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EEAP 243 COURSE GRADING POLICY

Each lab will be worth a maximum of four points.
A>3.5
B22.5
C21.5
D21
F<1
All late labs will receive a maximum grade of 1 point.
There will be no final.
All grades will be based upon points accumulated in the course through
graded labs.
The final course grade .gyl}l based upon the following point distribution:

A>525..

B=>37.5 5 o
C=22.5 B9
D>15 2.
F<15 12,

assuming that 15 labs will be assigned. If 15 labs are not assigned the grade
cutoff points will be reduced accordingly.
Any lab not handed in will count -3 points toward your final grade.

p Your grade will be based upon a strict interpretation of this point
distribution and the above rules. There will be no exceptions without
notes from the Dean's Office.

No student who has not passed EEAP 241 (or its equivalent) and is not concurrently
enrolled in EEAP 242 will be allowed to take EEAP 243. The only exception will be
students who have already taken EEAP 242 or its equivalent.
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EEAP 243 COURSE GRADING POLICY

Each lab will be worth a maximum of four points.
A23.5

F<1
Late labs will be deducted 1 point per day late to a maximum of three points to
be deducted—any lab not handed in will count -3 points toward your final
grade.
There will be no final.
All grades will be based upon points accumulated in the course through
graded labs.
The final course grade will be based upon the following point distribution:
A252.5
B=237.5
C222.5
D215
F<15
assuming that 15 labs will be assigned. If 15 labs are not assigned (very likely)
the grade cutoff points will be reduced proportionately. .
Lab writeups will consist of the data collected by the lab group PLUS the
answers to assigned questions. The proper collection of the lab data will be
worth one point; the answers to the lab questions will be worth three points.

IS

Your grade will be based upon a strict interpretation of this point
distribution and the above rules. There will be no exceptions without
notes from the Dean's Office.

No student who has not passed EEAP 241 (or its equivalent) and is not concurrently
enrolled in EEAP 242 will be allowed to take EEAP 243. The only exception will be
students who have already taken EEAP 242 or its equivalent.



EEAP 243 Lab Work:
Lab0 Questions Due:

SPECIAL PARTS:
This course uses the following parts:
Qty  Description

1500:500 €2 audio transformer
100 mH inductor

1.2-30 pF trimmer capacitor
1K potentiometer

10K potentiometer

100K potentiometer

U W g G ) W g Gy

100pF disk capacitor
1000pF disk capacitor
0.01pF disk capacitor
0.022pF disk capacitor
0.05uF disk capacitor
0.1pF disk capacitor
4.7uF disk capacitor
47uF disk capacitor
100uF disk capacitor
1000uF disk capacitor

[l Nl S Ne W 3 (O N S} (O

15Q 5 watt resistor
680€2 5 watt resistor
resistors

1N4002 rectifier diode

1N4735 6.2 volt, 1 watt zener diode
MPS4124 NPN transistor
MPS4126 PNP transistor

2N?2222 transistor

2N5951 N-channel FET

LM741 op amp

LF357 op amp

E e W

B % ¥ =N

* These will be available from the instrument room as we have very large stocks of these
comporents. ' '
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EEAP 243 ) Lab Work:
Lab1 v Questions Due:

TEST INSTRUMENT FUNDAMENTALS
Reading Assignment: Horowitz, pgs. 1-8, 638-642, 645-649
bstract: | :
This laboratory introduces the test equipment and measurement procedures used in the

electronic circuits lab. It also describes some of the common problems you will
encounter.

ne common problem is the failure to recognize and report faulty equipment. If you
ever suspect that an instrument is faulty, call a teaching assistant to check it out.
Remember that the clip board which hangs next to the lab bulletin board is used to
report faulty test equipment. Always report faulty equipment immediately so that it can
be repaired promptly.

This assignment contains both background material and instructions for work to be
done in the lab. For this lab only, instructions are started with the symbol "[ ]" so that
you can check off your progress.

1- ab Station, Front Panel. and Tool Box

Each lab station contains the following test equipment: an oscilloscope (scope), a
signal generator, a digital multimeter (DMM), and four DC power supplies. The test
station is pictured in Fig. 1.1.

The main power switch (Fig. 1.1D-1) on the front panel controls the power for the
whole station.

Turn the main power switch on at the beginning of your lab session and leave it on for
the entire period. You will usually want to turn on the lab equipment every time you
start a lab session.

Your tool box contains the following items: one screwdriver, one pair of pliers, one
wire cutter, one wire stripper, one resistor board, ten test leads, ten alligator clips, and
one solderless "breadboard”. The breadboard consists of a plastic frame with an array
of holes and metal clip assemblies under the holes. A wire or component inserted in a
hole will be held by thé clip and electrically connected to other components inserted in
the same row or column. Figure 1.2 shows the protoboard and how the holes in the
board are electrically connected.

Part 2 - The RSB and Ohmmeter

The Resistor Substitution Board (RSB) is a printed circuit board containing seven
strings of resistors connected to a common point. You can generate almost any resistor
value you might need using the RSB. Its schematic is shown in Fig. 1.3. With a little
practice, using this board will simplify lab procedures and reduce the number of
resistors you will need from the instrument room.

NEVER SOLDER TO THE RSB

-1-
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Figure 1.1A - The Digidal Multimeter
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Figure 1.1C - The Oscilloscope

Figure 1.1 - Lab station
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Figure 1.2 - Solderless breadboard
Always connect to the RSB by using test leads and/or alligator clips—do NOT solder to
the RSB. Clipping test leads to resistor junctions in adjacent rows allows you to obtain
any two digit resistor value. The resistance between the clips is simply the sum of the
values printed at the resistor junctions. For example, to get a 470 ohm resistance you
would clip to 400 and 70. These connections are shown in Fig. 1.3(b). In another
example, connecting to 6M and 300K would give you a 6.3 M resistance. The left end
of each resistor string is connected to a common point. To get a 50 K resistance, you
would connect to 50K and one of the "common" junctions. You will not normally
make more than two connections to the RSB—it can only be used for one resistance in
a circuit.

Your DMM can measure AC and DC volts, AC and DC amps, and ohms. The three
function buttons (A-3)* are used to select the measurement of volts, amps, or ohms.
The separate button which selects AC or DC (A-2) should be in the DC position for
measuring ohms.

APPLIED, Otherwise, you may damage the circuit or your DMM.

* Labels in parentheses refer to Figure 1.1. For example, A-S refers to Figure 1A, the
switch labeled 5. :

-4-
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IM M M 4M, . 5M 6M, , . ™, 8M M

— W W-AM—-W-AWAM-- - WA
100k, , , 200 300k, , 400k ., 500k , , 600k , 700k , 800 900K

10k 20k 30k, ,, 40 50k, ,, 60k . 70k , 80k .. 90k

5 1k 2k 3k 4k 5k 6k 7k 8k §k
WA WA WA WA MA-
g 100 200 300, , o 40 500, , , 600, ., 700, , , 800, . . 900
10 20 30 40 50 60 70 80 90

— WA WS AW AW
AAA L AR _ZANA 3 AAA S AN S AN S AAA JAAA S AAA D

all IM

all 100k

all 10k

all 1k

all 100 G

all 10 Q

all 1 Q

(a) The basic RSB
M 2M M 4M, . M M, .. M, 8M
WA WN-AM--W-AW--AWN-- WA - AW -
100k, » x 200 300k, , 400k ., 500k , , 600k , 700k , 800k
10k 20k 30k, ,, 40 50k, , , 60k, , , 70k , , 80k
g ik 2k 3k 4k 5k 6k 7k 8k
W AM—AN-AMN----AW--AM--AV -
g 100 200, , , 300 40 500, , , 600, , , 700, , , 800
10 20 30 40 50 60 70 80
1 2 3 4 5 6 7 8
470Q

(b) Connections to achieve 470 ohm resistance

Figure 1.3 - Resistance Substitution Board

Each of the five functions is broken down into 5 or 6 ranges which are selected by the

range buttons (A-4). For example, the ohms function has ranges of 0-200 ohms, 0-2

K ohms (or just 0-2 K), 0-20 K, 0-200 K, 0-2000 K (0-2 M), and 0-20 M.

When using the DMM, you must be careful to use the proper range. For example,
consider the measurement of a 1.234 K resistor. Selecting the 0-200 ohm range

would cause an "out of range" condition, indicated by a "1" followed by blanks on the

display (A-6). Selecting the 0-20 K range would produce a display of " 1.23 K"

which doesn't fully use the instrument's accuracy. The most appropriate range for this

measurement is the 0-2 K range, which would display "1.234 K". When measuring
widely varying quantities, you should switch the DMM range to get the most accurate

reading for each quantity being measured.

-5-
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The DMM is a sensitive instrument. NEVER TOUCH THE METAL PARTS
OF THE TEST LEADS CONNECTED TO THE DMM INPUTS mA,

- If
you do, the DMM may measure noise and resistance from your hands instead of from
your circuit. ‘

[ ] Turn on the DMM (A-1) and set it to ohms. Plug a test lead into the VKS input (A-5),

(]

another into the common (A-5), and put alligator clips on the free ends of the leads.
Connect one clip to 40 on the RSB and the other to 7. Starting with the 200 ohm
range button, press each range button in its turn and record the resulting display.
(Some readings will display an out of range condition and others will not use all
available significant digits.) Do the same for connections to 100 and 50, 1K and 800,
2K and 200, 50K and "common", 900K and 10K, and 5M and 500K. Record your
readings below.

Part 3 - DC Power Supplies and DC Voltmeter

There are four DC power supplies in each lab station: +15 V (D-8), -15 V (D-9), +5
Volts (D-10), and a variable voltage source (D-6). The meter (D-4) monitors the
voltage of the variable supply and the vernier (D-5) allows you to adjust the voltage
from zero to 25 V. The polarity switch (D-7) makes the variable supply positive (up)
or negative (down) with respect to the lab station ground.

The DC POWER switch (D-2) turns the DC power supplies on and off. You will
usually want to turn the DC power off before making modifications to a circuit. This
will prevent you from accidentally destroying sensitive components.

In this lab you should turn the DC power supplies on and leave them on. These power
supplies are fairly rugged, but they can be damaged if you let their outputs short circuit
to one another or to ground.

Two wires, a signal wire and a ground wire (or source and return), are needed to
complete the circuit between two instruments. THE OSCILLOSCOPE, SIGNAL
ENERATOR, AND POWE PPLIES ARE ALL CONNECTED TO A

COMMON EARTH GROUND. This ground point (D-11) is included with the power
supply outputs.

4——1 VKS — VKS ‘ . — mA
— | DMM | DMM DMM
:5—-— COM 4—1— COM |4 COM
-(;) Voltage to ground (b) Voltage across (c) Current through

(differential measurement)
Figure 1.4 - How to measure voltage and current

-6-
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THE DMM IS NOT CONNECTED TO GR LIKE RESTOFY
INSTRUMENTS. Therefore, when measuring the voltage from a point to ground,
you must connect VKS (A-5) to the point to be measured and COM (A-5) to ground
(See Figure 1.4). When measuring the voltage across a component, VKS (A-5) is
connected to one end of the component and COM (A-5) is connected to the other end.
When measuring the current through a component, disconnect one end of the
component and use mA (A-5) and COM (A-5) to bridge the broken connection. This
procedure is illustrated in Fig. 1.4.

To prove that the DMM is not grounded, you will attempt to make some measurements
using just one wire. Remove the test leads from the DMM, make sure that the AC/DC
button is out, and select the volt function and the 20 volt range. Set the variable
supply to +10 V. Plug one end of a test lead into VKS (A-5) and record the display
values when the other end is plugged into the power supply outputs +variable (D-6),
+15 (D-8), -15 (D-9), +5 (D-10), and COM (D-11).

A ground reference must be established between a source and the DMM to make
meaningful measurements. Use a second test lead to connect COM (A-5) to D-11. Set
the DMM to the 200 mV scale, connect VKS (A-5) to +5 (D-10), and record the
measured voltage as each of the range buttons is pressed in its turn. (Some readings
will indicate an out of range condition and others will not make use of all of the
significant digits.) Make the same measurements with VKS (A-5) connected to -15 (D-
9), +15 (D-8),@variable (D-6) with positive polarity, and 4&¢B»9) with negative
polarity. ®voriable. B (D-b)

art 4 - illosco

Your scope displays a graph of input voltage versus time and provides far more
information than your DMM. The functional blocks of the scope are illustrated in Fig.
1.5. The display system contains the cathode-ray tube (CRT) where the graph is
drawn. An electron gun at the back of the tube fires a beam of electrons at the screen
(C-22). The screen, which is covered with a phosphor coating, glows when it is hit
by the electron beam producing the display. The vertical system deflects the beam
vertically and controls the amplitude axis of the display. The horizontal system
deflects the beam horizontally and controls the time axis of the display. The trigger
system turns the beam on and off and synchronizes the display to the input signal.

Set the scope and signal generator according to the settings shown in Table 1.4,
Connect the signal generator output (B-4) to the scope channel 1 input (C-8). If you
do not see a straight line and a stationary sine wave on the screen within one minute,
call a teaching assistant.

The intensity knob (C-1) controls the scope's power and display brightness. It turns
clockwise, with some difficulty and an audible click, to turn on the scope. If the knob
is set to its midpoint and the display remains blank after 15 seconds, one of the other
knobs or switches is set wrong. The focus of the display is better at lower intensity
levels, so the intensity should be set as low as possible for comfortable viewing. Do
not set the intensity so low that the display is difficult to see. The focus knob (C-2)
should be adjusted after you have selected the proper intensity.

Adjust the scope intensity and focus at this time.

-7-
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INPUT —

CRT CONTROL

VERTICAL SECTION
- BEAM FINDER
—— TRACE ROTATION
- FOCUS
L—— INTENSITY
TRIGGER || HORIZONTAL SECTION
SECTION +
TIMEBASE

Figure 1.5 - Functional diagram of oscilloscope

OSCILLOSCOPE
INTENSITY midpoint
FOCUS midpoint
VERTICAL POSITION (2) midpoint
VAR SENS (2) fully clockwise
VOLTS/CM (2) 05V
ACGND DC (2) AC
MODE dual
INV CH2 out
HORIZONTAL POSITION midpoint
VAR SWEEP fully clockwise
TIME/CM 1mS
MAG X5/X1 out
TRIG LEVEL midpoint
BRIGHT LINE out
CH1 in
CH2 out
AC in
DC out
+/- out

GENERATOR
LINE in
VERNIER 1

AMPLITUDE midpoint

DC OFFSET fully clockwise
FUNCTION sine

RANGE 1K

Table 1.4 - Initial Equipment Settings

The vertical system supplies the Y axis, or vertical, information for the graph on the
CRT screen. It produces the voltages which deflect the electron beam and provides
internal signals for the trigger circuit. Your scope has two input channels, with a set
of vertical controls for each, and can display both channels simultaneously.

-8-
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You will use CH1 (C-8) and CH2 (C-8) as the inputs to your scope. The two BNC
connectors (C-3) are also connected to the inputs and are used with special probes
which are not needed for this lab.

Both input signals should be visible if the vertical position knobs (C-18) are set to their

midpoints.
Observe what happens as you turn both vertical position knobs. Position the sine

wave at the center of the screen.

Five different ways of displaying the two input channels can be selected using the
mode switch (C-20). You can select channel 1 alone (CH1), channel 2 alone (CH2),
both channels displayed simultaneously (DUAL), both channels algebraically summed
(ADD), or a mode in which channel 1 controls the vertical movement of the electron
beam and channel 2 controls its horizontal movement (X-Y). If the mode switch is on
ADD and you invert channel 2 (C-19), the scope will display the algebraic difference
of the two channels.

Set the mode switch to CH1. The remainder of these instructions apply only to
channel 1.

The vertical sensitivity switch (C-4) changes the vertical scale factor (the voltage value)

- of the major divisions (centimeters) on the screen from 10 volts/cm to 2 millivolts/cm.

With a setting of 0.5 V, each of the eight vertical major divisions represents 0.5 volts
and the entire screen can show 4 volts from bottom to top.

Record the peak-to-peak height (the distance in centimeters from the highest to the
lowest point on the waveform) of the sine wave in Table 1.5 for the following vertical
sensitivity settings: 10 V,5V,2V,1V,0.5V,0.2V and 0.1 V. Reset the vertical
sensitivity to 0.5 V after you take your data.

The variable sensitivity knob (C-21) multiplies the vertical scale factor by up to 2.5.
This allows a maximum vertical scale factor of 25 V/cm. The measurements you will
be making in this lab call for an absolute measurement of voltage. YOU MUST KEEP

VARIABLE SENSITIVITY KNOB D TO THEIR CALIBRATED
(CLOCKWISE) POSTTIONS UNLESS TOLD OTHERWISE! Since these knobs are
a major source of problems in this lab, you must check that they are calibrated at the
beginning of each lab session.

Observe what happens when you turn the variable sensitivity knob and turn it back to
its calibrated position.

The input coupling switch (C-5) lets you control how the input signal is connected.
DC input coupling lets you see all of the components of the input signal. AC coupling
blocks any constant signal component and permits only the alternating portion to be
displayed. For frequencies below 100 Hz it is necessary to use DC coupling at all
times so that the signals are not distorted.

The middle position of the coupling switch is marked GND for ground. Choosing this
position disconnects the input signal and displays the scope's ground reference level.
With this switch in the GND position, the ground reference can be moved to a
convenient point on the screen with the vertical position knob. Any display in AC or
DC mode can then be interpreted with respect to this ground position.

Set the input coupling to GND and move the line so that there are seven major
divisions above it. Change the input coupling to DC and measure the AC and DC

-9.
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parts of the signal for the following vertical sensitivity settings: 10 V,5V,2V, and 1
V. The AC part of the signal is measured from the highest point on the waveform to
the lowest point. This is called a peak-to-peak measurement. The DC part of the
signal is measured from the ground reference point (you set it to 1 cm. from the
bottom of the screen) to the center of the waveform (for symmetric waveforms such as
sine waves).

Set the sensitivity back to 0.5 V, set the coupling back to AC, and position the
waveform in the center of the screen.

To draw a graph, the scope needs horizontal as well as vertical data. The horizontal
system of your scope supplies this data by providing the voltage which moves (or
sweeps) the electron beam horizontally at a constant speed. Because the speed is
calibrated with time, the horizontal system is often called the time base.

Like the vertical position knobs, there is a horizontal position knob (C-12). This
single knob changes the horizontal position of both the input channels.

Observe what happens as you turn the horizontal position knob. Position the sine
wave so that you can see its starting point at the left side of the screen.

The sweep speed switch (C-9) lets you select the speed at which the beam sweeps
across the screen (from 0.2 seconds/cm to 0.5 microseconds/cm). It allows you to
look at longer or shorter time intervals of the input signal. Like the vertical sensitivity
switch, its markings refer to the screen's horizontal scale factor. If the sweep speed is
set to 1 mS, each horizontal major division equals one millisecond and the total screen
displays a 10 mS time interval.

Record the period (in centimeters) of the sine wave for the following sweep speed
settings: 0.1 mS, 0.2 mS, 0.5 mS, 1 mS, 2 mS, 5 mS, and 10 mS. Set the sweep
speed back to 1 mS.

The variable sweep knob (C-11) multiplies the horizontal scale factor by up to 2.5.
This makes the slowest possible sweep 0.5 S/cm. The measurements you will be
making in this lab call for an absolute measurement of time. YOU MUST KEEP THE

VARIABLE SWEEP KNOB TURNED TOQ ITS CALIBRATED (CLOCKWISE)
POSITION UNLESS TOLD OTHERWISE! Since this knob is a major source of

problems in this lab, you must check that it is calibrated at the beginning of each lab
session.

Observe what happens when you turn the variable sweep knob and return it to its
calibrated position.

Your scope can horizontally magnify the display and stretch the waveforms far beyond
the displayable limits of the CRT. The magnify switch (C-13) produces a sweep five
times faster than the sweep speed setting. For example, using the 50 uS setting with
magnification will give you 10 uS/cm.* This magnification provides greater precision
when measuring fast voltage changes and allows a maximum sweep rate of 100
nanoseconds per centimeter. YOU MUST KEEP THE MAGNIFICATION OFF
UNLESS TOLD OTHERWISE.

Press the magnify switch, observe what happens, and return it to the out position.

-10-
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The phosphor on the inside of the CRT glows for only a few milliseconds after the
electron beam hits it. The display looks constant because the scope repeats the sweep
across the screen at a rate faster than the eye can detect. The display would be a
hopeless jumble of lines if each sweep did not start at exactly the same point on the
waveform. The trigger system insures that the start of each sweep is synchronized to
the waveform being displayed. Fig. 1.6 shows 3 consecutive displays of a waveform.

trigger level

zero volts

Figure 1.6 - Oscilloscbpe waveform display

The trigger point, the point at which a sweep is started, is defined by the level knob
(C-10) and slope switch (C-14). The slope switch determines whether the trigger
point is found on the rising (+) or falling (-) slope of the signal. The level knob sets
the voltage of the trigger point.

Press the trigger slope button, observe what happens to the display, and return it to the
out position. Observe what happens as you slowly turn the trigger level knob. Set the
trigger level so that the displayed sine wave starts at the center of the waveform.

The trigger source switches (C-16) select CH1 or CH2 as the input to the trigger
system. The scope will trigger from an external source (C-6) if both buttons are
pressed. The trigger system must be connected to an active signal which continuously
provides trigger points. Otherwise, the scope's display will be meaningless. Be
careful not to have the display mode set to CH1 with a CH2 trigger source or vice

versa.

-11-
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Push the CH2 switch and observe what hapbens.

The trigger's coupling switches (C-15) work the same way as those for the vertical
channels. By using the AC or DC buttons you can trigger from the alternating portion
of the signal or from the total signal. These buttons have no effect if the trigger source
is taken from an AC coupled input channel.

The trigger mode switch (C-17) selects one of two display modes. With "Bright Line
Off" (switch in), a sweep will not be started unless there is a trigger signal present.
Otherwise, the screen will be blank. With "Bright Line On" (switch out) there should
always be a display on the screen because a timer starts running at the end of each
sweep. If another trigger isn't found before the timer runs out, a trigger is generated
anyway causing whatever is on the input channel to be displayed. Having the trigger
mode switch out lets you observe signals with changing amplitudes without
completely losing the display. However, if the trigger frequency is below 50 Hz, the
scope will automatically trigger before the next trigger comes from the input. This will
make the display unstable. YOU MUST KEEP THE TRIGGE DE SWITCH

OUT UNLESS TOLD QTHERWISE.

With the triggering still set to CH2, press the trigger mode switch several times and
observe what happens. Return the trigger mode switch to the out position and set the
trigger source back to CH1.

P - ignal Generator

Your signal generator can produce signals from 0.1 Hz to 1 MHz. The signal
amplitude is adjustable up to 20 volts peak-to-peak (20 Vp-p) with an adjustable DC
offset of up to 10 V positive or negative. The generator has a 600 ohm output
impedance (see Figure 1.7) which will affect your selection of resistor values in
several experiments.

600 Q

— AMA———ourrur
@04 Hz to 1 MHz
0-20 V,
z— -10Vio+10V

Figure 1.7 - Functional circuit of signal generator

With the three function switches (B-7) you can choose a sine, square, or triangle wave
as the output signal.

Observe what happens as you push each of the function buttons (B-7) and set the
function back to a sine wave. The range switches (B-8) allow you to choose base
frequencies of 0.1 Hz to 100 KHz.

