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General Information:

Admonition: We have to ask that you be careful about neatness in the lab. The lab can be a
difficult experience for everyone if you don’t put things away when you are done. There are
nine people enrolled in this course and quite a few more taking ENGN1640 which shares our
lab space. Prof. Rosenstein is teaching a new course on microcontroller programming with 50
people signed up. I expect some of them will use our lab space for their projects. Some friends
and hangers-on also come visit. That many people can make quite a mess quickly. We spent a
lot of time over break cleaning up the lab and would like to see it remain in reasonable shape.

We buy enough parts for all of you, but we cannot accommodate your habits of dropping used
materials wherever you happen to be when finished. You are not done with a lab until your
breadboard is disassembled and shared parts are returned to their boxes. This is especially true
of capacitors and inductors as their cost is quite high. It is frustrating to the TAs and me when
we find whole boxes full of unsorted resistors, diodes, etc. as the course goes along. Also,
wire has gotten quite expensive - it is now about $ 0.08 per foot for plain hookup wire. You
use a lot of it! To lower that cost, we ask that you put your used wires in one of a couple of
"Give-a-Wire-Take-a-Wire" boxes in the back of the lab. Do not cut more wire off the spool
for a new lab unless you cannot find appropriate wires in those same boxes. Be a credit to your
Mothers!

Introduction: There are nine labs set in this manual, two measurement labs and seven labs
for which you design, build, and test a circuit to meet fixed performance criteria. You must
complete and document six labs in order to get credit for the course. (Although there are nine
exercises set, [ will base grades on only six reports. You will not receive extra credit for extra
reports but I would take best six.) You must do Lab 2. You are free to choose five more from
the remaining 8 full labs. THERE WILL BE NO EXCEPTIONS TO THIS POLICY. In
addition to this manual, you will receive a protoboard (with a serial number) on which to as-
semble your circuits, a pair of wire strippers, and a small packet of semiconductors. Please re-
turn the breadboard and strippers at the end of the semester. Passive components and some
semiconductors must be shared communally. We have labeled, multi-compartment cabinets
and boxes for storage of these materials. Your cooperation in returning parts to their prop-
er place is absolutely necessary for the success of the lab. Also, please do not keep compo-
nents longer than necessary to do your lab. Capacitors in particular are bulky and expensive so
that we do not keep enough available for everyone to have complete sets simultaneously.

The labs are done in the Hewlett Electronics Laboratory, room 196 of the Giancarlo addition,
aka the Fishbowl. As mentioned above, the lab will be shared widely this semester. Equip-
ment and parts for this course will be on the benches farthest from the doors. This room is
open almost all the time during the semester. There does not have to be a lab TA present for
you to work, but such assistance will be available roughly 11 hours per week. (The hours are
listed on the class web site -
http://www.brown.edu/Departments/Engineering/Courses/En162/home.html .) You hand in
lab reports in a box in the lab that is marked "Engineering1620/1630 Lab Reports," and a TA
will grade them under written guidelines from me.
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Because the course was taught differently with fewer, simpler labs last year, the TAs have not
had experience doing them. They are smart, competent people who will have to learn along-
side you. They will certify your having done the labs and will do whatever they can to help you
out. Please treat them kindly.

Collaboration: You may discuss design concepts and measurement techniques freely. How-
ever, each person must build and test the circuits on his or her own protoboard. ALL lab work
and all written reports must be done individually. All data reported must be your own meas-
urements — copying data and representing it as yours is a cardinal sin among scientists of
all types. I do not even want to see the practice of one person taking data while another
records it for common reporting. I do not like being harsh, but I will not hesitate to refer
cases of data copying to the Academic Code Committee however trivial the data or the
infraction seems to you. Data copying includes the process of one person measuring and
the other recording a common set of data. In the world of science and engineering, sup-
posedly independent data sets are relied on for confirmation of results. I want you to de-
velop that mindset early.

Concise, complete, polished lab reports will be rewarded with higher marks. A TA must wit-
ness the measurements you present to prove that you have met the lab specifications with
your own wiring. He or she will record the fact that you did the lab on a spreadsheet and will
give you a magic ID number to print on your data plots report. (If there is any question about
the data, we can reverse that number to recover your name and lab number.) While you can
design, build and test your circuits without a TA if you wish, the final run of measurements
does require a TA to witness this recording process.

Lab reports must be typeset in a word-processing program. The format for the design lab
write-ups would be appropriate for an in-house report prior to a design review at an electronics
design company:

I. Introduction: Discuss briefly the major goals of the lab.
II. Schematic: Show component values and, where appropriate, the measured quiescent
node voltages.
III. Tables: Compare design versus measured values of all important quantities
IV. Design: Description of the design procedure and design equations. Prove that the
worst-case conditions are met by design. You do not have to show the algebra by
which you may have fit the equations, but you do have to show that a suitable equation
set is satisfied.
V. Questions: Answer the specific questions set in the handout.

For the characterization experiments, follow the directions in the lab handout.

For each experiment there is a deadline by which your report must be turned in. I will an-
nounce these in class and post them on the class web site. Reports that are turned in after the
deadline will have penalties assessed against them. Be forewarned -- your classmates also like
to wait until the last minute to do their work, so start early and try to get a bit ahead of the
deadlines -- overcrowding in the lab will not be accepted as an excuse for turning in lab re-
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ports late. Also, remember the deadlines will be set as late as practical. The labs are intended
to teach, and you will have the benefit of that knowledge earlier if you do them earlier. This is
particularly true of doing some of the earlier labs, particularly through labs 4 or 5, before the
mid-semester exam, which comes rather late in the semester.

Several of the lab exercises, particularly Labs 4, 5 and 7 require measurements of the gain and
phase shift of amplifiers as functions of frequency. Labs 6 and 9 require measurement of an
oscillator’s power spectrum. There are computer driven systems for automatic measurements
of these quantities. You can take that data home either by emailing the file or by putting it into
your Engineering account. Please do NOT leave your results on the computer “Desktop.”
The TA still has to witness the measurement and issue the ID number, and in doing so will
check your circuit board serial number. The parameter analyzer supplies a similar set of files
with data for Lab 2. (I wrote the Lab 2 software and it is a little buggy — partly my fault and
partly because the analyzer is not easy to control. Please be patient.) Lab 1 requires making
plots and Fourier transform calculations from a digital oscilloscope. We have a several Ag-
ilent oscilloscopes that allow you to transfer screen data to files on a flash drive. Like the
computerized tests, this data has to receive TA approval in the form of a magic number. Some
lab tests, particularly Bode plots and lab 1, make use of a spectrum analyzer and have software
files you can retrieve easily. All files are subject to the same check off system TA magic num-
bers and properly formatted printouts of them are a required part of your reports.

Components: Of the various passive components in the lab, the capacitors require special
comment. There are three principal types: electrolytic capacitors, film capacitors and ceramic
disk capacitors. Electrolytic capacitors are made with aluminum or tantalum plates by electro-
lytically forming an insulating oxide on one plate. (If you don’t know what the term “electro-
lytically” means, then please either ask me or look it up.) Since that oxide is very thin, a large
capacitance per unit volume is possible. These are the only types of capacitor available for
you that have values over a microfarad. Unfortunately, the chemical reaction that forms the
oxide is reversible if the potential across the capacitor is of opposite polarity to the forming
voltage for an appreciable length of time. The capacitors are marked for the terminal that was
positive during manufacture. In use, one must be careful that any applied DC voltage is in the
same direction. Failure to do so will ruin the capacitor and make the circuit malfunction.
Aluminum electrolytics are often unsuitable for some high frequency applications because of
high series inductance. Another feature of electrolytic capacitors based on aluminum is that
the tolerance on their capacitance is very poor, typically -30% to +80% of nominal value.

Disk ceramic capacitors use simple blocks of a ceramic with a very high dielectric constant as
their insulator. (Some ceramics have very high relative dielectric constants, as high as 800 as
against typical plastics with value of 2 to 4.) All are nearly ideal capacitors to quite high fre-
quency (10's of Megahertz). However, inexpensive types usually have poor tolerance (-20% to
+50%) and very high temperature sensitivity. They are used primarily where exact values of
capacitance are not critical. A common application for these is power supply bypass. There
are several large reels of bypass caps in the lab — you should never lack for enough.
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Film capacitors have generally good performance with tolerances no worse than +/-10%.
Their primary disadvantage is that they are usually physically large for a given value of capaci-
tance. You are likely to find capacitor tolerance a significant issue only for lab 7.

Resistors: Resistors have three principal ratings: resistance in ohms, tolerance in percent, and
power dissipation in watts. Most of the resistors we have in the lab can dissipate 2 watt and
have tolerances of = 5 %. They are manufactured only with certain standard resistance values
that are separated by about 10 %. We have most of these values and it usually does not make
sense to put resistors in series to come closer to calculated values. The attempt is illusory be-
cause the tolerance variation is bigger than the adjustment you would be trying to make. Re-
sistance values are coded on the resistors with color bands. The first two bands give two sig-
nificant digits of the value, the third band is a multiplier expressed as a power of 10, and the
fourth band is the tolerance. The table below shows the color code. For example, red-red-
orange-gold is 22 Kohms + 5 %. Sometimes % watt is not enough for a circuit application and
then a physically larger resistor is required. We have some 2-watt resistors in a relatively nar-
row range of values anticipating a need for such a device in Lab 5.

