stage is shown in Fig. C.16. This is a cascade of an emitter-follower stage and a
common-emitter stage. The overall gain is the product of the input network function and the
gains of the two stages. That is,

Equation C.79

M Mar Y Ry By = Fib RE
- - we wee f
¥ Yy e Ry +Rp Rip +Rg 1/a, +RE

AP e

L

where Rg =Rg | ITnice . For example, suppose that B, = 100 and that the bias collector
currents are Ic; = 0.1 mA and I, = 10l:; = 1 mA. The emitter resistor is Rg = Vge/lc1 = 6000Q

(neglecting the base current, lg,) with Vge = 0.6 V such that Rg ~4300 Qand the gain of the
emitter-follower stage is 0.87. With Vcc = 10 V and Ve = 5 V, the gain of the common-emitter
stage is —192. Both gains are at room temperature. Therefore, the gain from the base of the
emitter-follower stage to the output is —168.

Figure C.16. Cascade of an emitter-follower stage and a common-
emitter stage. The overall gain is the product of the gains of the
separate stages. The load on the emitter-follower stage is r, of the
common-emitter stage.

2y ?

The input resistance at the base of the emitter follower is R, ~500 KQ. Assume, for example,

that Rg =50 kQ. The overall gain for this case is —136. By comparison, the circuit, which omits
the emitter-follower stage (Rg connected directly to the base of the common-emitter stage),
has a gain of —9.5.



C.10 Summary of BJT Model Parameter Relations

I- Transconductance.
G = .v._
T
- Bac g ET Emitter-base junction common-emitter stage input resistance.
o acT
S -
War Collector — emitter output resistance.
r,:, = I_
C

. = + Total base — emitter input resistance.
r:l rb L'z p



C.11 Summary of Circuit Equations
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Base current equation for common-
emitter amplifier.

Collector current equation for
common-emitter amplifier.

Collector power-supply voltage
solution common-emitter amplifier
with single power supply.

Base-to-collector gain. Neglect
internal output resistance of driver
transistor.

Overall gain from function generator
(signal source).

Overall gain with very large source
resistor, Rs, as in amplifier gain
experiments. Rs >> rr, Rg >> rn.

Base-to-collector gain expression that
includes the output resistance of the
transistor.

Base-to-collector large-signal "gain"
that includes nonlinearity of I, Vge
relationship. Linear relation applies
when I /l¢ ratio is small enough for

IN(L + 1/1c) ~I1/Ic.

General solution for base-to-collector
gain for npn — pnp amplifier with
emitter resistor, Rgp.

Output resistance at collector with
emitter resistor (general).

Base-to-collector gain of npn — pnp
amplifier, Rg, = 0.

Approximate base-to-collector gain of
npn — pnp amplifier with emitter
resistor Rgp, (and Rgp, = 0).

Frequency-dependent output
resistance at the collector of pnp with
Rep



T Base current equation for common-

Vo — W
Iy —_BE "BE Vgg ~ Vpln < emitter amplifier.
Rp Iy
+E_. _ +E Characteristic frequencies of Rgyp(f)
fZ = rﬂp Ep Ep fl fl = ; function.
Lrp +REp EERBpCb
(o ]:Ep +REp +REp
- =
Lrp +REp +ﬁanREp
= r fo +9f Frequency-dependent amplifier gain
opmax-on
ayify= Pacn X b Z :I of npn — pnp amplifier with emitter
REn Ropmax TIon fp +31% resistor and base-bypass capacitor.
Characteristic frequency of a,(f)
E +
fp = r:upmaxfz ronﬁz Py 1+r0ﬂ 1 function.
Ropmax Ton Lop EHBanREpCb
BacnE Maximum output resistance at the
Ropmax =1 +#p_ op collector of the pnp with emitter
Rep *onp resistor.
2 Design equation for selecting C, for
1 Fon +1‘_‘C,FJ npn — pnp measurement circuit.
f = -2
=dB
“TPacpREp©y fop
R: =ry +[l+gnrp)Re = o +{1+PBac)Rg Input resistance at base of common-
1 emitter stage with emitter resistor.
|[1 +p jR UR Gain of the emitter-follower stage.
— ac ™R E
=1 = 4
vef Bac W 4
Te Vp+{1+Pac)Rg T Eg
Rg Alternative form of the gain of the
Hrnf 1 emitter-follower stage.
—+Rg



C.12 Exercises and Projects

Project Mathcad Files

Laboratory Project
C1

PC.2
PC.3
PC.4
PC.5

Laboratory Project
c2

PC.7
PC.8

PC.9

ExerciseCl.mcd — ProjectCl.mcd — ExerciseC2 — ProjectC2.mcd

NPN Common-Emitter Amplifier

DC Circuit Setup and Parameter Determination

Amplifier Gain at One Bias Current

Amplifier Gain versus Bias Current

Gain-Measurement Frequency Response

NPN — PNP Common-Emitter Amplifier with Current-Source
Load

Measurement of the PNP Parameters

DC Circuit Setup

Measurement of the Amplifier Gain




Laboratory Project 1. Basic Circuit
Analysis for Electronic Circuits and
Programming Exercises

P1.1 Resistor Voltage-Divider Measurements

P1.2 Resistor Voltage Divider with Current Measurement

P1.3 Resistor Voltage Divider with Resistor Measurement

P1.4 Resistor Voltage Divider with a Sine-Wave Source Voltage

P1.5 Frequency Response of a Resistor-Capacitor Circuit

Exercises and Analysis Exercise01.mcd - ProjectO1.mcd



P1.1 Resistor Voltage-Divider Measurements
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Programming Exercise 1.1

Use Tab to switch between Tools. Use Space Bar to switch between Wiring Tool and
Position Tool (arrow). Get Tools Palette under Windows menu (or Shift/Right Click)
from the Diagram.
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e Open a new VI to construct your VI_01.vi. The VI opens with a Front Panel
(top) and a Diagram (under). Switch from one to the other using the Windows

menu or Ctrl/E. The VI opens with the Operate Value Tool .

e Place a Digital Control and Digital Indicator on the Front Panel (example
below). (Right Click on Front Panel to get the Controls Palette.) The Digital
Control and Digital Indicator are in the Numeric Palette (below). Save the file
with your choice of Name.

Euntmls i[ Humelic x| ‘u‘I_E]I sample.vi * =0 x|
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e Go to the Diagram (Ctrl/E) or Window>>Show Diagram. Place a Sequence
Structure in the Diagram. (Right Click on Diagram to get
Functions>>Structures>>Sequence Structure.) Enlarge the Structure by
contacting the Arrow Tool (Position Tool) at the bottom-right corner of the
Structure (drag).
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Right Click on the edge of the Frame and Add Frame After. Click on arrows to
switch between Frame 0 and Frame 1.



e Place AO Update Channel.vi in Frame O.
(Functions>>Data Acquisition>>Analog Output >>A0 Update Channel.vi.)
e Place Al Sample Channel.vi in Frame 1.
(Functions>>Data Acquisition>>Analog Input>>Al Sample Channel.vi.)
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[Humeric 1]

e Position the icons, etc., with the Arrow Tool (Left Click>>Drag).

e Wire the Digital Control (darker) terminal to the value terminal of the Analog
Output VI, AO Update Channel.vi. Press the space bar to alternate between
the Wiring Tool and Position (arrow) Tool.

e To wire, get the Wiring Tool (space bar), Left Click on a terminal, release,
drag the Tool to the opposite terminal, and Left Click. To clean up wiring
mistakes, use Ctrl/B. Note that the terminal name (value in the example) of



an icon is displayed while the Wiring Tool is over the terminal.

Humeric 1]

e Wire the Digital Indicator terminal (lighter) to the output terminal (sample) of
the Analog Input VI, Al Sample Channel.vi.

e Place the Constant (4) and the String (O) in the Diagram as shown in the
example (Frame 0). Use the Writing Tool to type in the numbers. The location
of Constants and Strings, under Functions, is shown below. Place Constants
(4), (10) and (0) and String (0) in Frame 1.

Functions x|
= i he
Functions x| e q

Dhowe
NEE :

D Stnng

B 3 [ 3 3
Mumeric
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e Wire the Constants and Strings as shown in the examples. To wire, get the
Wiring Tool (space bar), Left Click on a terminal, release, drag the Tool to the
opposite terminal, and Left Click. To clean up wiring mistakes, use Ctrl/B.

M urneric 1

M urneric: 1

Humeric

e Change the names of the Digital Control and Digital Indicator. Use the Writing
Tool. This can be done from the Diagram or the Front Panel. Click on the
existing name (e.g., Numeric) and edit.

Procedure
e Calculate the resistor values. Connect the circuit.

e To Run a VI, from the Front Panel, use Operate>>Run or (better) use Ctrl/R.
Run the VI with ChanO_out = 10V (Vout) and note the value of ChanO _in
(VRG2). This should be consistent with your resistor ratio choice. Try a variety
of ChanO_out values. (The maximum is 10 V.)
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(Optional) To install the circuit Diagram on the Front Panel, open VI_01.vi
from ProjectO1.1lb. Use the Arrow Tool, Click on the circuit diagram, use
Window's copy (Ctrl/C), and paste it into you VI Front Panel.




P1.2 Resistor Voltage Divider with Current
Measurement
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Programming Exercise 1.2
e Save a copy of VI_01.vi (your name) and give it a new name (such as #2).
e On the Front Panel, place a Digital Indicator for IRG (Controls>>Numeric).

e On the Front Panel, place a Digital Control for the resistor value.
(Controls>=>Numeric.)

e In the Diagram (below) place a Divide operation.
(Functions>>Numeric>>Divide.)

e Wire the Diagram as in the example.
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Procedure

e Set your value of Rg, in the Digital Control (MQ). To set in three digits, change
the precision. Right Click on the Control, go to Format and Precision, and
change Digits of Precision.

[ vI_02sample. vi —10] x|

¢ Run VI_02.vi with ChanO_out set at 5 V and note the value of IRG. Default
and save the Front Panel for comparison with the Mathcad evaluation file. For
Default, menu Operate>>Make Current Values Default.



P1.3 Resistor Voltage Divider with Resistor
Measurement

Chan0_out
CircuitP1.1
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Iz, l Chan0 in
Rea

Basic sample shown below.
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Programming Exercise 1.3

e Save a copy of V1_02.vi with a new name and add Digital Indicators for
VRG1 and RG1 as in VI_03.vi (basic sample below). The new VI will find and
indicate the value of RG1.
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¢ In the Diagram, we will add Get Y Value.vi. This VI is found in the Functions
Palette with the sequence shown on the left.

e Note that the full Palette Set is required. Your Palette may be an abbreviated
form called Basic. If so, open the Palette and use the Stick Pin to keep it
open. Then Click on Options as shown below. Select the default Palette Set.
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e Get Y Value.vi is used to extract a given Y value in a waveform. Al Sample
Channel.vi is a special case of a waveform with only one component. In the
VI of part P1.2, we connected the output directly to a Digital Indicator, in
which case, LabVIEW sorted out the component value automatically.

e Place Get Y Value.vi as shown in the Diagram (cursor, Arrow). Connect the
balance of the circuit as shown. The new math formulations are indicated
below and in the Diagram.
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Procedure

¢ Run the VI _03.vi for ChanO_out set at 10 V. Note the value of RG1 and
VRG1. Default and save the Front Panel for the Mathcad evaluation file.



P1.4 Resistor Voltage Divider with a Sine-Wave Source
Voltage
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Procedure

e The VI sends out, on Chan0O_out, a sine-wave superimposed on the dc value.
Add the connection, Chanl_in, directly to the output channel. Run the VI for
various values of ChanO_out. Note that the maximum allowed ChanO_out is
about 6 V since the dc and ac peak must be less than 10 V. Verify that the
results are consistent. For example, the peak ac values must be 1.5 of the dc
values since Vg = Vpp/2. Default and save the Front Panel using ChanO_out =
4V.



P1.5 Frequency Response of a Resistor-Capacitor
Circuit
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Procedure

e Configure the circuit for the low-end measurement and fzgg0. INstall C; and do
not install C,. Run VI1_05.vi to obtain fig4g,. Obtain a Log of the Front Panel to
save the results. To obtain a Log, go through menu sequence Operate>>Data
Logging=>Log. To retrieve data: Operate>>Data Logging>>Retrieve.

e An example of retrieving a Log using VI _01.vi is shown here. Note that at
the first Data Logging, you will be asked to name a Data Log file. Select any
name and Click Save, to install Log File in the Project folder.
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Now move the capacitor C, = C; to the C, location and install a large
capacitor, Cqnew, in place of C;, which satisfies Cinew =>=> C, (€.9., Cinew = 47
uF). Note that the source side of the capacitor (connected to Rs) is more
negative than the output side (ChanO_in). Run VI1_05.vi to obtain figgp;-
Default and save the Front Panel. Note that when reopening the VI, the Front
Panel will contain the information last defaulted from this f3dBhi
measurement. The first measurement is in the data Log. Repeating, to
retrieve the information from the data Log, go through menu sequence
Operate>=>Data Logging>>Retrieve. To then go back to the defaulted Front
Panel, click OK and go through Operate>>Reinitialize All to Default Values.

Note that if C, = C; are actually both in the circuit at the same time, the
output in the plateau region is 1/2 as large (Exercise 1). This configuration is
not implemented here. The use of C, = C; is only for convenience and fzggo
<< faqgppi is satisfied with Ry << Rg.
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Laboratory Project 2. Basic NMOS
Common-Source Amplifier with
Programming Exercises

P2.1 NMOS Common-Source Circuit with Drain Current Measurement

P2.2 NMOS Common-Source Amplifier with Resistor Gate Bias Circuit

P2.3 Amplifier with Signal and Gain Measurement

Exercises and Analysis Exercise02.mcd - Project02.mcd



P2.1 NMOS Common-Source Circuit with Drain Current

Measurement
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Chip Diagram
Connect pin 14 to ChanO_out.

Maintain ChanO_out > Chanl_out.
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Programming Exercise 2.1

e On the Front Panel of a New VI, install two Digital Controls and two Digital
Indicators (AmpP2.1.vi). Also install a Menu Ring (Controls>>Ring and
Enum=>>Menu Ring).
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In the Diagram (below), place, from left to right, one Case Structure:
Functions>>Structures>>Case, and two While Loops:
Functions>>Structures>>While Loop.

i
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While Looo

On the Front Panel, using the Text Tool (Shift/Right Click for Tool Palette) in
the Menu Ring, type 10 V. Right Click on the Menu Ring and execute Add Item
After. In the new listing, type 6 V. Go to the Diagram and wire the output of
the Menu Ring to the "?" on the edge of the Case Structure. Note that the
Items correspond to integers 0 and 1 at the terminal.

In the Diagram, place two copies of AO Update Channel.vi in the first (left)
While Loop and place Al Sample Channel.vi in the right-hand Loop. In the
latter, also place Get Y Value.vi (Functions>>Waveform>>Waveform
Operations>=> Get Y Value.vi). Connect the constants and Front Panel
terminals as in the example.

Install constant values 10 and 6 in the 0 and 1 case states, respectively, and
wire to the value terminal of the Chan0O_out AO Update Channel.vi icon.