-12-
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Observe what happens as you push each of the range switches and set the range back
to 1 KHz. The vernier (B-2) acts as a multiplier on the selected range and allows an
order of magnitude increase over the base frequency.

Observe what happens as you slowly turn the vernier from 1 to 10 and set it back to 1.

The generator also has two knobs which control the amplitude (B-5) and DC offset (B-
6) of the signal. You can think of the signal as having an AC (time varying)
component and a DC (constant) component, both of which are individually controlled.
The amplitude knob controls the top to bottom height of a waveform while the DC
offset controls the constant displacement of the center of the waveform from ground.
See Fig. 1.8 for an illustration.

'

5 volts/cm

T IRERER|
LN ARAR]

10 volts p-p AC amplitude
0 volts DC offset

< ZERO VOLTS

20 volts p-p AC amplitude
1 5 volts DC offset

ZERO VOLTS

LA LRI LLRLE LAL

SERABLALRIARL
sTHIRRNARIETIRINIET]
sl NERIEENIRTEY]

IRABIREREIRENIENININE N EuniRIRINEERINININNIRININ]

1 microsecond/cm —-’I l4——.
Figure 1.8 - Signal generator output with offset

Use the scope's input coupling switch and vertical position knob to set ground at the
center of the screen. Set the coupling to DC and the sensitivity to 5 V/cm.
(1) Observe what happens as you turn the DC offset knob. Leave it at its midpoint.
(2) Observe what happens as you turn the amplitude knob. Leave it at its midpoint.
(3) Repeat (1) and (2) again with the scope AC coupled.

The signal generator has two output terminals. The pulse output (B-3) provides a
pulse that is synchronized with the waveform and can be used to synchronize the
scope display with the beginning of each generator waveform. You will normally use
the waveform output (B-4) when using the signal generator.

Move the test lead from the waveform to the pulse output, observe the pulse signal,
and return the test lead to the waveform output.

PLEASE CALL A TEACHING ASSISTANT TO CHECK YOUR DATA
BEFORE LEAVING. '

-13-
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Questions

Instructions:

The answers to the lab questions need be no more than a few sentences each with the
exception of question 7. If you refer to data, indicate which table, etc. you are
referring to. Points will be deducted for poorly written answers.

List the RSB connections you would make to get the following resistances: 500
ohms, 8.2 M, 44 K, 7 ohms, 250 K, 180 ohms, 59 ohms, 60 ohms, 300 K, 4 M,
10K,47K, 6 K.

When you performed the DMM measurements of resistance, what was your most
accurate measurement for each resistance and on what range was it made? What
should have been the value of each resistance? By what percentage was each
resistance less or greater than what it should have been?

Why was the DMM reading wrong when only one test lead was used?

What was the most accurate voltage measurement you made of the four power
supply jacks and on what range was it made? By what percentage was each of the
power supply voltages different from what it should be?

What was the effect of turning the variable sensitivity knob on your oscilloscope?
What happened as the vertical sensitivity was increased with AC coupling? With DC
coupling?

What was the effect of turning the oscilloscope's variable sweep knob? What was
the effect of turning on the magnification? Make a table of the actual period
(centimeters times setting) you measured for each of the horizontal sweep settings.
Explain how the trigger circuitry of an oscilloscope works. Specifically answer what
happens when you change the oscilloscope's trigger slope and trigger level? Explain
what happened when you selected CH2 and changed the trigger mode in the lab?

-14 -
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EEAP 243 LAB 1 EVALUATION

NAME (print) CHECKPOINT #1 __ DATE
GRADE / CHECKPOINT #2 ___ DATE

With respect to the course material, this lab was: (pick one)
___highly relevant ___relevant ___not relevant ___ completely irrelevant

This lab was: (pick one)
__ toolong ___long ___ justright ___ short____ too short

This lab was: (pick one)
__toohard ___ hard ___ justright ___easy ___ too easy

The background material in the lab assignment was: (pick one)
___toodetailed ___justright ___sufficient ___ insufficient ___totally inadequate

The step by step procedures in the lab assignment were: (pick one)
___toodetailed ___justright ___ sufficient ___insufficient ___totally inadequate

Describe any mistakes made in the lab assignment.

Describe anything that just didn't work right.

Describe how this lab could be made better.



QUIZ

NOTE: THE TEACHING ASSISTANT IS TO SELECT BOTH QUESTIONS FROM
THE UNDERLINED OPTIONS AT THE SECOND CHECKPOINT

Question #1

My partner's name is

I am in the Tuesday/Wednesday/Thursday section at 12:30/2:45/3:30/7:00.
Question #2

What is the frequency , AC amplitude ,and DC
offset of the pictured signal?




EEAP 243

NAMES:
Lab 1 Data
DMM range 200 2k 20k 200k M 20M
40 and 7
100 and 50
1K and 800
2K and 200
50K and "common"
900K and 10K
5M and 500K
Table 1.1 - RSB measurements
+variable
+15
-15
+5
oM
Table 1.2 - Ungrounded DMM measurements
DMMrange 200mV 2 20 200 2000
+15
-15
+variable
Ay ~vor ol
+5

Table 1.3 - DMM power supply measurements
sensitivity setting (volts)é/n) peak-peak voltage (cm)

10

5 |

2 . | sh(ruchLaJJL be,
1 tha ot . wl”
0.5 net  be

0.2 |

0.1 ' 4

Table 1.5 - Vertical sensitivity measurements



sensitivity setting (volt;)lm) AC part (volts p-p)  DC part (volts)
10
5
2
1
0.5
0.2

0.1

Table 1.6 - DC coupled measurements

sweep setting (mS/cm) period (cm)
10
5
2
1
0.5
0.2

0.1
Table 1.7 - DC coupled measurements
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CHAPTER

Cathode-Ray Tubes

EHectron Motion
Cathode-Ray Tubes
Oscilloscopes

Ie discovery of cathode rays a century ago marked the beginning of the electronic

era, and the invention of the multielectrode vacuum tube brought electronics into our
daily living. As we learned to build efficient devices for generating and controlling
streams of electrons, these electron tubes were applied in communication, entertain-
ment, industrial control, and instrumentation. In many of these applications, the tube
has been replaced by the semiconductor devices emphasized in the remainder of this
book. However, sophisticated versions of the basic cathode-ray tube are widely used
in oscilloscopes, data display devices, television cameras and receivers, and radar
scanners.

In this chapter we study some of the physical principles that underlie the oper-
ation of electronic devices. First we examine the behavior of electrons in a vacuum
and derive the equations for motion in electric and magnetic fields. Then we consider
electron emission, acceleration, and deflection in a cathode-ray tube. Finally, we see
how cathode-ray oscilloscopes can be used for precise observations over a wide range
of conditions.
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ELECTRON MOTION

The model of the electron as a negatively charged particle of finite mass but
negligible size is satisfactory for many purposes. Based on many careful mea-
surements, the accepted values for charge and mass of the electron are

e=1.602%10"°C=16x10"C
m=9.109 X 107 kg = 9.1 x 10~3'kg

In contrast, the hydrogen ion, which carries a positive charge of the same magnitude,
has a mass approximately 1836 times as great. If the mass, charge, and initial velocity
are known, the motion of individual electrons and ions in electric and magnetic fields
can be predicted using Newton’s laws of mechanics.

Motion in a Uniform Electric Field

A uniform electric field of strength & is established between the parallel conduct-
ing plates of Fig. 4.1a by applying a potential difference or voltage. By definition (Eq.
1-5)

dv Vo~V

E=~-——=—

dl L
if the spacing is small compared to the dimensions of the plates.

By definition (Eq. 1-4), the electric field strength is the force per unit positive
charge. Therefore, the force in newtons on a charge g in coulombs is

f=gqt 4-2)

In Fig. 4.1b, V, > V,, V, — V, is a positive quantity, and the electric field is negative
(directed in the —x direction). Considering the energy dw gained by a charge g moving
a distance dI against the force of the electric field (Eq. 1-3), the voltage of point b with
respect to point a is

volts/meter (4-1)

Voo = < [ a ]rfﬂ L wi—eyai= - sal (4-3)
= - w = — = — —_ = — -
* qL q Ja qu L

(a) (®)
Figure 4.1 An electric charge in a uniform electric field.
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In words, the voltage between any two points in an electric field is the line integral
of the electric field strength. Equation 4-3 is the corollary of Eq. 4-1.
In general, an electron of charge —e in an electric field & experiences a force

f=(—e)&) = —e& =ma
and an acceleration
_ es

a=£= = (44)

We see that an electron in a uniform electric field moves with a constant acceleration.
We expect the resulting motion to be similar to that of a freely falling mass in the
earth’s gravitational field. Where u is velocity and x is displacement, the equations of
motion in a field &, are

e&,

m=f@m=u+%=— t+ Uy (4-5)
o m
r a,t? €&, ,
x=ju,dt= +Uot+Xo=—2mt + Uot + Xo (4-6)
o

Application of these equations is illustrated in Example 1.

EXAMPLE 1

A voltage Vj, is applied to an electron deflector Assuming no electric field in the x direction and a uniform
consisting of two horizontal plates of length L electric field &, = —Vp/d, the accelerations are

separated a distance d, as in Fig. 4.2. An
electron with initial velocity Uo in the positive a, =0 and a, = - €8 _¢ew

x direction is introduced at the origin. Deter- m md

mine the path of the electron and the vertical
displacement at the time it leaves the region
between the plates.

There is no acceleration in the x direction and the electron
moves with constant velocity to the right. There is a constant
upward acceleration and the electron gains a vertical com-
ponent of velocity. The path is determined (Eq. 4-6) by

es eVp
= U t d o 2 = 70 2
ro et wme Y= T T md’
d +V; e

+3 Eliminating ¢, v

y = s @7)

I[, x or the electron follows a parabolic path.
Uo P At the edge of the field, x = L and the vertical displace-
1 =7 ment is
= eVb L2

-4 = I 2mdU3
Figure 4.2 Calculation of electron If Vb exceeds a certain value, displacement y exceeds d/2 and

deflection in a uniform electric field. the electron strikes the upper plate.
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Energy Gained by an Accelerated Electron

When an electron is accelerated by an electric field it gains kinetic energy at the
expense of potential energy, just as does a freely falling mass. Since voltage is energy
per unit charge, the potential energy “lost” by an electron in “falling” from point a to
point b is, in joules,

PE=W=¢q(V,— V) = —e(V, = V) = eV, (4-8)

where Vj, is the potential of b with respect to a.
The kinetic energy gained, evidenced by an increase in velocity, is just equal to
the potential energy lost, or

KE = imu? — imu? = PE = eV, (4-9)

This important equation indicates that the kinetic energy gained by an electron in an
electric field is determined only by the voltage difference between the initial and final
points; it is independent of the path followed and the electric field configuration. (We
assume that the field does not change with time.)

Frequently we are interested in the behavior resulting from a change in the energy
of a single electron. Expressed in joules, these energies are very small; a more
convenient unit is suggested by Eq. 4-8. An electron volt is the potential energy lost
by 1 electron falling through a potential difference of 1 volt. By Eq. 4-8,

1eV=(1.6X107"C)(1V)=1.6 X 107°] (4-10)

For example, the energy required to remove an electron from a hydrogen atom is about
13.6 eV. The energy imparted to an electron in a linear accelerator may be as high as
24 BeV (24 billion electron volts).

For the special case of an electron starting from rest (x4, = 0) and accelerated
through a voltage V, Eq. 4-9 can be solved for u, = u to yield

u="V2(e/mV =593 x 10° VV m/s 4-11)

In deriving Eq. 4-11 we assume that mass m is a constant; this is true only if the
velocity is small compared to the velocity of light, ¢ = 3 X 10® m/s.

EXAMPLE 2
Find the velocity reached by an electron ac-  Assuming that the resulting velocity u is small compared to the
celerated through a voltage of 3600 V. velocity of light ¢, Eq. 4-11 applies and
u = 5.93 X 10°V/3600 = 3.56 x 10" m/s
In this case,
.56 x 10’
L
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At the velocity of Example 2 the increase in mass is appreciable, and the actual
velocity reached is about 0.5% lower than that predicted. For voltages above 4 or 5
kV, a more precise expression should be used. (See Problem 1.)

Motion in a Uniform Magnetic Field

One way of defining the strength of a magnetic field (Eq. 1-6) is in terms of the
force exerted on a unit charge moving with unit velocity normal to the field. In general,

the force in newtons is
f=quxB 4-12)

where g is charge in coulombs and B is magnetic flux density in teslas (or
webers/meter?). The vector cross product is defined by the right-hand screw rule
illustrated in Fig. 4.3. Rotation from the direction of u to the direction of B advances

y

fiaq

" u )

Vge
Y

)

2 f—q u

(@) (b)

Figure 4.3 The right-hand screw rule defining the vector cross product.

the screw in the direction of f. The magnitude of the force is quB sin 6 and the
direction is always normal to the plane of u and B.
Equation 4-12 is consistent with three observable facts:

1. A charged particle at rest in a magnetic field experiences no force (1« = 0).

2. A charged particle moving parallel with the magnetic flux experiences no force
(0 =0).

3. A charged particle moving with a component of velocity normal to the magnetic
flux experiences a force that is normal to u and therefore the magnitude of
velocity (or speed) is unchanged.

From the third statement we conclude that no work is done by a magnetic field on a
charged particle and its kinetic energy is unchanged.

Figure 4.4 shows an electron entering a finite region of uniform flux density. For
an electron (g = —e) moving in the plane of the paper (8 = 90°), the force is in the
direction shown with a magnitude

f = eUsB (4-13)
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Applying the right-hand rule, we see that the initial force is downward and,
therefore, the acceleration is downward and the path is deflected as shown. A particle

QB Magnetic flux
into paper

Figure 4.4 Electron motion in a uniform magnetic field.

moving with constant speed and constant normal acceleration follows a circular path.
The centrifugal force due to circular motion must be just equal to the centripetal force
due to the magnetic field, or

2
mU— = eUyB

and the radius of the circular path is

_ mUo
r=—g (4-14)
The dependence of radius on the mass of the charged particle is the principle under-

lying the mass spectrograph for analyzing unknown substances.

Motion in Combined & and B Fields

In the general case, both electric and magnetic fields are present and exert forces
on a moving charge. The total force is

=gq(&+uxB) (4-15)

The special cases previously described can be derived from this general relation. If
both & and B are present, the resulting motion depends on the relative orientation of
& and B, and also on the initial velocities. An interesting case is that in which an
electron starts from rest in a region where & and B are mutually perpendicular. The
electron is accelerated in the direction of — &, but as soon as it is in motion there is
a reaction with B and the path starts to curve. Curving around, the electron is soon
traveling in the + & direction and experiences a decelerating force that brings it to rest.
Once the electron is at rest, the cycle starts over; the resulting path is called a cycloid
and resembles the path of a pomt on a wheel as it rolls along a line.

If the fields are not uniform, mathematical analysis is usually quite difficult. A
case of practical importance is the “electron lens” used in electron microscopes and
for electric-field focusing of the electron beam in the cathode-ray tube.
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CATHODE-RAY TUBES

The television picture tube and the precision electron display tube used in oscil-
loscopes are modern versions of the evacuated tubes used by Crookes and Thomson
to study cathode rays. The electrons constituting a “cathode ray” have little mass or
inertia, and therefore they can follow rapid variations; their ratio of charge to mass is
high, so they are easily deflected and controlled. The energy of high-velocity electrons
is readily converted into visible light; therefore, their motion is easily observed. For
these reasons, the C-R tube or CRT is a unique information processing device; from
our standpoint, it is also an ingenious application of the principles of electron motion
and electron emission.

Electron Emission

The Bohr model of the atom is satisfactory for describing how free electrons can
be obtained in space. As you may recall, starting with the hydrogen atom consisting
of a single proton and a single orbital electron, models of more complex atoms are
built up by adding protons and neutrons to the nucleus and electrons in orbital groups
or shells. In a systematic way, shells are filled and new shells started. The chemical
properties of an element are determined by the valence electrons in the outer shell.
Good electrical conductors like copper and silver have one highly mobile electron in
the outer shell. - »

Only certain orbits are allowed, and atoms are stable only when the orbital
electrons have certain discrete energy levels. Transfer of an electron from an orbit
corresponding to energy W, to an orbit corresponding to a lower energy W; results in
the radiation of a quantum of electromagnetic energy of frequency f given by

W — W = if (4-16)

where h is Planck’s constant = 6.626 X 107> J-s.

The energy possessed by an orbital electron consists of the kinetic energy of
motion in the orbit and the potential energy of position with respect to the positive ion
representing all the rest of the neutral atom. If other atoms are close (as in a solid),
the energy of an electron is affected by the charge distribution of the neighboring
atoms. In a crystalline solid, there is an orderly arrangement of atoms and the
permissible electron energies are grouped into energy bands. Between the permissible
bands there may be ranges of energy called forbidden bands.

For an electron to exist in space it must possess the energy corresponding to
motion from its normal orbit out to an infinite distance; the energy required to move
an electron against the attractive force of the net positive charge left behind is the
surface barrier energy Wz. Within a metal at absolute zero termperature, electrons
possess energies varying from zero to a maximum value Wy. The minimum amount
of work that must be done on an electron before it is able to escape from the surface
of a metal is the work function Wy where

Wy = Wp — Wy @-17)

For copper, Wiy = 4.1 eV, while for cesium Wy = 1.8 eV.

The energy required for electron emission may be obtained in various ways. The
beta rays given off spontaneously by radioactive materials (along with alpha and
gamma rays) are emitted electrons. In photoelectric emission, the energy of a quantum



106 Chapter 4 Cathode-Ray Tubes

of electromagnetic energy is absorbed by an electron. ‘In high-field emission, the
potential energy of an intense electric field causes emission. In secondary emission,
a fast-moving electron transfers its kinetic energy to one or more electrons in a solid
surface. All these processes have possible applications, but the most widely used
process is thermionic emission in which thermal energy is added by heating a solid
conductor.

The temperature of an object is a measure of the kinetic energy stored in the
motion of the constituent molecules, atoms, and electrons. The energies of the individ-
ual constituents vary widely, but an average energy corresponding to temperature T
can be expressed as kT, where k = 8.62 X 1073 eV/K is the Boltzmann constant. At
a temperature above absolute zero, the distribution of electron energy in a metal is
modified and some electrons possess energies appreciably above Wj,. Statistical anal-
ysis shows that the probability of an electron receiving sufficient energy to be emitted
is proportional to e ™/¥. At high temperatures, many electrons possess energies
greater than W; and emission current densities of the order of 1 A/cm? are practical.
Commercial cathodes make use of special materials that combine low work function
with high melting point.

CRT Components

The essential components of a CRT are shown in Fig. 4.5; ah electron gun
produces a focused beam of electrons, a deflection system determines the direction of
the beam, and a fluorescent screen converts the energy of the beam into visible light.

Electron gun Deflection
system

Fluorescent screen

Figure 4.5 The essential components of a cathode-ray tube.

Electron Gun. Electrons are emitted from the hot cathode (Fig. 4.6a) and pass
through a small hole in the cylindrical control electrode; a negative voltage (with
respect to the cathode) on this electrode tends to repel the electrons and, therefore, the
voltage applied controls the intensity of the beam. Electrons passing the control
electrode experience an accelerating force due to the electric field established by the
positive voltages V; and V, on the focusing and accelerating anodes. The space
between these anodes constitutes an electron lens (Fig. 4.6b); the electric flux lines and
equipotential lines resulting from the voltage difference V; — Vi provide a precise
focusing effect. A diverging electron is accelerated forward by the field, and at the
same time it receives an inward component of velocity that brings it back to the axis
of the beam at the screen.



(‘Heate}.'
Cathode-
Control Focusing Accelerating
anode anode anode
(a) Electron gun

Equipotential lines

Electric flux lines

(b) Electron lens

Figure 4.6 An elementary electron gun with electric-field focusing.
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Deflection System. In a television picture tube, the beam is moved across the
screen 15,750 times per second, creating a picture consisting of 525 horizontal lines
of varying intensity. The deflection of the beam may be achieved by a magnetic field
or an electric field. Figure 4.7 shows the beam produced in the electron gun entering

the vertical deflection plates of an electric-field system.

We can calculate the beam deflection at the screen by using our knowledge of
electron motion. For the coordinate system of Fig. 4.7, Eq. 4-11 gives an axial

velocity

U, = V2eV,/m

4-18)

where V, is the total accelerating potential. Within the deflecting field, the parabolic

path (Eq. 4-7) is defined by

eVp

= 2
Y = omdU?

22 =kz

Lg

Fluorescent
screen

K

Figure 4.7 An electric-field vertical deflection system.

(4-19)
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The slope of the beam emerging from the deflecting field at z = z; = L is

Q = = -
e 2kz = 2kL ‘ (4-20)

The equation of the straight-line path followed by the beam to the screen is
y-n=2e - =ue-2)
where z; = L and y, = kz} = kL?. Substituting these values and solving,
y=2kL(z—-L) + kL? = 2kL(z - %) (4-21)

Since for y = 0, z = L/2, Eq. 4-21 leads to the conclusion that the electron beam
appears to follow a straight-line path from a virtual source at 0'. At the screen,
z = Lg + L/2 and (by Egs. 4-19 and 4-18) the deflection is

B _eWLLs _epLLy m _ LL
Y= ULLs =SB = =T o = o

or the vertical deflection at the screen is directly proportional to Vp, the voltage applied
to the vertical deflecting plates. A second set of plates provides horizontal deflection.

Vb (4-22)

EXAMPLE 3

Determine the deflection sensitivity in centi-
meters of deflection per volt of signal for a
CRT in which L =2 cm, Ls = 30 cm,
d = 0.5 cm, and the total accelerating voltage
is 2 kV.

From Eq. 4-22, the deflection sensitivity is

Y _LLs _ 0.02 x 0.3
Vo 2dVy 2 x0.005 X 2000

= 0.0003 mV = 0.03 cm/V

To obtain a reasonable deflection, say 3 cm, a voltage of
100 V would be necessary. In a practical CRO, amplifiers are
provided to obtain reasonable deflections with input signals of
less than 0.1 V.

Fluorescent Screen. Part of the kinetic energy of the electron beam is converted
into luminous energy at the screen. Absorption of kinetic energy results in an imme-
diate fluorescence and a subsequent phosphorescence. The choice of screen material
depends on the application. For laboratory oscilloscopes, a medium persistence phos-
phor with output concentrated in the green region is desirable; the eye is sensitive to
green and the persistence provides a steady image of a repeated pattern. For color
television tubes, short persistence phosphors that emit radiation at various wave-
lengths are available. For radar screens, a very long persistence is desirable.
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OSCILLOSCOPES

The CRT provides a controlled spot of light whose x and y deflections are directly
proportional to the voltages on the horizontal and vertical deflecting plates. The
cathode-ray oscilloscope (CRO), consisting of the tube and appropriate auxiliary
apparatus, enables us to “see” the complex waveforms that are critical in the per-
formance of electronic circuits.

The block diagram of Fig. 4.8 indicates the essential components of a CRO. A
signal applied to the “Vert” terminal causes a proportional vertical deflection of the
spot; the calibration of the vertical amplifier can be checked against an internal
calibrating signal. The attenuator precisely divides large input voltages. An external
intensity control varies the accelerating potentials in the electron gun, and a focus
control determines the potentials on the focusing electrodes.

To calibrate
Cal
AC ST Vertical
TDC
Int ™ - ~ - .r)
o o 'I‘nsxet; -
: Ext generator
Trig Line
To ac supply
To calibrate
O——r
Horiz

Figure 4.8 Basic components of a cathode-ray oscilloscope.