Significant Digit Value
Color (Band 1 or 2) Multiplier
Black 0 1
Brown 1 10
Red 2 100
Orange |3 1000
Yellow |4 10000
Green 5 100000
Blue 6 1000000
Violet 7
Gray 8
White 9

Resistor Color Codes
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EXPERIMENT NO. 1 — Measuring Signals
DRAFT VERSION as of 2/12/2020: This file is complete and ready to use

for doing the lab. It needs another pass of proofreading, so if you find a dan-
gling participle or split infinitive, please ask.

The principal purpose of the lab is to improve your familiarity with two types of signal meas-
urements and the equipment used to make them. One is the time domain measurement of sig-
nals as functions of time. The digital oscilloscope is the tool of choice but its use has certain
hazards for data quality. The other class of measurement is the frequency spectrum of a signal.
We are interested in the design of systems that preserve or modify such spectra and need in-
strumentation to determine the success of our efforts. The oscilloscope can do crude spectral
measurements but for good dynamic range and minimal artifacts, a spectrum analyzer gives
better resolution.

One important complication in the use of both instruments is that what you see is different
from how the circuit works when you are not looking at it. The effect is more important at
high (> IMHz) frequencies and more common with oscilloscopes as the ones we have are de-
signed for higher frequencies than our spectrum analyzer. This is not Heisenberg uncertainty
but the effect of the impedance of the oscilloscope probe itself on the circuit. Such effects can
be serious and while they can be minimized with the proper cables and probes, they cannot be
eliminated.

Usually these effects are relatively small for low-frequency circuits. However in high frequen-
cy circuits used for wireless communication or for fiber optic communication the effects are
inescapable and probe design is a serious challenge and carries serious cost. This lab is set up
so that probe effects are readily noticeable at a few tens of kilohertz. You should pay close at-
tention to the details of how you connect all of the oscilloscope probes, and how the instru-
ment itself is programmed. (Do not just use autoscale!)

We have put “black boxes” in the lab with resistive networks connecting a BNC input to bind-
ing posts. You will connect one of these boxes between a function generator and the scope to
make several measurements of periodic waveforms using two types of oscilloscope probes.
One is a “10X” attenuator probe that reduces the signal amplitude by a factor of 10 before it
reaches the scope. The other probe, called a 1X probe, passes the signal without attenuation.
The difference between probes is not only their attenuation but also the amount of capacitance
that the circuit “sees” when you connect the probe. (A circuit “sees” an impedance, capacitive
or not, by sensing the amount of current a source must supply to produce a certain voltage
across the input to the probe. The term is casual jargon reflecting a sense of what happens to
an output as you connect or disconnect a load.) You will find that the tradeoff for the reduced
transmission of the 10X probe is that its lower input capacitance affects the circuit less. I have
tried to design the experiment to lead you to think quantitatively about why this is the case.

Digital sampling introduces complications in interpreting data, particularly in the frequency
domain. Digital scopes sample the input signal and convert it to discrete measurements stored
in RAM memory, allowing one to read that data out electronic form. The scope can also do
mathematical operations including discrete Fourier transforms (DFTs) on its stored data. The
sampling rate and voltage resolution must be adequate to represent the signal you are measur-
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ing. If you need accuracy in the frequency domain, often you need to use a different instru-
ment. Spectrum analyzers are used if only the magnitude of the power spectrum is needed.
Which works better for a given signal depends on the signal and the sophistication of the in-
struments.

In the lab, we also have three or four aluminum boxes marked, “Analog Discovery™ Multi-
purpose Module.” These are (relatively) low cost circuits that connect to a workstation by
USB cable and with software on the computer can act as an oscilloscope, spectrum analyzer,
or Bode Plotter (network analyzer). They do not have the bandwidth of a good oscilloscope but
up to approximately 5 MHz they can do some tasks quite well. You will use one of these to
make better estimates of the power spectrum of a signal that you first measure with a scope.

You will do all your basic measurements on square wave signals for which the frequency spec-
trum is well known and the time domain picture is simple and obvious. You should know the
frequency-domain spectrum of a square wave before trying to do this lab.

NOTE: We have 5 Analog Discovery boxes, 4 function generators, and 2 Thevenin boxes. I
plan to set aside the far end workstations on the sides of the lab and the two machines on the
bench in the back middle of the lab. We will try to keep things specific to the course at those
workstation.

Measurements:

1. Configure one of the waveform generators on the back workstations to produce a 30-
kHz 2V,, square wave. Connect a BNC cable directly to an oscilloscope, adjust the
display so that the signal takes up more than half of the vertical resolution and set the
timescale so that you see 1 — 2 full periods of the signal. Set the scope to trigger on the
rising edge of this signal. Record the data to a USB drive. Does the scope voltage
measurement agree with the function generator scale? (It may or may not depend-
ing on how the generator is set up for “termination.” The generator does not measure
the actual output for its display but the equivalent voltage source behind a 50 output
resistance. It scales the output for whether the generator is expected to “see” a 50 ohm
load or one >> 50 ohms.) Is the generator set up the way it should be for your meas-
urements? (You don’t have to fix it, just get the generator output correct.)

(You are about to save time traces & frequency spectra for several similar datasets. Each
captured waveform will be stored in its own file, so pick the file names carefully to distin-
guish the measurement conditions for each trace. Notice that the waveform changes shape
as you change probes! This is the effect on the actual signal of connecting it to the scope
and it is non-negligible. Be sure to record the horizontal time base and the vertical sensi-
tivity, as you will need that data for your calculations.)

2. Measure the rise time (10 to 90 % time) of the square wave rising edge and record the
value.
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3. Set up a Fourier transform of the waveform using the scope’s “Math” menu. Try a
span of 500 kHz and a center frequency of 250 kHz. What are the frequencies of the
peaks in the spectrum, and how do they relate to the square wave frequency?

Experiment with the scope settings to see how the spectrum changes with different pa-
rameter choices. Watch what happens to the spectrum display as the time base control
is changed up or down by one step. Also qualitatively compare the spectra obtained
with a “Hanning” window versus a “flat-top” or rectangular window. (The selection of
a “window” is one of the parameters in the Fourier transform setup menu. These win-
dows are specific ways of weighting the samples toward the ends of the time meas-
urement interval in order to minimize the effects of having a finite number of samples
from a signal that never starts or ends.)

In saving data for this part of the lab, set the DFT for a Hanning window and a sam-
ple/second rate that gives good resolution of the peaks. Set the vertical channel sensi-
tivity so that the waveform occupies most of the screen with no clipping. Note these
settings for reference later. Measure the amplitudes of the first 5 harmonics in the
Fourier transform relative to the fundamental in dB for the waveforms from both
probes. Save one DFT data set as a .csv file to a USB drive. (It may be easier to meas-
ure the harmonic amplitudes from the .csv file.)

4. Set the function generator for a sine wave, adjust the generator output until the wave
just fills the scope screen from top to bottom. Take another .csv file of data. The point
of this data set is to find out what vertical resolution the scope has. Resolution is ex-
pressed as the number of discrete steps on the vertical axis of the screen. The units are

“bits” — for example, 64 levels would be 6 bits because 2° = 64 .

5. Now disconnect the cable from the function generator from the scope and connect it to
the Analyzer Input jack on the Bode Plotter/Analyzer box. Reset the function generator
to generate a square wave at 2 Vpp again. Run the Digilent software from the comput-
er start menu for Digilent/Waveforms and select “Spectrum Analyzer.”

On the right side of the screen, there are a series of check and drop boxes to set up the ac-
quisition. Check the magnitude box, select units of dbV (volts divided by 1 volt expressed
in dB), and use the drop boxes to set range to be +10 dbV to -90 dbV. Further down, turn
off Trace 1, set Trace 2 for channel C2, type Linear RMS Average and 100 counts. (The
algorithm averages 100 displays to smooth out noise.) At the top of the screen, set the fre-
quency range to be 10 KHz to 1 MHz.

Press the Single button on the top of the screen and save the data to your engineering ac-
count in two forms: as a .csv and a .png file. You will want the .csv to see the numeric val-
ues of the harmonics and the .png to be reminded of all the other stuff you get underneath
the harmonics. You will be asked in your report to account for some of the apparently er-
roneous data.
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6.

7.

For comparison, turn the generator frequency down to 3 KHz, change the start fre-
quency to 1 KHz and record the spectrum of this signal to a file. Take a third spectrum
after changing the stop frequency to 100 KHz. While doing that, look at the spectra
yourself. Is there a difference between the 3 KHz and 30 KHz spectra in the spikes be-
tween the harmonics? Should there be anything there if the spectrum were correct?

Now connect the BNC cable from the function generator to the “black box™ so its
binding post terminals become a voltage source. Determine its Thevenin equivalent
circuit, that is, its open circuit output voltage and its output resistance. You may use
any method of your choice short of tearing open the box. Since the open circuit voltage
depends on the function generator settings, use the 2 Vpp setting from part (1). You
may use a 1 KHz frequency setting for this measurement to eliminate frequency effects
from the black box.

One way to do this is by measuring its output voltage with & without a resistor load. Think
carefully about what resistor value to use and what instrumentation setup to use to do this
measurement. There are other ways that are interesting and perhaps more reliable. Hint:
the scope is not the only instrument in the lab and you don’t have to have the function gen-
erator running all the time.

8.

10.

Return the function generator to 30 KHz square wave operation. Measure the output of
the box on the scope with a 1X oscilloscope probe. Zoom in to see just one or two cy-
cles on the screen and save the raw trace data to your USB drive. Zoom further and
measure rise time. Do you notice any differences in the shape of the waveform from
the data of step 2?

Measure the output again with a 10X oscilloscope probe. Zoom in enough to measure
rise time and then out enough to see just two or three cycles on the screen. Save the
raw trace data to your USB drive.