Configure the current computation function as in the example (lower-right
side in Diagram) and wire to the current Digital Indicator and resistor Digital
Control. Optionally, relabel the Digital Controls and Digital Indicators



according to their functions (as in AmpP2.1.vi).
Procedure

e Connect the circuit using the Rp selected. Install the value of RD(MQ) in the
Digital Control. To obtain three digits of precision in the resistor Digital
Control, Right Click on the Control and go to Format and Precision... Set Digits
of Precision.

e Run AmpP2.1.vi with VDD (ChanO_out) set at 10 V. Adjust VGS (Chanl_out)
for a drain voltage, VDS, of roughly 8 to 9 V. Obtain a log of the Front Panel
to preserve the current (ID) and VGS information for the Mathcad file.
Reminder: Data Logging is under the Operate menu.

e Now reset VDD to 6 V and re-run. Note that VDS drops by roughly 4 V,
indicating that the transistor drain terminal is a current source. Note that the
change in the ID indicated is only slight.

e Reset VDD = 10 V. Increase VGS by an amount that makes VDS about 2 to 3
V. Note the increase in drain current. Log the Front Panel to preserve the
information for the Mathcad file.






P2.2 NMOS Common-Source Amplifier with Resistor
Gate Bias Circuit
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Programming Exercise 2.2

e Save a copy of AmpP2.1.vi (your name) and give it a new name.

e As in the example (below), use three While Loops to send ChanO_out and receive on
ChanO_in and Chanl_in. Note that the index "i" of a loop on the left is connected to the
border of the following Loop to establish the proper order of execution of the program.

e Provide Digital Indicators for VGS and VDS.



Procedure

e Run AmpP2.2.vi with VDD set at 6 V to obtain VGS of about 2 V (due to Rg; ﬁZRGZ).
Rerun and adjust VDD to obtain VDS equal to about one-half of VDD. Note that
decreasing VDD raises VDS toward VDD. Default and save the Front Panel for the
Mathcad evaluation.



P2.3 Amplifier with Signal and Gain Measurement

Chand_out
Pin 14 =
Chan0_out
R
Fat
Chanl_in
- Chan0_in
Rz

Chan?uut CircuitP2.3

Programming Exercise 2.3 follows below.

(Advanced-Optional)

Procedure

Move the bottom of RG2 from ground to Chanl_out. The VI will send out a

[ )
sine-wave signal via this channel with peak Vs. Set ChanO_out (VDD) as in

the circuit for P2.2 above (for VDS zVDD/2).

e Run AmpP2.3.vi (Project02.1lb) for various values of Vs. Re-set for a Vo
peak of about 1V (VDS/3). Note the gains, which are Vo/Vs and Vo/Vg. Verify
that the gain from the source is about two-thirds of the gain the gate, based
on the selection (ratio) of the gate bias resistors. Default and save the Front

Panel for the Mathcad evaluation.
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Programming Exercise 2.3

Make a copy of AmpP2.2.vi with a new name.

Go to the Diagram and delete all except Control and Indicator terminals.

Install a Sequence Structure in the Diagram (below). In the first Frame, install

[ )
AO Update Channel.vi. (Functions>>Data Acquisition>>Analog Output.)



Press Ctrl and drag (with Arrow Tool) an additional copy, also in Frame O.

Connect a voltage-out (VDD, ChanO_out) value as shown in the example.
Connect a numeric 0 (value) to set Chanl_out initially to O V for the dc
measurements. Connect channel numbers (String) and device number
(Numeric, 4 in the example).

IO DT i [0 3) o o
kool ;
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iz
o w0 o e e e o e e o

Add a Frame After. In this Frame (1), install two copies of Al Acquire
Waveform.vi. (in menu Functions>>Data Acquisition>>Analog Input.) These
will be used for the dc measurements. A given node voltage will be sampled
100 times and the samples will be averaged for the result. Connect constants
to the icons as shown in the example. These include device (Numeric, 4,
default), channel (String), number of samples (Numeric, 100), sample rate
(Numeric, 10000), high limit (10 V) and low limit (0 V).

Place two copies of Get Waveform Components in Frame 1 (Palette
Functions>>Waveform>>Get Waveformm Components). Then Left Click on the
output (right side) of these and select "Y". Connect the inputs to the
waveform outputs of Al Acquire Waveform.

Connect the outputs of Get Waveform Components to the inputs of Mean.vi
functions. These are located in Functions>>Mathematics>>Probability and
Statistics or in Functions>>Analyze>>Mathematics>>Probability and
Statistics. Connect the outputs of the Mean.vi icons to the terminals of the
Digital Indicators of VDS (ChanO_in) and VGS (Chanl_in).

Add a Frame After (2). In this Frame we place a general-purpose function
generator and oscilloscope function. This is FG1Chan.vi and is in
Functions>>User Libraries>>FunctGen. A Digital Control and a Digital
Indicator are required for this Frame. Install Digital Control, Vs, and Digital
Indicator, Vo.
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Connect to FG1Chan.vi, the various terminals, constants, and strings. The
connections include Frequency (Numeric, 50), Vacin (Vo), Chan_out (String,
1), Sinewave - SqWave (False), Graph Out (leave disconnected for now),
Chan_in (String, 0), Vs (Digital Control), and VDCout (Numeric, 0).

Now add another Frame after (3). In this Frame, install the same function,
FG1Chan.vi. This can be copied and pasted from Frame 2. Add, in the Front
Panel, an additional Digital Indicator, Vg. Make the connections the same as in
Frame 2 except Chan_in (String, 1).

In Frame 2, configure, using a divide function, Vo/Vs, as shown in the
example. Add a Digital Indicator in the Front Panel with the label Vo/Vs and
connect the output from the divide function to the terminal of this Digital
Indicator.

Click on the edge of Frame 2 and install Add Sequence Local and, to this,
Connect Vacin (Vo). Move to Frame 3, install a Divide function, and configure
Vo/Vg as in the example. Note that Vo comes from the Add Sequence Local
from Frame 2. In the Front Panel, add an additional Digital Indicator to read
Vo/Vg.

Now add the graph in the Front Panel. (A detailed description of using a graph
is given in Section A.1.5.) The graph for this case is a Waveform Graph. Get
this in the Front Panel under Controls>>Graph>>Waveform Graph. Use the
Coloring Tool to adjust the color of the graph background by Right Clicking on
the graph with the Coloring Tool. Right Click on the sample trace in the Plot
Legend to adjust the color of the trace. Using the Operating Tool, Right Click
on the X Scale or Y Scale=>Formatting to set the Grid Options.

Configure the Diagram for connecting to the graph. Outside the Sequence
Structure and on the right, install a Build Array function.
(Functions>>Array>=>Build Array.) Connect the Plot output of FG1Chan.vi in
the two Frames, 2 and 3, to the two inputs of Build Array. Connect the output
of Frame 2 on the top input.



Laboratory Project 3. Characterization of
the PMOS Transistor for Circuit
Simulation

P3.1 SPICE Parameters and Pin Diagram

P3.2 SPICE Equations

P3.3 PMOS Transistor

P3.4 Low-Voltage Linear Region of the Output Characteristic

P3.5 PMOS Parameters from the Transfer Characteristic

P3.6 PMOS Lambda from the Transfer Characteristic

P3.7 PMOS Output Characteristic

P3.8 PMOS Lambda

Exercises and Analysis Exercise03.mcd - Project03.mcd



P3.1 SPICE Parameters and Pin Diagram
SPICE PARAMETERS

SPICE Name Math Symbol Description
VTO Vinos Vipo Zero VSB threshold voltage.
KP . _ I{Pn ;p Transconductance parameter.
n.p~ -
f 2 L
GAMMA Yy Yp Threshold voltage parameter.
LAMBDA Ay Ap Active-region slope parameter.

CD4007 Pin Diagram
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P3.2 SPICE Equations

SPICE Equation (PMOS) NMOS Description
Eq.
W, | 3.2 Output characteristic low-voltage

Gehan = -“PCDITWSG Vipo ) = 2Kp Verry conductance.
HI"Ilel‘fp:u - WSG II"'rtpo '

US[}E A ) ) .10 Output characteristic for full linear range
Ip = zkpl l""reﬂ‘va[} T |{l : “'-pﬁ"'fSD ' (0<Vsp<Verfp)-
I —k.V z“ Y "|, 3.8 Active region transfer characteristic and

D~ "pefip pSDY output characteristic (Vsp>Verip)-

I 3.12 Active region relation solved for Vgg.
.IIHII-S‘G — k_' } "l'lltpﬂ

p

Kp _kp{l | :e_pvs[,']



P3.3 PMOS Transistor

Use pins 6 (gate), 14 (source), and 13 (drain). Connect the NMOS body (pin 7) to the most
negative node, Chanl_out, for PMOSparam.vi. Leave pin 7 disconnected when running
PMOSoutput.vi. Note that the source and body for this transistor are internally connected.
Note that ChanO_in is used for positive voltages only. Thus, it is always set automatically for
the unipolar mode, which slightly improves the resolution. Chanl_in must measure positive

and negative voltages.



P3.4 Low-Voltage Linear Region of the Output
Characteristic

Chan 1_-:3)|£‘
Chanl_in

Pin 7 = open
Fp
Circuit P3.1
Chand_out
Components
1nov
R‘D =
IDmax

[Chan0_out,,,| =10 v
[Chan1 _ing,,,| - 0.1V

Ipmay = 150 uA

LabVIEW Computations

k Slope(Genan: Vag )
P 2

Slope(ly, Vs )

2k,

Verrp( Vg ) =

Vipo = Vsg — Vemn(Vsg)
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Procedure

¢ Run PMOSIlinear.vi and adjust VSGstart(V) such that Veffpstart(V) > 0.5 V.
The maximum Iy is set for 0.1 V. Run the VI to obtain parameters as
indicated in the Front Panel. Default and save the Front Panel to save
information for the Mathcad analysis.



P3.5 PMOS Parameters from the Transfer Characteristic

Chan0_out

Pin 7 = Chanl out ;
Rg

Circuit P3.2 Chan0_in

Chanl out

Components

% [Chano _out,,| - [Chano _ing,,

5
IDmax

[Chan0_outy,,| =10 v
IChan0 _ing,| =3V

Iomax = 200 vA
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LabVIEW Computations
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Vigo = F(Vsgr4fIo )

Procedure

=i

Iy

e Run PMOSparsub.vi with VSD = 3 V and VSD = 9 V. VDD (ChanO_out)
starts at 2 V such that the minimum current is IDmin = (2 V — VSGmin)/RS.
ID stops automatically at ID = 500 pA or ChanO_out = 10 V. Verify that the VI
functions properly. PMOSparsub.vi will run as a subVI of the next VI.



P3.6 PMOS Lambda from the Transfer Characteristic

Chan0_out

Pin 7
= Chanl_out Re

Chan0 in

<

Circuit P3.2
Chanl_out

Components

Re ~ 7V

IDmax

IChan0_outya,| =10 V

IChan0 _ing,| =3V

minl

=500 pA

IDmax

LabVIEW Computations
kp(OV)
ki (3 V)

P k. (9 V)

g_lJ

k,(3V)

3
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Procedure

e Run PMOSparam.vi to run subVl PMOSparsub.vi at VSD = 3 V and VSD =
9 V to resolve Lambda and final values of kp and Vtpo. Default and save the
Front Panel to save the parameter values for the Mathcad results analysis file.



P3.7 PMOS Output Characteristic

Chan 1_0;)“_‘
Chanl_in

Pin7 = open
Rp

Circuit P3.1 Chan0_out
‘Components

~ [Chano _ out gy | - |Chan1 B in|
N I

Dmax

[Chan0_out,,,| =10V

IChanl_in| =5 V at Iy, =500 uA

LabVIEW Computations

Linear Region




Vot
Ip = 2k, [veﬁpvm - T](l + A i )

Active Region
f
Ip =k Ve Il +ApVep)

Procedure

e Install PMOS parameters from P3.6 into the Front Panel of PMOSoutput.vi. A
given VSD sweep will halt at ChanO_out = 10 V. Set VSGstart(V) as necessary

to obtain Ip ~100 pA for VSD in the active region. Verify that the measured
data and SPICE calculation agree reasonably well. Write in you file path and
save a data file for Mathcad. The file will contain the data points for the
highest current output characteristic. Default Front Panel and save. These
data will be used in the Mathcad analysis file.

e With the data defaulted and saved in the graph of the VI, a data file can be
obtained at a later time. From the Diagram of PMOSoutput.vi, click on
XYtoDataFile.vi, copy the data from PMOSoutput.vi, and paste it into the
Control Graph of XYtoDataFile.vi. Name the path and data file and run the
VI. XYtoDataFile.vi is located in the User.lib in the LabVIEW folder.
Therefore, it can also be opened from the Diagram of a VI under
Functions>>User Libraries>>Dat_File.



P3.8 PMOS Lambda

LabVIEW Computations

Straight-line curve fit from active region data:
Ip = Slope - Vgp + Ipg

Ap = Slope/lpo Kp = lpo/ Vet

Procedure

e Lambda.vi is configured for Enable Data Base Access to read the data from
PMOSoutput.vi. Lambda.vi can read all of the Front Panel information in
PMOSoutput.vi when a log of the Front Panel has been obtained.

e From the Diagram of Lambda.vi, open PMOSoutput.vi. Obtain a data log of
the Front Panel of the PMOSoutput.vi (under Operate Menu).

e Run Lambda.vi to read the graph of measured data (from PMOSoutput.vi)
and to plot the measured data from the active region. The VI obtains K, and
Ap from these data, for each of the voltage sweeps. Note that Lambda varies.
Compare the average Lambda value with that from PMOSparam.vi.

e Click on Call PlotlD_VSD.vi Green to bring up a plot of the active-region
equation plot for —1/A, < Vsp < Vspmax, COMpared with the measured data.
Lambda.vi will be used in the Mathcad analysis file.
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Laboratory Project 4. Characterization of
the NMOS Transistor for Circuit
Simulation

P4.1 SPICE Parameters and Chip Diagram

P4.2 NMOS Transistor

P4.3 SPICE Eguations

P4.4 NMOS Parameters from the Transfer Characteristic

P4.5 NMOS Lambda from the Transfer Characteristic

P4.6 NMOS Gamma SubVI

P4.7 NMOS Gamma

P4.8 NMOS Circuit with Body Effect

Exercises and Analysis ExerciseO4.mcd - ProjectO4.mcd



P4.1 SPICE Parameters and Chip Diagram
SPICE PARAMETERS

SPICE Name Math Symbol
VTO Vinos Vipo

KP o = szmp %
GAMMA Yns Vo

LAMBDA Ay Ap

CD4007 Pin Diagram

Bﬂlqj . . o
Y [
) |
_C t 1
l n =n Drl E'_I'Il:?:ll
Pina
F‘in;_‘ Pin7

Fin<

Description
Zero VSB threshold voltage.

Transconductance parameter.

Threshold voltage parameter.

Active-region slope parameter.



P4.2 NMOS Transistor

Use CD4007 pins 3 (gate), 4 (source) and 5 (drain). Connect pin 4 (source) to pin 7 (body).
Connect PMOS body (pin 14) to the most positive node in the NMOS measurements,
ChanO_out or ground, depending on the circuit. In the y, measurement (NMOSgamma.vi) and
the transfer characteristic measurement (NMOS_ Cir.vi), pin 14 is connected to ground. Note
that the NMOS of pins 6, 7, and 8 has internally connected body and source. This transistor is

used in a following project.