The sweep generator causes a horizontal deflection of the spot proportional to
time; it is friggered to start at the left of the screen at a particular instant on the internal
vertical signal (“Int”), an external signal (“Ext”), or the ac supply (“Line”). Instead
of the sweep generator, the horizontal amplifier can be used to cause a deflection
proportional to a signal at the “Horiz” terminal.

The particular point on the triggering waveform that initiates the sawtooth sweep
is determined by setting the slope and level controls. In Fig. 4.9, the input to the
vertical amplifier provides the triggering waveform. The level control determines the
instantaneous voltage level at which a trigger pulse is produced by the trigger gener-
ator. With the slope switch in the “+” position, triggering occurs only on a positive
slope portion of the triggering waveform. By proper adjustment of these two controls,
it is possible to initiate the sweep consistently at almost any point in the triggering
waveform. For example, if slope is set to “—” and level is set to “0,” the sweep will
begin when the triggering signal goes down through zero.
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Vertical Positive slope

signal

t'l‘rigger level

Trigger

Sweep

Figure 4.9 Trigger operation.

CRO Applications

In its practical form, with controls conveniently arranged for precise mea-
surements over a wide range of test conditions, the CRO is the most versatile labora-
tory instrument.

Voltage Measurement. An illuminated scale dividing the screen into 1-cm di-
visions permits use of the CRO as a voltmeter. With the vertical amplifier sensitivity
setat0.1 V/cm, say, a displacement of 2.5 cm indicates a voltage of 0.25 V. Currents
can be determined by measuring the voltage across a known resistance.

Time Measurement. A calibrated sweep generator permits time measurement.
With the sweep generator set at 5 ms/cm, two events separated on the screen by 2 cm
are separated in time by 10 ms or 0.01 s. By measuring the period of a wave, the
frequency can be determined by calculation.

Waveform Display. A special property of the CRO is its ability to display
high-frequency or short-duration waveforms. If voltages varying with time are applied
to vertical (y) and horizontal (x) input terminals, a pattern is traced out on the screen;
if the voltages are periodic and one period is an exact multiple of the other, a stationary
pattern can be obtained. A sawtooth wave from the sweep generator (Fig. 4.10a)
applied to the x-deflection plates provides an x-axis deflection directly proportional to
time. If a signal voltage wave is applied to the vertical-deflection plates, the projection
of the beam on the y-axis is directly proportional to the amplitude of this signal. If both
voltages are applied simultaneously, the pattern displayed on the screen is the signal
as a function of time (Fig. 4.10c). A blanking circuit turns off the electron beam at
the end of the sweep so the return trace is not visible. Nonrepetitive voltages are made
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Uy

Ux

0 T t

(a) Sawtooth sweep (b) Signal waveform (c) Oscilloscope pattern

Figure 4.10 Display of a repeated waveform on an oscilloscope.

more visible by using a long persistence fluorescent material, or a high-speed camera
can be used for a permanent record. New CROs provide digital waveform storage.

* X-Y Plotting. The relation between two periodic variables can be displayed by
applying a voltage proportional to x to the horizontal amplifier and one proportional
to y to the vertical amplifier. The characteristics of diodes or transistors are quickly
displayed in this way. The hysteresis loop of a magnetic material can be displayed by
connecting the induced voltage (proportional to B) to the vertical amplifier and an iR
drop (proportional to H) to the horizontal amplifier. Since the two amplifiers usually
have a common internal ground, some care is necessary in arranging the circuits.

Phase-Difference Measurement. If two sinusoids of the same frequency are
connected to the X and Y terminals, the phase difference is revealed by the resulting
pattern (Fig. 4.11). For applied voltages v, = V; cos wt and vy = V, cos (wt + 6), it
can be shown that the phase difference is

A
= gin~!— -
6 = sin 3 (4-23)

where A is the y deflection when the x deflection is zero and B is the maximum y
deflection. The parameters of the circuit are useful in determining whether the angle
is leading or lagging.

(a) 0° (b) 30° (c) 90°
Figure 4.11 Phase difference as revealed by CRO patterns.
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Iz
(a) 7 =%

Figure 4.12  Lissajous figures for comparing the frequencies of two sinusoids.

Frequency Comparison. When the frequency of the sinusoid applied to one
input is an exact multiple of the frequency of the other input, a stationary pattern is
obtained. For a 1:1 ratio, the so-called Lissajous patterns are similar to those in Fig.
4.11. For the 1:2 and 2:3 ratios, the Lissajous figures might be as shown in Fig. 4.12.
For a stationary pattern, the ratio of the frequencies is exactly equal to the ratio of the
numbers of tangencies to the enclosing rectangle. Patterns can be predicted by plotting
x and y deflections from the two signals at corresponding instants of time.

Square-Wave Testing. The unique convenience of a CRO is illustrated in the
measurement technique called square-wave testing. Any periodic wave can be repre-
sented by a Fourier series of sinusoids. As indicated in Fig. 4.13b, the sum of the first
three odd harmonics (with appropriate amplitude and phase) begins to approximate a
square wave; additional higher harmonics would increase the slope of the leading edge
and smooth off the top. If a square-wave input to a device under test results in an
output resembling Fig. 4.13c, it can be shown that low-frequency components have
been attenuated and shifted forward in phase. If the output resembles Fig. 4.13d, it
can be shown that high-frequency components have been attenuated and shifted
backward in phase. The frequency response of an amplifier, for example, can be
quickly determined by varying the frequency of the square-wave input until these
distortions appear; the useful range of the amplifier is bounded by the frequencies at
which low- frequency and high-frequency defects appear. As another example, two
devices giving similar responses to a square-wave input can be expected to respond
similarly to other waveforms.

- Fundamental N
5th. harmonic}
\\},\}/
3rd. harmonic| ' V \/

(a) Square wave (b) Harmonics (c) Low-frequency defects (d) High-frequency defects

Figure 4.13  Square-wave testing with a CRO.
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CRO Features

Every year sees new advances in CRO design as the instrument manufacturers
strive to meet new needs of the laboratory and the field by taking advantage of newly
developed devices and techniques. Among the features offered by modern CROs are:

Differential Inputs. Each amplifier channel has two terminals in addition to the
ground terminal. By amplifying only the difference between two signals, any common
signal such as hum is rejected. (See p. 439.)

Optional Probes. To improve the input characteristics of a CRO or to expand its
functions, the input stage can be built into a small unit (connected to the CRO by a
shielded cable) that can be placed at the point of measurement. Voltage probes insert
impedances in series with the CRO input to increase the effective input impedance.
Current probes use transformer action or the Hall effect to convert a current into a
proportional voltage for measurement or display.

Dual Channels. The waveforms of two different signals can be displayed simul-
taneously by connecting the signals alternately to the vertical deflection system. The
more expensive dual beam feature requires separate electron guns and deflection
systems but permits greater display flexibility.

Delayed and Expanded Sweep. An auxiliary delayed sweep with a faster sweep
speed displays a magnified version of a selected small portion of a waveform.

Storage. If the input signal is a single, nonrepetitive event, the image can be
stored by using a long persistence phosphor. By placing a storage mesh directly behind
the phosphor and controlling the rate at which the charge pattern leaks off the mesh,
a variable persistence is obtained.

Sampling. To display signals at frequencies beyond the limits of the CRO com-
ponents, very short sample readings are taken on successive recurrences of the wave-
form. Each amplitude sample is taken at a slightly later instant on the waveform and
the resulting dots appear as a continuous display. With this sampling technique,
18-GHz signals can be displayed.

Digital Readout. The addition of a built-in microprocessor provides direct digi-
tal readout of time interval, frequency, or voltage in addition to the conventional CRO
display. The operator sets two markers to indicate a horizontal or vertical displacement
on the waveform; the microprocessor, a computer-on-a-chip, interrogates the function
switches and the scale switches, calculates the desired variable, and converts it to
digital form for display by light-emitting diodes.

Programmability. The oscilloscope is preeminent in displaying information; the
digital computer is preeminent in processing information. The new digitizing oscil-
loscope is an open-ended instrument that accepts either preprogrammed or user-
programmable instructions and into which the user enters his or her choice of param-
eters, functions, frequency ranges, data reduction operations, and display charac-
teristics by means of a single keyboard just as we enter numbers in a hand-held
calculator. It can store, display, measure, and analyze complex signal waveforms.
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SUMMARY

B Individual charged particles in electric and magnetic fields obey Newton’s laws.
For electrons (of primary interest here),

f=—e(&6+uxB)

B In any electric field, KE gained = PE lost = Wy, = eV,.
For an electron starting from rest (and for V < 4 kV),

u = V2e/myV = 5.93 x 10°VV m/s
In a uniform electric field where &, = &, f; = —e &, and-

el

eb
- x= =7t + Ut + Xo

a, = u,,=—it+Uo.
m m

B In any magnetic field, f is normal to u and no work is done.

In a uniform magnetic field, the path is circular with r = mU,/eB.

r 4

B Electron emission from a solid requires the addition of energy equal to the work

function; this energy can be obtained in various ways.

The probability of an electron possessing energy eV; varies as e %/4,

B A cathode-ray tube consists of an electron gun producing a focused beam, a magnetic
or electric deflection system, and a fluorescent screen for visual display.
For deflecting voltage Vp, the deflection is

LL,
24V,

8 A cathode-ray oscilloscope includes display tube, intensity and focus controls, ampli-
fiers and attenuators, sweep generator, and triggering circuit.
A cathode-ray oscilloscope measures voltage and time, displays waveforms, and
compares phase and frequency.

Y=

W

REVIEW QUESTIONS

. What quantities are analogous in the equations of
motion of a mass in a gravitational field and
motion of an electron in an electric field?

. Define the following terms: electron-volt, elec-
tron gun, vector cross product, work function,
and virtual cathode. . C

. Justify the statement that “no work is done on a
charged particle by a steady magnetic field.”

. Describe the motion of an electron starting from
rest in a region of parallel electric and magnetic
fields.

. Sketch the pattern expected on a CRT screen

when the deflection voltages are v, = V sin wt
and v, = V cos 2wt.

. What is the effect on a TV picture of varying the

voltage on the control anode (Fig. 4.6)? On the
accelerating anode?

. Sketch a magnetic deflection system for a CRT.
. Explain qualitatively the process of thermionic

emission.

. How can a CRO be used to measure voltage?

Frequency? Phase?
Explain the operation of CRO sweep, trigger,
and blanking circuits. ‘
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EXERCISES

tial of 200 V applied across a 5-cm distance
under vacuum. Calculate the final velocity and
the time required for transit. Repeat for a hydro-
gen ion. Express the energy gained by each par-

1. An electron is accelerated from rest by a poten- yT iv
l
|
!
|

ticle in electron-volts.

. In Fig. 4.14, an electron is introduced at point P

in an evacuated space. It is accelerated from rest

toward anode 1 at voltage Vi and passes through

a small hole at point b. In terms of the given

quantities and the properties of an electron:

(a) What is the acceleration at point a?

(b) What is the velocity at point b?

(c) What voltage V; would just bring the electron
to rest at point ¢?

P a I b c

. |o—> °
I d l 2d
= Vi V,
Figure 4.14

. In a region where & = 200 V/m, an electron is
accelerated from rest. Predict the velocity, ki-
netic energy gained, displacement, and potential
energy lost after 2 ns. Compare the PE lost
(eAV) and the KE gained (3mu?).

. An electron is to be accelerated from rest to a
velocity u = 12 X 10° my/s after traveling a dis-
tance of 5 cm.

(a) Specify the electric field required and esti-
mate the time required.

(b) Repeat part (a) for a hydrogen ion.

(c) Express the energy gained by each particle in
joules.

. For the electron of Exercise 3, derive expres-
sions for velocity as a function of time and as a
function of distance.

. An electron with an energy of 200 eV is pro-
jected at an angle of 45° into the region between
two parallel plates carrying a voltage V and sep-
arated a distance d = 5 cm. (See Fig. 4.15.)
(a) If V= —200 V, determine where the elec-

tron will strike.
(b) Determine the voltage V at which the elec-
tron will just graze the upper plate.

— —_—
Figure 4.15 | L =

7. If the polarity of the upper plate in Fig. 4.15 is

reversed so that V = +200 V, determine where
the electron will strike.

8. Two electrons, e, traveling at velocity u and e;

9.

10.

11.

12.

traveling at velocity 2u, enter an intense mag-
netic field directed out of the paper (Fig. 4.16).
Sketch the paths of the electrons.

Figure 4.16

An electron with a velocity of 30 km/s is injected
at right angles to a uniform magnetic field where
B = 0.02 T into the paper.
(a) Sketch the path of the electron.
(b) Predict the radius of the path and the time
required to traverse a semicircle.
In a mass spectrograph, isotopes of charge e and
unknown mass are accelerated through voltage V
and injected into a transverse magnetic field B.
Derive an expression for the mass m in terms of
the radius r of the circle described by the par-
ticle.
In a cyclotron (see any physics book), hydrogen
ions are accelerated by an electric field, curved
around by a magnetic field, and accelerated
again. If B is limited to 2 T, what cyclotron
diameter is required for a velocity half that of
light?
An electron moves in an electric field & =
100 V/m with a velocity of 10° m/s normal to the
earth’s magnetic field (B = 5 X 107* T). Com-
pare the electric and magnetic forces with that
due to the earth’s gravitational field. Is it
justifiable to neglect gravitational forces in prac-
tical problems?
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13.

14,

15.

16.

17.

The work function of copper is 4.1 eV and the

melting point is 1356 K. Thorium has a work

function of 3.5 eV and melts at 2120 K. Com-
pare the factor of e”"¥"* for these two metals at

90% of their respective melting points and de-

cide which is more likely to be used as a cathode.

The Richardson-Dushman equation indicates

that cathode emission current is proportional to

T?¢™""/*T_ For a special cathode coating with a

work function of 1 eV, the emission current den-

sity at 1100 K is 200 mA/cm?. Estimate the emis-

sion current densities at 800 and 1200 K.

In the CRT deflection system of Fig. 4.7, the

accelerating voltage is 1000 V, the defiecting

plates are 2.5 cm long and 1 cm apart, and the
distance to the screen is 40 cm.

(a) Determine the velocity of the electrons strik-
ing the screen.

(b) Determine the deflecting voltage required for
a deflection of 4 cm.

The vertical deflecting plates of a CRT are 2 cm

long and 0.5 cm apart; length Ls in Fig. 4.7 is 50

cm. The acceleration potential is 5 kV.

(a) Determine the deflection sensitivity.

(b) What is the maximum allowable deflection
voltage?

(c) For a brighter picture, the acceleration po-
tential is increased to 10 kV. What is the new
deflection sensitivity?

A CRO with a 10 X 10-cm display has vertical

amplifier settings of 0.1, 0.2, and 0.5 V/cm and

PROBLEMS

18.

19.

20.

21.

22.

horizontal sweep settings of 1, 2, and 5 ms/cm.
Assuming the sweep starts at ¢+ = 0, select ap-
propriate settings and sketch the pattern observed
when a voltage v = 2 sin 607t V is applied to
the vertical input.
Repeat Exercise 17 for an applied voltage
v = 0.5 cos 1000z V.
On the CRO of Exercise 17, determine the fre-
quency of a square-wave signal that occupies:
(@) 2.5 cm per cycle at a sweep setting of
5 ms/cm.
(b) 4.0 cm for 10 cycles at a sweep setting of
1 ms/cm.
On a CRO vertical and horizontal amplifiers are
set at 1 V/cm. Sketch the pattern observed when
the voltages applied to the vertical and horizontal
inputs are:
(a) v, = 5 cos 400 and
vy = 5 cos 100t V.
(b) v, = 5 cos 200t and
vs = 5 cos (700t — 7/2) V.
Design a circuit for displaying the v-i character-
istic of a diode on a CRO. Assume that the hor-
izontal and vertical amplifiers have a common
internal ground.
The CRO of Exercise 21 has an 8 X 8-cm
screen. Anticipating an /-V characteristic similar
to that shown in Fig. 5.8, specify the significant
CRO settings.

1.

As Einstein pointed out, the actual mass m of a
moving particle is m = mo/V'1 — u?/c? where
mo is the rest mass, u is velocity, and c is the
velocity of light. Since energy and mass are
equivalent, the potential energy lost in falling
through a voltage V must correspond to an in-
crease in mass m — mo.

(a) Equate the potential energy lost to the equiv-
alent energy gained and calculate the voltage
required to accelerate an electron to 99% of
the speed of light.

(b) Calculate the electron velocity for V =
24 kV, a typical value in a television picture
tube, and determine the percentage of error
in Eq. 4-11.

. The magnetic deflecting yoke of a TV picture

tube provides a field B = 0.002 T-over an axial

length / = 2 cm. The gun provides electrons

with a velocity Uz = 10® m/s. Determine:

(a) The radius of curvature of the electron path
in the magnetic field.

(b) The approximate angle at which electrons
leave the deflecting field.

(c) The distance from yoke to screen for a 3-cm
positive deflection.

(d) A general expression for -deflection Y in
terms of acceleration potential V, and com-
pare with Eq. 4-22. (Assume small angular
deflections where Y/L = tan a = a.)
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3. How long is an electron in the deflecting region value and shifted forward 45° in phase. For
of the CRT of Exercise 167 If the deflecting a square-wave input of frequency fi, draw
voltage should not change more than 10% while the fundamental and third harmonic com-
deflection is taking place, approximately what ponents in the output and compare their sum
frequency limit is placed on this deflection sys- to Fig. 4.13c. :
tem? . (b) In the same amplifier, signals at f>/3 are

4. The useful range of an amplifier is bounded by amplified linearly, but at f; sinusoidal com-
frequencies f; and f; at which low-frequency and ponents are reduced to 70% of their relative
high-frequency defects occur. value and shifted backward 45° in phase. For
(a) In a certain amplifier, signals at 3f, are a square-wave input at frequency f/3, re-

amplified linearly, but at f; sinusoidal com- peat part (a) and compare to Fig. 4.13d.

ponents are reduced to 70% of their relative




EEAP 243 Lab Work:
Lab2 Questions Due:

MEASUREMENT OF VOLTAGE, CURRENT, AND IMPEDANCE
READING ASSIGNMENT: Horowitz, pgs. 8-20

Abstract:

This lab will demonstrate advanced use of the test instruments and some of their
shortcomings. Linear resistances and non-linear resistances such as diodes will be
characterized using the test equipment. Simple networks which demonstrate Kirchoff's
Laws, Ohm's Law, impedance and superposition will be examined.

You should always review these assignments before coming to the lab and make
calculations to predict your experimental data. If you review the lab assignment including
the assigned reading you will know what your data should look like, you will be able to
catch your mistakes, and you will spend less time in the lab. For this lab, calculate the
resistor voltages and currents in part 4 before coming to the lab.

lab groups to work together. Each lab group should work with the group immediately

NOTE: This assignment requires the use of two DMM's and will consequently require two
|across from them so that test leads can be kept short.

Part 1 - DC Measurements

A B
®
variable | o
power cter 20kQ
suppl
2 voltmeter

Figure 2.1

Construct the circuit shown above. Measure V and I with two DMM's as mentioned in the
note above. Record your results for five different voltages of your choice between 1 and 15
volts.

Remove the voltmeter's positive terminal from point A and reconnect it at point B. Again
record V and I for five different values of V.

Construct the circuit shown below using your breadboard. The diode is shown in the
forward-biased mode.

-1-
Copyright 1988 F.Merat
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Figure 2.2 (a)

Figure 2.2 (b)

Record the values of I and V in Table 2.3 as you set the resistance of the RSB to 10K,
20K, 30K, 40K and 50K. Then, reverse the diode in your circuit and repeat the
measurements. Record your results in Table 2.3.

A zener diode is a special diode used in voltage regulators and voltage protection circuits.
Replace the diode you used above with the zener diode in your part kit. Record the values
of I and V in Table 2.4 as you set the resistance of the RSB to 10K, 20K, 30K, 40K and
SOK. Then, reverse the diode in your circuit and repeat the measurements. Record your
results in Table 2.4,

Part 2 - AC Measurements

Your DMM reads AC by first converting the AC signal to a DC voltage and then measuring
the DC. It is not capable of making accurate measurements at all frequencies. We will
measure the frequency response of the DMM by comparing oscilloscope and DMM
readings over a wide range of frequencies.

Connect the DMM input VKS (A-5) to the signal generator output (B-4) and to the
to the station ground (D-11). Set the oscilloscope to 0.5 V/cm,(bright i€ off Jand AC

Zona

Arothe

oscilloscope’s channel 1 input CH1 (C-8). Connect the DMM's common input COM (A-3) \,\f;uf?“ g
% (35}

coupling. Set the output of the signal generator to 4 volts peak-to-peak. Do this by
adjusting the generator's amplitude knob so that the entire signal spans eight major
divisions on the oscilloscope. This establishes a reference amplitude of 4 volts peak-peak
at 1 KHz. Set the DMM to read AC volts on the 2 volt scale. ' —

Complete Table 2.5. Be sure that, for each line on the table, you have made the
corresponding signal generator vernier, signal generator range, and oscilloscope sweep
speed settings. To read peak-to-peak voltage (Vp-p) on the oscilloscope, set the vertical
position so that the bottom of the waveform is on a major division, measure the height of
the waveform in major divisions, and multiply by the vertical sensitivity. The DMM reads
root-mean-square voltage (Vmms) automatically.

-2-
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Part 3 - RMS Voltage Measurement

Since the oscilloscope displays information graphically, it can display any waveform so
long as the signal does not change faster than the oscilloscope can move the electron beam.
The DMM does not give wave shape information and cannot directly measure the total

- RMS voltage of a combined AC and DC signal. However, the total RMS voltage of a
combined signal can be calculated using the following equation.

Total RMS voltage =+ (AC voliage)’ + (DCvolage)”  (2.1)

Connect the DMM and oscilloscope directly to the geﬁéator's 600 ohm outpui and set the
oscilloscope to DC couplini. Select a 1 KHz sine wave and, using the oscilloscope, set the
4

SRR

generator to produce a 4 ignal with +1 V DC offset. Measure both the AC and DC S
components of the signal the DMM and the oscilloscope. Repeat the measurements
for the triangle and square waves.

Move the test lead to the generator's pulse output. Using the oscilloscope, measure and s Pcamd DC

VS, 10 = compo newts.
i Measure both the AC and DC
components of the pulse using the DMM. -

[ PLEASE CALL A TEACHING ASSISTANT TO CHECK YOUR DATA BEFORE CONTINUING. |

Part 4 - Kirchoff's Laws

Build the circuit shown in Fig. 2.3 using your protoboard. Use the RSB for the one
resistance which is not a standard value. Use the DMM to measure all of the voltages
(including the sources) and all of the currents. Record your measurements in Table 2.7.

IF YOU MEASURE ANY CURRENT ABOVE 10 mA YOU ARE DOING SOMETHING
WRONG! The meter must be put in series with the resistors (or sources) to measure
current. To do this you must disconnect one end of a resistor (or source) from the rest of
the circuit and use the meter to bridge the broken connection. Remember to use the "VKS"
input for measuring voltage and the "mA" input for measuring current.

VW

R1 - 1.5k R2-12k R3St 56K
R4-520Q- 560 RS5-12k R6-1.2M R7 - 15k
V1 - 10 volts V2 - 5 volts V3 -15volts
Figure 2.3 Resistive network
. 3.
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Part 5 - Impedance of the test equipment

Your signal generator has an equivalent circuit such as shown in Figure 2.5 thh an internal

impedance Royr.