Leave the scope connected to the black box with the 10X probe and connect the 1X
scope probe from the second scope channel to the black box output. Zoom in enough
to measure rise time and then out enough to see just two or three cycles on the screen.
Save the raw trace data to your USB drive.

(You should now have 4 rise times and 4 time traces for 2 — 3 cycles of the signal: (1)
from a BNC cable direct from the generator to the oscilloscope and again to the spec-
trum analyzer, (2) through the black box with a 1X probe first to the scope, (3) through
the black box with a 10X probe to the scope,, and (4) through the black box with both
the 10X and 1X probes to the scope. You will also have a trace for a sine wave to use
to find the scope vertical resolution. Finally you should have two outputs of the scope
FFT/DFT spectra and three spectra from the Analog Discovery. Be sure to name the
files so you can associate the measurement configuration with the data.)

10
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11.

12.

Measure the length of the probe cables with a ruler. (You will use this to find their ca-
pacitance per foot. [ will try to remember to put a ruler on the bench in the middle back
of the room.) Record the values of resistance and capacitance marked on both the 10X
and 1X probes and on the input of the oscilloscope. These values are the equivalent
impedance seen at the probe or scope input expressed as a parallel combination of a
resistor and capacitor. The value marked on the probes is equivalent input impedance
of the probe and scope together. These equivalent circuits do not necessarily corre-
spond to any actual physical components.

Remember to get the magic ID number for your name and Lab 1 from a TA by demon-
strating how you have taken data.

Guidelines, Issues, and Questions for Write-Ups:

Please begin your write-up with a short introduction about the features of measurements and
spectra that seemed novel or important to you. Then use the following list as guidance for the
rest of the report. (Doing so will make it easier to write and easier for us to grade.)

1.

Show the measurements and calculation by which you found the output resistance of
the source.

Analyze the operation of the 10X probe. The equivalent circuit of the 10X probe is
shown below. The components R and C; are actual physical elements in the probe
body. The capacitor CcasLe represents the cable capacitance. (At 30 KHz the cable is
essentially a lumped shunt capacitor.) Let Ct be the total capacitance of cable and
scope given by C, = C_ 5, + Cgopr - Please do the following for this circuit:

e Derive the transfer function of this system and show that it is independent of
frequency if CT/CI = RI/RSCOPE'

e A real probe is designed and adjusted to meet this constraint. (There is a
screwdriver adjustment of Ccagte in the form of an adjustable lumped capaci-
tor in parallel with the cable, and we try to keep that adjusted to meet this crite-
rion.) Prove that this condition also makes the input impedance equivalent to a
single resistor and capacitor in parallel. The probe is marked with the values
of these equivalent components rather than any of the values of the actual
components: Ri, Ci, Rscope, Cscope or CcaprLe. The scope itself is marked with
its input resistance (1 megohm) and capacitance (Cscore). (You can find
Cscopk for your calculations by reading the front of the instrument.)

e Find the values of the real components of the probe and scope system (R, Ci,
Cscore and Ccagie) from your theory and measurements.

11
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3.

Typical coaxial cable has about 30 pf of capacitance per foot. How does that compare
to your estimate of the capacitances per foot of the two probe cables? What is the total
capacitance of the 1X probe, including both its cable and the scope connection?

Using EXCEL, MATLAB or a similar graphing utility, plot the data you took in step
one of single cycle traces. On the same graph, overlay the time data taken with the 10X
probe, the 1X probe, and both 10X scope probe and 1X together. Distinguish the trac-
es by color, line type or small vertical offset. Try to design the presentation so that the
change in signal features is clear as the source resistance and the load capacitance in-
crease. Add a list of the rise times with that graph. Comment qualitatively as to why
the curves change.

C1||
| |
"WWV

R:

o = T .

5.

CcaBLE Csc
Rscore

Source Probe and Cable Scope

Equivalent Circuit for a 10X Probe Connected to an Oscilloscope

Look at your raw data you took to measure vertical resolution and determine what the
minimum voltage step is that the scope stored, that is, what is the vertical resolution of
the scope on this scale. How many such steps are in your trace? How many steps does
it take to fill the screen? The number of such steps is always an integer power of two,
and that power is the number of digital bits used to represent the data. How many bits
per sample does this scope store? By comparison, the spectrum analyzer uses an ana-
log to digital converter that measures 14 bits per sample. (There is a big difference in
time sample rate: up to 1 Gsps for the scope and 10 Msps for the analyzer. You trade
off speed vs resolution along with dollars.)

Show that output impedance of the generator, Ro, in conjunction with the scope probe
forms a low pass filter and compute the cutoff frequencies for the three cases you just
plotted. How do those frequencies compare to the fundamental frequency of the wave-
form?

12
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7. From the measurements you took of the amplitudes of the first five harmonics in sec-
tions 3 - 5 of the measurements, what is the lowest harmonic frequency at which the
1X measurements were attenuated by 3 DB (a factor of }/;) or more than the 10X

ones? Is this consistent with the calculations of the cutoff frequencies of your probe
setups?

8. In measurements 1 and 3, you took .csv files from the scope for a time measurement
and a DCT frequency spectrum. How many points did each file supply? What were the
effective sampling rates? Was the spectrum you saw on screen smooth? Did it have a
simple set of peaks? Plot the DFT file for comparison to the same measurement taken
by the spectrum analyzer.

9. Using the data from the direct measurement of the 30 kHz square wave directly from
the function generator to the spectrum analyzer, determine whether the spectrum of the
signal is what Fourier analysis predicts. Do this quantitatively for all odd harmonics
from the fundamental to the 11™ harmonic. Are there small peaks that don’t seem like
the spectrum you expect? What might cause these?

10. You have three measurements of the power spectrum of the square wave taken with
the spectrum analyzer, one at 30 kHz and two at 3 kHz. The difference between the
two of the 3 kHz signal was the choice of stop frequency, 1 MHz and 100 kHz. Are the
30 kHz trace and the 3 kHz trace similar except for a 10 X change in frequency? The
two traces of the 3 kHz signal probably do look different. Describe and/or show what
the differences are.

11. All three spectrum analyzer traces have multiple small peaks between the obvious
harmonics of the square wave itself. What causes these? To answer, open the .csv file
and see how many samples did the spectrum analyzer use, how many output frequen-
cies does it have, what is the highest frequency output for each of the 3 kHz files?

The Spectrum Analyzer: The Analog Discovery module is relatively inexpensive — about $
160 while the oscilloscope cost was over § 1,200. The module is basically a 10 Msps analog to
digital converter with 14 bit resolution. The scope has many fewer bits of vertical resolution
but has a much higher sampling rate. (Really high speed ADCs are expensive!) The Discovery
module also no bandwidth limiting filter at its input and this leads to “aliasing.” (For refer-
ence, see: https://en.wikipedia.org/wiki/Aliasing )

Aliasing can lead to erroneous estimates of frequency when a signal is not sampled rapidly
enough to have more than 2 data points per cycle of the signal. When that happens, all periodic
signals with frequencies between half the sampling rate and that rate appear as signals between
zero and the half sampling rate instead.

The design of the scope emphasized modest resolution in both frequency and amplitude but
suppression of aliasing. The Discovery design emphasized high resolution in both at the cost of
some sloppiness in out of band suppression.

13
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EXPERIMENT NO. 2 - Characterization of a Diode and a Transistor

The object of this experiment is to measure some of the device characteristics dis-
cussed in class for a typical diode and for a typical bipolar transistor. The diode is a 1N4003
diode designed for rectifier service with a nominal breakdown rating of 200 volts and an aver-
age forward current rating of 750 ma. The bipolar transistor is the 2N3904 a low power tran-
sistor with a Vg rating of 30 volts, a maximum collector current rating of 150 ma and a
power dissipation rating of 0.3 watt maximum. Full data sheets on these devices are on the
class website and I have put extracts in an Appendix to this manual.

Current and voltage measurements are done with a Hewlett Packard parameter analyz-
er for low voltages and currents. We don’t have a truly functional instrument for higher volt-
ages or currents so we will limit the diode measurement range. Data from the analyzer can be
captured on the PC that controls it and you can put that information into one of the folders on
your engineering computing facility account. The software for the analyzer probably still has
some bugs but it gets more stable each year. There is a description of how the analyzer works
and how to set it up on the class web site under the heading of Course Materials/Parameter
Analyzer Notes. As much as possible we will try to let you do the measurements yourself.
The TAs are willing and able to give you further information on its operation. = Remember
you have to show a TA that you can do the measurements and ask for a “magic number” to
add to your report as a sign you did the work yourself.

1. Measure the capacitance of a reverse biased diode (1N4003) using our Boonton™ ca-
pacitance meter. This instrument applies a small 1 MHz signal to one side of the unit
under test and senses the current in other lead, while that lead is effectively grounded.
Readout is by a panel meter graduated directly in picofarads. Be sure the meter is ze-
roed before putting in your diode and make use of the mirror scale to minimize paral-
lax. Two terminals on the back of the meter, labeled "bias," allow one to apply a DC
voltage to the unit under test while the capacitance is being measured. There is a 120
VDC power supply connected to the meter. A shock from it can be painful, so please
be careful. Both you and the meter need protection from this voltage and I have an ap-
propriate network for that purpose connected to the back of the meter already. Please
do not disturb it.