P4.3 SPICE Equations

SPICE Equation Description

I k_V 2 (1 NEERY, } 3.8 Active region transfer characteristic and
D n “effn n D5, output characteristic (Vps > Vestn, Vss = 0).
\"'Ileffn {I""'rGS - Utnoj

3.12 Active-region equation solved for Vsg.

( Y 13.14 Threshold voltage dependence on Vsg.
Vin = Vino + '-'“n(\'USB + 20F — ‘JM’F ]

X variable for Vg, versus X plot in vy,
;| _ I
X JHSB + “[bF \(" [bF determination.



P4.4 NMOS Parameters from the Transfer Characteristic

Pin 14 = Chan0_out
Chan0_out
Circuit P4.1 Chanl_in
Rg
Chanl_out

LabVIEW Computations

1

kln ==
|_5ID|:H=_-|: Vg ,“,"E }]z

—
Ving = MVas, y1n )1, -0

Components

RSE ?.Illlr

IDmax

IChanl _outy,,| =10V
|Chant _in | = Vasmax

Inmae = 200 vA
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Procedure

e Set RS value. Run NMOSparsub.vi and adjust VSSinit for a minimum 1D =50




pA. Test run NMOSparsub.vi with VDS = 3 V and 10 V. Execution halts at ID

~500 pA. The VI runs as a subVI in the next part. Default and save. Saved
VSSinit is used in the Top VI in the next part.



P4.5 NMOS Lambda from the Transfer Characteristic

Fin 14 = Chan0_out
Chan0_out

Hh]

Circuit P4,1 Chanl_in

Fg
Chanl_out

Components

Re =V

Il}n'u!x

|Chanl_out .| =10 V
Chanl _in__. | = Ve max

Ipmay = 500 pA

LabVIEW Computations

kp(LOV)
, k(3 V)
me ki, (10 V)
REACN

_ _kal10)
" 1+2,10
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Procedure

e Set RS. Run NMOSparam.vi to obtain a set of NMOS parameters. The VI
runs NMOSparsub.vi automatically with VDS = 3 V and VDS = 10 V. The

sweep stops at ID ﬁSOOuA or |ChanO_out|] = 10 V. Default and save the VI.



P4.6 NMOS Gamma SubVI

Pin 14 =
Ground
Chanl_out
Circuit P4.2 Chanl_in
Rsg
Chanl_out
Components

|Chant _ out | — Chant _in,

5
Il}max

|Chanl_out,,, =10V
Chanl_ingg,| =5V
IDmax = 500 .'-*‘ﬂ"

Note: Vgs will be larger with the body effect.
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Procedure

¢ Note that PMOS body pin 14 and the NMOS drain terminal are at ground. Set
RS and VSSinit from NMOSparsub.vi. Run NMOSgamsub.vi with VSB =0 V
and 3 V to verity that circuit is functioning properly. Note the change in the
VGS range for the larger VSB. VSSinit is adjusted automatically for larger
values of VSB, to obtain, approximately, a starting ID of about 50 pA. Default

and save the Front Panel to save VSSinit.




P4.7 NMOS Gamma

Pin 14 =
Ground
<|7_1 ChanD_out
Circuit P4.2 Chanl_in
Rg
Chanl_out
Components
5V
RE =
IDma:l:
[Chani _out,,,| =10V

IChanl _ing.,| =5V

Iomax = 500 pA

LabVIEW Computations

X = Vg +20p —y20¢

7o = Slope(f(Vy,, X))

ENMOSgammavi ®

[l Eci Operale Took Biowse ndow

| (ofe] o{u] e
=

t Heip
el

4

] B2~ T
o 51- ¥ 2
T 50 S ol
3 > - = A9-
- ‘ﬂ_' : L
a
£ 1 g a7 o
2 L ; = 1}( |-
b
- e 45
r Moaswed Date 57 5" 20|
Cruve Fi 21
Vo T L o o (T OR[N N SO o )
Q001 D2 03 04 G5 06 07 Q8 09 10 11 B 8 10 12 14 16 18 2022 M4
* ) Sort (DL I
= Vino Erae
RS(KD) 2 xayVeB 2o - IR L) e mUe12)
Gew  Gorm | vewfs wewin fim G o

Procedure




Set RS. With NMOSgamsub.vi open, run NMOSgamma.vi to obtain
Gamma. Adjust 2¢F to try to match Vtno (intercept, curve fit) with Vtno (VSB
= 0, transfer characteristic, graph on right). Save the results.



P4.8 NMOS Circuit with Body Effect

Components

Use RS from NMOSgamma.vi.

<|7_1 Chanl_out

Pin14 = )
Chanl_in
Ground R
Circuit P4.3
Chanl_out
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Procedure

e Set RS. Install SPICE parameters from NMOSparam.vi and
NMOSgamma.vi. Run NMOS_ Cir.vi to obtain ID versus VGS with a sweep
of VSS. The iteration solution obtained in SPICEgamma.vi (Diagram below)
is compared in the graph of NMOS_ Cir.vi. Adjust VSSinit to obtain IDmin of
about 50pA. Re-adjust Gamma for best fit. Then save a data file with your
data file name. The data file must be in the folder with the Mathcad file. The
file name must have a *.prn extension.
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A file can be obtained from the graph of the defaulted and saved VI using
XY1ltoDataFile.vi. The VI XY1ltoDataFile.vi is located in \\LabVIEW
6\User.lib\Dat_Files\Dat.llb.

Note that XY1ltoDataFile.vi is different from XYtoDataFile2.vi, as used to
obtain a data file in the Diagram of NMOS_ Cir.vi. The Control Graph of
XYtoDataFile2.vi accepts single plots while XY1toDataFile.vi is for graphs
with two Y functions (with only one Y function in the data file). For
convenience, a copy of XY1toDataFile.vi, GetDataFile.vi, is included in the
ProjectO4.l1lb. For clarification, XY1Y2toDataFile.vi accepts graph data with
two Y functions and includes both in the data file.



Laboratory Project 5. PMOS Common-
Source Amplifier

P5.1 SPICE Equations and Pin Diagram

P5.2 PMOS Common-Source Amplifier DC Setup

P5.3 Amplifier Gain at One Bias Current

P5.4 Amplifier Gain versus Bias Current

Exercises and Analysis Exercise05.mcd - Project05.mcd



P5.1 SPICE Equations and Pin Diagram

CD4007 Pin Diagram

%% Do 8
Rl
1

N L

Gy By
Firn 14
I
Fin13
SPICE Equation Description
I =k|:|ll"'lle|:ﬁ:|2[1 +1p“~*'5::-] 3.8 (NM0OsS) | DC drain current voltage relation (PMOS).
3 RD 5.6 Gain versus Ip.
a, = -2 Ip Rp 5.7 Gain versus Ip, Ve

Veip 1+ IR L



P5.2 PMOS Common-Source Amplifier DC Setup

Chanl_out
Pin7 = Open

G

=)
Y Chani_in

Circuit P31 W,
Fp

Chand_out

LabVIEW Computations

Chani! _in— Chand _ out
(8]

II""I[!I - II""rES - IDRD

Ngg = Chand _out

Components
Rp = Bv
IDmax

Chanl_out =10V
M
IChanl_inj=4 V

Inmax = 500 uA

Re =500 k0

Procedure
Install RD value. Adjust VSG in SetVSD.vi and run the VI to find the value
for Ipyax = 500 pA = 50 pA. VSS is ramped up from 10 V (default value) to
find the value for Vp = —4 V. Note that if RD is too large, VD will be > -4 V
initially (for Vss = —10 V) at Ipmax. Default and save the Front Panel.
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P5.3 Amplifier Gain at One Bias Current

% Chanl_out
Chanl_in
Circuit P3, 1
Chand_out

LabVIEW Computations

3 Cha ﬂl_ir‘lacmk
" VSG/20

Components
Same as SetVSD.vi

SubVlI's

SetVSD.vi (Set Bias)
FG1Chan.vi (Function Generator)
SR.vi (Send-Receive Function)

Oscilloscope.vi (Chanl_in Read Waveform)
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Procedure

e Sub VI FG1Chan.vi sends out the bias VSG and, in series, a sine-wave signal
equal to Vse/20. Set VSGinit as determined with SetVSD.vi as the VSG
required to obtain Ip ~500 pA. This is the initial VSG in the sweep of the next

part. Run the VI to obtain the gain for this bias current. Obtain a data log of



the Front Panel. Default and save. Re-run with a new VSGnew = VSG — 0.5 V
to obtain the gain at a lower bias current. Obtain a data log.



P5.4 Amplifier Gain versus Bias Current

Chanl_out
Rg
v, Chanl _in
Circuit P5.1 W,
Rp
Chan(_out

LabVIEW Computations

3 Chanl _in,.peak
v V5G/20

Components

Same as SetVSD.vi

Sub VI's

GainSub.vi

SetVSD.vi (Set Bias)
FGsine.vi (Function Generator)
SR.vi (Send-Receive Function)

Oscilloscope.vi (Chanl_in Read Waveform)
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Procedure

Run Gain.vi to run GainSub.vi over a range of currents. Set VSGinit(V) to
the value obtained above for Ip ~500 pA (defaulted in SetVSD.vi). The VI

automatically halts (decreasing) at Ip =50 pA. Default and save the Front
Panel. Now obtain a data file as follows.

Open GraphToDataFile.vi (copy of XYtoDataFile.vi) in ProjectO5.1l1b. Copy
the data from the graph ID versus VSG of Gain.vi. (Right Click on the graph,
then Data Operations>>Copy Data.) Then paste the data into the Control
Graph of GraphToDataFile.vi. (Right Click on the graph and then Data
Operations>>Paste Data.) Type the data file path and name the data file.

Run the VI to obtain a data file to be read by the Mathcad evaluation file.
Repeat for the gain plot, av versus ID. Recall: The data files must be in the
folder with the Mathcad file. The file name must have a *.prn extension.



Laboratory Project 6. PMOS Common-
Source Amplifier Stage with Current-
Source Biasing

P6.1 PMOS Schematic and Pin Diagram

P6.2 SPICE PMOS and Circuit Equations

P6.3 PMOS Current-Source Amplifier DC Setup

P6.4 Amplifier Gain

P6.5 Amplifier Frequency Response

Exercises and Analysis Exercise06.mcd - Project06.mcd



P6.1 PMOS Schematic and Pin Diagram

CD4007 Pin Diagram

¥ 3]
ful o

Pin 14

o

Pinl13



P6.2 SPICE PMOS and Circuit Equations

SPICE Equation

_ 2
In =kpVergp (1TApVsp)
ay =——20FD

1+dgpRg

Oy 5 2 'IEF'ID

Qo

E
=2 fie. T — O
P°D 1+ApIpRp

3.8
(NMOS)

5.15

EERSCS

Description

DC drain current — voltage
relation (PMOS).

Midfrequency gain versus Ip.

Midfrequency gain versus Ip
with bypass capacitor Cs.

Gate signal voltage, Vg,
frequency-dependent relation
to signal source, V.

Gain frequency response with
C; only (Cq infinite).

Approximate fzgg with Cq4
infinite.



P6.3 PMOS Current-Source Amplifier DC Setup

Chan0_out
Fs
Rat
Chan0_in
Chan2_in
R Chani_in
Fp
Circuit Pe.1 Pin7 = Ground
Components

Vr,, = Veg +IpRg = Chand_out/Z
I = 300 pA

Chanl _out=10V

ChanD_out/2 -V,

Rp =Re = B Vg =2V

Ip

Re =Ry > 500 kQ

Vsg Versus Ip from Lab Projects 4,5.

LabVIEW Computations

Chant _out - Chant _in
Rg

Ip =

Procedure

e Install your value of Rs in the Front Panel. Verify that VDD = 10V. Run DC.vi

to verify your selection of Rg zRD. Goal is Ip ~300 pA. Verify that VG is
about VDD/2. Default and save the Front Panel. Note that VSD is about 2VSG.






P6.4 Amplifier Gain

Chan(_out

Chan2_in
Chanl_out

O—| C:
1"'5
C, Chanl_in
lllllﬂ
Circuit P5.2

LabVIEW Computations

1

= f,=1Hz
9 2aRgf, ¢
RG - I:'l"IEI | | RGI
Cy ~ —Im g = 20 Hz
2nfigm
I —
Oy = 2 Vo Vo 2,k I

Use ProjectO6.mcd for calculations.
SubVlI's

FG1Chan.vi

SpecAnaly.vi

LabVIEW Computation

Chanl _ iNacpeal

dy =
Vs(V)
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Procedure

The SubVI of Gain.vi, FG1Chan.vi, sends out a signal with sine-wave peak
Vs (Chanl_out). The first measurement is with only capacitor Cq installed. Be
sure to conform to the capacitor polarity requirement. Set the Signal
Frequency to 1000 Hz. Set your value of RS and check VDD = 10 V. Run
Gain.vi to measure the gain. The gain should be less than 1 without the

source bypass capacitor. A signal of Vs ==0.5 V should thus suffice for good
linearity and measurement precision.

Now install the capacitor Cs. Note that the source is at a positive voltage. Run
the VI while setting Vs at various values. Adjust Vs until the THD% (total
harmonic distortion, %) is reduced to below about 5%.

Continue to lower Vs and run Gain.vi. Verify that the measured gain, av, is
invariant for smaller values of Vs except as eventually limited by DAQ
resolution and noise. Find the largest Vs (up to 5% THD), which is consistent
with a constant gain measurement with increasing Vs.

Run the VI again with a lower frequency (e.g., 800 Hz) to verify that the gain
is not frequency dependent in this frequency range. Now default and save the
Front Panel.



P6.5 Amplifier Frequency Response

Chan(_out

Rg

R )
Chan2_in % G [ Chan0_in

Chanl_out
0_{ |_L Ce
Ve
Cq Chanl_in
Circuit P6.2
Procedure

e The frequency of the input source voltage is swept from 1 to 1000 Hz to 1000
Hz. Set Vs in FregResp.vi as determined above for a valid voltage gain
measurement. Open FG1Chan.vi to observe the waveform at the output.

e Set your value of RS. Run FregResp.vi without Cs. Recall that the gain will
be less than 1. The frequency response is dictated by C4 only. Verify that fsqg
is about equal to or less than 1 Hz. Note that fsgg <1 H if the digital indicator
f3dB indicates 1 Hz.

¢ Install C; and run the VI. Obtain a value for f3dB. Default and save the Front
Panel. Then use XYtoDataFile.vi to obtain a data file for the frequency
response. A copy of the VI is in Project06.l1b.
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Laboratory Project 7. NMOS Common-
Source Amplifier Stage with Source-
Resistor Bias

P7.1 SPICE Equations and Pin Diagram

P7.2 NMOS Common-Source Amplifier DC Evaluation

P7.3 Amplifier Gain at Optimum Bias for Linear Output

P7.4 Optimum Bias Stability Test

P7.5 Amplifier Frequency Response

Exercises and Analysis ExerciseO7.mcd - ProjectO7 1.mcd - ProjectO7 2.mcd



P7.1 Chip Diagram and SPICE Equation

Pinga

-

Ping

Pin7
CD4007 Pin Diagram

B, (14) B D,
Bt

1
fkka

e
-

J' GI1 BH"STI
SPICE Equation Description
_ 2 3.8 Dc current — voltage relation.
S ngD 5.15 Voltage gain versus Ip.
VT l+gpRe
Om = 2. fkn I
E 5.6 Voltage gain versus Ip with bypass
8y 2 D P D capacitor C..
g 5 3 6.8 Corner frequency (fzgg) with capacitor
faun N R (1+gmR) - 26, = £ C.