R
ouT

oC ouT

(><—

uoU" s ’36/‘%#

Flgure 2. 4 \/..\'\ t/
T s \m@t/
Set your signal generator output to 1 volt rms usmg youf Now connect a 470Q

resistor (R oAD as shown above) between the output of the signal generator and ground.
DO NOT change the signal generator settings. Record the new generator rms output

voltage. In Table 2,8,
Construct the circuit shown in Figure 2.5 using 10K resistors for R.

+ O 9 A
N § R
+8 ).
power B e <
supply ’

§ R Ry
- O
scope or meter
Figure 2.5

Reond noulds m Tanle 2.9,
Measure the voltages at points A and B using the DMM. Use the Voltage range setting

which gives you maximum accuracy. Now repeat your measurements using the

oscilloscope. Again use the range setting which allows for maximum accuracy. Do not at

any time connect the oscilloscope and DMM inputs together. Repeat your measurements
changing R to 100K, 1M and 10M.

PLEASE CALL A TEACHING ASSISTANT TO CHECK YOUR DATA BEFORE |

LEAVING.

-4-
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Questions:

1. Plot your results from Table 2.1 and 2.2 on the same graph. What is the significance
of the slope of the best fitting line through each set of data? Explain any difference
between your results for points A and B in the circuit.

—ﬂ@ Using your data from Tables 2.3 and 2.4 plot V versus logjol on the same graph for
the forward and reverse biased diode and zener diode.

3. Using your results from question 2, what might have happened if you had connected
the +5 volt supply directly to the diode you measured? DON'T ACTUALLY TRY IT!

—(4) @

(®)
©

(d)
5. (a)

®
©)
@
(®)
©)

Make a graph of your data from Table 2.5 plotting the oscilloscope amplitude on | Roquemey t@bpoRAL.
the vertical axis and the log of the frequency on the horizontal axis. Multiply each
DMM reading by 2.828 and plot the DMM amplitude on the same graph.

Why are the DMM measurements multiplied by 2.828 before plotting?

Assuming that the oscilloscope measurements are correct, at what frequency
does the DMM give a 5% error?

Should the DMM be trusted when measuring AC signals over 10 KHz?

What are the general RMS voltage equations, in terms of the peak voltage times a
constant, for the sine, triangle, square and pulse waveforms?

Calculate the RMS voltages of the four signals using the oscilloscope
measurements.

Calculate the RMS voltages of the four signals using the DMM measurements.
Starting from the source voltages and resistance values, calculate the voltage
across and current through each resistor in Figure 2.3. Do not use any of your
experimental data. Show your work.

Compare your actual measurements from Table 2.7 to the values you calculated
in (a). Why aren't they exactly the same?

Assuming the voltages and currents you measured were accurate, calculate the
actual value of each resistor by using the voltages and currents measured. Were
the resistors within their stated tolerances?

"‘*@Using your data from Tables 2.8 and 2.9, calculate Royt for the signal generator and
Ry for the DMM and oscilloscope?

-5-
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EEAP 243 LAB 2 EVALUATION

NAME (print) CHECKPOINT #1 ___ DATE
GRADE / CHECKPOINT#2 __ DATE

With respect to the course material, this lab was: (pick one)
___highlyrelevant ___relevant ___ not relevant ___ completely irrelevant

This lab was: (pick one)
_ toolong ___ long___ justright __ short ___ too short

This lab was: (pick one)
___toohard ____hard ___ justright ___easy ___ too easy

The background material in the lab assignment was: (pick one)
____toodetailed ___ justright ____ sufficient ___insufficient ___ totally inadequate

The step by step procedures in the lab assignment were: (pick one)
____toodetailed ___ justright ___sufficient __insufficient ___ totally inadequate

Describe any mistakes made in the lab assignment.

Describe anything that just didn't work right.

Describe how this lab could be made better.



QUIZ

NOTE: THE TEACHING ASSISTANT IS TO SELECT BOTH QUESTIONS FROM
THE UNDERLINED OPTIONS AT THE SECOND CHECKPOINT

Question #1
sine wave RMS = X Vpeak
triangle wave RMS = X Vpeak
square wave RMS = X Vpeak
Question #2

What will happen to the voltage at point A in Fig.2.1 if we increase/decrease the value of

R1/R2/R3/R4 ?
|

The voltage will increase / decrease / stay the same.



EEAP 243

NAMES:
Lab 2 Data
A" I
Table 2.1 V-I characteristics of 20K resistor
\"% 1
Table 2.2 V-I characteristics of 20K resistor
--- forward biased --- --- reverse biased ---
RSB \" I \'% I
10K
20K
30K
40K
50K

Table 2.3 V-I characteristics of diode



--- forward biased --- --- reverse biased --- .
RSB A% I \Y% 1

10K
20K
30K
40K
50K

Table 2.4 V-I characteristics of zener diode

VERNIER RANGE TIME/CM SCOPE (Vpp) DMM (Vims)
1 10 Hz 20 m$S '
2 10 Hz 10 mS
5 10Hz 5mS
1 100 Hz 2mS
2 100 Hz 1mS
5 100 Hz 0.5 mS
1 1 KHz 0.2 mS
2 1KHz 0.1 mS
5 1 KHz 50 uS
1 10 KHz 20 uS
2 10 KHz 10 uS
5 10 KHz 5uS
1 100 KHz 2 uS
2 100 KHz 1uS
5 100 KHz 0.5 uS
10 100 KHz 0.5 uS
Table 2.5 - DMM Frequency Response Data
waveform DMM (DC) DMM(AC) Oscilloscope (AC)  Oscilloscope (DC)
sine
triangle
square

Table 2.6 RMS voltages for various waveforms



RESISTOR VOLTAGE CURRENT

o - - e
o . “d}" )
34 o o
o
P
voann

'l;abléﬁz.7 Measured Voltages/Currents in Resistor Mesh Circuit

Vout RroaDp
1.0 ) o0
470Q

Table 2.8 Loaded generator output

VA oscilloscope VB,oscilloscope YA, DMM VB.DMM

10K
100K
M
10M

“Table 2.9 DMM and oscilloscope loading
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EEAP 243 Lab Work:
Lab3 Questions Due:

TIME RESPONSE
READING ASSIGNMENT: Horowitz, pgs. 20-25, Millman and Taub, p.50-54.

Abstract: ‘
This lab demonstrates and measures the time response of RC networks and oscilloscope

probes.

Part I - RC circuits ‘

In Circuits I you analyzed the time response of the circuit shown in Figure 3.1 assuming
that the switch S was closed at time t=0. We will experimentally verify your analysis
except, instead of using a switch, we will use the signal generator. A square wave signal
generator output which goes from 0 to some positive voltage V will simulate the opening
and closing of the switch S connected to a battery of voltage V as shown in Figure 3.1.

10K
o~ <
S x
—_— 0.01uF —— Ve ®
O 4__.|
‘ \
signal generator

Figure 3.1 - Time response of RC circuit

chomee 4, 0-1 vyt
To begin this lab constmc{% %é circuit shown in Figure 3.1. Adjust your signal generator
output to produce olt, 500 Hz square wave. Note that this may require adjusting

both the output amplitude and DC offset of the generator output. Connect the output of the
signal generator to your circuit. Measure the voltage across the capacitor with your
oscilloscope. Plot the time dependent voltage waveform you see on the scope on the graph
in Table 3.1.

Change your generator output to a 100 kHz square wave. Measure the amplitude of V¢(t)
with the oscilloscope. You may need to turn the generator output all the way up to geta
measurable output. Plot your results in Table 3.2.

This circuit now functions as an integrator, i.e. a low-pass filter. Verify this by changing
your generator output from a square wave to a triangle waveform. Plot your results in
Table 3.3. )
tompor - Rimg wave

-1-
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100 pF

GENERATOR O } } O OSCILLOSCOPE

100 Q

GROUND © O GROUND
Figure 3.2 - RC Network

Build the RC circuit shown in Figure 3.2. Adjust the generator output to a 0-1 volt, 100
kHz square wave. Connect the circuit of Figure 3.2 to the output of the signal generator.
Measure the voltage across the 100Q resistor with the oscilloscope. Plot your results in

‘Table 3.4. This circuit functions as a differentiator, i.e. a high-pass filter. Verify its

performance by switching the generator output to a triangle waveform and measuring the
voltage across the resistor. Plot your results in Table 3.5.

Part IT - Oscilloscope probes

Unshielded wires connected to a scope often act like antennas and introduce unwanted
random signals (noise). These signals often originate from the 60 Hz power lines or from nolonbly wild
nearby unconnected signal sources. To see if you can actually see any noise from the 60 Hz P tare ~6OH.
power lines: "o

(1)  Set your scope to AC coupling and disconnect any wires from its input jacks. ‘

(2) Observe what happens to the straight line displayed as you switch to each scale

factor setting from 10 V/cm to 2 mV/cm. oa. pgertfoty  (Sweeep = [ mage/cm
(3) Plug a test lead into the scope input and let the free end lie on the lab bench.
(4) Repeatstep 2.

Coaxial cables are often used to reduce unwanted noise.
(5) Repeat steps 3 and 4 using a coaxial cable and the BNC scope input instead. The

connector/clip assembly should be removed from the cable while making this
observation.

VERTICAL INPUT

GND

Figure 3.3 - Equivalen p circuit of oscilloscope

-2-
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As shown in Fig. 3.3, the input of the oscilloscope appears as a parallel resistance and
capacitance to ground. Unfortunately, the use of a coaxial cable adds additional capacitance
to the scope input. You will learn in fields that a coaxial cable is a cylindrical capacitor and,

consequently, has a certain capacitance per unit length. (This capacitance may be as high as

20-30 pF per foot.) The combined input capacitance of the scope and coax, coupled with
the high resistances in the circuit to be measured, can introduce errors in measuring
waveforms.

(6) Use your coaxial cable assembly to observe the generator output.

(7)  Set the generator to produce a maximum amplitude 10 kHz square wave with zero
DC offset.

(8) Record the voltage waveform you see in Table 3.6.

signal A

generator

220k

coaxial cable

1~ Ceable

220k

Figure 3.4 - Compensated scope probe circuit

A resistor and variable capacitor, as shown in Fig. 3.4, can be used to form what is called a
compensated probe which can eliminate cable capacitance effects. Basically, the circuit is a
capacitative voltage divider in parallel with a resistive voltage divider.

(1)  Set the generator to a 10 KHz square wave at maximum amplitude and zero DC
offset. Connect the signal generator to a divider composed of two 220k resistors
as shown in Figure 4. These resistors can be on your protoboard.

(2) Usethe ;oaxial cable to directly look at the output of the generator at point A in
Figure 3.4.

(3) Connect a 10 M resistor (Rprobe) and a 1.2-30 pF variable capacitor (Cprobe) to the
coax as shown in Fig. 3.4. %ﬁxs circuit should be soldered to the end of your
coaxial cable to eliminate any capacitance you might pick up from constructing it
on your protoboard. NOTE: If soldering is not possible, construct the
compensated probe on your protoboard using the layout shown in Figure 3.5.

-3-
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to generator conmectaCross.

AN
?&:pbc’yj to COM
OD" Figure 5 - Recommended protoboard construction of compensated probe
(4) Connect the input to your probe (point D) to point A. sl
(5) Observe what happens as you turn the variable capacitor a full 360 degrees. wotks U

(6) Adjust the capacitor so that the tops and bottoms of the square wave are perfectly
flat and horizontal.(Note that this is how you would adjust any commercial
compensated probe. A terminal (C-7) on your scope provides a square wave

source for adjusting compensated probes.) . ,
(7) N OTRORE ‘.-¢4 ob v&”",:_ _______ soeny COW\-W ﬁg UV\CW& PW ) 1€
(8) Record the displayed voltage waveform in Table 3.7. Cablr

We studied the compensated probe from a viewpoint of a RC filter in this lab; we will
consider its frequency response characteristics in Lab #4.

PLEASE CALL A TEACHING ASSISTANT T K YOUR DATA BEFORE YOU |
LEAVE.
estions: \
N ;f‘%“"'?"; L
*—**@ What was the meas time constant of your circuit? Did it agree with the calculated

value? 5.2cm X “Omiec/cm e
Under what conditions does a RC circuit function as a differentiator? As an integrator? ' I oo zé_.%/\
Calculate the combined input capacitance of the cable and oscilloscope from your data. + " ¢
o B By what factor did the compensated probe circuit divide the input signal? ~ 1000 n o
/ 7 The compensated scope probe was alluded to as a voltage divider in parallel with a Adm™
\ resistive voltage divider. Analyze the circuit of Figure 3.4 with this viewpoint. What -+ ;¢ ¢ 0!

\ are the required time constants for compensation? HINT: See Miliman and Taub, N
| Pulse. Digital and Switching Waveforms, p.50-54. L 9 g
N ) —
(o Apdolo e ¥ 3
-4-
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EEAP 243 LAB 3 EVALUATION

NAME (print) CHECKPOINT #1 ___ DATE
GRADE / CHECKPOINT #2 __ DATE

With respect to the course material, this lab was: (pick one)
___highlyrelevant ___relevant ___ not relevant ____ completely irrelevant

This lab was: (pick one)
___toolong___long ___ justright ___short ___ too short

This lab was: (pick one)
___toohard ____hard ___ justright ___easy ___ too easy

The background material in the lab assignment was: (pick one)
___toodetailed ___ justright ___sufficient ___ insufficient ____totally inadequate

The step by step procedures in the lab assignment were: (pick one)
___toodetailed ___ justright ___ sufficient ____insufficient ___totally inadequate

Describe any mistakes made in the lab assignment.

Describe anything that just didn't work right.

Describe how this lab could be made better.



QUIZ

NOTE: THE TEACHING ASSISTANT IS TO SELECT BOTH QUESTIONS FROM
THE UNDERLINED OPTIONS AT THE SECOND CHECKPOINT

Question #1

The value of Ccqax is proportional to the length of coaxial cable used. Suppose that you have a

compensated probe. How would you re-compensate it if you made its cable (longer/shorter) ?
I would (increase/decrease) the value of Rprobe / Cprobe / Rscope / Cscope-

Question #2

What will happen to the (amplitude/frequency) of the resonance, i.e. the peak in the Bode plot,
of Fig. 3.7 if we (increase/decrease) the value of the resistance/inductance/capacitance ?

It will increase / decrease / stay the same.



EEAP 243

NAMES:
Lab 3 Data StaTion ¢
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‘Table 3.1 - Time dependent RC waveform
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Table 3.2 - Integrated square wave waveform
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Table 3.3 - Triangle integrated waveform
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Table 3.4 - Square wave differentiator waveform
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Table 3.6 - Probe measurements
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Given that

H(s) = 10s

S
(1+s)(1+'13)

plot [H(jo)l and ZH(jw)

Solution:
: . jo
20 log, H(jo)! = 20 log, ,(10) + 20 log, jlwl - 20 log, ,[1+jol - 20 10g1°|1+T6|
> - > >

,,,,,,,
s e,

§imilarily, the phases are"
ZH(j®) = 210 + Ljo - Z(1+o) - 4(1+JT°(-)’-)

which can be graphically represented as
4 * 4

2 >

and summed to give

4
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A system has the pole-zero diagram shown below.

jo
A
S1 X ——+0)0
K
P
P » o

(@) Sketch the magnitude of the system frequency response for K very small, i.e. near the
jo axis.

(b) Indicate what happens to your answer for (a) as K becomes larger, i.e. the poles move
away from the jo axis.

Solution:

(@)

’
»
o
l
”
o
o’
o
0¥
........
aner
.....
......

(b) as K increases the peak diminishes and broadens



EEAP 243 . Lab Work:
Lab 4 , Questions Due:

FREQUENCY RESPONSE
READING ASSIGNMENT: Horowitz, pgs. 25-35

Abstract:

This lab demonstrates the frequency response of RC and RLC networks. Frequency response
is shown to be an alternative to differential equations and time constants for analyzing the time
response of RC circuits, specifically a compensated scope probe. A resonant circuit is studied
and used to examine the spectral content of a square wave.

Part 1 - Phase and Frequency Response Measurement :
Networks which include inductors and capacitors affect both the amplitude and the phase of
periodic signals. To measure phase shift, connect your circuit to the scope's channel 1 input
(CH1) and connect the pulse output of the signal generator to channel 2 (CH2). Set the display
mode knob to DUAL, press the CH2 trigger source button to trigger on the pulse, and make
sure that the INV CH2 button is not pressed. Under these conditions, the positive going step
the pulse signal is always synchronized with the negative peak of the generator's waveform
output. See Fig. 4.1.

GENERATOR  NETWORK UNDER TEST OSCILLOSCOPE

‘OUTPUT o
COM o
PULSE —— $RNE O

NOTE: Set MODE to DUAL
TRIGGER SOURCE CH2

Figure 4.1 - Oscilloscope synchronization to generator output

A convenient way to measure phase shift is to set the scope's VAR SWEEP control at each of
your test frequencies so that the distance between rising steps on the pulse signal is eight
centimeters. If you do this, each centimeter of displacement between the negative peak at point
B and the rising step of the pulse will correspond to a 45 degree phase shift. This phase shift is
illustrated in Fig. 4.2. .

(1) Using the scope, set the signal generator to produce a 10 Vp.p sine wave at 1 KHz
with zero DC offset. Do not change the amplitude setting for the rest of this part. You
can assume that the generator will produce a constant 10 Vp.p for all of the frequencies
used in this part of the lab.

(2) Build the circuit shown in Fig. 4.3. R is the internal output resistance of the
generator.

-1-
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¢ =0 degrees

g

¢ = +90 degrees

f ¢ = -135 degrees

¢ =0degrees

Figure 4.2 - Oscilloscope phase measurements

1.5kQ
’\/\/\, —9 B

o 4
AomH -~ 001 4F

ﬁ'equency responsc measurements

igure 4.

(3) Using the scope, record the amplitude and phase shift for the frequencies from 10 Hz
to 100 KHz listed in Table 4.1. Adjust the vertical sensitivity as necessary to make
accurate amplitude measurements and try to measure the phase shift to within 9
degrees (one minor division). You should use BRIGHT LINE OFF for your low
frequency measurements or else the scope display will not be stable.

(4) Repeat steps 2 and 3 for the circuit of Fig. 4.4. You may start your measurements at
100 Hz. Record your results in Table 4.2.

- - 2 -
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Figure 4.4 - Second frequency response network 0

(5) Find the frequency at which the amplitude reaches its peak (probably #%# KHz) and

measure the amplitude and phase shift at that frequency.
(6) Use the DMM to measure the series resistance of the inductor. Record your result in

Table 4.3.
PLEASE CALL A TEACHING ASSISTANT TO CHECK YOUR DATA

e

Part IT - Compensated oscilloscope probe

VERTICAL INPUT

GND

. / B 8 R S
Figure 4.5 - Eq)aﬁ'alcnt input circuit of oscilloscope

As shown in Fig. 4.5 and discu ed in Lab #3, the input of the oscilloscope appears as a
parallel resistance and capacitafice to ground. We compensated for the cable capacitance in Lab
#3 using a voltage dxv1d;r{aﬂalysw The samie analysis can be done more formally using

frequency domain analysis

//

-3-
Copyright 1988 F.Merat



INPUT

to generator | _x)p»f\'{
A R -l ,
probe -~ Cprobe
220k coaxial cable
B ‘
220k ’
R scope ™ Csoop,e+ Ccable

Figure 4.6 - Compensated scébe probe circuit

(6) Set the generator to maximum amplitude. w1th zero DC offset.
(7) Use the coaxial cable to measure the peak-peak AC voltage at points A and B with the
generator set to a sine wave output at the frequencies shown in Table 4.4.

If we define "compensation” as adjustmg the’ probc circuit to produce a waveform equivalent to
a resistive voltage divider, we can "compefisate" the probe circuit by adjusting the capacitor.
When the probe is adjusted to satisify Eqn (1), the scope will display amplitude according to
Eqn. 4.2. /

Rprobc X Cprobe = Rscc,)]’); X (cscope + Ccoax) (4~1)
R B
displayed V = actyal V x =cope . (4.2)
' Rscope + Rprobe

(1) Construct the circuit shown in Figure 4.3 where be-lOM and Cprobe is a 1.2-30
pF variable capacitor. This is the same circuit you gmxlt in Lab #3.

(2) Set the generator to a 1 KHz square wave at maximum-amplitude and zero DC offset.

(3) Connect theprobe input (point C) to point A. Observe vihat happens as you turn the
variable capacitor a full 360 degrees.

(4) Adjust the capacitor so that the tops and bottoms of the squarq wave are perfectly flat
and horjzontal.(Note that this is how you would adjust any compensated probe.
Termigal C-7 on your scope is a square wave source provided for compensating

. pro

(5) Reniove the wire between points A and C and connect points B an C.
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(6) Record the dlsplaycd voltages with the generator set to a sme wave for the
frequencies shown in Table 4.5.

PLEASE CALL A HING ASSIST O CHECK YOUR DATA BEFORE
CONTINUING.

Part 3 - Resonance -
W\O\l ?

Construct the circuit shown in Figure 4.7. Adjust your signal generator for a 15 kHz sine wave
output and connect it to the input of your circuit. Measure the peak-peak input and output
voltage with an oscilloscope for the frequencies shown below.

LoV
100 kQ 0.2
vy © AN o Vour
Al
0.01 pF 4~ 10 mH = .
‘ g - ,g,"’\‘ 3 yz/.\()\’
O - O : \ *\0
Figure 4.7 - Resonant network o o

Measure your component values (1 e. L, R and C) using the digital LCR meter in the
instrument room. T ——

Part 4 - Fourier analysis

[~ All signals can be modeled as sums of sinusoids according to the following Fourier series \‘\ /
g expansion AN :'b(
! - /,4/ \Q
. St
v(t) = z;{ acos(@) + bsin(@y)) 4.3) pl A
1= t
\ F
where w;=27/T. The signal must repeat every T seconds where T is known as the period of the /{, g‘
signal. This is a very important relationship as it allows us to solve problems in the frequency ' {;;\\
domain. This is especially useful for filters and resonance problems. We will not attempt to o
;" |prove this relationship or really do anything with it. However, we can establish that it really Y-
' JL / works by doing a crude experiment. The resonant circuit of Figure 4.7 has a very narrow \

/ resonance which means that only a small band of frequencies can pass through it. For example,

if the network was resonant at 15 kHz then it would pass only a small band of frequencies near
15 kHz. If we could vary the filter's resonant frequency then we could look at the frequency
components of a signal. Unfortunately, we do not have the components to vary the resonant
frequency of our network nor to build enough filters with different resonant frequencies to
check the spectrum of any real signal. However, we can vary our signal frequency and then
scale the results. This sounds more complicated that it really is. Measure the output voltage of
your resonant network for a square wave signal at the resonant frequency. Record this voltage
and frequency in Table 4.7. Now slowly decrease the generator frequency untl you see
another output signal from the filter. Find and record at least three more signals. HINT: all

signals will be at odd multiples of your resonant frequency, i.e. 1, 3, §, etc.
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Questions:

\ﬂ)@ Make Bode plots of the phase and magnitude response of the circuits of Figures 4.3 and
.+ 27 4.4 using your data from Tables 1 and 2. Using a different color pen or pencil, add
straight line approximations to each of the four graphs. Please draw all of your plots on
graph paper.
2. (a) What is the transfer function of the circuit shown in Figure 4.4?
(b) Without using your experimental data, calculate the frequency and amplitude of the
peak output voltage. (Hint: at what frequency is the slope of the amplitude zero?)
() What peak amplitude and frequency are indicated by your Bode plots?
'"3.  Re-draw circuit 4.4 modelling the inductor as an ideal inductor in series with the

resistance you measured. Re-calculate the poles and zeros.
uens 1s in the compbined probe/scope /input circuit transfer
4\ ction (VO enEqn. 47 i ggg‘(;sﬁcd:;ﬁﬁlb;hc transfep fundtion of/the
\'circuit'in Fighr€4.6-2d prove that i L ;’E’aep@dﬁﬂt when” Eqn. 4.1'is//

ot

satisfied: ~
Calculate the resonant frequency of Figure 4.7 and compare it with your measured
value. Explain any discrepancies.