There is some loss of potential in the protection network and the power supply meter is not
really sufficiently accurate at very low voltages. Therefore, use a separate digital voltme-
ter to measure the voltage being supplied to the Boonton and to determine the polarity of
the bias on the diode. (Remember you are interested in the reverse bias capacitance.) To
avoid problems with including the capacitance of the meter with that of the diode, the
DVM is connected to the bias terminals on the back of the meter. I try to leave a meter al-
ready connected for this purpose and would appreciate your leaving it there. You can use
a second meter across the diode terminals to determine polarity before connecting the di-
ode. Measure and plot the reverse bias capacitance of the 1N4003 (or equivalent) diode
from zero to 100 volts reverse with enough points to determine whether it approximately
follows the expected curve for an abrupt junction:
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CJO

N

where C,, is a fixed capacitance due to the case of the diode, C ) is the junction capaci-
tance at zero bias, Vr is the reverse diode voltage, and Vg is the junction built-in poten-
tial. Because this equation varies more rapidly near zero volts, you will have to take points
more closely spaced near zero than you do for higher voltages. You may even want to take
a point or two for forward bias up to 0.1 volts (negative reverse voltage). Vg7 must be less
than the bandgap potential (1.18 volts for silicon) and is likely to be more than .7 volts.
Use Excel or a math package to find the best estimates for C, C,,, and V, subject to that

C=C,+

constraint. Then overlay your data with a theoretical plot based on these estimates. I sug-
gest not allowing the curve fit to be completely unconstrained — forcing a fit for one or two
carefully measured points at zero and 100 volts and adjusting parameters to find the best fit
for the remaining points seems to work well.

2. Using the semiconductor parameter analyzer, measure the forward current of the
IN4003 as a function of bias zero volts until the current reaches 100 ma. Does this
curve fit a relation of the form:

qV | nkT
I, clee

where 7 is a constant, often called the ideality factor? What value of » fits best? Over
what range of V and Ip is this fit to within 20 %? (Take this data home as a file for later
processing.)

3. Run a SPICE simulation of the 1N4003 for the same conditions. Compare the meas-
ured and simulated data.

4. Again using the semiconductor parameter analyzer, make a Gummel plot for your
2N3904 transistor with Vg = 3 volts, keeping /c under 100 ma. Begin with Vg at zero
volts so that any heating effects will affect only the high current measurements. (A
Gummel plot has overlaid curves of Ic and I as functions of Vg at a fixed, usually low
value of Vce. The curves are drawn on a log-linear scale so that a wide range of cur-
rent can be shown. See the example plot at the end of this write-up.) There is an elec-
tronic thermometer on the shelf over the analyzer. Record the temperature at the time
you make your measurements. Over what range and with what value of n is Ic propor-
tional to exp(qV/nkT)? Does Ig behave the same way? Is the current gain independent
of Ic? From the same data, draw hrg versus Ic.

5. Measure Ic as a function of Vcg from 0 to 10 volts using Ig as a parameter, taking
enough data to be able to draw one of the sets of curves we use in class to show ampli-
fier operation. Cover the range of Ic up to 10ma with 5 — 10 base current curves. Plot
this in your report and derive from it the Early voltage at /. =5 maand Vcgsar at the
same current. In the software running the analyzer, pick the option for “matrix” format
of output data to make plotting easier.
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6. In principle and in practice the emitter and collector of a bipolar transistor can be in-
terchanged, and the device will still show appreciable common emitter current gain. In
this configuration, the old collector is, of course, the new emitter. This is called "re-
verse operation" of the transistor, and the current gain is called hgre or fr. Measure this
quantity for Ic = 1 ma and Vcg = 2 volts. How does this compare to the forward cur-
rent gain? Why are the relative magnitudes of hpg and hg p what they are?

7. Do a SPICE simulation of the 2N3904 for the conditions you used for the Gummel plot
in forward active operation. Compare that simulation to your measured data.

NOTES:

1. Please try to avoid damaging components by limiting reverse, leakage current to 10
pamp. None of these junctions are designed with sufficient thermal dissipation to
serve as a zener diode.

2. Here are the package diagrams for the transistors (bottom view) and the MOSFET ar-
rays (top view).

Base

Collector

collector
base Emitter

2N3904 - bottom view

emitter

TO-18 2N222A - bottom
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EXPERIMENT NO. 3 - Half a Cheap Stereo

This experiment introduces the idea of biasing a circuit for linear amplification. It is intended
primarily to introduce the capabilities of MOSFETs (Field Effect Transistors), to remind you
of the rules for Q point selection, and to give you a chance to think about simple RC circuits.
Build the circuit shown below, designing the required RC network and measuring its perfor-
mance. The circuit uses a transformer to drive a low-resistance speaker with an amplifier
made from a single MOSFET. The transformers in the setups for this lab have a magnetizing
inductance of 0.5 H, a turns ratio 4.6:1 from primary to secondary, and a primary wire re-
sistance of 30 ohms. (By comparison, the secondary resistance is negligible.) The speaker
acts roughly as an 8 Q resistance.

There are several setups in the lab that each has a 12 volt power supply, an Apple iPod or simi-
lar device with some music available as a signal from it, a speaker and a transformer for the
speaker prewired to the speaker. I hope the setup is obvious. The components are mounted on
white plastic plates that I put at the ends of the wall benches and on the back middle table.
They also have MOSFETs mounted on heat sinks and I have checked that those are functional.
I left a spare loose MOSFET on heat sink on the middle table.

The IRF610PbBF is typical of what we use in this system, and its pinout and characteristics are
given below. Unmounted transistors are only for backups. (If one of the transistors on a heat
sink is damaged, please give it to me to mount a new one.) The gate bias voltage in operation
is usually about 3.5 V but may be up or down by several tenths of a volt. You may have to
adjust your circuit to get the correct (optimum!) quiescent current.

The signal sources are equivalent to a 2.5 volts peak-to-peak signal with the source impedance
of a 1600 pf capacitor. The figure below shows the connection of the MOSFET to the cou-
pling transformer and speaker. Designing an RC network to connect the Apple to the
MOSFET and to provide MOSFET bias is part of your job. It should take either three resistors
or one capacitor and two resistors. (I rather like the latter circuit for aesthetic reasons. At
least, you should know what the two choices are.) The MOSFET gate can be considered an
open circuit for this design. The signal voltage at full volume is somewhat bigger than the
MOSFET can handle without distortion. To fix this problem, your RC network should attenu-
ate the signal by a ratio of 5:1. In your write-up, you are expected to show this attenuation is
realized by design. The low frequency cutoff associated with the network including the effect
of the capacitor in the signal source (1600 pf equivalent source impedance) has to be placed at
or somewhat below 50 Hz.

Select the bias from the network to make the quiescent current optimal for maximum pos-
sible voltage output. For proper transistor operation, ip should not go below 10% of the
quiescent bias current, and vps should not go below Vpssat. Derive the quiescent current
Ip-opt which allows the maximum AC power to be delivered to the speaker. (Hint: Note
that ip = Ip-opt + Alp; Pout = |AIpxAVp|. Alp and AVp are related through the load imped-
ance.) The transformer specifications are adequate to fill in the parameters of the optimal
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quiescent current formula. (While I know that we have not talked in class about
MOSFETs, I think one of the points of this experiment is that the device physics is some-
what irrelevant. Amplifiers using three terminal devices operate the same way whether the
device is a vacuum tube or one or another transistor type. The differences are largely a
matter of scale.) Determining the gate bias voltage that corresponds to the optimum drain
current may be done empirically. (The choice of the value itself is theoretical NOT empir-
ical.) You may use the curve tracer or parameter analyzer to determine an appropriate val-
ue of gate voltage Vg or you may use trial and error to set the right Iy. This is the one
lab that allows a cut-and-try approach of adjusting one resistor value while measuring the
quiescent drain current Iy. Note that the selection, adjustment, and confirmation of I are
an important part of the basis on which your report will be graded.

In your report:
1. Show how you calculated the optimal quiescent drain current.
2. Show data for the measured quiescent gate and drain voltages, and the quiescent
drain current. You may measure the latter by inserting a 10-ohm resistor in series
with the power supply VDD line and measuring the voltage drop across it with a
digital voltmeter. If you wish, you may use this same method to measure /,, while

setting the current.

3. Show how you designed your RC network, including your calculation of its nomi-
nal cutoff frequency.

4. Calculate the expected low frequency cutoff due to the transformer magnetizing in-

ductance. For this you should use and show a reasonable model of the transformer

as driven by a signal current source.

Give a qualitative evaluation of the functioning of the circuit.

6. Using SPICE, simulate the required voltage to bias the MOSFET and compare it to
your empirical determination. (The simplest way to do this is to replace the bias re-
sistors by a Thevinen equivalent and sweep the equivalent voltage with a .DC anal-
ysis command line.)

7. Use SPICE to simulate the frequency response of the entire circuit over the range of
20 Hz to 10 KHz. For the transformer you may use the transformed resistance of
the speaker in parallel with the primary magnetization inductance. Use 1600 pf in
series with a voltage source for the signal.

V)]
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Voo +12V

T 4.6 : 1 (Turns ratio)

Cs .
1600 pF

. Speaker
[l : RC
I : network IRF610 8Q
Vs

25V p-p .

Signal Source : MOSFET Amplifier
(Eauivalent circuit to tape plaver) :

NOTE: MOSFETs are discussed in chapter 6 of Razavi. We will discuss MOSFETs in class
near the end of March. You do not need to know much about them to do the lab since the lab
is largely independent of the details of the device! Field effect transistors differ from BJTs in
a couple of ways that are important here and which make the lab easier. The gate of an FET is
its control terminal in the same sense as the base of a BJT is for it. However, the gate draws no
steady DC or bias current at all. Superficially the drain current vs. drain voltage curves with
Vs as the curve parameter look just like those of a BJT. The main difference besides the lack
of gate current is that the gate voltage for a given drain current is larger than Vg for a BJT
and tends to be less repeatable from unit to unit. Interestingly nothing in the consideration of
the "best" Q-point for a single stage amplifier depends on the differences in the device types.