Fel1s (G + 04 Rs ¢ 6.12 Precision f..
: 1++0.P0 |°



P7.2 NMOS Common-Source Amplifier DC Evaluation

Procedure (Design)

Fin 14

= Chan0_out

Chan2_in

Circuit P7.1

Start in the Mathcad file ProjectO7.mcd to compute circuit component values
as follows:

We will design for a selected lpnax at ChanO_out,ax = 10 V with Vpgmin = 1V.
Select your Ipmax in the range 100 pA < Ipmax < 500 pA.

Make Rg1 = Rg» ~~100 KQ. Thus, the gate voltage is
Ve = ChanO_outq,/2.

Select the circuit source resistor, Rs, to satisfy Vo = Vgs (Ibmax) + lpmaxRs- Ves
(Iomax) can be calculated using previously measured parameters or obtained
graphically from, for example, NMOSparam.vi from Project 4.

After acquiring a real Rs (which is close to the calculated value), calculate an
actual, new lIpnhax USiNg the same equation in reverse with the real Rs. Neglect
the change in Vgs.

We will select Rp to set the condition of Vpsmin = 1 V (at ChanO_out,,,y) from
RD = (VDD — VDSmin)/IDmaX_ RS- (Use aCtUaI, new IDmax-)

Chan0_out

Fa

Chand_in

ot

RGE

Chanl_in

Chanl_out

Procedure (Measurement)

Install your value of Rs in CSAMPBIAS.vi (for current sensing). With VDD =
10 V (Vbbmax), run the VI to verify the design. Vpsmin Can be significantly
different from design 1 V due to parameter variation. For example, 1 < Vpsmin
< 1.5 V is satisfactory, where the low limitation is based on Vpgmin = Vesin. This
is the requirement to be in the active region. In the example, the design drain
current is Ipmax = 300 pA.

Verify that as VDD is reduced, ID decreases and VDS increases. Check VDD =
4V, the minimum in the sweep for parameter measurement of the next part.

Verify that at the minimum VDD, VDS > ID-RD Obtain a log for ChanO_out =

10V.

Reduce VDD from the maximum VDD = 10 V and determine, approximately,

the value between 4V < VDD < 10V that corresponds to Vpg '-":IDRD. This is
the operating point (bias) condition for the amplifier gain measurement. This
will be found automatically in the gain measurement VI.






P7.3 Amplifier Gain at Optimum Bias for Linear Output

Circuit P7.2 Chan0_out

5]
Rt é
0—1—‘
Chanl_in
Z

Chanl_out R 8

Components*

gul0°
=7 2afyg

Ip
Veitn

fp =10 HZ Q=2

Note that g, is in pA/V.

“Run the first part of Procedure with GainNMOS.vi, below, without the capacitor, to
obtain Vg, and bias Ip, for computing gm.

B GainNMOS vi * o] s
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LabVIEW Computations

Parameters: Vi, Kn



dyg =
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1 Chan2 _inge Chan _inge

Chan0 _ out Chand _out

Procedure (Obtain Parameters and Bias Variables)

Open GainNMOS.vi. Install your Rg value. Without the capacitor installed, set
the Mode Switch to Param (red, switch in logic state 0). Run the VI for a VDD
sweep to get the parameters. (Note: The sweep rate is configured to be slow
in case the capacitor is in place during the sweep.) The VDD sweep is from 4
V to 10 V. Obtain a log of the results.

Procedure (Gain Measurement)

In the Param mode, the VI finds and indicates VDDbias corresponding to the
optimum Vps = (Vpp — Vrs + Vesin)/2. This permits maximum signal swing
without distortion. Set the indicated value of VDDbias into the Set VDD Digital
Control. Run the VI with the Mode Switch set to Gain (green, switch position
logic 1) without the capacitor. Obtain a log of the Front Panel. Default and
save the Front Panel.

At the end of the parameter sweep, Veffn is indicated for VDDbias. The value
is retained in the Digital Indicator in the gain measurement. The value of ID
indicated in the gain measurement is the amplifier gain bias value. Use Veffn
along with bias ID, to compute g, and thus Cs. Use ProjectO7.mcd for the
calculation.

Install the capacitor. Make certain that the polarity of the capacitor is correct.
Check that the Mode Switch is set to Gain (switch position logic 1). Check that
the value of VDDbias matches the value in Set VDD Digital Control. The VI will
measure the gain at this one VDD setting (optimum for distortion-free
output). The signal frequency is initially 500 Hz.

Run the VI and vary the value of Vs to determine that the gain result, Vy/Vg,
is not affected by changes, that is, by distortion. Default and save the Front
Panel. Obtain a log of the results. Also, run with slight variations in Freq (e.g.,
300 Hz). Note that the parameter values are preserved when running the gain
mode. Parameter, bias variable, and gain data are required for the project
Mathcad file.



P7.4 Optimum Bias Stability Test

As will be explored in a project Mathcad file, the basis stability computation is
performed here with LabVIEW. Recall (Section 5.5) that this takes into
consideration a possible range of V,, and k,, values. Here, an analysis is made
regarding the extent to which your design is optimum in terms of bias
stability. Note that this is separate from the maximum signal condition that
has been included in the design.

B calvDSoptimum vi * =101 x|
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Open CalVvDSoptimum.vi. In the Digital Controls, set you values for VDD, k,,
Vino,» @and ID. ID is the nominal value of the design for the nominal values of
the parameters. Your value of ID, along with your parameter values, will be
assumed to be, for this evaluation, the nominal values. The computation holds
the bias current constant at the design value (as entered into the Front
Panel). As VG is increased (X axis), the added increment of VG is the added
drop across the new RS, for a given new VG. Run the VI.

Verify that the value of VGS in the top Digital Indicator matches reasonably
well your measured value (Front Panel of GainNMOS.vi). This SPICE
computation uses your measured parameter values and Ip. The values should
be consistent.

The top graph is its VDSlimits versus VG. The center (dashed) curve is for
your parameters. The downward slope reflects the increasing drop across VG.
The top and bottom plots are for the two extremes of Vps that occur for the
worst case of the combination of the limits of k, and V,,. The computation is

— 2
for Vipor = Vino £100 mV and Koz =Kn 7100 pA/VT 1o came optimum
signal level condition as used in your design is maintained throughout.

The lower graph contains plots of the output signal limiting values. The best
combination of bias stability and signal level is at the peak of these curves.

Step through the RS Array Digital Indicator to locate your RS and the



associated index. Then determine the corresponding VG and RD (same index).
The value of RD should match your design value. The value of VG should
match the value from the Front Panel of GainNMOS.vi.

Locate your value of VG on the X-axis of the two graphs. If it falls in the range
of values surrounding the peaks, the circuit is optimized both in terms of
signal limits and bias stability. Note that bias stability was not taken into
consideration in the design. In the design, though, often a given criterion
serves as the basis and the design may then be evaluated for other criteria.



P7.5 Amplifier Frequency Response

Chanl_out
Circuit P7.3

Chan0_in

Chanl_in

Rs T

Cs
Chanl_out

Procedure

e In FreqRespNMOS.vi, the frequency of the with source voltage (sine-wave
Chanl_out) is swept from 1 to 1000 Hz. Chan2_in should be disconnected to
reduce the stray capacitance at the gate. In the Front Panel of the VI, set
VDDbias and Vs at the values determined in the gain measurement with

GainNMOS.vi.
[E FreqRespNMOS vi =10 %
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¢ Along with FreqRespNMOS.vi, open FG1Chan.vi to observe the output
waveform. Verify that C; is installed and run the VI to obtain a value for figg.

e Open, from the Diagram of FreqRespNMOS.vi, Frame 2, XYtoDataFile2.vi.
Run FregRespNMOS.vi again, with the data mode switch set to Green (logic
stage 1), to obtain a data file of the frequency-response plot in



XYtoDataFile2.vi. (Note that with the data VI open, the data are transferred
to the VI and can then be saved in the VI.) The data file is used in the
Mathcad project file. Default and save the Front Panels of both
XYtoDataFile2.vi and FregRespNMOS.vi. Note the maximum index for the
Mathcad file. The fzgg result will differ from the design, as the design was
based on the simple form. This will be explored in the Mathcad file.

A data file can be obtained later from the saved data in the graph of
FregRespNMOS.vi, with XYtoDataFile2.vi. As noted above, the data file VI
can be obtained from the Diagram of FreqRespNMOS.vi. The data file VI is
located in Dat.llb in the User.lib folder (Program Files>=>National
Instruments>>LabVIEW 6). The VI can also be accessed from the menu
sequence in FregRespNMOS.vi, Browse>>Show VI Hierarchy, and open the
data file VI from the Hierarchy Window.

Return to ProjectO7.mcd.



Laboratory Project 8. NMOS Source-
Follower Stage

P8.1 SPICE Equations and Pin Diagram

P8.2 Source-Follower DC Evaluation

P8.3 Source-Follower Voltage Transfer Relation

P8.4 Source-Follower Voltage Transfer Relation with Body Effect

Exercises and Analysis Exercise08.mcd - Project08.mcd



P8.1 SPICE Equations and Pin Diagram

SPICE Equation
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CcD4007
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Description

Threshold voltage for Vg = Vss.

Source-follower voltage-transfer relation with Vg, = 0.

Source-follower voltage transfer relation with body
effect.

Body-effect transconductance.

Do not connect pin 14.

PinS

.

Fin3 Finy

Ping



P8.2 Source-Follower DC Evaluation

Chand _ out %7
Rg=100 kQ
Chanl_in
Re
Circuit 2.1
Chanl_out

Pin 14 must not be connected. ChanO_out will be plus and minus and the drain is at
ground.

Components

For Gain.vi

Ipoe = 5000A | Chanl _out,,, |- 10 V

Drmax
Vasmax =3V
R_,S - | Ché”ﬂ _ GL'Lmax | - | Ill'llea:.: |
IDlmx

Note that with Rs is selected for the condition of maximum body-effect (Vgsmax =5
V), Iomax = 500 pA for the case without body effect. The current sweep VI's halt at Ip

= 500 pA.
Procedure

¢ In the Front Panel of DCcheck.vi, set the value of RS in the Digital Control.
With VSS (magnitude) set at 10 V, run the VI to verify the dc design. Note
that | VS| is equal to the VGS magnitude. Verify that ID > 500 pA for this
case of no body effect.



[E DCckeckSF vi =10 x|

RS(KLL)

vesioo®10  Gora -
. | _u',i




P8.3 Source-Follower Voltage Transfer Relation

Chand _ out ‘%7
Fa
Chanl_in
Rg
Circuit P21 Chanl out

Pin 14 must not be connected to ground. ChanO_out will be greater than O for the
positive signal.

LabVIEW Computation

effn=4YGE5-Ytho, =
orn=2*I10effn; =
av=gmfigm+1/R5);
e R e R e |
Procedure

e GainSF.vi measures the gain (transfer relation) of the circuit over a range of
drain current. Parameters Vtno and knprime are obtained from the ID sweep.
Vtno is used in the voltage transfer-relation calculation as plotted along with
the measured data.
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e Open GainSF.vi and install your value of RS. Open FG1Chan.vi to observe
the waveform at the output. Run the VI and verify that the curves match
reasonably well as in the example. Adjust the magnitude of VSS to obtain a
minimum ID of about 50 pA

e Adjust the value of Vs while rerunning the VI. Use the largest Vs without
distortion. Large-signal distortion is manifested by a poor curve fit,
particularly at the low end of the current range.

e Default and save the Front Panel. The value obtained for knprime must be



dy = E,IIIE S
available for the next VI. It is used in the calculation of Nprlne

. The alternative form, gm = 21p/Vesm, iS used in the calculations for this VI.

e Obtain a data file of the plot using XY1ToDataFile.vi.



P8.4 Source-Follower Voltage Transfer Relation with
Body Effect

Chan0 _out
Chani_out
Re Chand_in
Rg

Circuit P8.2 Chanl out

Pin 14 must not be connected to ground. ChanO_out will be greater than O for the
positive signal.

LabVIEW Computation

T

grn=2*sqrt (knprirne*I00;
grnb=gn*grnf (2 *sqrt (WRS+phil )
v =g (grm+grmb+1/R5); I

LRy ™ Pl ™ i) Salglf= |
Procedure

e Move the body pin connection as in Circuit P8.2. In GainBE.vi, install a first-
guess value for y,(Project 4). Install the value of knprime, obtained from the
Front Panel of GainSF.vi. Run the VI and readjust y, for the best fit. Adjust
|VSS] init for a minimum ID of about 50 pA. Note the reduced value of the
voltage transfer relation (gain).
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e Open Compare.vi from ProjectO8.llb. Paste the results from the graphs of
the plots for with and without body effect into the control graphs. Run the VI
to compare the results.

e Use XY1lToDataFile.vi to obtain a data file of the plot in GainBE.vi.



Laboratory Project 9. MOSFET Differential
Amplifier Stage

P9.1 SPICE Equations and Pin Diagram

P9.2 DC Evaluation of the Single-Power-Supply Differential Amplifier

P9.3 Determination of the PMOS Parameters

P9.4 Amplifier Gain Measurement

P9.5 Transistor Parameters and DC Imbalance

P9.6 Common-Mode Gain Measurement

Exercises and Analysis Exercise09.mcd - Project09.mcd



P9.1 SPICE Equations and Pin Diagram

SPICE Equation
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Pin13

Description

Inverting gain.

Noninverting gain.

Signal resistance at source
node.
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P9.2 DC Evaluation of the Single-Power-Supply
Differential Amplifier

-f Chanl_out

Chan0_in § R,

Circuit P3.1 Rs

Chanl_in _
Re Chan2_in g Re
R Rz
Chani_out é;'
Components

Rp:1 = Rp2 = Rp

Rs = Rp/2

Vo =Vop/2 — Vsg

For ChanO_out = 10 V:
100 pA<lp <400 pA

(Choose One)

Re <100 kQ
BEocvi= =10
[de Edt Dpersts Jook [wowss Window Help s
[D]@] & [m] [ 14et Tahoma -] 2=1]
VD2-VD1 2]
Chan0_outig) 10.0 SEaa)
-0.016 1.92
v
VSOV £ VED2V)
349 350
R
10 (i) 5 102(ua)
156
1 e 2 Yoo /2
Chanl_in Chari in
WOV WD)
3.43 342
R
ROk Ros i RDZK&)
8218 P29
Chan_cut |0.005 L
Kl : | o[

Match the gate resistors on each side to obtain Vg = Vpp/2. On a given side, the
resistors must be equal, but can be different on opposite sides.

Procedure



After completing the circuit connections, open DC.vi. Set Chan0_out = 10 V
and run the VI. DC.vi scans Chanl_out to balance the circuit (i.e., to set Vp;
= Vp within 20 mV). Try ChanO_out in the range 5 to 10 V. Verify that 100
pA<ID<400 pA (your design) with maximum ChanO_out = 10 V.

Note the value sent out by Chanl_out. This should be only mV if the gate
resistors were selected properly.