3 @ ~Plot ”ib%v UT/ VEN@fres) Trom-Table 4.5 on the yertical axis of VW s
" X the Horizontal axis. The résylting graph is a realizdtion of\the Fouriep4eri€s equatiom- -
v n.4.3, andis called %;ﬁmucncy spectrumi of the gene tor-putpdt signal. N

"BONUS

Write a computer program to sum sine (or cosine) signals at f, 2f, 3f up to 10f together
according to Eqn. (4.1). Your data (VouT/VIN@fres) from Table 4.1 represents the b;
coefficients in Equation 4.1. Assume that the a; coefficients are zero. Plot your results for a
single sine wave of amplitude 1 at frequency f. Then, add the sine wave of amplitude
VouT/VIN@fres at frequency 3f. Plot your results. Repeat this process for as many frequency
coefficients you measured (up to 10). Discuss your results. What would have happened if you
had used your results for the a; coefficients rather than for the b; coefficients?

(

TxOlowm, re TOWARA feruos
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EEAP 243 LAB 4 EVALUATION

NAME (print) CHECKPOINT #1 ___ DATE
GRADE / CHECKPOINT #2 ___ DATE

With respect to the course material, this lab was: (pick one)
___highlyrelevant ___relevant ___ not relevant ____ completely irrelevant

This lab was: (pick one)
__ toolong___long___ justright  short __ too short

This lab was: (pick one)
__toohard ___hard ___ justright ___easy ___ too easy

The background material in the lab assignment was: (pick one)
__toodetailed ___ justright ___ sufficient ___insufficient ___ totally inadequate

The step by step procedures in the lab assignment were: (pick one)
__ toodetailed ___justright __ sufficient ___insufficient ___ totally inadequate

Describe any mistakes made in the lab assignment.

Describe anything that just didn't work right.

Describe how this lab could be made better.



QUIZ

NOTE: THE TEACHING ASSISTANT IS TO SELECT BOTH QUESTIONS FROM
THE UNDERLINED OPTIONS AT THE SECOND CHECKPOINT

Question #1-3
Assume that Fx = 0.9, V¢ = 1.0, and that the transformer's nominal ratings are correct. What
load resistance would be necessary in each of the three rectifier circuits to to establish a DC
load current of 50 mA ?

half wave rectifier

full wave bridge rectifier

full wave center tap rectifier



EEAP 243
NAMES:

Lab 4 Data

frequency Amplitude, Vpp  Phase, degrees
10Hz
20Hz
S0 Hz
100 Hz
200 Hz
500 Hz
1 KHz
2 KHz
5 KHz
10 KHz

20 KHz

. 50 KHz

100 KHz R
Table 4.1 Frequency response of Figure 4.3 circuit

Amplitude, Vp_p Phase, degrees

frequency
100Hz -
200 Hz
500 Hz
1 KHz
2 KHz
5 KHz
10 KHz
20 KHz
50 KHz
100 KHz _ -

Table 4.2 Frequency response of RC circuit

DC series resistance of inductor: ohms.

Table 4.3




frequency Vap-p VBP-P

1 KHz

2 KHz

5KHz

10 KHz

20 KHz

50 KHz

100 KHz

200 KHz

- 500 KHz
. 1 MHz. — S
Table 4.4 Frequency response measurements of uncompensated scope cable
frequency Vp.p

1 KHz
2 KHz
5KHz
10 KHZ
20 KHz
50 KHZ
100 KHz
200 KHz
500 KHz

1 MHz.
Table 4.5 Frequency response measurements of compensated scope cable



CWW/

equency VIN Vour
19 15 kHz
16 kHz
17 kHz
18 kHz
19 kHz
20 kHz
21 kHz
22 kHz
23 kHz
,
o 25kHz -
Table 4.6 - Frequency response measurements of resonant circuit
frequency multiple of freg VIN Vour Vout/(VIN@fes)
1

Table 4.7 Frequency Analysis of a Square Wave
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DIODE CIRCUITS A—>C.

READING ASSIGNMENT: Horowitz, pgs. 35-43, 187-194.

Abstract:
This laboratory will examine the application of diodes to practical power supply, clamping
and switching circuits.

Part 1: Power supply circuits (o ¢rv s oy, /

The fundamental component of a power supply is the transformer. We will measure the
open and loaded output voltage of a transformer.

(1) Setthe DMM to the 200 V AC scale, connect it to the transformer as shown in
Fig.5.1 (a), and record Vps2, the no load transformer voltage. Note that the color
coding of the transformer secondary, shown explicitly in Figure 5.1 (a), indicates
the transformer output voltage and is used to denote different connections such as a
center tap.

(2) Connect the resistor as shown in Fig.5.1 (b) and measure V; across the load.

(3) Remove the short circuit between A and B, connect the mA input of the DMM to A,
connect the DMM COM input to B, set the meter to the 200 mA AC, and record I;

thraugh the load.
A B
RED
: = K
2
GREEN

Fo0X
(a) measuring open circuit transformer voltage

It
A___p B <
{ | é 6809, 5 watt @"t
-
F

Fo0X
(b) measuring loaded transformer voltage and current

P

Figure 5.1 Measuring transformer characteristics

A single diode can be used to rectify the output from your transformer to create a simple
power supply. Unfortunately, the output voltage is a pulsating dc. A capacitor will serve to
remove most of this pulsation. From a time dependent viewpoint, the function of the
capacitor is to store electrons when the diode output voltage is large and release electrons
when the diode output voltage is low. The result is a reduction of the ac component, called
ripple, of the output voltage. From the frequency domain viewpoint the capacitor (acting
with the forward resistance of the diode and other circuit resistances) acts as a low-pass
-1-
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filter. By choosing the capacitor value to attenuate 60Hz and above a relatively constant dc
output voltage can be produced. —_—

f ,
©) |<——0i K dmm
‘ SL. . —= o
—AN—— - IN4001 LIC(@ ks
to Mespuns 0 (bo _”"
T4 M"MM' De
’: 6809, 5 watt =l iy
10001F,50V '
diode labeling
F90X F

Figure 5.2 Half-Wave Diode Rectifier Power Supply

(1) Build the circuit shown in Fig. 5.2, being careful of the polarity of the capacitor and
diode. See the insert for the diode polarity.
WARNING: AN ELECTROLYTIC CAPACITOR CAN ONLY WITHSTAND VOLTA
IN ONE DIRECTION. REVERSING YOUR CAPACITOR OR DIODE CAN CAUSE
THE CAPACITOR TO EXPLODE! MAKE SURE THAT YOUR CIRCUIT IS
CONNECTED PROPERLY BEFORE CONNECTING YOUR TRANSFORMER.

(2) Remove the short between A and B. Connect the mA 1input of the DMM to point A
and the COM to point B. Set the DMM to the 200 mA AC scale, and record I; AC
through the transformer.

(3) Set the meter to DC, record I; DC through the transformer, remove the meter, and
short A to B.

(4) Remove the short between C and D. Connect the mA input of the DMM to point C
and the COM to point D, set the meter to the 200 mA AC scale, and record I; AC
through the capacitor.

(5) Set the meter to DC, record I;DC through the capacitor, remove the meter, and
short Cto D.

(6) Remove the short between C and E. Connect the mA input of the DMM to point C
and the COM to point E, set the meter to the 200 mA AC scale, and record I AC
through the load.

@) Sc:E the meter to DC, record I, DC through the load, remove the meter, and short C
to

(8) Set the meter to the 200 V AC scale, connect the DMM (VKS) to E and (COM)F,
and record V, AC across the load.

(9) Set the meter to DC, record Vo DC across the load, and remove the meter.

(10) Set the scope to 0.2 V/cm and DC coupling, connect the scope GND to A, connect
CH1 input to C (instead of point C use point G for the circuits of Figures 5.3 and
5.4), and record the peak forward voltage Vg across the diode.

(11) Replace the short circuit between A and B with a 1 ohm resistor, connect the CH1
scope input to B, set the scope to 0.1 V/cm, record the peak voltage across the
resistor (this is proportional to the forward current It through the diode), and

. remove the scope connections.
Y 12) Repeat steps 2 through 11 using the circuit shown in Fig. 5.3. Record your data in
/  Table 5.2 using the full-wave bridge column.
({ 3). Repeat steps 2 through 11 using the circuit shown in Fig. 5.4. Record your data in
! Table 5.2 using the full-wave column.

. 2.
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DREN

I I
e
4 x1N4001 D .
-_’: 6809, 5 watt
/‘ 10004F, 50V T
F90X . / “ oF
no connection

Figure 5.3 Full-wave Bridge Rectifier power supply

v,
sl e

I
a—te3 gy ¢ S
‘ RED 1IN4001 ‘Ic
no connection\ D
= |§ TELLOY 1 680Q, 5 watt
& 1000uF,50V
Fo0x L GREEN . H—o F

Figure 5.4 Full-wave rectifier power supply

l PLEASE CALL A TEACHING ASSISTANT TO CHECK YOUR DATA BEFORE LEAVING |

Part 2: Zener diode regulated power supply

A simple DC power supply is composed of 5 elements: the transformer, rectifier, filter
and/or regulator, and load. You have just measured the characteristics of power supply
transformers and commonly used rectifier and filter circuits. A load is normally just a
resistance. In this section you will study the characteristics of filters and regulators. A
power supply filter is often nothing more than a capacitor which stores electrons when the
rectifier output voltage is high and releases them when the rectifier output voltage is low.
This storing and releasing, or charging and discharging, increases the DC component of the
signal going to the regulator and decreases its AC component. The AC component of the
filter's output is called the "ripple"” voltage and is often measured as a peak-to-peak
quantity. It is usually small compared to the DC component of the filter's output, which is
called the "unregulated” dc voltage. This unregulated voltage is measured from ground to
the center of the ripple voltage and can change depending on the power supply's load
current.

A voltage regulator produces a "regulated” DC voltage, one that is constant with a very
small AC component. The regulator's output voltage is should be independent of the load
current so long as the load current is less than the regulator's specified maximum. If the

-3-
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maximum current is exceeded, the DC output voltage will drop and the AC component of
the output will increase. When this occurs, regulation is "lost".

You should keep five things in mind when working with these power supply circuits.

(1) Thle oscilloscope allows peak-to-peak measurements while the DMM reads in RMS
volts.

(2) Always disconnect one of the transformer wires before attempting to modify your
circuits. This will prevent you from accidentally damaging components.

(3) Your load resistors may get quite hot, so be careful.

(4) Transformer output voltages can vary by several percent over short periods of time
because of line voltage fluctuations.

(5) Your filter capacitor can explode if you connect it, or your diodes, backwards.

It is sometimes possible to use an unregulated power su%ply circuit for your applications.
(1) Build the circuit shown in Fig.5.2 replacing the 680 ohm resistor by your RSB.
Remove the CE jumper. Connect the scope GND and DMM COM to point F.
(2) Connect the DMM VKS input to point C. Measure and record in Table 5.3 the so-
called no-load DC and AC (RMS) voltages at point C.

(3) Set the RSB to 6K and connect pomts CandE.

(4) Connect the scope CH1 input to point C. Record the AC waveform at point C in
Figure 5.4.

(5) With the DMM still connected to point C, measure the DC and AC (RMS) voltages
at point C, Record your results in Table 5.5.

(6) Repeat step 5 with RSB values of 3 K, 2 K, 1.5 K, 1.2 K, 800 ohms, and 600
ohms recording your results in Table 5.5.

1N4001 1.8k D

A B ,
—W—
J_ 1N4735 727 RSB

- F
Figure 5.5 Zener diode rcgulatcd power supply

: =

1000y.F, sov

F90X GREEN

A zener diode and a current limiting resistor can be used as a simple voltage regulator.

(7) Build the circuit shown in Fig.5.5.

(8) Connect your scope CH1 input to point B. Connect your scope COM to point F.
Measure the waveform at point B and record your results in Table 5.6. Connect
your scope CHI input to point D, measure the waveform at point D and record your
results in Table 5.7.

(9) Connect points B and C.

(10) Connect your DMM (VKS) input to point B. Connect your DMM COM to point F.
Record the DC and AC (RMS) voltages in Table 5.8. Connect your DMM (VKS)
input to point D. Record the DC and AC (RMS) voltages in Table 5.8.

(11) Connect your scope CH1 input to point B. Measure and record the AC voltage at
point B in Table 5.9.

(13) Set the RSB to 3.2k. Connect points D and E.

-4-
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(14) Connect your DMM (VKS) input to pomt D. Connect your DMM COM to point F.

Record the DC and AC (RMS) voltages in Table 5.10.
(15) Repeat step 14 with RSB values of 1.6 K, 1.1 K, 800, 700, 500, 300, and 100

ohms.
560 pF IN914

1M

A
®

Figure 5.6 - Rectifying differentiator

[ PLEASE CALL A TEACHING ASSISTANT TO CHECK YOUR DATA BEFORE CONTINUING _]
Part 3 - Specialized diode circuits ~ EXplevnad m Section 120 ES Horowite (abmut P, 4,)

the rectifying differentiator shown in Fi 6.

(1)
(2

(3) Connec

signal generator t P-p, 0 volts dc offset at 10 kHz.
2 UT to point A. The generator common is connected to

pe CH1 input to point B. Record the waveform you see at

in Table 5.11.
emove the 2.2k resistor. Recer ]

waveform you see at point B in Table 5.12.

A 1k B
— AW\ :
IN914 W
C
o
-5 volts

Figure 5.7 - HbGefing diftémsnetiny, Uoltuge o]a/mp-

(1) Build the circuit shown in Figure 5.7.

(2) Change the generator output to a 20Vp.p sine wave. You will use this setting for the
rest of this part of the lab. Connect your generator output to point A. Note that the
generator common is connected through the power supply to your circuit.

3) %onlnect y3our scope's CH1 input to point B and record the waveform you see in

able 5.1
(49 Modify the circuit to that shown in Figure 5.8.

-5-
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&)
(6

T W 1N
D/\ A ¥ 2.2k
r-/\M ’\/\/\, +15 volts

- Figure 5.8

With your scope's CH1 input still connected to point B and your generator still

connected to point A record the waveform you see in Table 5.14.

Connect a 10iF capacitor between points C and D. Be sure to connect the positive

gidcsof the capacitor to point C. Repeat step (5) recording your results in Table '
.15.

1k

A B
—\W .
1IN914 4 1N914

C
Figure 5.9

The final circuit we will examine is the diode limiter of Figure 5.9.

(1
2

(3)
3

Build the circuit shown in Figure 5.9.

Adjust your signal generator to 0.5 volts p-p output (0 volts DC) at 1 kHz. Connect
your signal generator output to point A. Connect the COM to point C.

Connect your scope CH1 input to point B. Record the waveform you see at point B
in Table 5.16 .

Repeat step (3) for generator output voltages of 1.0,1.5,2.0 and 2.5 volts. Record
your results in Table 5.16.

-6-
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EEAP 243 LAB 5 EVALUATION

NAME (print) CHECKPOINT #1 ___ DATE
GRADE / CHECKPOINT #2 ___ DATE

With respect to the course material, this lab was: (pick one)
___highlyrelevant ___relevant ___ not relevant ___ completely irrelevant

This lab was: (pick one)
_ toolong___ long ___ justright _ short __ too short

This lab was: (pick one)
__toohard ___hard ___ justright ___easy ___ too easy

The background material in the lab assignment was: (pick one)
___toodetailed ___justright ____sufficient ___insufficient ___totally inadequate

The step by step procedures in the lab assignment were: (pick one)
___toodetailed ___ justright ___sufficient ___insufficient ___ totally inadequate

Describe any mistakes made in the lab assignment.

Describe anything that just didn't work right.

Describe how this lab could be made better.



QUIZ

NOTE: THE TEACHING ASSISTANT IS TO SELECT BOTH QUESTIONS FROM
THE UNDERLINED OPTIONS AT THE SECOND CHECKPOINT

Question #1

What will happen to the current through the zener diode in Fig. 5.2 if we connect B to C,
connect D to E, and increase/decrease the resistance of the 1.8K/RSB?

It will increase / decrease / stay the same.

Question #2

What will happen to the ripple voltage across the filter capacitor in Fig. 5.3 if we connect C to
D to E and increase/decrease the resistance of the potentiometer/120 ohm/15 ohm ?

It will increase / decrease / stay the same.



Questions:

1. Why is the loaded transformer voltage different than the unloaded voltage?

2. For the half-wave, full-wave and full-wave bridge rectifiers compare your measured
values of Vg AC, I AC, and I DC to Vo DC, I DC, and I AC. Which rectifier
circuit might be better and why?

3. Whatis the equivalent RMS voltage of your Table 5.4 waveform? What is the

significance of this measurement?

4, For your results of Table 5.5
| (@) Make a graph of the DC voltage across the load (RSB) versus the DC current
| through the load.
i (b) Make a graph of the RMS AC voltage across the load versus the DC current
f through the load.
| () Do power supplies exhibit output impedance? If so, what is the output
— impedance of your power supply?
5. (a) Whatis the breakdown voltage of the zener diode you used?

(b) Using the waveforms you recorded in Table 5.6 and Table 5.7, sketch the
waveform across the 1.8 K resistor.
(¢) Calculate the DC current flowing through the 1.8 K resistor from your part (b)
results.
+—— (d) Using these results, calculate the expected ripple voltage.
6. (@ Make a graph of the DC voltage across the load (RSB) versus the DC current

720 through the load.
/8% | (b) Make a graph of the RMS AC voltage across the load versus the DC current
g9 ) through the load.
; ' (c) Whatis the current through the zener diode?
e (@) At what load current do your graphs indicate that regulation is "lost"?

— (e) Whatis the current through the zener diode at this load current?
7. What is the role of the @k resistor in Figure 5.7? Explain the circuit operation.
r8. (a) Explain the waveform you recorded in Table 5.13.
(b) Explain the waveform you recorded in Table 5.14.
(c) Explain the waveform you recorded in Table 5.15.
(d) What are the necessary characteristics for the capacitor to behave as it did to

L achieve the results of Table 5.15?
9. Explain why the circuit of Figure 5.9 resulted in the performance you recorded in
Table 5.16.
-7-
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EEAP 243
NAMES:

Lab 5 Data

Itac
It pc
Ic.ac
Icpc
Io.Ac

Vo,ac

Vm2
Vi
L

Table 5.1 Basic transformer characteristics

half-wave full-wave bridge full-wave

Table 5.2 - Rectifier circuit characteristics

AC no-load voltage
DC no-load voltage

Table 5.3
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- Load resistance DC voltage AC(mms) voltage

6K

3K

2K

1.5K
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800

600

Table 5.5
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EEAP 243 Lab Work:
Lab 6 Questions Due:

INTRODUCTION TO REAL-OPERATIONAL AMPLIFIERS
READING: Horowitz, pgs. 92-98 (skip Section 3.08), 103-116, 127-130, 132, 136-143.

Abstract:

In this laboratory, you will investigate practical operational amplifiers. Your Circuits I course
presented ideal operational amplifiers. In this lab, we will examine the limitations of real
operational amplifiers such as slew rate and clipping and examine the basic inverting amplifier
topology.

Part I: Basic Operational Amplifiers

The operational amplifiers used in this experiment are integrated circuits (ICs) housed in 8-pin -
dual in-line packages (DIPs). Please be careful when inserting and removing your op-amps
from your protoboard. You may need to straighten the two rows of pins before plugging the
op-amp into your breadboard. To remove the op-amp from your breadboard, pry it out with
your screwdriver. Please try not to bend the pins of your op-amps. Bent pins often break,
leaving an otherwise good IC useless.

You will make five connections to the op-amp: the positive power supply (+V¢c), the negative
power supply (-Vc), the non-inverting input (+), the inverting input (-), and the output.
Please refer to the data sheets for the IC's pin assignments. The power supply connections for
your op-amps are +V¢c = +15 V and -V =-15 V. Connections can be made using your

breadboard, test leads, alligator clips, and short pieces of solid wire. Pin #1 of the integrated : )
circuit is usually marked with a dot. _ Chep (top VieWw
@ ’\Q P §ec+'V"\
. s L ! 3 02
o “3\ 2 h 7 '
o= 3 g e
+ 1 5 ;f o "} 4 5
+Vee ‘27: _
7 A
',4//
. 7 .
6 &
A
+ A4 Remoue wh 3,
- . muzfi
e ,
- \ pro
-15 L pmb

"Figure 1 - Basic open loop high-gain op amp

1) Build the simple circuit shown in Figure 1 using an LM741. Attempt to
measure the dc input voltage at point A and the dc output voltage at poi ]
your DMM. Record any results you get in Table 6.1. Tjst gown do mput to.

(2)  Replace the short between A and B with a 1M resistor.'Measure the dc voltage ¢4t " &

drop across this resistor with your DMM. Record your results in Table 6.2. ¢ outpud ot
-1- Q,ojo/ Surls
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Y
RPN b ypen, oA 2o Ay
(

~ (3)  Replace your 741 op-amp with a LF357. The pin outs are identical. Repeat step
2. ,
+15
Ry
A +—AW,
1k

Figure 2 - Basic Inverting Amplifier Configuration

An inverting amplifier is probably the most common operational amplifier circuit and will be
used to illustrate some basic concepts. |

(D) Set the signal generator to deliver a 2 Vp.p sine wave with zero DC offset at 1
KHz before connecting it to the circuit. e displayed waveform will not jump
when the coupling is switched from AC to DC if the DC offset is zero.)

(2)  Build the circuit of Fig. 2 using an LM741. Do NOT put the 0.05 UF capacitors
An your circuit yet.

3) Display point A on channel 1 (CH1) with 1 V/cm, display point B on channel B
(CH2) with § V/cm, and DC couple both channels.

4) Record the waveforms at points A and B in Table 6.3. Make special note of the
phase difference between the two signals.

Instability is often a problem when using high frequency op-amps. One common source of
instability in op-amp circuits is coupling between the amplifier's output and its power supply
connections. The inductance and capacitance of the power supply wires can provide a path for
positive feedback to the op-amp input which can make it oscillate at a very high frequency. A
"decoupling” capacitor is usually connected from each power supply connection to ground.
These capacitors provide an effective short circuit for any high frequency signals which may
appﬁar at the power supply connections, thus eliminating the feedback and consequent
oscillation.
(5)  Replace the LM741 with an LF357 op-amp. The scope display should become
unintelligible.
(6) NOW connect a 0.05 uF decoupling capacitor from +V to ground and from -
V¢ to ground as shown in Figure 2. The circuit should now operate as it did in

step 4.