IRF610PbF: n-channel enhancement-mode MOSFET made by the DMOS (diffused MOS)

process
Maximum Vg 200V
Maximum /g 2A
Maximum P 25 W (on heatsink with ambient temperature 25 °C)
Threshold, V7 2.0 to 4.0 volts; 3.0 (typical)
Saturation, Vpggyr 1V (approximate - Vgs dependent)
O
IRF610 MOSFET MOSFET Symbol
Front View Terminal Names: D (Drain)
G (Gatg)_{ D
S (Source)
Gl DI S
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EXPERIMENT NO. 4 - Audio Frequency Amplifier

This lab introduces you to some very common aspects of design through a very simple
single transistor amplifier. In this lab you will get your first design experience with the con-
cepts of small signal analysis and will get some further experience with biasing. These con-
cepts are fundamental to circuit design, so make sure you understand them, and the distinction
between them. In addition, this lab requires you to use some common measurement tech-
niques. The experiment is quite simple relative to some of the later ones, and should not take
you much time in the lab. As your first design, it may require substantial thought beforehand.

The Experiment

Design, build, and characterize an amplifier having the following specifications

Gain: |AV| =15+20%, (23 DB +/- 1.5 DB) from 100Hz to 10kHz

Input Impedance: 10 kQ +2kQ @ 1kHz
Output Impedance:  <6kQ @ 1 kHz
Output Voltage Swing: at least 2.5 volts from quiescent point

Low Frequency Rolloff: -3dB point (relative to midband gain) must
be kept below 30Hz

Your amplifier should run from a single 12V power supply, and be based on the 2N2222A
(NPN) transistor, which has the following specifications:

BVCEO =30V

70 <hgg = hg <230 @ 1 mA (typ. 130)
Pp=300mW

Io > 150kQ typical @ 1 mA and 6 volts

Through the proper choice of biasing components, your circuit should meet design criteria for
the full range of hgg (70 to 230) and for 0.50V < Vg < 0.70V. It is not sufficient for you to
make your circuit work for one particular set of components - it must be designed to work for
any components that meet the appropriate specifications (i.e. 70 < hgg < 230, resistor values +
5%, etc.). Gain and output impedance are primarily dependent on the passive components. It is
the input impedance and Q-point that vary significantly from one device to another and over
temperature. You will be graded stringently on meeting the requirements by design for these
circuit parameters.

SPICE can be used to check that a design meets its requirements by simulating with a worst
case range of temperature and device models. I only have a typical model for the 2N2222A but
temperature is the main reason for variation in Vgg so simulate a typical instance of your de-
sign for the Q-point and the input impedance at 1 KHz for -20 C, 27 C, at 80 C, the range of
operating conditions for some industrial and consumer products. (SPICE simulates the circuit
at 27 C by default and the directive to change that is “.OPTIONS TNOM=<Value in deg. C>.)
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A common emitter amplifier with a partially bypassed emitter circuit will work. You must

choose

the passive component values so that your circuit functions as required. Your report

should contain:

HINTS

Very short introduction
Schematic

Description of how you chose your component values, along with calculations of qui-
escent voltages and currents, gain, input impedance and output impedance; show hand
calculations for the limits of (Ic, Vcg) over variations in hrg and Vge.

Measurements of quiescent voltages

Printout of the Bode plot of the amplifier taken on one of our computerized plotters
showing that the amplifier conforms to the design specifications. The printout must
show your protoboard number and have the TA’s magic number.

Measurements of input and output impedances at 1kHz. Be explicit about the connec-
tions and component values you use to make these measurements.

SPICE run data as per above to confirm your design goals were met over temperature.

1. It is often easier, in this type of design, to satisfy the small-signal design specifica-
tions first, and then choose biasing components, which, consistent with small-
signal requirements, fulfill the remaining requirements of quiescent point stabiliza-
tion and large-signal properties such as output voltage swing. Work backwards
from the output impedance.

2. The tolerance on the input impedance is a limit; it is not required or desirable that
this limit be met exactly for the limits of transistor current gain. Given that the cur-
rent gain is so variable, it must be necessary to maximize z; so that Rgg is the pri-
mary determinant of Ziv. It makes more sense to minimize the effect of beta on the
circuit consistent with meeting the other requirements, particularly meeting the
output impedance and in-band gain requirements, without worrying about the vari-
ability of Zn.

3. Design the Q-point around the typical device and then check that the input imped-
ance tolerance is met. Choose the total emitter resistance so that you can hope to
meet the requirements for variation in Vg over temperature.

4. Use standard resistor values and do not series or parallel connect them to make in-
termediate values. Resistors have tolerance (+/-5 %) and you cannot realistically
count on doing any better than nominal. In the 4 to 7 kilohm range, the standard
values are 3.9K, 4.3K, 4.7K, 5.1K, 5.6K 6.2K and 6.8K.
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5. Input impedance is most easily measured by placing a resistor comparable to the
expected input impedance in series with the signal source. You measure the input
current from the voltage across this resistor. Use two oscilloscope probes, one
connected to each side of the resistor, and set the scope to measure the difference
in the voltages (invert one scope channel and sum them). Be sure both channels
are set to the same sensitivity. (This approach to measuring the input current is
suggested because it is simple to predict when it will work. Instruments such as
bench voltmeters and DVMs usually have too much capacitance and too little fre-
quency response to be used except at quite low frequencies. The differential scope
method works well to quite high frequencies.)

6. The output impedance can be measured using a similar technique to what you used
in lab #1. You add a load and note the change in output voltage, calculating back
to the output resistance that would account for the change. The only trick is to
connect the load resistor so that the quiescent point is not disturbed so much that
the amplifier ceases to work properly. That means the DC collector voltage must
not change as you add the 1 KHz load. Think about how you might introduce a
load at 1 KHz without changing the Q-point at all!

C
Rc
R»
o
|
| ® 2N2222A
R4
< @ Vour
vin
Ry
Rj; - Ck
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EXPERIMENT NO. 5 - Video Amplifier

The bandwidth for older television video signals in the United States (the NTSC stand-
ard of 1941, which was not replaced until 2000,) was approximately 30 Hz to 4 MHz. The
first digital TV standards required a 3 DB video bandwidth of 30 Hz to 6 MHz and this band-
width was used for the last TVs and displays that used cathode ray tubes (CRTs). There was a
common design problem with large-screen, cathode ray tube displays, in which a modest video
signal level on the order of 2.2 volts pp drove the grid of a CRT electron gun directly. An am-
plifier capable of providing the required gain, bandwidth, and output voltage was a standard
feature of all TVs and monitors using CRTs. Suppose that our 6 MHz TV required a CRT
drive level is from +20 to +65 volts relative to ground and that in addition to the +12V supply
(from which to derive base biases), 80 VDC can be obtained from a high voltage supply in the
lab. Design and build an amplifier that will give a 30 Hz to 6 MHz bandwidth as defined by
its lower and upper 3 DB points. The circuit is to have a minimum input impedance of 1,000
ohms over the entire frequency range. Simulate the capacitive loading of the CRT grid with
the 10x oscilloscope probe (about 15 pf capacitance).

You will probably find that these design requirements cannot be met with a simple
common emitter amplifier, and that a cascode configuration will be necessary. The cascode
connection reduces the Miller effect, which helps keep the input impedance high. Also, it is
difficult to combine high cut-off frequency, high breakdown voltage, and high power handling
in one transistor. The cascode circuit eases these demands by dividing the requirements be-
tween two transistors. Design the circuit around 2N3440 and 2N2222A transistors. The max-
imum power dissipation for a 2N3440 is 1 watt in an ambient temperature up to 50°C. Design
your circuit conservatively to have the 2N3440 dissipate no more than about .65 W. Design
around typical values of all transistor parameters. A table of some of the parameters is given
below; more complete data is available in the Appendix.

A complication in the problem is that the capacitances shunting the output are substantial. In
addition to the scope probe and Cp of the 2N3440 there can be up to 2 pf between terminals
of the breadboard. You will probably find that this capacitance limits the upper frequency
cutoff from the collector load pole to something under 4 MHz. There is a standard method for
increasing the bandwidth by putting a coil in series with the collector resistor as shown below.
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For this circuit, the data shown below
gives the relation between the inductance Lc
Lc and the bandwidth. The frequency
fhax 1S the cutoff frequency with no in-

1
ductor, i.e, f =————— where Rc
(Zﬂ-RC thum ) COB
Csiune 18 the total capacitance to ground I |
from the output node. Use this configura- | Scope probe and
tion to move the 3DB cutoff frequency ——  breadboard ca-
(i.e., the frequency at which the gain de- pacitance

creases by a factor of .707) out as needed.
There is a selection of small RF chokes

(coils) available from the TA. You may

check out and return what you need. (The coils look much like resistors ($ .02 ea.) but cost
about a dollar each. You must return these and not treat them as casually as resistors.) The
color code on coils is the same as for resistors; the units are microhenries. (The coil color
code can be difficult to be sure of because the colors are not well printed. There is an R-L-C
meter in the lab to check with.)