Verify that VSD is roughly 2VSG. Default and save the Front Panel with
ChanO_out = 10 V. The VI serves as a subVI in the next part to bias and
balance the circuit.



P9.3 Determination of the PMOS Parameters

Circuit P9.1

Chan(_out

Rs

Chan0_in ; Re

Chanl_in
Re Chan2_in ; R
R Rpz
Chanl_out J? -
Procedure

Parameters.vi sweeps output channel ChanO_out from Vpp —1 to Vpp + 1
(where the design bias Vpp is set in the Front Panel). The gain measurement
will be made at Vpp, intermediate to the sweep range. Since voltage Vgp is
approximately equal to 2Vsg, Vsp Will be relatively constant during the sweep,
as is required for a reliable measurement of K, and Vip,.

Erarameters.vi =10 %]
fés Edt Operats Took Frowss Window Help m
[o1@] 8 [n][14Tahons = || 2o || gt |
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414 13-
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RD1FQ) =
9j21.00 Yo who 1o b
1 1 14
fanakm (D)
§2187  Hopath
Green - File 8 C\FieFolder\F arsmeters. pm =]
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Run the VI for VDD set at 6 V and 8V and verify that Vtpo is close to the
same for both VDD values. For the larger VDD (and VSD), kp (at VSD) should

be slightly larger.
Now set VDD = 6, 7, or 8 V and the File Mode switch to Green (on) and re-

run to obtain a parameter data file. The file has Rp1, Rp2, Kp (technically, l:')
and V. The Parameters are actually for M,. These will be read by the

evaluation Mathcad file.

The parameters can be obtained with SimParam.vi from the data saved in
Parameters.vi. Paste the data from the Indicator Graph (sample, VDD =7
V) of Parameters.vi into the Control Graph of SimParam.vi and run the VI
with the Data Mode switch set to on (Green).



P9.4 Amplifier Gain Measurement

Circuitpo.1  Chand_out (Vpp)

Chan0_in
Rg § h ; Rg

Chanl_in
Re Chan2_in Rg
Rpz
Chanl_out
Procedure

e Gain.vi runs DC.vi to set up the bias and balance the circuit. It then sends
out a signal squarewave and reads the response at the two outputs. Gain is
calculated as output voltage divided by V¢/2. The 1/2 accounts for the voltage
divider of the two gate resistors.

Gain. i =10] %]
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e Set in ChanO_out (Vpp), which you selected above in Parameters.vi. Run
Gain.vi to obtain the gain at the two outputs. Adjust Vs for an output voltage
magnitude similar to that in the example.

e Now run AvgGain.vi with your Vpp (ChanO_out) and Vs from Gain.vi. as a
subVI repeatedly and averages the gains continuously during the
measurements. With the Run Mode on (Green), allow the VI to continue to
run until the average gain no longer appears to be changing. Reset Run Mode
to halt execution.

e Repeat with the File Mode button set to on (Green). The data file contains Ip1,
o2, Vsg Vsp, avi, and a,. The Mathcad evaluation file will read these data.

e Use SimAvgGain.vi to obtain the data file from the data saved in
AvgGain.vi. Paste graph data and copy and paste the Digital Control values.



Gains will be obtained from the graph data and need not be copied from the
Digital Indicators.
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P9.5 Transistor Parameters and DC Imbalance

'f Chan0_out

-3

)
Rg Chanl in Chan2 in
Rp2
Chanl out
Circuit P9.2
Procedure

Sweep.vi runs a special version of DC.vi, DCimbal.vi, as a subVI of
Sweep.vi. Sweep.vi sends out a range of bias voltage, 5 V<Vpp <10 V
(ChanO_out), in 0.5 V steps. Vsg, Ip1, and Ip, are measured at each step. A
three-column data file is saved for the Mathcad project evaluation.
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Note that Circuit P9.2 has the gates connected to make certain that the gate
voltages are equal. There is no balancing in this circuit, as the goal is to study
circuit imbalances. DCimbal.vi calls for Chanl_out =0 V.

Open Sweep.vi and set in the resistor values. Also open DCimbal.vi. Run
DCimbal.vi to verify that the circuit is functioning properly.

Run Sweep.vi. Set the File-Mode switch to on (Green), write in the file path
(or click on the Browse button) and data file name and run the VI to obtain
the data file. The data dc variables will be used in the project Mathcad file to
obtain k, and V.. The values are used in a computation for a graphical
comparison of measured and computed current ratios versus drain current.



Run SweepSim.vi to obtain the data file from the graph data saved. [Note
that the VSG graph is not shown in the sample Sweep.vi (above). The actual
Sweep.vi has a Front Panel as the sample SweepSim.vi (below).] Copy and
paste data from Sweep.vi.
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P9.6 Common-Mode Gain Measurement

1 Chan0_out

i

| |

|
R o Chan2_in
G Chanl_in

Roa
Chanl_out
B Circuit P9.2

Procedure

e The common-mode gain can be obtained directly with Circuit P9.2. This is
accomplished with the VI, CBGain.vi. The squarewave input signal is applied
with Chanl_out.
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e Open CMGain.vi and set in the resistor values. Set Vs to a larger value than
that used in Gain.vi, to compensate for lower gain. Run the VI to verify that
the circuit is functioning properly. Expect the gain to be about unity, based on
the desigh Rs = Rp/2. (Ideal common-mode gain is zero.)

e Open and run AvgCMGain.vi. Obtain a data file consisting of drain currents,
Vs, gains, and Vsp.

e Use SimAvgGain.vi to obtain a data file from data saved in AvgCMGain.vi.
Copy and paste the graph data and the drain currents, Vsg and Vsp. Gains will
be averaged from the graph data.



Laboratory Project 10. Current Mirror and
Common-Source Amplifier with Current-
Source Load

P10.1 SPICE Equations and Pin Diagram

P10.2 Evaluation of the Current-Source Circuit

P10.3 Evaluation of the Mirror-Current Circuit

P10.4 Evaluation of the Bias Setup

P10.5 Measurements of the Amplifier Gain versus Bias Current

Exercises and Analysis Exercisel0.mcd - Project10.mcd



P10.1 SPICE Equations and Pin Diagram

SPICE Equation Description

8 = 2 1 Amplifier gain, Vgs form.
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P10.2 Evaluation of the Current-Source Circuit

Power Supply =5 W
Fin 14 on Conn, Block

Circuit P10.1
M5

Chan i _in

K Ref

Chand _ out

Components

Tpmax =500 pA Chan0 _out, =-10 V

_5V-Vgg +10 V

F‘REF I
Crmax

Procedure

e Set your value of RRef in the Digital Control. Run RefCurrent.vi to determine

the current range. Chanl_out is swept from the Initial value to =_10 V.
Readjust Initial Chanl_out to obtain a minimum drain current of about 50 pA.
Verify that the maximum current is about 500 pA.
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P10.3 Evaluation of the Mirror-Current Circuit

Power SUpply =5 Y
Fin 14 an Conn, Blode

My Ml
Chani _in

Chanl _in
R Ref R b2

Chani _out Chanl _out
Circuit P10.2

Procedure

¢ Install the additional circuit components, which form the current source. Set
your resistor values in the Digital Controls. Use Initial ChanO_out from
RefCurrent.vi. Run MirrorCurrent.vi to assess the mirror current (current-

source current). ChanO_out is swept from the Initial value to ~_10V.
Chanl_out is varied downward to maintain Vsp, = Vspz. Any difference
between the currents indicates a difference in transistor parameters of M, and
Ms.

Components
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P10.4 Evaluation of the Bias Setup

Power Supply =5V

i

Chanl _in
>—

o

7
Chan1_out Circuit P10.3

Chan(  out Rg

Procedure

SetVolD.vi sends out the gate voltage of the driver transistor (M;, NMOS) and then
sweeps Chanl_out to set the output bias voltage (Chanl_in) at Vpp/2. This Vl is a
subVlI in the gain measurement VI (below, next part). To run this VI as a top VI, set
the Index to zero. Set ChanO_out Initial to OV.
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e Run SetVolD.vi while adjusting Vgs for the lowest value of the I range of
about 50 pA. Verify that the bias-setting circuit functions properly. Adjust the
Control-Loop Constant to obtain a final dc value convergence rate similar to
that in the example. Default and save the Front Panel.



P10.5 Measurement of the Amplifier Gain versus Drain
Current

Procedure

In Gain.vi, set VGSL1 Initial to the value from the evaluation of SetVolD.vi
above. The VI will sweep Vgs1 over a range to include a maximum response of
about 500 pA, according to the design above. Due to the high gain, the input
signal voltage will be small in terms of the DAC. A subVI computes the actual
output signal voltage from the value requested. The value computed is used
in the gain computation.
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Open SetVolD.vi along with Gain.vi. Set all numbers in the Digital Controls
of Gain.vi. Run the VI and adjust Vs such that Vo min and Vo max are
confined between 1 and 4 V, as in the example. These are indicated for the
initial bias current (highest gain). Also, adjust (down) the Control-Loop
Constant of SetVolD.vi if the bias setting function oscillates out of control.
Save the Front Panel when the VI is functioning properly.

Open AvgGain_ID.vi. This VI runs Gain.vi as a subVI repeatedly and
averages the plots of each execution. Set the Run Mode switch to Continuous
and the File Mode switch to on (Green) and run the VI for data smoothing.
Switch to One Plot to halt the execution. The data file includes gain, Vgs:, and
Ip. This is used in the project Mathcad analysis file.

Obtain a data file from saved data in AvgGain_ ID.vi with
SimAvgGain_ ID.vi.
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Laboratory Project 11. Operational
Amplifier with Resistor Feedback

P11.1 SPICE Equations

P11.2 Bias Circuit Setup

P11.3 Opamp Offset Voltage

P11.4 Evaluation of the Bias Balancing Circuit

P11.5 Evaluation of the Gain and Signal Limits with Swept Input

P11.6 Evaluation of the Gain with Sine-Wave and Square-Wave Signals

P11.7 Determination of the Opamp Frequency Response

Exercises and Analysis Exercisell.mcd - Projectll.mcd



P11.1 SPICE Equations

SPICE Equation

-4 11.16
Vo = —— Vg = Ao
1+ wiHI
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Description

Output voltage of resistance-feedback opamp
with offset voltage, Vos.

Midfrequency gain dependence on opamp gain
Ayo.

Frequency-response function of resistance-
feedback opamp amplifier.

Bandwidth (corner frequency) of opamp
amplifier with opamp open-loop corner
frequency, figg.



P11.2 Bias Circuit Setup

10 S L
2] 7
30 D L-Ns
4] -

1 Offset Null 1

2 Invert. Input

3 Non-Invert. Input
4 V-

8 ISET

7 V+
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5 Offset Null 2
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o V=8V Circuit P11.1

Components



Ry =Ry =NyN,0 0
|u-|—~.n'+ B

IIlIII-|:|inE -V
ISEl'

Ieer =25 pA

I:'=EI:—I' =

Vigng =5.7 V

R, =100 kO

B occheck.Vi =10]x]
Eia Edl Operste Jook: Browss iafndow Helb , S
[2]@] @[] [ sorkcrtonFort [~ ][I~ ][ma][B-] |eue

-

& VO(pintS)

[0

Vim BY T

VSatiping)
1558
REETHO)
g
ISET(p&)
il

Procedure

e Do not initially turn on the power supply. Connect the circuit after having
made precision measurements of the resistors. Turn on the power supply only
with the circuit completely connected, Install the resistor value RSET in the
Digital Control of DCCheck.vi. Run the VI. Check the dc values. Verify that
ISET is roughly 25puA VO is normally close to V+ or V—. Default and save the
Front Panel.



P11.3 Opamp Offset Voltage

Ry
Circuit P11.2

Components
Ry ~4x10°R,

(Very Approximate)

A ~4000
14 NI
voff=—ﬂvo (11.16)
AyNI

E E
Isﬁl+—fﬁs—f
Bz Eg

Ayn

Procedure

¢ Install Rs and re-run DCCheck.vi. Verify that |VO| is less than the value
without the feedback resistor. If not, use a smaller R;.Default and save the
information in the Front Panel.

Datasheet Offset Voltage

Min.
Typ.
Max.

Unit

Vio



Input Offset Voltage

Vo = 1.4V, Vic = 0 TS271C/I/M

mV

1.1

10



P11.4 Evaluation of the Bias Balancing Circuit

Components

R1=R3

R]_/Rz = R3/R4 = 1000

R; ~4000R,

Chan0 out Voo

Chanl_in

Procedure

Circuit P11.3

Connect the additional circuit components, R; and Rs. (Gain measurement
results depend on the precision of the values entered.)The VI will sweep
Chanl_out to drive the output to near O V. Set the value of Rf in the Digital

Control of IterateVo.vi.

[3 eratevio.vi

12-
1.0+
DE- -
806~ -
04—
0z~

= =101 %]
fle Edd Qperste Jooks [eowse Window Help
E'?!@ .;,E”BpmppkmFm = ) e
VOl Wy _-j
o7
MO{(nit ) (V)
1.053
Rf(Ka)
r A 15‘”
0o-, \ p=rno
0 5 W 15 X X A
Tt -

¥

Run the VI to verify that the balancing circuit is functioning properly. The VI,
IterateVo.vi, is a subVI in the amplifier gain evaluations, for balancing the
circuit (i.e., for setting the dc output to near 0 V). The indicated VO(init)
should match the value from the result of P11.3. Save the Front Panel.



P11.5 Evaluation of the Gain and Signal Limits with
Swept Input

Rs VoD
Chan0_out Chano_in
R4
- RO
was
My
Chanl_out p ) R
Rz
CircuitP11.3

Procedure

Enter the resistor values in the Digital Controls of ScanAmp.vi. The gain of
interest is amplifier gain, A, = ChanO_in/V+. This is obtained from the
measured Slope of n ChanO_in versus ChanO_out and then

Ry R,

A -Slope

4

Opamp gain, ay,., is calculated in a Formula Node using A, and the ideal gain
Awni = 1 + R¢/R,||R:- Thus, the gain-measurement results depend critically on
the precise value of the resistors.

Run the VI and reset ChanO_out Range as necessary to obtain an output
range of about plus and minus 1 V [graph Y axis and Indicators, Vomax(V)
and Vomin(V)]. Save the Front Panel.
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Formula Node Computation of avo
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e Reset the Chan0O_out Range, such as in the example (left), to drive the output
to the limits. Run the VI and note the limits Vomax(V) (Von)and
Vomin(V)(VoL). Compare these with the datasheet values.

e Note that the datasheet numbers (below) were obtained for a single power
supply and V+ = 10V and V- = 0V. Thus, Vomax approximately 1 V below the
power supply and Vomin is approximately 50 m above the negative supply
(ground in the datasheet case and —8 V for our opamp amplifier).

Datasheet Limit Voltages (Power Supply = O to +10V)

Min.
Typ.
Max.
Unit
VOH
High-level output voltage
\%
Vid = 100 mV, RL = 100 kQ
8.7

8.9



VOL

Low-level output voltage (Vid = —100 mV)

50

mV



P11.6 Evaluation of the Gain with Sine-Wave and
Square-Wave Signals

R] 1I"ll[:ll:r
Chan0_out Chan_in
Ra
- Rg
II"'rSS
M
Chanl_out Ry R¢
RZ
Circuit P11.3

Procedure

e SignalAmp.vi sends out a sine- or square-wave input signal with a frequency
as selected from the Front Panel. Use a frequency of 1 or 2 Hz. It must be low
as the frequency response of the amplifier is very low with the high gain of
this configuration.
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e Install resistor values in the Front Panel of SignalAmp.vi.Run the VI and
compare the gain for sine- and square-wave signals. Compare for two
different frequencies. Adjust Vs for a maximum output signal of about 1 V.
Save the Front Panel.