-2-
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Record the signal (peak-peak) amplitudes at points A and B in Table 6.4 and
make special note of the phase difference between them. :

"Clipping" occurs when an amplifier tries to amplify a signal to voltages beyond the range of
its power supplies. For example, consider an amplifier with +15 V and -15 V power supplies,
v?’&“ a gain of ®5, and an input signal of +10 V DC. The output voltage of the amplifier ought to be
Y @50 V but it will "saturate" somewhere around @15 V since the amplifier cannot produce
M voltages beyond its power supply. When an AC input signal causes the output to lie partially
‘g&/ inside and partially outside the range of voltages which the op amp can produce, the output will
W be faithfully reproduced for the in range portion and will remain fixed at the saturation voltage
for the out of range portion. Thus the output, when viewed on an oscilloscope, will appear as
though a portion has been clipped off.

1)
@
3
@)
5)
©)

Put the LM741 back into the circuit and set ground at the center of the screen for
both scope channels.

Starting with the generator's DC offset knob fully counterclockwise, slowly
turn it fully clockwise and make note of what happens.

Record the highest positive and lowest negative voltages produced at the op-
amp's output in Table 6.5.

Set the generator's DC offset to zero and slowly increase the amplitude of the
generator, making note of what happens at point B.

Record the waveform at B in Table 6.6 for 5 Vp_p at point A, making special
note of the DC voltages at which the signal flattens.

Repeat steps 2 to 5 using the LF357 in the circuit.

Slew rate is one parameter which determines the quality of an amplifier. The slew rate of an
op-amp is the maximum rate at which the output voltage can change and is usually expressed in
volts per microsecond. A high quality op-amp usually has a very high slew rate.

1
(€3]

3)

With the generator still on 5 Vp.p, change the signal to a square wave and put
the LM741 back in the circuit.

Increase the frequency until the waveform at point B looks like a slightly
flattened triangle wave. Record this waveform in Table 6.7. Be sure to measure
the time it takes for point B to ramp from the positive saturation voltage to the
negative saturation voltage.

Repeat steps 2 and 3 using the LF357 in the circuit.

L PLEASE CALL A TEACHING ASSISTANT TO CHECK YOUR DATA BEFORE CONTINUING |

Fig. 2 in the LM741 data sheet shows the open loop frequency response (gain versus
frequency) of the device. An op-amp has its greatest gain when there is no feedback (open
loop). However, this maximum possible gain decreases as the frequency to be amplified
increases. As a matter of fact, the product of the frequency times the maximum gain at that
frequency (the gain bandwidth product) is a constant from 100 Hz to 1 MHz.

It is a simple matter to predict the frequency response of an amplifier circuit with feedback.
Simply draw a horizontal line across the open loop graph at the appropriate gain up to the point
where it intersects the open loop line and follow the open loop line from that point on. For -
example, the frequency response for an amplifier with a gain of 1000 would be a horizontal

-3-
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line along the +60 db line up to 1 KHz, at which point it would start to decrease at a rate of 20
db per decade.

03] Build the circuit shown in Fig.3, making R3=10Q.
2) Set the signal generator to a 1 Vpp sine wave at 100 Hz.
(3)  Measure the signal amplitudes (peak-peak) at points A and B.
(4)  Increase the signal generator frequency and record in Table 6.8 the frequency
for which the signal amplitude at B falls to 0.7 Vp,.p. ve —3dkb mecM To

(5) . Repeat steps 2 to 4 for R3 equal to IOOQ 1K, and an open circuit.  the voltage «t B
=10k Ot
+l 5 /,w«_,_
//

-15
Figure 3 - Inverting Amplifier
The LF357 has a much higher bandwidth than the LM741 and can effectively amplify much
higher frequencies.

(6) Repeat steps 2 to 4 above using the LF357 op-amp with Rj3 resistances of 10€2,
100€2, and 1K. Record your results in Table 6.8.

Real op-amps do not have a zero output voltage for zero input voltage. As you will learn later
this is due to mismatches between transistors in the input stage of the op-amp. This non-zero
output voltage is modeled as a dc voltage source called the input offset voltage connected
between the op-amp inputs. This offset voltage is not a real problem in most applications but
can be significant when you are attempting to amplify very weak signals or are using several dc
coupled amplifiers.

(1)  Replace the LM741 in your circuit of Figure 3. To measure the input offset
voltage Vs disconnect the signal generator from your previous circuit.You
may also remove R1. Change Rj to 100k and R3 to 1002. This resultsin a
very high gain (x1000) amplifier which will allow us to see the input offset
voltage.

) Measure the dc output voltage (at point B) with your DMM and record your
results in Table 6.9. Even though the input voltage to the op-amp is zero your

-4-
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4)

v Sﬁ’p {,\fou,!

output is non-zero. The input offset voltage is simply the voltage you measured
at B divided by the gain of the amplifier. .

Replace the LM741 with the LF357. Repeat step 2.

Op-amps can be "trimmed" so that their output voltage IS zero for zero input
signal and chip manufacturers provide special "trimming" circuits to adjust the
amplifier output to zero by applying a variable potential between two ins of the
chip. The 741 can be trimmed by connecting a 10k (R¥j potentioffiéter between
pins 1 and 5. Build the circuit of Figure 4. Be sure that the wiper of your
potentiometer is connected to the -15 volt power supply. While measuring the
voltage at point B with the DMM, adjust the potentiometer to make the DC

voltage at point B zero.
R,=#y ook

+15

-15

ia . 'Zm 1 Figure 4 - Input offset voltage trimming circuit
o0 ey

The penalty for using b}.)\-amps with high slew rate and bandwidth is instability. You already
corrected one instability problem by using decoupling capacitors. However, certain
configurations such as the unity gain configuration are particularly prone to instability.

(1)
()
3)

Set the generator to 1 KHz. Build the circuit of Figure 5 without R3 and Cs.
Connect point A to your generator output.

Examine point B with the CH1 input of your scope. Your circuit should be
oscillating at a very high frequency.

Connect R3 and C3 as shown in Fig.5. Use values of C3=100pF and R3=1k.
These components increase the effective gain at high frequencies and eliminate
the oscillation you saw in step (2).

-5-
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4) Measure the amplitudes at point B for frequencies of 1 KHz, 10 KHz, 100
KHz, and 1 MHz. Record your results in Table 6.10 )

R2 = 101(
+15
Ry
A s
M\ -
10k
C3~
’ —_

-15
Figure 5 - Unity Gain Amplifier
o i o Bult with LF3ST

Trzj W w ML\ & 41— ho OSUK(L{‘LW&\?
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Questions:

¥ 1.

. / M,M..M.,_.,N_‘M,,W_.,

(a) Can you estimate the gain from your data of Table 6.1? If so, what was it?

(b) The 741 is supposed to have a gain of approximately 200,000? Does this agree
with your data?

(c) Whatis the input resistance of the amplifier circuit (the resistance looking to the
right of point A)?

(@) Using your data of Table 6.3 what is the input current of the LM741 and LF357?

(b) This current is specified on the manufacturer's data sheet as Ipjas. The
manufacturer's values are 80 nA (typical) for the 741 and 0.03 nA (typical) for
the 357. Is this data consistent with your results?

(a) Whatis the overall gain (B/A) of the circuit of Figure 2? Use your data of Table
6.3.

(b) Did the signal generator output voltage (point A) change when you connected it
to the circuit?

(c) Whatis the input resistance of the amplifier circuit (the resistance looking to the
right of point A)?

(a) At what voltages does the LM741 saturate?

(b) At what voltages does the LF357 saturate?

(¢) What would you have expected from an ideal amplifier?

(d) Which is the better op-amp when it comes to saturation voltage?

(a) Calculate the slew rate of the LM741 using your data of Table 6.7.

(b) Calculate the slew rate of the LF357.

(c) How do your measured values of slew rate compare with the data sheet values?

(d) Which is the better op-amp when it comes to slew rate?

(a) Prove that for any value of R3, the THEORETICAL overall gain (B/A) of the
circuit shown in Figure 3 is =D

(b)  For each value of R3, transforth the signal generator, Rj, and R3 into a single
Thevenin voltage source (Vihev) and resistance (Ripev).

(c) Calculate the THEORETICAL Thevenized gain of the circuit (B/Viney) for each
value of R3.

(d) Reproduce Fig.2 from the LM741 data sheet on a sheet of graph paper, add lines
for each of the gains calculated in part (c), and find the frequency at which each
line intersects the open loop curve.

(e) I6-Ic9>%v do these frequencies compare with the 3-db frequencies recorded in Table

(@) Reproduce the open loop frequency response curve from the LF357 data sheet
on a sheet of graph paper, add lines for each of the theoretical thevenized gains,
and find the frequency at which each line intersects the open loop curve.

(b) 16-Ic9>y)v do these frequencies compare with the 3-db frequencies recorded in table

(¢)  Just how much better than the LM741 is the LF357.

Did the resistor and capacitor adversely affect the gain up to 1 MHz in your amplifier of

Figure 4?7

(@) Whatis the overall gain (B/A) of the circuit of Figure 5?

(b) Did the signal generator output voltage (point A) change when you connected it
to the circuit? :

(c¢)  Whatis the input resistance of the amplifier circuit (the resistance looking to the
right of point A)?

(d) Whatis the purpose of the 47 uF capacitor?

(¢) Why is R3 needed?

7.
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EEAP 243 LAB 6 EVALUATION

NAME (print) CHECKPOINT #1 ___ DATE
GRADE / CHECKPOINT#2__ DATE

With respect to the course material, this lab was: (pick one)
___highlyrelevant ___relevant ___ not relevant ___ completely irrelevant

This lab was: (pick one)
__toolong___ long___ justright __ short ___ too short

This lab was: (pick one)
_ toohard ____hard ___justright ___easy ____too easy

The background material in the lab assignment was: (pick one)
__ toodetailed ___justright ___sufficient ___ insufficient ____totally inadequate

The step by step procedures in the lab assignment were: (pick one)
___toodetailed ___justright ___ sufficient __ insufficient ___totally inadequate

Describe any mistakes made in the lab assignment.
Describe anything that just didn't work right. '

Describe how this lab could be made better.



QUIZ

NOTE: THE TEACHING ASSISTANT IS TO SELECT BOTH QUESTIONS FROM
THE UNDERLINED OPTIONS AT THE SECOND CHECKPOINT

Question #1

Assume that A is disconnected from B and that H is connected to I in Fig. 6.2. What will
happen to the DC voltage at point D if we increase/decrease the resistance of the

Rg/Rp1/RB2/RC/RE1/REYRL ?
It will increase / decrease / stay the same.
Question #2

Assume that A is disconnected from B and that H is connected to I in Fig. 6.2. What will
happen to the AC voltage at point H if we increase/decrease the resistance of the

Rs/Rp1/RB2/R¢/RE1/REY/RL ?

It will increase / decrease / stay the same.



EEAP 243
NAMES:

Lab 6 Data

input voltage (DC) output voltage (DC)

Table 6.1
LM741 LF357
voltage drop

Table 6.2
SRR R R R A A R R R R R A R R R R AR R R e
S OO V000 0 0 00 % 00 U000 T N 00 O O 0 O oo 0 0 00 O 30 O O 0 0 O 0 O 00 0 O O 000 U0 00 O o
SRR R R R R R R R A R AR R AR R AR R R
ARNAREREEERE NN H.H BRI ENEEREREERRNERRERRN HIF

Table 6.3



AR R R AR R R R R A R A RN A R A R R R R R
AEREENENENAEEE RN ERN SN AN AR RER AN RN AR NN
SRR R R R R RS R R R R
ARRESEERERAREEEERE RN xRN RN AR RN R AREEEEE N
Table 6.4
maximum + voltage maximum - voltage
LM741
LF357 '
Table 6.5
R R R R R A R R R R R R R R R R AR R R
aRREREENEEEEREEEENERNEREEneRERR RN EREERERAREER RN N En
R R R = R R R AR B R AR R E R RN R
EREE HHHHHHEiif“ﬂi”!ifi!!liiiii”l;




Table 6.6

Table 6.9 Input Offset Voltage

frequency Vpp
1kHz
10 kHz
100 kHz
1 MHz

Table 6.10 High frequency cutoff characteristics.

NN R R R R A R A R R R R R R A
aERAREENEEEEEEENEENEEER AN ERERR SRR EREERURRENEn
N R R R A R R A R AR R AR R R
:H!E AL i i Rl ld HEF%{I{ IRREBREREEEEEN iil;
Table 6.7
LM741 LF357
10
100
1000
open-circuit
Table 6.8 High frequency roll-off frequencies.
LM741 LF357
Vos
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EEAP 243 Lab Work:
Lab7 Questions Due:

MORE REAL OPERATIONAL AMPLIFIERS
READING ASSIGNMENT: Horowitz, pgs. 80, 95, 99-100, 279-286.

Abstract:
The performance of non-inverting and instrumentation amplifiers will be examined.
Part I: Non-inverting amplifier .
+15 , U}vj-
Vv
47pf
Y

R2=100k

1k R,

Isigure 1

Up to this point, you have only built inverting amplifiers. The non-inverting amplifier
configuration is also often useful.
(1) Set the generator to produce a 0.2 Vp.p sine wave at 1 KHz with +1 V DC offset .
(2)  Build the circuit of Fig. 1 connecting the signal generator to point A.
(3)  Record the waveforms at points A and B in Table 7.1 and make note of the phase
difference between them.
(4)  Vary the generator's DC offset and observe what happens.
(5)  Remove resistor R3, vary the DC offset, and observe what happens.

Part II: Instrumentation amplifier

-1-
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One of the most useful amplifiers configurations in the real world is the instrumentation amplifier.
Imagine that you are using a sensor to, for example, measure temperature or blood pressure. This
sensor will typically have two output leads which you will run for some distance to a high gain
amplifier to get the signal you need for analysis, control, etc. The problem is that long wires and
single-ended inputs are very susceptible to picking up noise from external electromagnetic fields.
Consider what you say when you connected a test probe to your scope and simply placed it on the
table top. Any real-world circuit must deal with similar noise problems.

To understand the basic principle of an instrument amplifier consider the circuit of Figure 2. The
basic requirement of an instrument amplifier is to amplify the signal voltage (Es) while rejecting the
common mode noise voltage (Ecm). In actual applications, Eg is often on the order of millivolts
while EcMm can be on the order of volts. The gain of the circuit shown above is given by

R3
Bour= Ex B R

provided that Rj=R and R3=Rg4. In fact, it is very critical that R}=R3 d R3=R, othé})visc, the
amplifier will not reject Ecm. Rs1 and Rg? are simply the output imped of Es..—

Practical instrumentation amplifiers use circuits similar to Figure 3. The amplifiers A] and A2

increase the input impedance. Basically, A) and A are connected as voltage followers, i.e. x1
voltage amplifiers. .

@

Ry g, Ro

MAN-
@ EcMm

- Figure 2 - Basic Instrumentation Amplifier

L2

0] Build the circuit of Fig.3. Use 1k resistors for Rj and R, a'T06k resistor for R3,
and 2.2k resistors for Rs and Rg. Ry is a 10k pot. R4 is a 100k pot. Use LM741's
for A and Aj. Use a LF357 for A3. All capacitors unless otherwise shown are

: 0.05 pF bypass capacitors.
) Measure R}, R, and R3 with your DMM. Record the values in Table 7.2. Calculate

-2-
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R3
R2XE1-

Connect your DMM between the wiper and one of the resistance connections of R4
and adjust R4 to equal the value you calculated above as accurately as you can.
Connect R4 into your circuit-DO NOT EVER CHANGE THE VALUE OF R4

unless spegifically told to do so. Be careful that you connect Ry so that the

-3-
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Figure 4 - Differential and Common Mode signal circuit.

3) Connect your DMM to point E. Connect points A and B with a jumper. Adjust R7
until your output voltage is exactly zero. Your amplifier is now ready to test .

(4)  Build the signal producing circuit shown in Figure 4 on your protoboard. The
points labeled A and B will connect to the correspondingly labeled points of your
instrumentation amplifier. Do NOT disassemble your instrumentation amplifier
circuit. The upper transformer is your audio transformer. The second transformer is
your familiar power transformer. The function of the audio transformer is to allow
the signal generator output to be added in series to the output of the power
transformer. Do NOT plug the power transformer in yet.

&) Connect the signal generator output to point C. The other side of the transformer
primary should be connected to your station COM. Adjust the signal generator
output to 0.2Vp.p, 0 volts DC at 1 KHz. Connect point A of your signal circuit to “\)
point A of your instrumentation amplifier. Connect point B of your signal circuit to
point B of your instrumentation amplifier.

6) Connect your scope CH1 input to point A, connect the scope CH2 input to poi
and record the waveform you see in Table 7.3. The signals will lo
identical. Set your scope mode to ADD and the INV CH2 switch ou should
now see the signal corresponding to "A-B", the differential signal which the
amplifier will see. Vary the generator output~your signal on the scope should
follow the change in generator output.Measure and record in Table 7.4 the peak-
peak voltage of the "differential” signal you see between points A and B. This is the
input signal to your amplifier.

- (7)  Disconnect the output of your signal generator from point C. Plug in the power

ﬁ;’\ » - transformer. You are now inserting a signal in series with points A and B-a
ywned "2 GI"‘”é : { Record the vaiue of any 60z sigmat you see between A and,

\ —_common mode signal{ Reco any Z sl
“ M“P‘M”T’ A~ B. —feunde Thiee On Toble T4
D € (8) “Unplug the power transformer. Reconnect the signal generator to point A.
(9)  Remove the CH1 probe from point A. Reconnect it to point E. Change the mode
switch to CH1. You are now looking at the amplifier output. Record the peak-peak
ac voltage in Table 7.5.
(10) Disconnect the signal generator from point C. Plug in the power transformer.
Record any 60Hz output voltage (peak-peak) you see at point E in Table 7.5.
4 -
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Qucsnons
~ 1.

(@)
(b)

©

@
e
(a)
(b)
©

(d)

What is the overall gain (B/A) of the circuit of Figure 1?
Did the signal generator output voltage (point A) change when you connected it to
the circuit?
What is the input resistance of the amplifier circuit (the resistance looking to the right
of point A)? '
What is the purpose of the 47 UF capacitor? «—-
Why is R3 needed?
What is the differential gain of your instrumentation amplifier?
What is the common mode (60Hz) gain?
The common mode rejection ratio (CMRR) is defined to be
A

CMRR—T—

where AcM is the common mode gain and A is the differential gain. Calculate the
CMRR for your instrumentation amplifier.
Explain the function of the two transformers in the signal circuit of Figure 4.

Show that the CMRR of the instrumentation amplifier is dependent upon how well matched
the RATIO's R3/R1 and R4/R2 are.

-5-
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EEAP 243 LAB 7 EVALUATION

NAME (print) CHECKPOINT #1 ___ DATE
GRADE / CHECKPOINT#2 __ DATE

With respect to the course material, this lab was: (pick one)
__ highlyrelevant ___relevant ___ notrelevant ___ completely irrelevant

This lab was: (pick one)
__toolong __ long ___ justright __ short____ too short

This lab was: (pick one)
__toohard ____hard ___ justright ___ easy ____ too easy

The background material in the lab assignment was: (pick one)
___toodetailed ___justright __ sufficient ___insufficient ____totally inadequate

The step by step procedures in the lab assignment were: (pick one)
___toodetailed ___ justright ___sufficient ___insufficient ___ totally inadequate

Describe any mistakes made in the lab assignment.

Describe anything that just didn't work right.

Describe how this lab could be made better.



QUIZ

NOTE: THE TEACHING ASSISTANT IS TO SELECT BOTH QUESTIONS FROM
THE UNDERLINED OPTIONS AT THE SECOND CHECKPOINT

Question #1

Assume that A is connected to B, E is connected to F, G is connected to H, and that J is
connected to L in Fig. 7.1. What will happen to the DC voltage at point I if we
increase/decrease the resistance of Rg/Rp/Rg/R13 ?

It will increase / decrease / stay the same.
Question #2

Assume that A is connected to B, E is connected to F, G is connected to H, and that J is
connected to L in Fig. 7.1. What will happen to the AC voltage at point J if we
increase/decrease the resistance of Rg/Rp/Rg/Ry3 ?

It will increase / decrease / stay the same.
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NAMES:
Lab 7 Data
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Table 7.1
R
Rp

R

3
Table 7.2 instrumentation amp gain resistor measurements
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EEAP 243 Lab Work:
Lab 8 Questions Due:

NON-LINEAR OP-AMP CIRCUITS
READING ASSIGNMENT: Horowitz, pgs. 124-127., neosh Ruchimy 107 /20 390~ 395 daer

Abstract:

This laboratory will examine the principles and operation of non-linear op-amp circuits. The
Schmitt trigger exhibits hysteresis and is often used to "square up" analog signals. The comparator
is often used to monitor the presence or absence of analog signals. Effectively, these circuits
convert analog signals into O's or 1's. The performance of these circuits in the presence of
simulated "noise” will be examined. _

As a pre-lab exercise, you should determine the switching points and output voltages for the
comparator and Schmitt trigger circuits and the voltage and resistor values needed to modify the
Schmitt trigger. Remember to connect +Vc to +15 Vand -V to -15 V.

Part 1 - The Comparator and Noise

When an op-amp is used without feedback, it is said to be "open-loop". Under these conditions the
gain of the amplifier is A(IN*-IN-) where A is on the order of 100,000. For (IN*-IN-) > +150 uV,
the theoretical output is higher than +V¢¢ and the output will saturate at +15 V. For (IN*+-IN-) < -
150 pV, the theoretical output is lower than -V and the output will saturate at -15 V. The region
of linear operation is very small and, for the most part, the amplifier's output will saturate at either
+15 Vor-15 V, depending on which of its inputs is greater. This type of circuit is known as a
"comparator” because it compares the two input voltages to see which is greater and produces an
output which is one of two states (+15 V or -15 V), depending on the result of the comparison.
The circuits used in this part compare the input voltage at the inverting input to a "reference"
voltage at the non-inverting input. Other configurations are possible; the reference may be on the
inverting input and both the reference and input voltages may be any voltage between +Vc and -
Vcc.

Sus%g,a“?' 357 :}

A
0
1kHz ) .
10V VA VA VAN
PP
ovpc 7| .
’t’ﬂaﬂ\@@b -_--_—

dew el Austirhin
(ONper— W‘WMPW*

ng?\aw swi ’rcwm5

Figure 1 - Com-parator circuit
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(1)
)

(3)
4
&)
(6)

Build the comparator circuit of Fig.1.

Display points A and B simultaneously on the oscilloscope and record each waveform
in Table 8.1.

Carefully note the phase difference between A and B and note the two switching points.
Set the DC offset to +3 V. To do this, set the scope channel connected to point A to 2
V/em. A +3 V DC offset will make the triangle wave jump up 1.5 cm when the mode is
switched from AC to DC.

Record the waveforms in Table 8.2 and make note of the phase difference between A
and B.

Repeat step 5 for a DC offset of -3 V.

A "noisy" signal can be thought of as the sum of a desired signal and other, unwanted signals.
The result is a signal which generally follows the desired one, but which deviates from it. If a
noisy signal is fed into a comparator, the noise will cause unwanted changes of state at the output
as the desired signal crosses zero volts.

)
2
(3)
C))

(5

Figure 2 - Signal + "Noise" generator

Disconnect the signal generator from your circuit and adjust its output to that shown in
Fig.2.

Build the circuit shown in Fig.2. Plug in the transformer. The transformer produces a
sine wave at 60 Hz, which is added to the 1 KHz from the signal generator.

If the composite signal at A is not around 14 Vp.p you have not connected the circuit
properly.

Display the waveforms at A and B and record them in Table 8.3 making special note of
the phase difference between them. It will not be possible to get an absolutely stable
trace on the oscilloscope.

Make note of exactly what takes place when the waveform at B changes state.