Note that 6 MHz is an appreciable fraction of the 250 MHz common base cutoff fre-
quency of the 2N2222A. In calculating input impedance you will have to take account of that
fact. Also, the Q-point will have to be stabilized in such a way as to account for the range of
hgg of the common emitter transistor and for .5 < Vgg <.7 volt. I should not be a prob-
lem. Be sure to show you have met this requirement by design.

Wiring can cause problems in a circuit like this. You will reduce or avoid such prob-
lems if you keep it neat with short leads. One unhappy fact of life at high frequencies is that
power supplies may not be high frequency signal grounds unless one puts a small capacitance
(typically .1 to .01 pfd.) between the supply and ground physically located right at your circuit.
The best kind of capacitor is a ceramic disc type; it is commonly called a bypass capacitor.
This observation applies to both the 12-volt supply on the breadboard station and to the 80-volt
supply, which will have to come from 0 to 120VDC supply on the back bench. Any electrolyt-
ic capacitors should be bypassed as well, because they often have significant series inductance.

Measure the gain over the range from 10 Hz to 10 MHz. This requirement must be
met with a plot from the automated Bode plotter. Make a SPICE simulation of the frequency
response and use that to calculate the input impedance of the circuit. Measuring the input im-
pedance is tricky so I will let you substitute the SPICE value for a measurement. Also, record
the quiescent circuit voltages. Please try to minimize component damage by checking your
wiring before applying power. If you have a problem, check the devices on the curve tracer.

Write-up: In your write-up do the following:

I. Indicate how you arrived at component values.
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II. Calculate the input impedance of the whole circuit for typical transistor parameters at
6 MHz. Compare this to the value from your SPICE simulation. (Note that if you
meet the input impedance requirement at 6 MHz, you do so automatically for all fre-
quencies below that too.)

[II. Calculate the limits on the quiescent current due to transistor parameter variations.

IV. Derive the relative gain formula for the circuit including the effects of the inductor.
(See discussion below.)

V. Report your measurement results for both the Q-point and the frequency response
(Bode plot) with an explanation of any discrepancy with calculation.

VI. Make a SPICE run of the frequency response of the circuit for the same range as your
measurements and show how that compares with the measured response.

Gain versus Scaled Frequency for Several Values of kL

1.6 ‘
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Relative Gain Calculations: The collector impedance, Zc, made up of R., L., and Cy 7 »

dominates the high frequency gain of this circuit and its dependence on frequency determines
the relative gain of the amplifier. This combination of passive components occurs at various
scales in many applications and is best analyzed in dimensionless terms. The relative amplifi-

er gain will be the dimensionless ratio |ZC|/ R.. If the inductor is not present the circuit has
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single pole behavior with a cutoff frequency given by f,,,, defined above. Scaling all fre-

quencies by this value makes the frequency scale dimensionless too. Finally, one can express
the inductance as the product of a dimensionless coefficient k, as:

L.=k,RC

shunt

As part of your write-up, show that the relative gain is given by the expression:

2| NV (f ] fun)' + 0=k fu)F
R (f/ fon )+ (] S =11

This formula was used to calculate the family of curves on the graph above. The graph is quite
handy for picking L¢ based on how much additional frequency response is required.

Selected transistor data. See the data sheets for more details.

Transistor Parameters
type
COB (pF) f T (MHZ) B VCBO (V) B VECO (V) P D (W)
2N2222 7 @ Ves=10 250 60 30 0.3
A\
2N3440 4 @ Vcp=40 25 300 250 1.0
A\
HINTS:

1. The collector resistor is fixed by the maximum power dissipation requirements. Use the
maximum power theorem, which states that a voltage source in series with a resistor R and
a load will transfer maximum power to that load when half the voltage is across R and half
across the load. That power is V2/4R. The trick is to identify the voltage that goes with
applying this theorem to your circuit.

2. Pay attention to heat in the collector resistor — it will be too much for the standard quarter
watt resistors you use for most of the labs. There is a separate set of 2 watt power resistors
among the supplies in the back corner. Please return any resistors to the right drawer when
you are done. See also the comments on resistors in the introduction.

3. The quiescent current is set by the midpoint of the output drive levels.
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4. Vg for the 2N2222 is set by a compromise between too low a value increasing the value

of Cpp and too high a value giving an unstable Q point. A reasonable compromise here is
~4to8 V.
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EXPERIMENT NO. 6 - Sine Wave Oscillator

Sinusoids are useful waveforms, because they are convenient basis functions for ana-
lyzing the response of (linear) systems. Any sufficiently well-behaved signal can be represent-
ed by a linear combination of sinusoids (through Fourier or Laplace transforms) and derivative
and integral operations on any of the basis functions yields another basis function of the same
frequency. In fact, sinusoids are the only functions that retain their original shape during pro-
cessing by a linear system, which makes it easy to characterize the effect of the system on a
sinusoid by specifying only the amplitude and phase change. In mathematical language, si-
nusoids, or rather exponentials with pure imaginary arguments, are the eigenfunctions of all
linear systems. Consequently, sine wave generators are useful tools for circuit testing and di-
agnosis (as you have already seen in the previous labs). In this lab, you will design a variable
frequency sine wave generator. Although the approach you use cannot yield a sine wave of
sufficient purity (i.e. low harmonic content) for use in a high quality generator, the quality of
its waveform is sufficient for many less demanding applications. This is a fairly inexpensive
way of producing a versatile waveform generator (sine, triangle and square waves simultane-
ously) over a broad frequency range.

The approach you will use involves the generation of a triangle wave followed by con-
verting the triangle wave to a sine wave using a nonlinear circuit. It is relatively easy to gen-
erate a high-quality variable frequency triangle wave using an operational amplifier integrator
circuit with a variable input resistor. (Alternatively, it is easy to convert a variable frequency
square wave to a triangle wave using an integrator). The triangle wave generator will be made
using a combination of an integrator and a Schmitt-trigger comparator as shown in the figure
below. The comparator is implemented by using an opamp with positive feedback to give it
the characteristics of a Schmitt-trigger input. The difference between this design and a true
digital comparator is that the latter is optimized for high speed by omitting the compensation
circuitry that an opamp has to optimize its use under negative feedback. Although in practice
the integrator and Schmitt trigger functions can be integrated into one single, fairly simple cir-
cuit, the approach outlined in this lab will give you exposure to two opamp applications (inte-
grators and comparators separately).

A circuit having the block diagram shown on the next page can generate a triangle
wave. The Schmitt trigger circuit itself is an operational amplifier wired for positive instead of
negative feedback. An inverting amplifier topology in which the opamp’s input terminals are
swapped will make a non-inverting Schmitt trigger circuit. When the Schmitt trigger output is
negative, the integrator output ramps up. When that output reaches the positive-going thresh-
old of the Schmitt trigger, the Schmitt trigger output goes positive. This causes the integrator
output to ramp downward until the Schmitt trigger’s negative going threshold is reached. This
sends the Schmitt trigger output negative, and the cycle repeats.

The symmetry of the triangle wave depends on two things. First the negative and posi-
tive outputs of the Schmitt trigger must be equal in magnitude to obtain equal slopes for the
positive and negative going parts of the triangle wave. Second, the positive and negative
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switching points of the Schmitt trigger, which must be equal magnitude, control the positive
and negative peaks of the triangle wave. Although an opamp-based Schmitt trigger will not
precisely meet these two conditions, the accuracy will be acceptable for the purpose of this
experiment. Your task is to determine how to implement the integrator and Schmitt trigger in
such a way as to yield a triangle wave generator having a frequency range of at least 100Hz to
10kHz. You will be allowed one 10 kQ potentiometer for adjusting the oscillator frequency.
The input resistor of the integrator (R; in the figure) must be higher than 3 K so that the load
on the square wave amplifier is never less than 2.5 K. The amplitude of the square wave only
needs to be greater than 5 volts pp, however, the triangle amplitude should be as near as prac-
ticable to 5 volts pp and some grade penalty will be attached to a discrepancy of more than +/-
10 %. You cannot use an electrolytic capacitor in the integrator.

The triangle to sine conversion circuit you will use is an example of a class of nonline-
ar circuits. It utilizes the nonlinear I-V characteristics of the base-emitter junctions of bipolar
transistors. Attached is a copy of the original journal article (R. G. Meyer, W.M.C. Sansen, S.
Lui, and S. Peeters, The Differential Pair as a Triangle-Sine Wave Converter, IEEE J. Solid-
State Circuits, Vol. SC-11, June 1976, pp. 418-420) describing this triangle to sine conversion
technique. Using a single CA3083 NPN transistor array chip, design and construct a circuit
following the technique outlined by Meyer, et al. It is almost certainly easiest to use the collec-
tor output option rather than the emitter option that they also mention. The combination of
this circuit with your triangle wave generator will be a variable frequency sine wave generator.
You probably have to put something between the triangle output and the sine-converter input
to reduce the signal amplitude to an appropriate value. The output sinusoid shall be 5 volts pp
too and have a zero mean value. The output source impedance shall not exceed 100 ohms.
(This does not mean you could load the circuit with 100 ohms! You may meet this require-
ment by design. You very likely need another opamp to do it. ) It is probably best to use it as
a differential amplifier, taking the difference in potential between the two collectors of the sine
converter. This reduces distortion and saves a capacitor. As a difference amplifier is a little
harder to design, I will reserve points on the lab grade specifically for doing this successfully.