Datasheet Large-Signal Voltage Gain

Symbol
Parameter
Min.
Typ.
Max.

Unit



Avd

Large-signal voltage gain

v/mV

Vo =1 to 6 V, RL = 100 kW, Vic = 5V
30

50

Tmin. < Tamb. < Tmax.

20



P11.7 Determination of the Opamp Frequency Response

VDD

R3
Chan0_out Chan0_in
R4
a R
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Chanl out Ry R
Ry
CircuitP11.3
Procedure

e The VI sweeps the input sine-wave signal over a range of frequencies,
1Hz<f<1kHz. The gain is computed and plotted and the bandwidth of the
amplifier is computed and indicated. The GBP is then computed and indicated.
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¢ Install precision resistor values for R3 and R4 in the Front Panel of
FregResp.vi. Run the VI to obtain the frequency response. Verify that
Vo(max) is less than about 1 V. This must less than the oscilloscope limit of 2
V. Save the Front Panel.

Datasheet Gain — Bandwidth Product

Symbol
Parameter
Min.
Typ.
Max.

Unit

GBP



Gain — Bandwidth product (Av = 40 dB, RL = 100 kQ, CL = 100 pF, fin = 100 kHz)

0.7

MHz



Laboratory Project 12. Operational
Amplifier Integrator and Oscillator

P12.1 SPICE Equations

P12.2 Opamp Integrator

P12.3 Opamp Oscillator

Exercises and Analysis Exercisel2.mcd - Projectl12.mcd



P12.1 SPICE Equations

SPICE Equation

T
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Description

Opamp-integrator peak voltage amplitude of
the triangular-wave for applied square-wave
with peak Vs and period T and with R, =

R]_I |R2 and C;.

Cosine-wave output for sinewave input with
peak Vg, period T, Ry = R;||R; and C;.

Period of oscillator for Ry with C, and R; = Ra.

General form for Ty in terms of Ry, Rs, Vom,
and Vqp.

General form for Tns in terms of Ry, RaVom,
and Vqp.



P12.2 Opamp Integrator

10 ~ ] a

200 = ] 7
3 [ |-./’"J—| 1] &

4/ ] &

Offset MNull 1
Invert. Input
Mon=Invert.
Input

1 v

5 OifsetNull 2
b Oikput
7oVt

B ISET

e

Components

Refer to Project 11 for resistor values. Use Projectl2.mcd to calculate the capacitor
value.

Obtain C; from the square-wave equation

W T
I'I'I'I - i+
opealk chf 4
(11.4)
(- T Voo =W 1000 Wos W
£ q000r, 7 57 "opeak

V. is the voltage applied at the noninverting terminal (pin 3) of the opamp, and Vs is
the voltage from ChanO_out.

Use Tmax = 0.1 S for the intial frequency of f=10 Hz.

1""DD
Chanl_in Rj
Chand _out Chand_in
R4
- Ro
Chanl_out Ry [ Ry
Rz | |
Circuit P12.1 | |



Procedure

Connect the circuit, which includes adding the capacitor and moving Chanl_in
to connect to ChanO_out.

In the Front Panel of Integrator.vi, set Vs (ChanO_out Peak(V) at 4 V to 10
V. This is adjusted to set the initial peak (lowest frequency) of the triangular
wave. Also open subVI, IterateVo.vi, to observe the process of setting the
output to near O V.

Run the VI with the signal set to the SqWave mode. Re-adjust Vs for a value
of Vo(Peak-to-Peak) (init) of between 5 V and 6 V. Verify that the initial and
final peak-to-peak output voltage ratio is approximately 10. Note that it will
be less than 10 due to the finite R;C; The ideal integrator has infinite R;. Note
that only the last half of the output array is used in the output voltage peak
determination, to avoid initial transients. Also, the average value of the output
voltage channel is subtracted from the waveform in the oscilloscope. Obtain a
log of the Front Panel. Default and save.

Now set the input waveform switch to Sine-wave and re-run. Note the lower
peak value. Obtain a log of the Front Panel.
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P12.3 Opamp Oscillator

Components

Use R; = Rz from the integrator.

Make R¢sc = R; = R3z and use C; from the integrator.

Tose ~=2.2R0scCr (12.26)

Note that T,s is about %2 of the design T,ox from the integrator or about 50 ms.
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Circuit P12.2
e

Procedure

e Turn off the power supply to reconnect the circuit into the oscillator
configuration. Note the connection of Chanl_in, which measures the capacitor
voltage.

e The main VI, Oscillator.vi(below), contains subVI's CountCycles.vi and
T.vi.CountCycles.vi determines the number of cycles in the oscillator output
data array (ChanO_in) by checking for sign changes. It then increases or
decreases the sample rate (for a fixed number of samples) until the number
of sign changes in the array is 4. T.vi then checks the number of samples in
the positive and negative pulses and multiplies the total by the sample rate to
obtain the oscillator frequency. This frequency is used to set the time base of
the oscilloscope, OscOscill.vi, to display five cycles of the oscillator waveform
in the Front Panel of the main VI.
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e Connect the circuit with the power supply off to avoid damage to the chip.
Then turn on the power supply. Open the oscillator oscilloscope VI,
OscOscill.vi. Set the oscilloscope frequency, fscope, to the expected
frequency of the oscillator (e.g., about 50 Hz). This sets up the scope for a full
sweep of 2/fscope = 40 msec (Note that the scope is set for 2048 samples per
sweep. Thus the resolution is 2/(2048fscope) = 19 us for this example.)
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Run OscOscill.vi to verify that the circuit is oscillating. Reset fscope for a
time base that includes about two cycles of oscillation and rerun. Note that
this fscope setting is approximately the frequency of the oscillator.

Open subVI CountCycles.vi. Set TimeBase (init) (msec) (full sweep time of
scope) to include about two cycles of the oscillator waveform. (Use Time
Base = 2/fscope.) Run the subVI to verify that the VI can find the final time
base, which includes about two cycles.
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Open Oscillator.vi. Set Time Base(init)(msec) to the value obtained in
CountCycles.vi. Set in the value of Rfosc. Run the VI to obtain a final plot
of the oscillator waveform and the frequency and period of the oscillator. Note
the value found for the capacitor. Compare this with the value expected. The
precision of the value depends on the precision of the Rfosc. Note that if the
Time Base(init) is not set close to the final value, the VI will find the correct
value, after some searching. Set the value of R3 for the record. It plays no
role in the VI. Save the information in the Front Panel by obtaining a log.

Replace Rsosc With Ryosc ~~10 Rsosc(Very approximately). Set in the new value in
Oscillator.vi. Use Oscillator.vi to measure the new oscillator frequency.
Compare the capacitor measurement. Obtain a log for this case.

Now replace Rz with R3 #Rgllo (very approximately). Set in the new value of
R3 for the log record. Run the VI. Note that the capacitor measurement is not
valid for this case. The capacitor now charges to about 10% of the maximum
output voltages before switching. This increases the frequency of oscillation,
due to the shorter transient time. Obtain a log and save.



Laboratory Project A. Communicating
with the Circuit Board Using the DAQ

PA.1 Sending and Receiving Voltages with the Sending and Receiving VIs

PA.2 Sending and Receiving Voltages from the Front Panel

PA.3 Plotting Measured Samples

PA.4 Using the Autoranging Voltmeter

PA.5 Observing the Oscilloscope Output Graph

PA.6 Discrete Output Voltage from the DAQ

PA.7 Discrete Input Voltage from the Circuit Board

PA.8 Using the Simultaneous Sending/Receiving Function

TABLE PA.1
Diagram Tools Palette Shift/Right Click
Functions Palette Right Click—Stickpin to hold
Menu Sequence: Window>>Show Functions Palette
Front Panel Tools Palette Shift/Right Click
Controls Palette Right Click—Stickpin to hold

Menu Sequence: Windows>>Show Controls Palette



PA.1 Sending and Receiving Voltages with the Sending
and Receiving VIs

e Connect ChanO_in directly to ChanO_out on the circuit board or connector
block. Double Click on both of the icons in the Diagram of Measure.vi (initial
version) to bring up the VI Front Panels. These are AO Update Channel.vi
and Al Acquire Waveform.vi. Set both Vs to your device number for your
DAQ card and to channel O (using the Operating Tool or finger). Set the
number of samples to 10, for example. Set the high limit and low limit in Al
Acquire Waveform.vi to default 0.0 V. Obtain a default status of the
settings in both VIs. For this, go to menu Operate>>Make Current Values
Default.
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¢ In the Front Panel of AO Update Channel.vi, set in a voltage of 1 V or
similar (using the Operating Tool). Run the VI, AO Update Channel.vi. To
run the VI, use menu sequence Operate>> Run (or, preferred, Ctrl/R). Then
run Al Acquire Waveform.vi and note the voltage read (waveform array
Digital Indicator). Click on the up and down arrows by the Y to scroll through
more data points.

e Verify that that send and receive are consistent. Try some other voltages.
Note the maximum allowed is the highlimit, 10 V. Close the send and receive
VIs. Leave Measure.vi open.
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PA.2 Sending and Receiving Voltages from the Front
Panel

¢ In the Front Panel of Measure.vi (version 2), run the VI (Ctrl/R) with a
variety of voltages sent out and verify that the send (output) and read (input)
agree. From the Diagram of Measure.vi, Double Click on Mean.vi to open
the Front Panel of this VI. Note the X Array Digital Control and the mean
Digital Indicator. Now run Measure.vi with Send Volts = 0.1 V. Note that the
measurement data appear in the Array Digital Control. These are the data
points that are averaged.
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e Now go to Mean.vi, Right Click on the indicators, select Format and Precision,
and type 4 for Digits of Precision. Then scroll through the array data (by
clicking on the up and down arrows of the Array Digital Control as shown in
the sample) and compare the numbers with the mean. There will probably be
some scatter in the least significant digit, due to noise. Note that the number
received and averaged is not exactly the same as that requested to be sent
out. This is due to the discrete nature of ADC (analog-to-digital conversion)
and DAC (digital-to-analog conversion) as discussed and demonstrated in a
following section.






PA.3 Plotting Measured Samples

e Open PlotSamples.vi. Prepare the Diagram for displaying the samples. For
high resolution (discussed later), set the high limit and low limit as shown in
the example to 1 V and 0 V, respectively. The number of samples can be 10
to 100 and is not critical at this point. We only want to gain some experience
with graphs and display the point scatter expected under the conditions set up
here. The number of samples is 40 in the example.

e Go to the Front Panel to run the VI with the voltage sent out similar to that
shown in the example, 0.1 V. This must be lower than the high limit setting
for the DAQ input, which is 1 V. At this voltage level, there will certainly be
some data scatter. Click on the Y-axis numbers, go to Formatting..., and set
the Digits of Precision to 3.

Send Volts ,"_;] 0.0 Receive Yalts 0.0119
0.013-

001200 coom om om oo
00 O OOno W M oo

Sample Y alue [V]

0.011- : ; , ;
] 10m 20m Jm 39m
Time[zec)

e Now run the VI repeatedly. Note that even though there is data scatter, the
average value is relatively constant (in the Received Volts Indicator). Note
also that the X-axis is in msec. The total time in the graph is 40 times 1 ms
(including 0) and Al Acquire Waveform.vi is set for 1000 samples/sec.

e To set (or verify) the same sample rate as in the example, open the Front
Panel of Al Acquire Waveform.vi. Type in the number 1000 for the sample
rate and default the value. To default, Right Click on the indicator and go to
Data Operations>>Make Current Value Default. Save the VI and close.

¢ Re-run the VI with Send Volts = 0.015. Subtract the difference between the
measured value of 0.1 V and 0.14 V sent out. Compare the difference with the

resolution expected, as obtained from Table PA.2. Note that the high limit is
1V and the mode is Unipolar.

TABLE PA.2
Range Resolution

Unipolar 0 to +10V 2.44 mV



Bipolar

TABLE PA.2

0 to +5V

0 to +2V

0 to +1V

0 to +500mV

0 to +200mV

0 to +100mV

-10 to +10V

-5 to +5V

-2 to +2V

-1 to +1V

-500 to +500mV

-200 to +200mV

-100 to +100mV

-50 to +50mV

1.22 mV
488 u Vv
244 u VvV
122 p Vv
48.8 u vV
24.4 uwV
4.88mV
2.44mV
1.22mV
488 u Vv
244 u Vv
122 u Vv
48.8 u VvV

24.4 uV



PA.4 Using the Autoranging Voltmeter

e Open a new VI in LabVIEW. Then Right Click on the Diagram, and go through
Functions>>Select A VI.... and locate ProjectA.llb.

®)

e Click on Voltmeter.vi and Click OK. Place the icon on the Diagram. Double
Click on the icon to get the Front Panel.
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¢ Now place AO Update Channel.vi in the Diagram of your new VI. This is in
Functions>>Data Acquisition>>Analog Output.
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e Double Click on the icon to open the VI. Set the device numbers to match that
of your DAQ. Verify that output channel 0 (ChanO_out) is connected directly
to input channel O (ChanO_in) on the connector block or circuit board. Now
run AO Update Channel.vi repeatedly to send out a series of voltages, such
as 0.09 V, 0.9 V and 9 V and for each, run Voltmeter.vi. Observe the
automatic changing of the limits setting for the various voltages sent out.
Note that the voltage is always measured with good precision. Try a negative
voltage out.



PA.5 Observing the Oscilloscope Output Graph

e To run the oscilloscope of Fig. A.14, in the project library, ProjectA.llb, open
VI FG_A.vi. (This VI can also conveniently be opened from the Diagram of a
new LabVIEW VI.) Then under the Browse menu (from the Front Panel of

FG_A.vi) go to Show VI Hierarchy. Locate the icon for OscilloscopeA.vi and
Double Click to open the VI.
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e Run FG_A.vi at various values of Vs (Vac peak signal out) and VDCout and
observe the combination waveform output in OscilloscopeA.vi. The limit

setting is 10 V. The function generator VI, FG_A.vi, is discussed in a following
section.



PA.6 Discrete Output Voltage from the DAQ

The Vs for this exercise are in Project A.llb. The first example is for DAC

(digital-to-analog conversion), where the receiving resolution is much smaller
(better) than the sending resolution. This therefore reveals the discrete nature
of the output voltage.

The VI for assessing the discrete nature of DAQ operation is Discrete.vi. This

VI first sweeps the requested voltage to be sent out in a quasi-continuous
manner. The programmed sweep increment size is Max Volts/100. For
example, for a sweep range of Max Volts = 10 mV, the sweep increments are
100 puV. However, the output voltage has a resolution of 4880 uV (bipolar).
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The receiving function is set with high limit and low limit of magnitude 0.1 V.
The resolution for receiving is thus 48.8 uV, that is, much less than the the
output voltage steps of magnitude 4880 puV.