-2.
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Part 2 - The Schmitt Trigger and Noise

The amplifiers you built in Lab 6 and 7 used negative feedback - a resistor feeding the output signal
back to the inverting input. By using positive feedback - a resistor feeding the output back to the
non-inverting input - the two switching points can be moved further apart. Consider the circuit of
Fig.3 and assume that the input is zero, that the output is +15 V, and that Rz = R3. R and R3 set
the voltage at the non-inverting input to +7.5 V, (IN*+-IN-) > 0, and the output is indeed forced to
+15 V. If we raise the input to +7.50015 V, then A(IN+-IN-) = -15 V and the output switches to -
15 V. This changes the voltage at the non-inverting input to -7.5 V which makes (IN*+-IN") very
negative, maintaining the output at -15 V. The output will stay at -15 V until the input drops to

#\7 50015 V which will make A(IN*+-IN-) = +15 V, setting the output to +15 V, setting the non-
G

mvcrung input to +7.5 V. This makes (IN*+-IN-) very positive, maintaining the output at +15 V.
We can summarize the operation of the circuit by saying that, when the input goes above the upper
switching point, the output will go negative and stay negative until the input goes below the lower
sthchmg point. This characteristic is called "hysteresis" and this type of circuit is called a "Schmitt

trigger”.
PLEASE CALL A TEA ASSISTANT TO CHECK YOUR DATA BEF

CONTINUING.
o) ) Vour
\ 2 %"" +15 : ; ,
v M | \\ 1o %/k
— !
- -*--—~——-~—«>\—* iy ) | e B .
1bure® 3,5
er%b‘ fi*%ex{-. %
worefoum
\0 7B wolts PP
O volkss
i\@% '0©P+ S(A@J ~Ap Cop

- 10k
Figure 3 - Schmitt trigger

(1)  Build the Schmitt trigger circuit of Fig. 3 with R = 10K and R3 =2.2K.

(2)  Display points A and B simultaneously on the oscilloscope and record each waveform
in Table 8.4, 1.e, wae twr tnacea

(3)  Carefully note their phase difference and the two switching points.

4) l831c>wly vary the DC offset between +3 V and -3 V and observe what happens at point

-3-
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+15

R, g
1.8k
FOOX ppp o 0K A
A1 O,
4700 D
g e - 22
adye
¢2°
R3
1 kHz A A A
6Vpp
3VDC 1 R,
oo L colenletta. R, R omd Rz
— -1 - [o:_,f)m s wru_,‘}'o Jad-.
Figure 4

The Schmitt trigger can be used to eliminate signal noise.

(1)  Disconnect the signal generator from your circuit and set it as shown in Fig. 4.

2 Build the circuit shown in Fig. 4 and plug in the transformer. Select a variable
supply voltage and standard values for Rl, Rz, and R3 so that the switching

-~ pointsare +1 Vand -7 V.
\ 3) If the composite signal at A is not around 14 Vp.p you have not connected the circuit
properly.

(4)  Display the waveforms at A and B and record them in Table 8.5 making special note of
their phase difference. It will not be possible to get an absolutely stable trace on the
oscilloscope.

5 Make note of cxactly what takes place when the waveform at B changes state.

R

W A “%f‘“] oo
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Questions:

1. (@
(b)

What are the two switching points® fouhe. anirid, % Fgww._ 2 ?

Describe what point B does as the triangle wave goes from its lowest to hxghest and back
to its lowest voltage.

Explain why the relative phase acts as it does when you change the DC offset.

Describe the input waveform.of psnd A in Figwaa 2,
Describe why, point B changes state several times bcforc stablhzmg
Why does W co%tor ave problcms with a "noisy" signal?
tawm. foThe cnesd %Fsgw 3
Calculate the switching pomtsﬁnhout using your experimental data.
What swnchmg points are indicated by the scope?
Why aren't they the same as your calculated values?
Explain why the signal at point B acts as it does when you change the DC offset.

Show your calculations for Ry, R2, R3, and Vyan 3:/@
How is the output different from that seen in Rae@$ e e

Why is a Schmitt trigger better at handling signals which contain un es ble n01se‘7
Are both R; and R3 really needed?

-5-
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EEAP 243 LAB 8 EVALUATION

NAME (print) CHECKPOINT #1 ___ DATE
GRADE / CHECKPOINT #2 __ DATE

With respect to the course material, this lab was: (pick one)
____highlyrelevant ___relevant ___not relevant ____ completely irrelevant

This lab was: (pick one)
___toolong ___long___ justright __ short ____too short

This lab was: (pick one)
_ toohard ___hard ___ justright ___easy ____ too easy

The background material in the lab assignment was: (pick one)
___toodetailed ___justright __ sufficient ___insufficient ___totally inadequate

The step by step procedures in the lab assignment were: (pick one)
___toodetailed ___ justright ___ sufficient ___ insufficient ___totally inadequate

Describe any mistakes made in the lab assignment.

Describe anything that just didn't work right.

Describe how this lab could be made better.



QUIZ

NOTE: THE TEACHING ASSISTANT IS TO SELECT BOTH QUESTIONS FROM
THE UNDERLINED OPTIONS AT THE SECOND CHECKPOINT

Question #1

What will happen to the DC voltage at point D in Fig. 8.3 if we increase/decrease the resistance

of R1/Ro/R3/R4/R5?
It will increase / decrease / stay the same.
Question #2

What will happen to the AC voltage at point D in Fig. 8.3 if we increase/decrease the resistance

of R1/R2/R3/R4/R5?

It will increase / decrease / stay the same.

!
|
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EEAP 243 Lab Work:
Lab9 Questions Due:

COMMON EMITTER AMPLIFIERS o
READING ASSIGNMENT: Horowitz, pgs.50-53, 62-63, 65-71.

Abstract:
In this lab you will study two different transistor amplifier configurations and demonstrate the

variability of the parameters Bqc, Bo, and rg for commercial transistors.

NOTE: All of this lab must be done using the same transistor so that your test data will be
consistent. You can avoid burning out your transistor by disconnecting both power supplies while
making changes to the circuit. Disconnecting the supplies is more effective than turning off the DC
POWER switch.

Part 1 - Common Emitter Measurement of Bgc, o, and rx

The transistor parameters Bqc, Bo, and ry vary widely with temperature, with collector current, and
from component to component. This variation can easily be observed using a common emitter

amplifier without an emitter resistor. In this configuration DC biasing is determined by B4c and AC

gain is determined by B, and ry. Because this configuration has a very high gain, you will be using
a voltage divider to reduce the output of your signal generator by a known factor. You will be

using relatively low V¢ and V. voltages to reduce the power dissipated by your transistor. More
power dissipation would cause a rise in temperature, which would change its characteristics. You
“%ill use capacitors to "decouple” the power supplies on your breadboard to reduce the possibility
of oscillation.

e Need 1o {each stodarits
o |
\J\f/\mu o TesT Apanziglios wnd drades.
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1)

)
3
4
&)
(6)

(7)
®)

Part 2 - Common Emitter Amplifier Distortion

Build the circuit shown in Fig.1 using Rg = 100 K, Rg = 4.7 K, and R¢ = 2.2 K. Points

e wjf;\:;m%*wf Qo L U
‘ MU&J\M/ 234 O

G

* +5

Figure 1 - Common emitter amplifier

B and C should be shorted together. Connect your scope CH1 input to \?oint A and CH2

to point F. Set the signal generator to a 10 KHz sine wave.
Mw that the

Set the generator's AC amplitude to zero and adjust
DC voltage at point F is approximately 2.80 V. -

Use the DMM to measure the exact DC voltages at points D, E, F, and G and record your

results in Table 9.1.

Increase the generator's AC amplitude so that the AC signal at point F is approximately

200 mVp-p.

c.

Using your scope measure the exact AC peak-to-peak voltages at poin@d F. Record
your results in Table 9.1 Circudk 4.

Remove the short circuit between poinm

Measure the new peak-to-peak voltage at point F.

Perform steps 1 through 7 for a second time with Rg = 10 K, Rg = 47 ohms, and R¢ =22
ohms. Record your results in Table 9.2 — ¢ rout 2 .

aetuallly Paopm@vng 90: nt

You saw in part 1 that the parameter B, depends on the transistor's DE-eeHeeter-current. The

instantaneous value of Bo also depends on the transistor's instantaneous collector current. If the
collector current varies over too wide a range in amplifying a signal, it is possible to get nonlinear

amplification (distortion) due to the changing value of Bo.
(1) Rebuild the circuit shown in Fig.1 using Rg = 100 K and R¢ = 2.2 K. Points B and C

should be short circuited) Connect scope CH1 to

signal generator to a 10

.
o

oint A and CH2 to point F. Set the_
z triangle wave. }—\fd‘\)s& VE <o Thel A\ ?0‘%%*‘&3 X QVN

Copyright 1988 F.Merat
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(2) Adjust the variable power supply and the generator's AC amplitude in combination so that .
you have a 4 Vp-p signal at point F which goes between 0.5 Vand 4.5 V. g\"’l:w

(3) Measure the peak-to-peak voltage at point A. Record the waveform at point F in Table 9.3. ent\ T N

(4) Adjust the scale factor and sensitivity of CH1 so that both waveforms have the same R At
amplitude on the oscilloscope screep_— omd. et CH2- _

(5) Change the display mode to ADD‘%nd record the resulting waveform in Table 9.4. Set the

mode back to DUAL and set CH1's sensitivity back to its calibrated position.

PLEASE CALL A TEACHING ASSISTANT TO CHECK YOUR DATA BEFORE - ‘:7

CONTINUING y
| : : ‘ | ‘ o - V ) : v\ . e) |
1 B

-

Figure 2 - Common emitter ampliﬁer with split emnitter rcsistot

Part 3 - Common Emitter Amplifier with Split Emitter Resistor

The effects of Pgc, Bo, and ry can be largely eliminated by including a resistor from the emitter to
ground. By using a capacitor to bypass part of this resistance to ground, an amplifier can be built
which has a very stable gain and operating point.

(1) Build the circuit shown in Fig.2. Points A and B should be shorted together and points H
and I should not be connected to anything. Connect the scope CHI input to point A. Uo’&é i{ a;icc -
2 Adsi o signal zeneraic A . 5 volts d
(3) Use the DMM to measure the eng voltages at points C, D, E, F, and G. Record your qutpud -
measurements in Table 9.5. e :
(4) Increase the generator's AC amplitude so that signal at point A is approximatclp
(5) Measure the exact rms and peak-to-peak voltages at points A, C, E, F, and H. Reverd

your results in Table 9.5.

-3-
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(6) Connect points H and I together and measure the new rms and peak-to-peak voltage at
point H.

(7) Remove the short circuits between points A and B and points Hand I.”

(8) Measure the new RMS and peak-to-peak voltages at point H.

(9) Record the maximum and minimum voltages at point D (the waveform peaks) for signals
at point A of 1 Vp.p, 2 Vpp, 3 Vp.p, and 4 Vo Record these waveforms in Table 9.6-

98- 4 %71 4.5 44
LEASE CALL A TEACHING ASSISTA R YOUR DATA B LEAVING.
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Questions:

/ @ Calculate the following parameters for

(o ®

(b

- Bac— /
I'g, AN ,

Most sudords did Not ave |
V)&Q\LW& ge MM’?’MOQ %AM ton =

W

Ay (F/B) in step 5,

Ay (F/B) in step 7, {3:/0/ Q%w"“v i T
EQC, sl TRV '(a"z, cotn ’\%3 TO and @3 = 4K, Sm: §§mA_‘

B LW Rore Ao@, Thes cpmae 'C rom P: ﬁmrﬂ'
n qm\pg
Calculate the expected voltage at point F based on your measured voltage at point A

and your values for Bo and ry from @@ Queshon * 1,
How does the expected valug co with what you measured?

M

(c) Why is the output waveformi¥listorted? "( Aee. Paar 2
(d) What was displayed when you added the waveforms?
WRT
( Your "amplifier” is defined by the dotted line in Fig.2. oot J
\ (a) Use your results from (no_; our data from whispart) to calculate’Ay, L, Z;,
o /7 a.ndy Sruld be - Qs ) e, wae ry  Bac ,ote. Y '
X0 S )V(b) Calculate Ay m’ﬁ‘ Z;, and Zo usmg your data from ki part# 3./
&L / | (©) Explain any differences between (a) and (b).
Y ,«” (d) Suppose that Bgc and B, were to increase by a factor of 4 and that rz were to
become zero. Calculate the percent change in Ay, L, Zj, and Z, that would occur.
\ /.(e) Calculate the overall voltage gain that would result if two of these amplifiers were
;N cascaded. vbwm tn 6 not clean wiRad cacc ad/vhé (MCam s .
4. (a) Sketch the waveform at D (4 Vp.p input) and indicate the periods of saturation and
cutoff.
(b) What was the DC voltage from collector to ground during cutoff?
; (c) Can the collector voltage be greater than V?
/ / (d) What was the DC voltage from collector to ground during saturation?
/ J (e) Can the collector voltage be less than the emitter voltage?
|
! i
: AN 1/ T
. (;u _,_,
i I SNY <. =
!\ « /M J /
\ y
S A= R {
. o da Vbt) (=
*\”W*/\’«( 0 ovandle The G%(odm\s %o\ geb UaRe t) S k\z, 23 }

ﬂ\m %mwmk was- 100

Lm\ﬁ
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EEAP 243 LAB 9 EVALUATION

NAME (print) CHECKPOINT #1 ___ DATE
GRADE / CHECKPOINT #2 ___ DATE

With respect to the course material, this lab was: (pick one)
___highly relevant __relevant ___ notrelevant ___ completely irrelevant

This lab was: (pick one)
_ toolong___ long___ justright __ short ___too short

This lab was: (pick one)
_ toohard ___hard ___ justright __ easy __ too easy

The background material in the lab assignment was: (pick one)
__ toodetailed ___justright ___ sufficient ___insufficient ___totally inadequate

The step by step procedures in the lab assignment were: (pick one)
__ toodetailed ___ justright ___ sufficient ___insufficient ___ totally inadequate

Describe any mistakes made in the lab assignment.

Describe anything that just didn't work right.

Describe how this lab could be made better.



QUIZ

NOTE: THE TEACHING ASSISTANT IS TO SELECT BOTH QUESTIONS FROM
THE UNDERLINED OPTIONS AT THE SECOND CHECKPOINT

Question #1

What will happen to the collector current of Q3 in Fig. 9.2 if we increase/decrease the
resistance of Rg/Rg/R1q ?

It will increase / decrease / stay the same.
Question #2

What will happen to the gain from point D to point G in Fig. 9.3 if we increase/decrease the
resistance of R4/Rs/R¢/R7/R18 ?

It will increase / decrease / stay the same.



EEAP 243

NAMES:
Lab 9 Data
------- Rg=0 ---nmmv S Py, | —
DC voltage AC voltage (p-p) DC voltage AC voltage (p-p)
D
E
F
G
Table 9.1
L [ Rg=4.7K -
DC voltage AC voltage (p-p) DC voltage AC voltage (p-p)
D
E
F
G
Table 9.2

NN NN R NS RN R RN R RN R AR

SERTERERRARERR IR IRN <R RiRERTR NN IRNRR NN .

R RER RN AR LA AN A AR RN AR

:1135 SR ERSEREEEREE Eiil:‘;fl! IZREEERNEEEREE HIF

" Table 9.3



AR R AR R AR R R R R A R R R R R R R AR
nERNRREERENEREEEEERENEE s REERRARERNERERRERRREN AN
SRR R R R R R R R AR R R
SEREBEENEREEREEENERENERNNnENERENERRERNEENE RN RS NE.
Table 9.4
Rs=4.7k
DC voltage ACvoltage (p-p) AC voltage
(rms)
A
C
D
E
F
G

H (HI open & AB shorted)
H (HI & AB shorted)
H (HI & AB open)

Table 9.5
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EEAP 243 Lab Work:
Lab 10 Questions Due:

EMITTER FOLLOWER AMPLIFIERS
READING ASSIGNMENT: Horowitz, pgs.53-58.
Abstract:

In this experiment you will study the emitter follower amplifier, its input impedance, its output
impedance, and its ability to drive a load. You will also learn how to operate the lab's curve
tracer which allows you to display a transistor's output characteristics.

NOTE: You will need to use the same transistor for the whole experiment, so be careful with
your alligator clips and test leads. Accidental short circuits can easily destroy your transistor.

The input and output impedances of an "active" circuit must be measured under "active"
conditions. For example, you do not measure DC parameters with the DC power supplies
turned on and the signal generator tun&d off, nor do you measure AC parameters with the DC
power supplies turned off and the signal generator turned on. In part 2 you will try several
flawed methods for measuring input and output impedance. These flawed methods will
produce erroneous or inconclusive results. This is done to

(a) demonstrate that the methods are invalid and

(b) to emphasize the right way of doing things. All of your measurements in part 2 will be

made with the DMM. Use several DMM ranges when making the flawed

measurements.
Part 1 - Transistor Characterization A 6
The transistor curve tracer can be used to quickly and accurately measure your transistor's . (}ﬁ
This can be done any time during the lab period, so don't waste time by standing in line. The
instrument room attendant can help you if you have any problems. 'S GZS
(1) Set the transistor curve tracer to the default positions listed in Figure 1. /@ﬁ& k{[’(

(2) Move switch 24 to the left to display the reference transistor's characteristics iff order

to verify that everything is set properly. .£©
(3) Move switch 24 to the right to display your transistor's characteristics. (}rp"" \©
(4) The exact center of the display corresponds to Ic = 10 mA and Ve = 10 V which is \(
approximately the operating point for your circuits. o

(5) You can adjust switch 17 to change the base current per step to change the spacing
I . between the displayed curves. Changing switch 12 (I; per vertical cm) or switch 15
(Ve per horizontal cm) will change the position of the operating point on the display.

" (6) Measure the vertical distance between the curves above and below the display's center,

and multiply by the B per division (lowest readout) to get 3, in the vicinity of your
operating point.

-1-
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CONTROL DEFAULT SETTING

2 on

7 5 o'clock

8 3 o'clock

10 1 o'clock

11 1 o'clock

19 in (steps)

22 in (rep)

21 in (norm)

4 norm

14 . out

13 *

5 NPN

23 step generator base term
24 center

3 140 (black arrow)
6 15 (white arrow)
1 100

12 2mA

15 2 obtlaiox. VARG
16 10

20 out

18 in (zero)

17 10pA

DESCRIPTION

main power

graticule (grid) illumination
readout illumination
display intensity

display focus

continuous curves

draw curves repetitively

normal curve repetition rate

normal display mode

display not inverted

- set so display starts at point labeled 9

transistor type

test configuration

disconnect both transistors

right to test your transistor

left to display reference transistor

collector resistance

maximum collector voltage

percent of maximum collector voltage
I¢ - collector current per vertical cm.
VCE - colblector voltage per horiz. cm.

number of base current steps

base current polarity not inverted
no base current offset

Ip - base current increment per step

NOTE: Any unlabeled switches are in the OUT position.

Figure 1(a) Default settings for testing an NPN transistor

-2-
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TEST SET-UP CHART TYPE 576 e,

_/—_—_‘—————_—__,—\
( TYPE 576 CURVE TRACER ...../ wes  VERTICAL !/
TEETROMK, WC., PORTLANG. SREOON. 4.5.4 -l — -

12

o——

c©

ik, ©
‘%0 %%

" “ z@ !@ @ 24

A0 UG MECATIS SAnGitOuS VIR TASES
AT 4PURAR AT GRULCTES WesmalLs

O :ocQ

Figure 1(b) - Front Panel of Curve Tracer
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Part 2 - Input and Output Impedance

Before you can try to measure input and output impedances, you must first build the circuit and
bias it correctly.
—— +15

0.05uF

I [ e <

7 4N k)

ki

Figure 2

(1) Build the circuit of Fig.2 eXgctly as it is shown. Connect the scope CHI1 input to point
A and CH2 input to point\E,XYou will keep these connections for this ENTIRE part.)

(2) Set the signal at point A to a 2 KHz sine wave at approximately 100 mV RMS with
zero DC offset. Set the voltage at point F to approximately 7 V DC.

(3) Connect AtoC,EtoF, Gto H, and J to K. If you observe high frequency oscillation,
connect a 100 pF capacitor from D to H. (If you need this capacitor, it must stay in
place for the ENTIRE lab.)

(4) Adjust the variable supply so that point I is at approximately S V DC.

(\) The %gg flawed method of measuring Z; and Z, that you will try is that of simply using the
D T measures resistance by using the unknown resistance in a voltage divider

with a known resistance and a known DC voltage. This method is clearly useless when trying
to measure AC impedances in an active circuit.

-4-
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(5) Set the DMM to OHMS and (try to) measure the resistance to ground at points C, D, 1,
and J. Record your results (if any) in Table 10.2.

(6) Disconnect E from F and G from H so that you don't short circuit your power
supplies. Connect E and H to ground.

(7) Repeat step 5.

ﬂ The second flawed method of measuring Z; and Z,, that you will try is that of applying a
€ source at the input and the output and measuring the current that flows.
’I'h1s doesn't work for Z; because the current is too small to be accurately measured. It doesn't
work for Z, because the transistor does not appreciate trying to force current into its output.
The resistances of the ammeter and signal generator don't help, either.

(8) Restore the circuit to that of Fig.2. Connect E to F, G to H, and J to K.

(9) Set the DMM to AC AMPS, connect its mA input to A, and connect its COM input to
C.

(10) Measure (or try to) the AC current flowing into the amplifier's input. Record any
results in Table 10.3.

(11) Restore the circuit to that of Fig.2. Connect E to F and G to H.

(12) Setthe DMM to AC AMPS, connect its mA input to A, and connect its COM input to
J.

(13) Measure (or try to) the AC current flowing through the amplifier's output. Record
any results in Table 10.3.

,7) The ‘ﬂﬁmﬁ__gg_;mgmethod of measuring Z, that you will try is that of measuring the AC short
circuit current at the output. This doesn't work because the transistor becomes nonlinear with
small load resistances and because the ammeter does not provide a true short circuit.

(14) Restore the circuit to that of Fig.2. Connect A to C,E to F, and G to H.
(15) Set the DMM to AC AMPS, connect its mA input to J, and connect its COM input to
ound.
(16) Measure (or try to) the AC short circuit current at the output. Observe the signal at J
- on your scope. RECORD ANY RESULTS IN TABLE 104.

The proper way to measure Z; is to use a voltage divider with a series source resistance. This
method works best when Z; and the series resistance are comparable. The resultant loss in
input voltage can be used to calculate Z;. If the input voltage is small, the resultant loss in
output voltage can be used instead. The correct way to measure Z, is to use it in a voltage
divider with a load resistance. This method works best when the load is larger than Z, because
amplifiers often become nonlinear when small load resistances are used. Again, the resultant
loss in output voltage can be usedto calculate Zo.

(17) Restore the circuit to that of Fig.2. Connect Ato C,Eto F, and G to H.
(18) Adjust the generator so that point A is at approximately 100 mV RMS. Adjust the
variable supply so that point I is at approximately 5 V DC.
(19) Measure the exact DC voltages at D, E, H, and I. Record your measurements in Table
10.5.
(20) Measure the exact AC RMS voltages at A, D, and J. Record your measurements in
————Table-10.5
(21) Repeat step 20 for J connected to K, J connected to L, and J connected to M.
(22) Disconnect J from M to remove the load. Disconnect A from C and connect A to B.
(23) Repeat steps 20 and 21.
-5-
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E LA HING ASSIST TO CHECK YOUR DATA BEFORE
CONTINUING.