In demonstrating your circuit to the TA, you must show reasonably distortion-free sine
wave generation from 100 Hz to 10 kHz. Distortion must be reduced by proper selection of
passive components in the triangle wave oscillator. To establish a quantitative measure of the
distortion of the sine wave, you may use either the spectrum analyzer software with the Bode
plotter box or use an oscilloscope to capture the signal when your generator frequency is about
1 kHz. If you use the scope, use a sampling rate of at least 100 kHz and try to adjust for as
near to ten cycles of the waveform on screen as practicable. Fill the vertical scale as fully as
possible without clipping. Capture the data on a flash drive and process it in EXCEL and use
it or another package to calculate the DFT. From the peaks in the measured spectrum calcu-
late the ratios of the second through fourth harmonics to the fundamental. To meet the re-
quirements of the lab, the amplitudes of the second and third harmonics must be at least 23 DB
below the fundamental. Also capture the square and triangle outputs of your circuit at 1 KHz.
In your report, overlay them with the sine wave data all on the same time axis. As inlab 1,
the TA will give you an electronic signature to include on your graph when you demonstrate
your triangle and square wave outputs to him.
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The report should include the usual brief introduction and a section that shows the log-
ic of your component choice. In the section that has the tabulation of measured and designed
values, please include at least:

1. Amplitudes of all waveshapes at 100 Hz, 1 kHz, and 10 KHz.
2. Distortion of the sine wave — use the spectrum analyzer software with the Bode plotter
boxes.

3. Waveshapes of all outputs at 1 KHz overlaid on the same time axis.

4. Maximum and minimum frequencies.

5. Quiescent values of the voltages in the sine converter

6. DC or mean value of the sinusoidal output -- i.e. is it really zero mean?
Hints:

1. Bypassing the power supplies with small ceramic capacitors on the breadboard will help
avoid spurious oscillations.

WARNING: Pin 5 (SUBSTRATE) must be connected directly to the

VEE (-12 volt) supply line in order to isolate one transistor from another. All 5 tran-
sistors in the CA3083arrays can be wired freely as needed as long as that substrate
connection is made. We don’t like wholesale destruction of these devices so please
be careful.

2. The transistors in the CA3083 array have their highest gain and best frequency response
when biased at just over 10 ma. This would imply that the maximum quiescent current
for your circuit should be no more than 5 ma so that performance will remain high as the
circuit transfers current preferentially to one side of the differential amplifier. Probably
somewhat lower still, somewhere in the range of 0.2 to 2 mA, would result in best per-
formance.

3. One technique for realizing a variable time-constant integrator is shown below. Notice
that the potentiometer, R2, is a three terminal device. You are not just making the inte-
grator input resistor a variable one. (That will not work satisfactorily.)

4. Some small but annoying anomalies can be avoided by using a 1X buffer between the tri-
angle output of the integrator and the input to the Schmitt trigger. This prevents the latter
from adding glitches to the triangle.

5. The amount of distortion is sensitive to any DC offset at the wave-shaper input. That can

be caused by the base current of the BJTs if the source impedance of the signal is too high
or the resistances of the two bases of the differential pair are unbalanced too much.
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Function Generator Block Diagram: the Schmitt trigger and integrator form a square
and triangle generator. The waveshaping circuit uses a differential pair with current source
biasing and an emitter resistor. (See attached article.) You should have an opamp buffer
in that circuit to minimize distortion and lower the output impedance.
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The Differential Pair as a Triangle-Sine Wave Converter

ROBERT G. MEYER, WILLY M. C. SANSEN, SIK LUI,
AND STEFAN PEETERS

Abstroct—The performance of a differeatial pair with emitter degen-
cration as a triangle-sine wave converter is anatyzed. Equstions describ-
ing the circuit operation are derived and solved both anslytically and by
computer. This allows selection of operating conditions for optimum
performance such that total harmonic distortion as low as 0.2 percent
has been measured.

I. INTRODUCTION

The conversion of triangle waves to sine waves is a function
often required in waveshaping circuits. For example, the oscil-
lators used in function generators usually generate triangular
output waveforms [1] because of the ease with which such
oscillators can opcrate over a wide frequency range including
very low frequencies. This situation is also common in mono-
lithic oscillators [2]. Sinusoidal outputs are commonly de-
sired in such oscillators and can be achieved by use of a non-
linear circuit which produces an output sine wave from an
input triangle wave.

The above circuit function has been realized in the past by
means of a piecewise linear approximation using diode shaping
networks [1]. However, a simpler approach and one well
suited to monolithic realization has been suggested by Grebene
[3]. This is shown in Fig. 1 and consists simply of a differen-
tial pair with an appropriate value of emitter resistance R. In
this paper the operation of this circuit is analyzed and relation-
ships for optimum performance are derived.

II. CIRCUIT ANALYSIS

The circuit to be analyzed is shown in Fig. 1(a). The sinusoi-
dal output signal can be taken either across the resistor R or
from the collectors of Q1 and Q2. The current gain of the de-
vices is assumed large so that the waveform is the same in both
cases.

The operation of the circuit can be understood by examining
the transfer function from ¥; to current i flowing in R. This is
shown in Fig. 1(b) and has the well-known form for a differ-
ential pair. The inclusion of emitter resistance R allows the
curvature to be adjusted for optimum output waveform, as
will be seen later.

When a triangle wave input of appropriate amplitude is ap-
plied as shown in Fig. 1(b), the output waveform is flattened

Manuscript received August 4, 1975; revised December 15, 1975.
Research by R. G. Meyer and S. Lui was sponsored by the U.S. Army
Research Office, Dutham, NC, under Grant DAHC04-74-G0151. Re-
scarch by W. M. C. Sansen and S. Pocters was sponsored respectively by
the Belgian National Science Foundation (NFWO) and the Belgian Na-
tional Fund for Scientific Research (IWONL).

R. G. Meyer and S. Lui are with the Department of Electrical En-
gineering and Computer Sciences and the Electronics Research Labo-
ratory, University of California, Berkeley, CA 94720.

W. M. C. Sansen and S. Peoters are with the Laboratorium Fysica en
Elektronica van de Halfgeleiders, Katholicke Universiteit, Leuven,
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Fig. 1. Triangle-sine wave converter. (a) Circuit schematic. (b) Trans-
fer function.

by the curvature of the characteristic and can be made to ap-
proach a sine wave very closely. As with all such circuits, the
distortion in the output sine wave is dependent on the input
amplitude and this must be held within certain limits for ac-
ceptable performance.

In the following analysis, @1 and Q2 are assumed perfectly
matched, although in practice mismatches will occur and give
rise to sccond-order distortion (typically less than 1 percent).
However, introduction of an input dc offset voltage has been
found to reduce second-order distortion terms to negligible
levels and they will be neglected in this analysis. The presence
of such an offset does not affect the following analysis. From
Fig. 1(a)

Vi=VpEy +iR - VBE, (1)

but

)
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-Vrm G 3)
Ix
where
kT
Vp= p, 4)
Substitution of (2) and (3) in (1) gives
V;xiR-l-VTln!Q. ()
Ic,
Ifa=:1 for Q1 and Q2 then
Icy =I+i ©)
Ieg =1-i. Q]
Substitution of (6) and (7) in (5) gives
i
YL(m),, T ®
ve I\Vr i

! I
Equation (8) is expressed in normalized form and shows that
the output signal i// normalized to I depends only on normal-
ized input voltage ¥;/Vy and factor IR/Vp. Because of the
small number of parameters in (8), it is readily solved in nor-
malized form by computer to yield a series of curves specify-
ing the circuit performance. Before this is pursued however, it
is useful to consider an approximate analytical solution of (8)
which gives some insight into the circuit operation.
The log term in (8) can be expanded as a power serics
14—

I i 2/fi\* 2/[i\°
lnl—-"_i—=27+;(7) +-s—(7) +-- 9)
I
for
L (10)
I

Substitution of (9) in (8) for the circuit transfer function gives

V; (IR i 2fiV¥ 2/[i\®
w2} =+ {=) +={=) +---
Vs \Vr I 3\r1 s\71

a1n

This cart be expressed as
RS/ S (1)
IR Ve I 3 IR I
—+2 —+2
Vr Vr
2 1 i\$
— — L RARK] lz
tw—(r) a2
+2
vr
The desired transfer function for the circuit is [see Fig. 1(b)]
i-K1 sian V[ (13)
where K, and K, are constants, and thus
d )

K; V; = arcsin —.
2V m:smx1

Expansion of (14) in a power series gives
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By comparison of (12) and (15) it is apparent that in order to
realize the desired transfer function, it is necessary (but not
sufficient) that

Kl =1 (16)

amn

Equation (16) shows that the peak value of the output current
should equal the current source value /. If the input triangle
wave has peak value Vs then (13) indicates that for a perfect
sine wave output it i3 necessary that

T
K ¥y =7 (18)
Substitution of (17) in (18) gives
17
Y59 R (314 (19)
Vr Vr

Equation (19) gives the normalized input triangle wave ampli-
tude for minimum output distortion. .

The circuit transfer function given by (12) is to be made as
close as possible to the arcsin expansion of (15). If we equate
coefficients of third- and fifth-order terms in (12) and (15) we
obtain IR/Vp equal to 2 and 3.33, respectively. It is thus ex-
pected that the best performance of the circuit will occur for
this range of values, and this is borne out by experiment and
computer simulation.

III. COMPUTER SIMULATION AND EXPERIMENTAL RESULTS

The solution of (8) was obtained by computer simulation for
various valuﬁ of ¥y/Vr (normalized triangle wave amplitude)
and factor ZR/V 'y, and the output signal was analyzed into its
Fourier components. Third-harmonic distortion (HD;) is de-
fined as the ratio of the magnitude of the signal at the third
harmonic frequency to the magnitude f ental.
Total harmonic distortion (THD) is +/HD% + +:-L A
typical plot of HD; and THD is shown in Fig. 2 forIR/VT =
2.5. It can be seen that the THD null and the HD3; null occur
at about the same value of Vys/Vyp, and this is true for any
value of IR/Vy. The measured points in Fig. 2 show good
agreement with the computed curves and both show a mini-
mum value of THD of about 0.2 percent for Vye/Vp = 6.6.
This corresponds to Ve =~ 175 mV for V1 =26 mV.