We will examine, for example, the bipolar mode of the output channels. For
this, we need to verify the DAQ configuration for bipolar output. Go to the
Start Menu>>Programs>>National Instruments>>Measurements and
Automation. (There may be a shortcut for this on the desktop.) Open Devices
and Interfaces and then Right Click on the DAQ designator and get
Properties.Click on the AO tab and set bipolar.

Open Discrete.vi. Verify that ChanO_out is connected directly to ChanO_in on
the connector block or circuit board. Verify that in the Front Panel of
Discrete.vi, Max Vout is set to 10 mV (for a sweep step size of 100 uV) and
that the high limit is set for 0.1 V.

Run the VI. The example of this section illustrates what to expect for the case
of the DAQ configured for the bipolar mode. Note that the dc offset of the
DAQ has been substracted from the plot, such that the measured voltage
appears to be zero volts for zero volts sent out.

A number for the size of the measured steps is indicated [Vout Step Avg
(mV)]. It is obtained by the VI as an average of all the steps. The number
shown is expected, as it is twice the DAC reference voltage of Ve = 10V
divided by 22 or 2V,./2'? = 4.88mV where the exponent is the number of bits



of the DAC. The steps are 2.44 mV for a unipolar output configuration.

The graph on the right is a plot of input-channel samples versus sample
index. The data illustrate the point scatter due to noise. The noise-free
number in the plot at the end of the excution should be 2x4.88 mV = 9.76
mV. Note that the scattered sample points are separated by a discrete value
of 48.8 uV. An Array Digital Indicator displays the samples and a Digital
Indicator shows the average.

Try other full-range sweep values such as Max Out = 20 mV and 5 mV. With
Max Out = 10 mV, go to the Diagram and reset the number of samples from
50 to 500. Re-run and note the increased precision, for example, in ChanO_in
Array Avg.



PA.7 Discrete Input Voltage from the Circuit Board

For this measurment, we need a high-resolution output voltage source. If we
are willing to give up voltage range, this can be accomplished with a simple
resistor voltage divider. In the example here, the circuit forms an apporximate
100:1 divider (270- and 2.7-kQ resistors). This provides a source with a
resolution of 49 uV (bipolar).

Chan0_out Chan0_in

Discrete.vi will be used to investigate the discrete nature of the input
channels. Open the VI and set high limit = 0.1 (with low limit = —0.1), for a
receiving resolution that is also about 49 pV. Use Max Vout = 1 V (1000 mV).
The output voltage sweep range is then Max Vout/100 = 10 mV with the
voltage divider. The programmed output voltage step size is Max Vout/100 =
10 mV. Thus, after the voltage divider, this is 100 pV. The resolution of the
output and input functions is similar.

Run Discrete.vi. The plot is essentially a straight line with similar output and
input resolution. Note that the voltage sent out (X-axis) is the actual channel
voltage and that the voltage received (Y-axis) is after the voltage divider.
Note also that the scatter of the input channel samples (right graph) reflects
the discrete nature of the receiving function and the points are separated by
about 49 pV.

Set high limit = 10 V. Run the VI with the same sweep range (example
below). The output voltage (after the voltage divider) has a much higher
resolution (better) than the receiving function. The steps in the sweep plot
have a magnitude equal to the receiving resolution. Also, the sample points
are scattered by the amount of the resolution of about 4.9 mV. An example of
this case is shown in Fig. A.18 (Unit A). To check the value of the differences
between scattered points, run the VI on SLOW and halt the execution in a
transition region. Then step through the ChanO_in Array(mV) Indicator.
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The example here illustrates the transition range of voltage between steps;
that is, the transition is not abrupt. This is due to noise and the bit uncertainty
that exists in the transition regions. Again, the bit-uncertainty effect may be
observed during the sweep with Plot Speed set on SLOW.

For comparing the two cases with the two limit values and with smoothing of
the data with averaging, use AvgDiscrete.vi. This VI runs the subVI
Discrete.vi sequentially with the high limit set to 01 and 10 (with the low
limit of —0.1 and —10. The two plots appear together in a single graph in the
Front Panel of AvgDiscrete.vi.

Open AvgDiscrete.vi and Discrete.vi. In AvgDiscrete.vi, verify that Max
Out = 1000 mV and that Number Avgs is set at 5 to 10. Run AvgDiscrete.vi
to compare the two plots with data smoothing.



PA.8 Using the Simultaneous Sending/Receiving
Function

e With ChanO_out and ChanO_in connected on the circuit board, open
FG_A_2.vi. Also open SR_A.vi and OscilloscopeA_2.vi. Open these from
Browse>>Show VI Hierarchy. Run the top VI for various Vs and VDCout
values. Run the VI at various frequencies and note the change in Cycles and
Sample Rate. The number of cycles is increased with frequency automatically
to offset delay between sending and receiving. Note the Number of Samples
in the array as indicated in the Front Panel of SR_A.vi, for the various
changes. Run the VI with SquareWave selected.

¢ In the example, VDCout =5V and Vs = 0.1 V. There is a slight offset in this
example. The oscilloscope's high limit and low limit are set for 10 V and —10
V. Therefore, the resolution is about 5% of the Vs value. There may also be
some DAQ offset.

e WOCout Y DCin “acin Sinewave-Sguare ave

Hoan $sn 5,00 015 ;>

Frequency h.2-
Eal
Cyiles e
7
Samples|Cycle 5.0-
& 100

Data Rate Send L I I I I
1000 0o 100.0 200.0 300.0 400.0




Laboratory Project B. Characterization of
the Bipolar Junction Transistor for Circuit
Simulation

PB.1 SPICE Parameters and Transistor Diagram

PB.2 SPICE Equations

PB.3 Diode-Connected Transistor Measurements

PB.4 Measurement of Bpc versus the Collector Current

PB.5 BJT Output Characteristic Measurement

PB.6 Simulation of the Output Characteristic Measurement

Exercises and Analysis ExerciseB.mcd-ProjectB1.mcd-ProjectB2.mcd-ProjectB3.mcd.



PB.1 SPICE Parameters and Transistor Diagram

SPICE PARAMETERS NTELBG
SPICE Name | Math Symbol Description O
IS Is Saturation current. c
NF Ng Forward-current emission coefficient. 1 -
ISE lse Base - emitter leakage saturation current.
BF Br Ideal maximum forward current gain. e
NE Ne Base - emitter leakage emission coefficient. Bl|lC||E
VAF Va Forward Early voltage.

BR Br Reverse current gain.



PB.2 SPICE Equations

SPICE Equation

Ic
e o —
Poe I,
I = Ice'e/M
_;Jf
= T
Io =1e

Ic = Ise'e "IanTl‘fl Vec |
Var )

Iy I_se\rE ngvy
Pr
Ig = I_5€vnz Iy I_SEE"-"BE SNV
Pr
_. . B o -.I.Ir _ lll.lll I
IC _15 |IEVBEJ“\"T _E-VBE Vig |V BE CE |- —
| \ Var ) Pr
' { Vo — ! Vag — Ve | 1
I = Ig| [V /Y — Mo VarlVr ) g JBE— CE | _
Var ) DPrieak
I." III'III I." 1“" h
el 1——2C | Igo =Ic /|1 -5
4 !\ II"'IIAF .-'I K Var
Poc = L,
(Teg L0 el
14X fe e x - Prlse.
L Is ) Ig

1 r.e':"l‘az-VcE”""r _ 1:|

r.E (Ve — Vg 1/ AWy

1|

‘.w
o

From
B.7

vy}
=
N

Description

Dc ratio of
collector current
and total base
current.

Collector current
to base - emitter
voltage relation
for Vegc = 0 V.

Form of (B.7) to
calculate Is.

Active-mode

collector current
to base - emitter
voltage relation.

Ideal base
current.

Total base
current in the
active mode.

General equation
for collector
current versus
terminal
voltages of the
common

emitter.

General equation
for collector
current with
base leakage
current and an
artificial Bg.

Dc beta versus
collector current.



PB.3 Diode-Connected Transistor Measurements

Chand_out

le

Chan0_in

Circuit Bl

Chan0d_out

O

Ig l R llc
Chand_in

WeE
Circuit B2
I

Components

Rg - Chanl _ out,,, — Chanl _ing,.
lEmax

Chan0 _out,, =10 ¥

Chanl _ing,,, =0.6 V

lemay =1 MA

RE- = j’[.‘rima:RE HDEma: =50

Exercise care when forcing the transistor into the circuit board.

LabVIEW Computations

IC—IE_IB

I
b = —
Foc Ty

N =1/(V;-Slope)

Slope is from curve fit of In(l¢) vs. Vge

Procedure
Diode_ IV.vi is used to obtain the current - voltage characteristic for Circuits,
B1 and B2. The results will be installed into two Control Graphs of Beta.vi
(below). Running Beta.vi then produces values for I¢, Bpc versus I, and



parameters ng and Is.

Connect Circuit B1. In the Front Panel of Diode_1V.vi, set the value of RE.
Run Diode_IV.vi and re-run while resetting Initial Chan 0_out for Min IE of
about 0.01 mA. The VI will halt for IE=1 mA or ChanO_out=10 V. Obtain a log
of the results. Default the Front Panel to save Initial ChanO_out. It is used in
the next circuit.

Connect Circuit B2. Set the value of RB. Run the VI. It will halt for ChanO_out
at about 10 V. Obtain a log of the results.

B Diode_v.vi =10 =
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Open Beta.vi. Copy the IE and IB data from the graph (log scale) of

Diode_ IV.vi and paste the data into the Control Graphs IE (log scale) versus
VBE and IB versus VBE, respectively. These data are saved in the log of the
Front Panel of Diode_1V.vi. (Reminder: For data copy and paste, Right Click
on graph face and Data Operations/Copy or Paste.) Default and save Beta.vi.

Run the computation VI, Beta.vi. Beta.vi will compute and plot pBpc versus I¢
and indicate parameters ng and ls. Note that the plot uses the values of VBE
from the data of IE. An interpolation of the VBE values of IB then is made to
find the corresponding IB values.
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EiE Edi Opeae Tooe Eimens Window Hep
[ol] B[] ewsonror_ |- [Tl e s
IE{ma] (100 sCake) us VBV ] POC 45 12 =
1E40 100- 1E+4-
4 LI--
pmnl
1E1 awman® 1E-1- ot
- ;
mﬂO“"'”u F i
1E2 E LK )
140 0T of0 0f o0& 3
Eim&ilog soaa) vs vEEN 10-} : | o
E - o 010 0 Tasd
1E-2- n.uO"“onnu poic IF
" J0 ez faeed | o Madnds g, d
1E-3- ; = 04t 04E 043 080 0F: 055 | —
il [2(ma) VEET|
1E4- | A10E-1D
DA 045 050 0SS
=
Ll | o[

Beta.vi finds the highest VBE on the low end (for IE or IB) and the smallest



VBE on the high end, such that the two plots coincide over the full range of
VBE in the combined-plot graph. Note the VBE scale in the right graph of
Beta.vi. The computation of NF uses thermal voltage, V1, computed for T =
27°C. At the low currents of the measurements, the device heating is
probably negligible and the transistor temperature is probably about 27°C.

Obtain a data file of measured Iz and I¢ for use in a Project B Mathcad file,
ProjectB1.mcd. Open IC__IBtoFile.vi (below) from the ProjectB.lIb. Copy
and paste the plots in the graph on the right side of Beta.vi into the Control
Graph of IC__IBtoFile.vi. Write your file path and file name. The file must
appear in the folder with the ProjectB1l.mcd.
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For simulation only, copy and paste the data stored in the log of the Front
Panel of Diode__1V.vi. Follow the procedure for Beta.vi above.




PB.4 DC versus the Collector Current Measurements

bDC versus the Collector Current” href="?x=1&mode=section&sortKey=title&sortOrder=asc&view=&xmlid=0-13-047065-
1/ch31llevlsec4&open=true&g==&catid=&s=1&b=1&f=1&t=1&c=1&u=1&r=&0=1&srchText=" class="v2">Measurement



PB.5 BJT Output Characteristic Measurement

Chan0_out

R
Circuit B3

Chani_in

Chanl_out

Components

Same circuit as in PB.4

LabVIEW Computations

SPICE I¢ versus V¢e. This is performed with subVI SPICE.vi.

Straight-line curve fit from active-region data:

I
Ip 2 —2 W +1,, =S lope <V + 1,
Al

lco Elc(Vee = 0) (active-region extrapolation)
VAF = Slope/l¢,
Procedure

e Open subVl, IC_VCEsub.vi. This VI will send out a value of VBB and sweeps
VCC to sweep VCE. The maximum VCE is set for 4 V. Set the value of the
resistors. Run and re-run while setting VBB for an active-region collector
current of about 0.5 mA. Note that at this collector current, a maximum VCE
of 4 V should be attainable as the circuit was designed (PB.3, PB.4) for lcmax

~1 mA for VRke ~9V. Default and save.
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Now open VI, IC_VCE.vi. Set the value of the resistors. Set VBB from the
subVl, IC_VCEsub.vi. Set VCEmax at 1 V. Run the VI and adjust BR for a
best fit. Then re-run the VI with VCEmax set at 4 V to obtain a good value for
VAF. VAF is computed from data points in the range 1 < VCE <VCEmax.
Default and save the Front Panel. Double check to be sure that the subVl is
defaulted and saved. The data are used in the output characteristic
measurement simulation.
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PB.6 Simulation of the Output Characteristic
Measurement

Procedure

e SimIC_VCE.vi simulates the output characteristic measurement and
associated curve fitting. Data are supplied from an actual measurement from
any sample 1C_VCEsub.vi. The data include I¢ versus Ve and Vge versus Vee.

e Copy and paste the two data sets from the sample (saved Front Panel or log
data) IC_VCEsub.vi. Set up all values in the Digital Controls. The information
will be used to compute and display the output characteristic, measured and
SPICE, and various parameters and dc variables in the Digital Indicators.
Parameters BDC and IS are computed for VCE = VBE, according to the
definitions. VAF is computed from a selected range of Bpc from the active
region. (Continued below.)
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e Run the VI and re-run while adjusting BR for the best fit. Use a small
VCEmax for this. Verify that VCEmin < VCEmax for this simulation. Note that
for the best fit, the SPICE curve goes from slightly greater to slightly less than
the measured data with increasing VCE in the saturation region. Re-run for
computing VAF in various ranges (e.g., 1Vto 3V, 2V to 4V, etc). Note that
VAF varies, and depends on the voltage range, unlike the ideal SPICE basic
model. Of primary interest is the evaluation range of 1 V to 3 V, as this
brackets the bias voltage of 2 V of the amplifier project, Project C1. Default
this case.

e Note also that the curves will fit in the active region for any combination of
VBB and RB. However, the BDC value will only be correct for the actual circuit
values. For clarity on this point and others, the computations will be repeated
in the Mathcad project file. Save the results.



Laboratory Project C1. NPN Common-
Emitter Amplifier

PC.1 SPICE Equations and Pin Diagram

PC.2 DC Circuit Setup and Parameter Determination

PC.3 Amplifier Gain at One Bias Current

PC.4 Amplifier Gain versus Bias Current

PC.5 Gain-Measurement Frequency Response

Exercises and Analysis ExerciseCl.mcd - ProjectCl.mcd



PC.1 SPICE Equations and Pin Diagram

SPICE Equation

Description

Common Emitter Amplifier with R (bias) Load

awb = —gmRc Om = I/V1 c.17
F.
Ay = iy R_C C.22
Rer C.28
dyp = U R E_Dr
[ o
Vg c.15
e = Pac 7
I¢
YAFn C.40

Base-to-collector gain.