Part 3 - Emitter Follower Cutoff

The emitter follower amplifier is often capacitively coupled to its load. If the load resistance is
too small and the signal's voltage swing is too large, it is possible to reverse bias the
transistor's base-emitter junction. This results in clipping of the lower portion of the output

waveform. ?
(1) Restore the circuit to that of Fig.2. Connect A to C, E tgfF, and G to H.
(2) Connect the scope CH2 input to point I. DC couple cope channels.
(3) Set the signal generator to a triangle wave and set its amplitude so that the lower peaks

C))
&)
(6

of the waveform at I are SLIGHTLY flattened.

Record the DC voltage difference between ground and the flattened portion of the
waveform at 1. ~

Connect the scope CH2 input to point J and record the DC voltage difference between
ground and the flattened portion of the waveform at J.

Repeat steps 2 to 5 for J connected to K, J connected to L, and J connected to M.

PLEA A ASSIST K YOUR DATA BEEORE

LEAVING.

-6-
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Questions:
o
Consider the circuit of Figja&gs&r!c connectiong from A to C, E to F, and G to H.
Use your measured by, = 10.6 mA) and ry = .026§/9/L; (not your data from subsequent

parts) in the following calculations.

_Calculate Z; looking to the RIGHT from point C for
- (a) no load,

'\ (b) the 4.7 K load,

' (¢) the 470 ohm load, and

1(d) the 47 ohm load.

/(e) Calculate Z, looking to the LEFT from point J.

Calculate the gain (J/C) for
/(f) no load,
' (g) the 4.7 K load,
. (h) the 470 ohm load, and
. (1) the 47 ohm load.

/2' In the following calculations, use the experimental data which will yield the "best"
i .

Calculgte the\gain (J/C) for

@ (a) Compare your rp, and @. values from Questions 1 and 2. Which do you feel is the most
accurate? :
(b) Did you need to use the 100 pF capacitor? i ‘
(c) Do any of the fitimm methods yield Z; sl values close to those found in Ques.§?

4.) For each of the four é)gses tested, calculate the instantaneous current through the emitter,
-~ emitter resistor, and load resistor during the flattened portion of the waveform.

5. Write ar equation which defines the maximum undistorted AC output voltage in terms of
the operating point, emitter resistance, and load resistance.

-7-
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EEAP 243 LAB 10 EVALUATION

NAME (print) CHECKPOINT #1 ___ DATE
GRADE / CHECKPOINT #2___ DATE

With respect to the course material, this lab was: (pick one)
___ highly relevant ___relevant ___ not relevant ___ completely irrelevant

This lab was: (pick one)
__toolong___ long ___ justright ___ short ___ too short

This lab was: (pick one)
__toohard ___hard ___ justright __ easy ___ too easy

The background material in the lab assignment was: (pick one)
____toodetailed ___ justright __ sufficient ___ insufficient ___totally inadequate

The step by step procedures in the lab assignment were: (pick one)
___toodetailed ____justright ____ sufficient ___insufficient ___totally inadequate

Describe any mistakes made in the lab assignment.

Describe anything that just didn't work right.

Describe how this lab could be made better.



QUIZ

NOTE: THE TEACHING ASSISTANT IS TO SELECT BOTH QUESTIONS FROM
THE UNDERLINED OPTIONS AT THE SECOND CHECKPOINT

Question #1

In Fig. 10.1 assume connections from F to J and from E to N. What will happen to the gain
from point D to point L if we increase/decrease the resistance of R4/R¢/Rg/Ro/R10/R11/R12 ?

It will increase / decrease / stay the same.

Question #2

In Fig. 10.1 assume connections from F to J and from E to N. What will happen to the gain
from point D to point L if we increase/decrease the resistance of R13/Rs ?

It will increase / decrease / stay the same.




EEAP 243
NAMES:

Lab 10 Data

E/H o{xmwdn&

Table 10.2 Measuring Z with an ohmmeter

AC INPUT CURRENT:

AC OUTPUT CURRENT:
Table 10.3 Measuring Z using source current

AC OUTPUT CURRENT:
Table 10.4 Measuring Z using short circuit current

==V DC ----- ' V AC (rms)

no load 4.7k 470 47

—=nImo >

- )
Table 10.5 DC and AC Me ients of emitter follower

point I pointJ
DC VOLTAGE DIFFERENCE (J open):

DC VOLTAGE DIFFERENCE (J-K):

DC VOLTAGE DIFFERENCE (J-L):

DC VOLTAGE DIFFERENCE (J-M):

Table 10.6 - Emitter follower cutoff



DC CHARACTERISTICS OF BJTs AND FETs

Before we can understand how to design circuits usings BJTs
and FETs we must review their basic properties. These basic
properties are functions of the operational mechanisms of these
devices, 1.e. the solid state physics which is covered in other
courses. The bipolar transistor, or BJT, comes in two types;
npn and pnp referring to the physical construction of the
device. The npn transistor is a thin slice of p-type material
sandwiched between two slabs of n-type material as shown
below.

emitter o——i n p n P—o collector

base

The middle layer is called the base; the substrate (or base upon
which the entire structure is fabricated) is called the collector;
and the top layer is called the emitter. The net result of this
construction is that two diode junctions are formed: one
between the collector and base and the other between the base
and emitter. In practice, both transistor junctions (the diodes
referred to above) are forward biased. Proper bias for npn and
pnp transistors are shown below.

+
1|

I

) pnp

(a) I — @) npn (b)

—
|
+1

The net result of this bias is that current continuously flows
through the junctions of the transistor; however, it is the
relative magnitudes of these currents and the relationships
between these currents that make the transistor an amplifier.
For an npn transistor we can regard current as entering the
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transistor at both the base and collector and exiting at the
emitter. This makes the emitter current the sum of the
collector and base currents. The base current is quite small,
however, and controls the collector current. The ratio of
collector current to base current is the dc beta of the transistor
and is denoted by Bpc. This ability to amplify current is what
makes the bipolar transistor so useful, and even though the
primary mode of operation of the BJT is current based, it can
usefully function as a voltage and power amplifier when placed
in a proper circuit.

The operation of the BJT can be summarized in the relationship
between the base current Ig, the collector current Ig and the
collector-emitter voltage Veg. The exact relationship can be
derived only after a fair digression into physical electronics.
Suffice it to say that all bipolar junction transistors have
characteristics similar to those shown in the graph below.

IC(mA)

j BVeeo
i
__—
VeE (volts)
LN A /
N V
saturated linear breakdown

For amplifier operation the BJT is used in the “linear” region
where the slope of the Ig-Veg curve is almost constant. This
linear region makes possible an amplifier with very little
distortion as will be discussed later. One wants to avoid
operation, for amplifiers, in the saturated region characterized
by small Vgg (typically 0.2 volts or less). Similarly, one
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wants to avoid operation in the region to the far right of the
graph. This is the region in which large electric field strengths
from the large Vg can destroy the transistor junction.

Field effect transistors, or FETs, are voltage-biased rather than
current biased like BJTs. The basic structure of the FET is a
thin connection between two terminals of similar
semiconducting material. For example, the p-type material is
used to connect two pieces of n-type material through a
narrow n-type gate region as shown below. The two pieces of
n-type material are known as the drain and source with
current flow from the drain to the source for the FET shown
below. The p-type/n-type connecting region is known as the
channel region and the p-type material is called the gate.

drain
n—channel JFET
n
drain
gate —-lp E gate
source
n
source

The drain current is at its maximum value Ipgg when the
gate-source voltage is zero. The precise definition of Ipgg is
that it is the short circuit drain current, i.e. the drain current
that flows when the gate is shorted to the source. For
operation of the FET as a control device the gate-source voltage
must be negative. This creates a reverse biased diode and
produces a depletion region in the neighborhood of the gate.
This depletion region reduces the amount of free carriers and
consequently reduces the current flow between the source and
drain. As the gate-source potential becomes more negative it
eventually reaches a point called the pinchoff voltage Vp where
the gate depletion regions close together and the source-drain
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current becomes essentially zero. The exact relationship
between the drain current and Vgg is an exact square-law

relationship:

A
[ =1 (1 - —S8)2
D DSS VP

The pinchoff voltage (actually ~Vp) is also the drain-source
voltage which marks the boundary between the ohmic and
pinch-off regions of operation of the FET. Essentially, the FET
behaves like a variable (but non-linear) resistance in the ohmic
region and then remains essentially constant for Vpg>Vp. For
amplifiers it is this linear or pinch-off region that is of interest.
In the pinch-off region the drain current is almost linearly
proportional to the Vg and independent of Vpg (see graph

below) .

[ Wi
1 T V=0
DSS
VG;S = -1 J breakdown
VGS ~ _VP j
0 | \V
0 A DS
/7 \ /
V- V
ohmic pinchoff

The ratio of change in Ip to the corresponding change in Vgg is
known as the device transconductance g,, and is of
fundamental concern when using the FET as an amplifier. The
transconductance when the gate-source voltage is zero is
denoted by g, and is often specified by the transistor

manufacturer. The transconductance g,,,, the drain
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saturation current Ipgg and the pinch-off voltage Vp are all
related by the relationship

where [Vp| is the absolute value of the pinch-off voltage.

The above discussion was for a n-channel junction FET, or JFET
for short. The same device with the semiconductor materials
reversed is known as a p-channel JFET.

There is a special version of the JFET known as the MOSFET
which is of particular interest in this course. The MOSFET or
Insulated Gate FET, is a FET in which a silicon dioxide layer
electrically insulates the gate electrode from the rest of the
transistor. The internal structure of a MOSFET is shown below.

n—channel
depletion—type MOSFET

EI'—O substrate

gate o < O substrate

Since the FET operates by the electrode field created between
the gate and the drain and source regions the insulated gate
FET also functions in the same manner as an ordinary FET.
However, the insulated gate now shifts the gate-source voltages
and effectively reduces any already small gate currents to
effectively zero.
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MOSFETs are characterized as enhancement or
enhance/depletion mode devices depending upon the properties of
the channel. In enhancement mode MOSFETs the drain current
increases as Vg increases;however, the channel only exists
when Vgg is greater than a certain threshold voltage V1. In
enhancement/depletion mode MOSFETs the drain current
increases as Vgg increases and the FET will continue to operate
for Vgg> 0. Note that enhancement mode MOSFETs are the
only type of FET which can operate with a forward biased gate.
[t must be pointed out that the polarity of Vgg is determined
by the type of the bulk semiconducting material.

Characteristic curves for n-type (not n-channel) enhancement
and enhancement/depletion MOSFETs are shown below.

Iy

DS
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\Y

enhancementG Sénhancement
/depletion
+5 +2
+4 +1
+3 0
+2 -1
+1 -2
0

The structure of the MOSFET is such that multiple gates can be
fabricated for a common drain-source geometry. This allows
the MOSFET to be used for logic circuits and active devices such
as mixers where it is important to keep the device inputs
electrically isolated from each other.
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EEAP 243 Lab Work:
Lab 11l Questions Due:

FET CHARACTERISTICS, AMPLIFIERS, AND APPLICATIONS
READING ASSIGNMENT: Horowitz, pgs.223-231, 232-234, 240-241.
Abstract: . ,
In this lab you will compare methods for measuring the dc characteristics of an N-channel
JFET. The performance of a FET current source will be examined. The common source and
common drain amplifiers will be studied.
Part 1 - DC Characterization
In this part, you will use determine your transistor's Ipgs and Vp by using the curve tracer and
by direct measurement. You can use the curve tracer any time during your lab period, so don't
waste time standing in line.
(1) Set the curve tracer to the default drain characteristic settings listed in Frgure 1.

CONTROL DEFAULT SETTING  DESCRIPTION

*

13 - set so display starts at point labeled 9
12 2mA Ip - drain current per vertical cm.

15 2 collector Vps - drain voltage per horiz. cm.

20 in gate voltage polarity inverted

17 05V Vs - gate voltage increment per step
all others NPN default positions

Table
Figure 1 Curve tracer settings for characterizing FETs

(2) Test the reference transistor to make sure you have the settings right.

(3) Display your transistor's drain characteristics and adjust the controls as needed to get
a nice display. ACCURATELY record the characteristics in Table 11.1. Pay
particular attention to the slopes of the curves in the resistive and saturation regions.

(4) Set the curve tracer to the default transfer characteristic settings listed in‘F%gure 2.

able .
CONTROL DEFAULT SETTING  DESCRIPTION
*

13 - set so display starts at point labeled 9
12 2mA Ip - drain current per vertical cm.

15 steo gen Vps - drain voltage per horiz. cm.

20 in gate voltage polarity inverted

17 05V Vs - gate voltage increment per step
all others NPN default positions

Toble . : -
FEigure 2 Curve tracer settings for measuring the transfer characteristics of FETs
(5) Test the reference transistor to make sure you have the settings right.

Copyright 1988 F.Merat
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(6) Display your transistor's transfer characteristics and adjust the controls as needed to
get a nice display. ACCURATELY record the characteristics in Table 11.2. The curve
‘will be a set of points rather than a continuous curve. Pay particular attention to the
horizontal (Vp) and vertical (Ipss) axis intercepts.

reads approximately 1 pA.
s, which is very nearly Vp. Record your

FE¥s are commonly used as current sources for circuits found on IC's. Consider the FET
current source shown in Figure 2.

2.
Copyright 1988 F.Merat



(1) Build the circuit of Figure 2.

(2) Measure Ip for Rp values of 1
measurements in Table 11.4.

(3) The constant current shoul
near this breakdown poj

Part 2 - AC Characteristics — gxo

The value of gn, for the FET is much more variable than 8, was for the BJT. The gain of an
FET amplifier is very dependent on its operating point. Follow these steps to characterize the
AC operation of your transistor. You should notice if the CH2 waveform ever becomes
distorted.
(1) Build the circuit shown in Fig. 2?’Conncct scope CHI1 to point A and CH2 to point C.
Adjust the generator to produce a 100 mVp.p 1 kHz triangle wave at point A.
(2) Adjust the generator's DC offset so that pomt A is at approximately +1.0 V DC.
(3)  Use the scope to measure the ACp-p voltage at point C. Record your data in Table
11.5.
(4) Repeat steps 2 and 3 using +0.5 V,0.0V,-0.5V,-1.0 V,-1.5 V, etc. in step 2 until
you reach your transistor's Vp.
(5) Set the generator's DC offset so that point A is at +1.0 V DC. Use the DMM to
measure the DC voltage at point B. Record your result in Table 11.5.

-3-
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0.05uF —— [I5

Figure 2% FET amplifier

The FET can be used in the common gate, common source mode, or common drain justas a -
BJT can operate in the common base, common emitter or common collector modes. The
common source amplifier configuration of Figure 2 is usually used for voltage amplifiers;
however, when impedance matching or high output power is a consideration the source
follower (also called the common drain) configuration is usually employed.

® +15

— < 0.05uF

0.01uF —

Figure 3 - Source follower

-4-
Copyright 1988 F.Merat



)
®)

(1) Build the circuit shown in Fig.3. Connect the scope CH1 input to point AJand CH2
input to point C. Use your DMM to measure the DC potentials at poin dC.
Record these values in Table 11.6.

(2)  Adjust the generator to produce a 100 mVp.p 1 kHz triangle wave at point A.

(3)  Use the scope to measure the AC;.p voltage at point C. Record your data in Table
11.6.

(4) Repeat steps 2 and 3 using 200mV, 400 mV, etc. in step 2 until your signal begins to
distort.

(5) Connect a 1000 ohm resistor between point C and ground. Repeat steps (2) and (3).

The performance of many FET amplifiers can be improved by using current biasing. Modify
your circuit to that of Figure 4 which is a source follower with a current source load.

® +15
—: 0.05uF
A 5 0 | e
% y
g f T

Figure 4 - Source follower with common source load

(1) Build the circuit shown in Fig.4. Connect the scope CH1 input to point A and CH2
input to point C. Measure the DC voltages at points A and C. Record your
measurements in Table %

(2) Interchange your FETsgRemeasure the DC voltages at points A’and C. Record your
results in Table 11.7. @

d Adjust the generator to produce a 100 mVyp.p 1 kHz triangle wave at point A.

(4) Use the scope to measure the ACpp voltage at pomt C. Record your data in Table
11.7.

(4) Repeat steps § andz using 1V, 1.5V, etc. in step‘ until your signal distorts.

(@ Connect a 1000 ohm resistor between point C and ground. Repeat steps (§) and ($).

3 ¢t
-5-
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PLEASE CALL A TEACHING ASSISTANT TO CHECK YOUR DATA BEFORE
CONTINUING.

-6-
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Questions:

f 1..Ra) What values of Ipss and Vp were indicated by the curve tracer?

— V. V.

T T e » —  wA- -

(¢c) What are the values fo Ipss and Vp on the data sheet?
(d) What is your most accurate estimate of each parameter? Why?

2. Yourecorded your transistor's drain characteristics using the curve tracer. The slopes of
these characteristics in the saturation region are not zero, indicating the presence of an
FET parameter called gg.

(a) Use your knowledge of the BJT model to draw a‘ FET small signal model which
includes g4. Write an equationforgg. . — 1 - ATy

b) Calculate the value of gq T h of ) T A

(b) culate the value of g4 for each of your curves 8‘1’ AVGS

(¢) Compare g4 at Vgs = 0 to the data sheet value of gos. .

"~

— veng a linear ;
3. 0(a) Use your data of Table 11.5 to make a graph of g, vs Vgs. R ope mm"ff

(b) Use your drain characteristics from Part 1 to make a similar graph of g vs Vgs. i
(¢) Compare gy, at Vgs = 0 to the data sheet value of grs.
(d) What was unusual about the voltage at B when you used +1.0 V? Why?

D5
~~ 'Qﬁpv
> Vs ﬂﬁf

B ’ . ?
ks odod woa g ubotiomship witn Vp

y BIo

g%_ DVes , ‘ X N
1 ‘ﬁmémoﬂ fomacsndudctance. untn St SOWACL amP-

SQSQ - %(’S ‘\,GS’»O:

: T
4. need quaotion oot Flgoe & D @?,3{
(5 ‘ BID /

L Loz dopet
. . » L \/DS
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EEAP 243 LAB 11 EVALUATION

NAME (print) CHECKPOINT #1 __ DATE
GRADE / CHECKPOINT #2 ___ DATE

With respect to the course material, this lab was: (pick one)
___highlyrelevant ___relevant ___ not relevant ____ completely irrelevant

This lab was: (pick one)
__toolong___long ___ justright ___ short ___too short

This lab was: (pick one)
__toohard ____hard ___ justright ___easy____ too easy

The background material in the lab assignment was: (pick one)
____toodetailed ____justright ____ sufficient ___ insufficient ____totally inadequate

The step by step procedures in the lab assignment were: (pick one)
___toodetailed ___ justright ___sufficient ___ insufficient ____ totally inadequate

Describe any mistakes made in the lab assignment.

Describe anything that just didn't work right.

Describe how this lab could be made better.



QUIZ

NOTE: THE TEACHING ASSISTANT IS TO SELECT BOTH QUESTIONS FROM
THE UNDERLINED OPTIONS AT THE SECOND CHECKPOINT

Question #1

What will be the gain (don't forget the sign) from point A to point B in Fig. 11.2 if we
. halve/double the resistance of R1/Ry/R3 ?

The gain will be
Question #2

What will be the gain (don't forget the sign) from point A to point B in Fig. 11.4 if we
halve/double the resistance of R1/Ro/R3 ?

The gain will be



EEAP 243

NAMES:

Lab 11 Data

N

- S

SO—

—

IRRRERRRA®

SEEREEEERERERRRRRRRENRAEERAR R SRERRERRRERRREE RRREARREEREAEREERN
- -1 + |- ,:./ -~
e e - - - N -
- -1- o I - / -
- - _ d1 F -1 X 7]
- e ar por annfane -
- . m " 1. 3
- o | - - -
u bl h # _rmn.f i -
SuEERREERAEREEER IRRE Rl NE! i LR L AEERR RN RIEENIEREEun R RRE RN RN RN
NESRNERREEREREE ::..Lw*.: tjit Mu: it L.MLzm TTETITET T v Tt rrIrreryTrT T ;
- o b 4 HYE -

- = ; N - 1

- 1 1 C 1

e i il.. o~ f o .

- \ nn/ 1 "

- ,f/ ﬁ o r }nd " b

e ,,.,, ) -1 / 1 - bae and

- T k - 1

. E.7 R \ fna wafhan

- I %yy;/wm = T
sUEREREIRARERRRINRE NN ERASEEN nEERNEE RN RN AN i n RN

Table 11.2



) \‘(\h U“"‘\f;
£ NueeR
N i 'V/
Vas: 388 ¢ - Ipe e il i

Table 11.3 DC FET characteristics 3‘,4,«,: —3\ et
Rp Ip w4
10k =Tty o 52
20k R o 373
30k ==l O &)\5
50k =y - 7,('7'
B A O 53¢
6D\ G- 2 Y-
ol 0« 2A9
+140 jgns Y Vo= 0 Q6 v
Table 11.4 FET current source characteristics
V@A Output Voltage (p-p)
+0.5 a9V
+0.0 - ¢ 82 pa V
-0.5 b o Y iy
10 5.4
-1.5 (OIE
2.0 ¢ 1
25 s 6
-3.0 o LY
-3.5 1 ix S mY
-4.0 N
w7

/ , -
Table 11.5 AC FET characteristics



Voater ¢ _
VSOURCE: 299 v (3-¢V )
Rp=eo Rp=1k
Vinput,p-p VYoutput,p-p
Voutput,p-p
100mV L5 o V |« LS AT
200mV o Y | 585 « .
400mV 265D 2 e WV AT d(\ . ond T
800mV 3.2X0D-2 Kt mV g\j —
\ 1.2V D X oy ¢ L
& 1.4V =13y v 2 Ly
\(&W — > X
{\\L uw ~1 L6V e e [0 23
Q " { 18V e
Table 11.6 Source Follower characteristics
Original Reversed
Voate:  €2FV £-9mV
Vsource: legaty l.523v
Ry =c0 Ry=1k
Vinput.p-p Voutputp-p
Voutput,p-p )
100mV Voo \V/ G357 Chig R
LoV & sy Ce 3805 . &/ N
d 55" O Ay | Cw-. pSilg
‘DWA)U.(\/ AAAAAA 2.0 (- © 0Zv T
C&Lﬁ A7 LA 2.5V [ ny” 07 x K
o 7 P “ i
('\:k‘ 3.0V < O : 1 X ) )
’ Table 11.7 Source Follower characteristics
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Vas: Ip:
Table 11.3 DC FET characteristics

Rp Ip
10k
20k
30k
40k
50k

Table 11.4 FET current source characteristics

V@A Output Voltage (p-p)
+0.5
+0.0
-0.5
-1.0
-1.5
-2.0
-2.5
-3.0
-3.5
-4.0-
-4.5
-5.0
DC Vgs:

Table 11.5 AC FET characteristics




VGATE:
VSOURCE:

Rp=co RL=1k

Vinput,p-p Voutput,p-p v
: output,p-p

100mV
200mV
400mV
800mV
1.2V
1.4V
1.6V
1.8V
2.0V ‘

Table 11.6 Source Follower characteristics

Original Reversed

VGATE:
VSOURCE:

R =co Rr=1k

Vinpu[,p.p Voutput,p-p v
output,p-p

100mV
1.0V
1.5v
2.0V
2.5V

3.0V
Table 11.7 Source Follower characteristics