Circuit gain with large source resistor.

Precision base-to-collector gain.

Transistor input resistance.

Transistor output resistance.

— |




PC.2 DC Circuit Setup and Parameter Determination

Chano_out 7
Re
Circuit C1
0
Chand_in
Fe

Chani_out chanl_in
Components
Re = Ves — Vee Pne / Lemax Ve =0.55 V
RC":VCC_\"IIEE]HCmax V=2V

Temay 1 MA Ve =Vgg =9 V

Use ProjectCl.mcd for calculations. Verify bias of Circuit C3 (i.e.Vcc < 10 V).

ElsetvCEv * o x|
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RCIKG) VCC) vecw)
ga70 Jhm (74

WRCIV)
532

WCE]
2.08
IC(ma)
1 113
o
VEBNV) 5 7.00 0.56 VBENV) |64

Kl | LITJ

Procedure

e Type in RC. Run SetVCE.vi while re-adjusting VBB to verify that 0.1
mA<I.<1 mA can be obtained without VCC>10V. VCC is ramped up to obtain
VCE=2 V. This will be the operating point (bias) voltage in the gain
measurement. Determine VBB for IC=0.1 mA, as in the example. Default and
save this in the Front Panel, for use in the next two parts. Now re-run and
determine the value of VBB corresponding to IC=0.5 mA. This is used in the
next step.

e Circuit C1 is used to obtain dc parameters as in Project B. To obtain a fresh
set of parameter values, open subVI IC_VCEsubC.vi. Set in RC and RB and
VBB as determined above for IC=0.5 mA.

e Run the VI. When it has been verified that the VI operates properly, open



IC_VCE_C.vi and set in RC and RB and VBB for IC=0.5 mA in the Front Panel
of this VI. Run the VI to obtain values for VAF and IS. Get VAF for 1

V<VCE<3 V. Default and save the Front Panel to preserve these numbers.
These parameters are also available for Project C2 on the npn — pnp amplifier.



PC.3 Amplifier Gain at One Bias Current

Chian0_out

Circuit C2

Chanz_in

Components

Compute C, for Circuit C3. (Use ProjectCl1l.mcd.) It will be more than adequate for
Circuit C2.

1
fagg ~ ——=——  fays ~ 30Hz
3de EKEbrn 3ds

R, = 10r,

SubVls

SetVSD.vi (Set Bias)

FG_10.vi (Function Generator)
FG_12.vi (Function Generator)
SR_10.vi (Send — Receive Function)
SR_12.vi (Send — Receive Function)
Oscilloscope_10.vi (Chan0O_in)
Oscilloscope_12.vi (Chan2_in)

LabVIEW Computations

3 (Chan0 _out - Chan0 _in}/R " {Chan0 _in,p.y )/ Re

| — = =

B¢~ [Chanl _out - Chanl_in)/Rg B¢ [Chan2 _inaepesk )/ Rs
M gmvT "f‘[':

Procedure

e Connect the additional components in Circuit C2, Rs, and C,. Connect



Chan2_in for reading for reading the base signal voltage.

GainSub.vi sends out bias and signal voltage (Chanl_out). (The signal is
superimposed on the bias; the bias is modulated with signal.) ChanO_in reads
the response (output of amplifier). The VI then resends the input signal
(Chanl_out) and reads the response at the base (Chan2_in). These results
are displayed in the two graphs. The ac peak values are used to calculate the
gain. The VI also computes and displays rr, BDC, and pac.
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Open GainSub.vi. Set the Digital Controls for collector resistor, Rc, base
resistor, RB, and Rs. Rs is used to compute the signal current through Rs. Set
Frequency at between 10 and 1000 Hz. Set VBB for 0.1 mA as determined
with SetVCE.vi. VCC(init) must be less than or equal to 2 V. Default the Front
Panel to hold these values for when GainSub.vi is used as a subVI.

Ratio VBB/Vs is set at 5. The VI uses this to set V; = Vgp/5, producing,
roughly, Ig/l, = 5. This results from Iz = (Vgs — Vee)/Rg and I, = V¢/Rg. This
current ratio provides for operation in the linear mode.

Run GainSub.vi and verify I¢ =0.1mA. Verify that signals for V. = V;, and
Ve = Vi, appear to be undistorted (maintain sine-wave integrity). Assess all
numbers in the Digital Indicators. At the low current of the measurement,
Gain should be very close to g,-RC. Default and save the Front Panel to save
settings for the next VI.



PC.4 Amplifier Gain versus Bias Current

Procedure

Gain.vi is the main VI that obtains the voltage gain as a function of collector
bias current. Open Gain.vi and verify that VBB(init) is set to your value for
IC=0.1 mA and VBB/Vs=5. VCC(init) will be forced to 1 V in the execution of
Gain.vi. Keep subVI GainSub.vi open to help observe the measurement in
progress and to obtain Front Panel information for the maximum current.
Verify that the correct data are defaulted in the Front Panel of GainSub.vi.
The resistors values are not reset in the top VI.

Open 5COLDATA.vi. Open Vls using Browse>>Show VI Hierarchy from the
main VI.
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Run Gain.vi to obtain the gain for a range of collector current with maximum

Ic ~=1mA. Note that there is a 500 ms delay between bias steps to allow the
capacitor to charge to steady state. Verify that Chanl_out(Max) (bias plus
signal) does not exceed 10 V. Set the file mode switch to Get File. Run the VI
to obtain a data file.

The data file includes results for I¢, aw, Boc, and Bac and r,. The data provide
for making a comparison between measured data and SPICE computations in
the Mathcad project file. Default and save the Front Panel of 5COLDATA.vi
for a data file backup. Default the Front Panel of Gain.vi to save the value of
VBB for the maximum current. Default and save the Front Panel of
GainSub.vi to save the value of VBE at the maximum current.

For obtaining a file from the saved data in Gain.vi, use GainData.vi. Transfer
the data from the three Indicator Graphs of Gain.vi to the three equivalent
Control Graphs in GainData.vi. Run GainData.vi to obtain the data file.



PC.5 Gain-Measurement Frequency Response

Chand_out
Circuit 3
Than2_in Fg Re
Z
b Chano_in
R 1Y
Chand_in
Chanl_out
Procedure

e Circuit C3 has the input signal applied through the coupling capacitor.
ChanO_out V(ccV) provides the input and output circuit bias. The base signal
with dc removed is measured again with Chan2_in.

e Reconnect the circuit according to Circuit C3. Connect the top of Rz to
Chan2_out and the bottom of Rs to Chan2_out.

e Open SetVCEC3.vi and run to determine circuit bias Ic and Vcc. Note that if
VCC = 10 with VCE < 2 V, a smaller value of RC or larger value of RB is

required; that is, there is not a valid solution. (If VCE ~2 V for VCC = 10 V,
this is satisfactory.) This situation could occur if the value of Bpc used in the
resistor design calculation was not representative of the value for your
transistor. When the circuit operates properly, default the Front Panel to save
the values. This saves a set of variable values for the Mathcad project file.

e The VI for the frequency-response measurement is FreqResp.vi (below). The
VI sends out a sighal through out Chanl_out over the frequency range of)
Freq(init) to 1 kHz. The response at the base input node on the source side of
the capacitor is measured with in Chan2_in as in Circuit C2.

e Open FreqResp.vi and install your value of RC in the Front Panel. Select Vs

such as to obtain Ve ~5m based on Vbe z(rT[/RS)VS. Recall that r, versus
current is contained in the data file obtained from Gain.vi and in the Front
Panel of Gain.vi. The information should also be saved in the Front Panel of
5ColData.vi.

e Open subVIl FG1Chan.vi to monitor the waveform of the signal from in
Chan2_in. Keep SetVCEC3.vi open to verify that the dc setup functions
properly. Note that the dc setup process is configured to be slow to allow the
capacitor transient to be completed.
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Run FregResp.vi. Verify that in Chan2_in (ac peak) is about 5 to 10 mV at
the highest frequency. Adjust Vs accordingly. Verify that a flat response is
obtained at the higher frequencies. If not, a larger capacitor is needed.
Default and save the Front Panel to preserve the f3dB information.

From the ProjectC1.llb, open XYToDataFile.vi. Copy and paste the graph
data to obtain a frequency-response data set.
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PC.6 SPICE Equations and Pin Diagram

SPICE Equation
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Description

Amplifier gain.

Base-collector gain.

Amplifier load.

NPN and PNP output
resistance.

Transistor output resistance.

Design frequency of the amplifier.



PC.7 Measurement of the PNP Parameters

Circuit C4 Chanz_in +

Ep
Chanl_in Chan2_in -
RE-p
Chan0_out
Chanl_out

Components, PNP

Calculate Rg,
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Procedure

e Circuit C4 is for obtaining the relevant SPICE parameters for the pnp. Of
interest are Vagp, Pocp, and lgp. To obtain the parameters, connect Circuit C4
using the resistors calculated for this part (pnp). These will also be used in the
complete amplifier. The VI for obtaining the parameters is 1IC_VEC.vi.

e Open IC_VEC.vi. Install, in their Digital Indicators, RBp and REp. Run the VI
IC_VEC.vi with subVI IC_VECsub.vi open to observe the plot in progress.
Reset VBB as necessary to obtain an active-region IC of about 1 mA. Verify
that IC = 1 mA with |VBB|<10 V can be obtained. |VBB]| should be roughly 10
V at IC = 1 mA for maximum measurement precision. Adjust parameter R for
a curve fit using VCEmax = 1 V. Note that VCEmin is automatically set to 0.5

V for small VCEmax.
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Determine the value of VAF specifically for the range that includes the bias
value of VCE for the amplifier, which is VCE =5 V. Set VCEmin = 4 V and
VCEmax = 6 V. Run the VI to obtain VAF. Compare the result with VCEmin =
3V and VCEmax = 7 V. Note that in both cases the range brackets the
operating point VCE = 5 V. Default and save the Front Panel to preserve the
parameter values.

The computational subVI, SPICE_1V_Rep.vi, computes the SPICE plot, which
is plotted along with the measured data. The Formula Node from the Diagram
of SPICE_IV_REp.vi is shown below. A solution for Ic as a function of Vg
using the circuit and device equations is obtained. This is also explored in the

project Mathcad file.
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PC.8 DC Circuit Setup

Chan0 _out = YCC Chan2 _in+

Circuit C5
Chan 2 _in-

Fep Chand _in

Chanil_in $°
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v
Chanl _ oot = VBB

Components NPN
Rep ~Rgn.
If slightly different, use Rg, > Rgn.

Design Ic = 1mA.
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Procedure

e SetVCE2.vi ramps VBB downward from the maximum,VBB(init) = VCC(init).
Thus, initially, the npn will be in saturation and Vce will be very approximately
100 mV. The first check is for one point, maximum VBB = VCC = 10 V. The
initial goal is verify that the npn is in saturation and that the current is greater
than 1 mA for VCC = 10 V.

e Connect Circuit C5. Note that the bottom of RBp is how ground and
Chanl_out moves to the bottom of RBn. Also, the collectors are connected
together and Chanl_in moves to the base of the npn. Move the plus side of
Chan2_in and the top of REp to ChanO_out.

e Set in resistor values in SetVCE2.vi. Verify that VBB(init) = 10 V and
VCC(init) = 10 V. Set the Run Mode switch to One VCC (logic 1). Run the VI.
Verify that IC>1 mA and and that VCE is 50 to 300 mV (in saturation).

e SetVCEZ2.vi calculates the Ve operating point (bias voltage) as (Vcc — Vrep)/ 2
for any V¢ (optimum signal swing magnitude). When the Run Mode is set to
Set VCE, the execution of the VI halts when this level of Ve is reached.
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Set the Run Mode switch to Set VCE. Run the VI. Verify that the execution
halts when VCE is about equal to VCE(V)Op.Pt. Note that in the example, IC =
1.14 mA for VCC = 10 V and VBB = 9.02 V. Verify that the final VCE is close
to VCE(V)Op.Pt. Default the Front Panel to save the values of RBn and REp.

SetlC.vi runs SetVCE2.vi as a subVl. It ramps VCC downward to find the
VCC corresponding to the design IC = 1 mA. Open SetlIC.vi and have
SetVCEZ2.vi open as well. SetlC.vi will be a subVI in the gain measurement
V1. Run the VI to verify that the VI can determine the VCC corresponding to
IC = 1 mA. In the example, VCC has been ramped down to 9.0 V and VBB is
now down to 8.1 V. The routine will occur automatically in the execution of
the gain measurement VI.
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PC.9 Measurement of the Amplifier Gain
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Procedure

AmpGain.vi sweeps the signal frequency over the range fi,<fs<1000 Hz.
Note that on the low end of the sweep, this is a fairly slow process. The
functiongenerator VI sends several cycles at each frequency, which is, e.g., 1
sec/ cycle at f; = 1 Hz. The amplifier voltage gain is calculated at each
frequency step. This is the signal output voltage, V,, divided by the signal
input voltage, Vs. Vs is corrected for digital-to-analog error. The correction is
performed by subVI, DAC.vi.

The first measurement is made without C,. Enter the value of RBn in the Front
Panel of AmpGain.vi. Although it is defaulted in SetVCEZ2.vi, it is needed in
the Top VI in the calculation of a,,. Also open subVI's SetIC.vi and
FG1Chan.vi to observe the program in progress. At least temporarily open
SetVCEZ2.vi to verity that the component values in the Front Panel are correct
and have been made the default values.

Set Freq(init) to 10 Hz in the Front Panel of AmpGain.vi. Verify that VCC(init)
and VBB(init) are set to 10 V. Run the VI. Upon completion of the execution
there should be a low-frequency plateau in the response curve. The VI uses
the maximum in the plot for the amplifier (circuit) gain. The roll-off at high
frequencies is due to circuit board and transistor capacitance. Note that the
example is with the capacitor in place. There will be no low-frequency roll-off
without the capacitor.



Now reset VCC(init) and VBB(init) to match the values in the Digital Indicators
(in lieu of 10 V as in the example). The dc set up will be considerably faster.
Re-run AmpGain.vi to verify that it functions properly.
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If the gain curve appears already to be in the high-frequency roll-off at the
lowest frequencies, re-run the VI with Freq(init) set to 1 Hz.

Re-run the VI and adjust X (downward for increasing Vs) to obtain a Vo
(signal sine-wave peak) of about 1 V or about one-third of VCE (operating
point). Note that the DAQ limit must be set at 10 V to accommodate the dc +
signal measured with ChanO_out. Therefore, the output signal voltage must
be relatively large to have sufficient measurement resolution. Log the Front
Panel.

Add the capacitor, C,, to Circuit C6. Set Freq(init) to 1 Hz. Run AmpGain.vi.
If a proper selection of C, was made, the response curve should have a flat
portion as in the example. The flat segment contains the gain value. Note that
if f3dBlo indicates 1 Hz, then it is less than 1 Hz. In this case, lower Freq(init)
to obtain a curve that includes the fzg5 frequency. It may be necessary to
increase X (decrease Vs) for a satisfactory value of Vo, as the gain is higher
with the capacitor. Log the Front Panel when a satisfactory result has been
obtained.