The effect of variations in JR/V 7 on the minimum value of
THD is illustrated by the computed curve of Fig. 3. At each
point on this curve, ¥s/Vy was adjusted for minimum distor-
tion. This curve shows that best performance is obtained for
IR/Vy =~ 2.5, and this is within the range of 2-3.3 predicted
earlier. These results were verified by experimental data.

The effect of temperature variation on circuit performance
was investigated by setting IR/Vy = 2.5 at room temperature
and holding I, R, and V)¢ constant as 7 was varied. Measured
and computed THD were less than 1 percent from 0° to 55°C.
The measured rms output amplitude decreased 5 percent over
this temperature range.

The results described above were measured and computed at
low frequencies. The measurements were made at frequencies
of the order of 100 kHz where the distortion was still fre-
quency independent. Computer simulation neglected all ca-
pacitive effects in the transistors. In order to investigate the
performance of the circuit at frequencies where charge storage
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Fig. 2. Computed and measured distortion versus normalized input
voltage of the circuit of Fig. 1(a) withm/VT=2.5.
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Fig. 3. Computed minimum total harmonic distortion versus IR/Vp
for the circuit of Fig. 1.

in the transistors is important, computer simulation was used
with input frequencies up to 10 MHz and including a2 com-
plete, large-signal high-frequency device model. The results
showed that THD was independent of frequency up to about
1 MHz. Above this frequency, THD increased rapidly duc to
irregularities in the peaks of the output sinusoid. This is due
to the fact that at the signal peaks, the output current i ap-
proaches the current source value I [see (16)], and thus Q1
and Q2 alternately approach cutoff. The fr of the transistors
in this condition is quite low and they are unable to follow the

input signal.
IV. CONCLUSIONS

The performance of a differential pair with emitter degenera-
tion as a triangle-sine wave converter has been approached by
forming a nonlinear equation in three normalized parameters.
The output normalized waveform i// is a function only of
the input amplitude Vjy/Vy of the triangle wave, and factor

IEEE JOURNAL OF SOLID-STATE CIRCUITS, JUNE 1976

IR/Vy. Computer solution shows that the output sine wave
THD has a minimum of about 0.2 percent for IR/Vy = 2.5 and
Vi/Vr=6.6.
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Integrated TV Tuning System
W. JOHN WU AND ERIC G. BREEZE

Abstract—This paper presents a frequeacy synthesized digital tuning
system for UHF/VHF TV receivers and the integrated circuits de-
veloped 0 implement this scheme. The design and performance of
the GHz + 248/256 programmable prescaler is described in detail.

Recent trends in the consumer and communication industry
toward more cost effective and more reliable systems place the
following requirements on advanced TV tuning systems: meet
new FCC regulations; tune all channels (VHF and UHF) indi-
vidually without complex alignment; be capable of interfacing
with digital displays and remote control circuits; have key-
board entry for channel selection; and allow provigions for fine
tuning. This correspondence presents a frequency synthesizer
which meets all the above requirements and is highly accurate
as the phasedocked loop is self-compensating for parameter
drifts and component tolerance.

Fig. 1 gives the block diagram of the frequency synthesizer.
The dotted block represents a standard VHF or UHF varactor
tuner. An amplifier is connected to the VCO output of the
tuner to increase the voltage to the acceptable level to drive
the digital prescaler. The purpose of the prescaler is to divide
down the local oscillator high frequencies to a range that can
be processed and counted by TTL or MOS logic circuits. Out-
put of the prescaler is then fed to the programmable counter
programmed by the keyboard entry. The output is then com-
pared with a crystal controlled reference frequency. The
phase/frequency comparator drives an integrator which in
tum provides voltage control to the varactor tuner input [1].
Physical implementation of this scheme requires 5 integrated
circuits and will precisely tune 99 channels, the air channels
(2 through 83), and the cable channels (84 through 99). The
fine tuning provides 1 MHz in 128 steps. It algo has the capa-
bility of keyboard entry, channel searching, and channel num-
ber display.

The 1 GHz + 248/256 prescaler is designed for this specific

Manuscript received December 28, 1975.
The authors are with Fairchild Semiconductor, Mountain View, CA
94042,
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EXPERIMENT NO. 7 - Telephone Anti-Aliasing Filter

It is now standard practice to send telephone voice service over digital links by filtering the
analog signal and sampling this bandwidth-limited signal with an ADC. The standard service
uses an 8 Ksps sampling rate, which requires that the signal bandwidth be restricted to below 4
kHz. (All systems which use analog to digital conversion must be careful to limit the high fre-
quency content of the original signal. Nyquist’s sampling theorem says that the original signal
can only be recovered from the digital samples if the signal had no components beyond one-
half the sampling frequency. If this condition is not met, then not only is data lost, but false
information may be folded into the real data. If you played around with the DFT settings on
the scope in Experiment 1, you may have seen this effect.) Voice service requires that fre-
quency components in the original signal be maintained as well as possible out to beyond 3
kHz. Usually the 3 DB down point is placed at around 3.1 to 3.3 KHz. In this lab you are to
design and build a filter which might be used for this purpose using active circuits based on
operational amplifiers.

The main difficulty in realizing such a filter is the need for out of band suppression. The min-
imum suppression I will consider acceptable is 9 DB at 4 kHz. and 30 DB at 8§ kHz. The mid-
band gain of the filter subsystem at 1 kHz. should be 20 DB (or 10X) +/- 1.5 DB. At the low
frequency end, there should be at least a single pole high pass response so components below
normal male speech (roughly 125 Hz) are removed from the signal; those are usually noise,
often from power line interference. The low frequency response should be down by no more
than 6 DB at 100 Hz. You are free to choose any standard transfer function that will be reason-
ably smooth. If you choose one which exhibits passband ripple (the Chebycheff response, for
example) then that ripple should not exceed 1 DB. Probably the simplest acceptable solution is
a Butterworth filter of odd order. (Odd order because most of the complication of construction
goes into the quadratic pole pairs, and extra rolloff comes with minimal effort with one more
simple pole.) The output impedance of the system is to be less than 100 ohms DC to 10 KHz
and its input impedance no less than 10 K over the entire passband.

You are free to make the filter from cascaded sections of any of the designs that are discussed
in your text or in class or the reference of your choice. Use one of the Bode plotters for an au-
tomated response measurement as with labs 4 and 5.

To meet the requirements for response with the tolerances of the components in the lab may
require adjusting some resistor values. (You should use mostly film capacitors, as their toler-
ance of +/- 10 % is the best we can manage. Resistor values come in roughly 10 % incre-
ments.)

While I set the rolloff requirement fairly leniently, you should be aware that real systems re-
quire more suppression near 4 kHz. This extra attenuation can come at some increase in the
transfer function at higher frequencies. The way this is usually done is to use a filter that has
one or more zeros on the imaginary axis. A zero of this kind means the filter has no response
to sinusoids at the zero frequency. The figure below shows two transfer functions overlaid.
The first curve drops very rapidly past 3.1 kHz, going to zero transmission at 4.05 kHz before
rising to -37 DB at a little over 5 kHz. This is the transfer function:
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H(s) - (t,)+1 1

1+ STI STZ

(ST, + o2 41 (s, + o2 4+ 1
2 3

where

1, =1.51 + 10 sec [1053 Hz]
Ty =7.05+ 10 sec [2256 Hz]
Q,=157
1, = 3.88 + 105 sec [4100 Hz]
73 =5.14 4 1073 sec [3096 Hz]
Q;=8.07

The second curve is a Sth order Butterworth filter with its cutoff at 3.1 kHz. Notice that even-
tually the Butterworth will attenuate more than the first curve, but the filter with a zero does
better up to 10 kHz. I am including a reprint from Principles of Active Network Synthesis and
Design by Gobind Daryananni (John Wiley, NY, 1976) on how to build the section of the filter
with the zeros using three or four opamps. If you are feeling adventurous, I would encourage
you to try this circuit. It actually is only two or three more opamps than the least complicated
acceptable solution. Please feel free to take or ask for more opamps as you need them. You
can make the two factors of H(s) that have no zeros in any of the usual low pass topologies —
they are not particularly high Q. The section with zeros can be done by following the discus-
sion below.

Writeup: Your lab report should include:

Frequency response as measured with one of the Bode plotters.

A SPICE simulation of the response as a comparison.

Your calculations of component values

Full schematic; I would encourage you to use xDxDesigner for the schematic as that
gives a neat well document output. The opamps and passive components are in the
enl62 library.

5. Magic number for this lab.

bl S
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Telephone anti-aliasing filter response
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Realization procedure for zeros on the j® axis from Daryannani, op. cit.:

10.2 REALIZATION OF THE GENERAL
BIQUADRATIC FUNCTION

In this section we describe two methods for the realization of the general
biquadratic function of Equation 10.1. The first is based on the summation of the
voltages already available in the basic circuit developed in the last section. This
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10.2 REALIZATION OF THE GENERAL BIQUADRATIC FUNCTION 345

summation requires an-extra summing amplifier. The resulting circuit will be
referred to as the summing four amplifier biquad. The second method uses the
feedforward scheme, developed in Chapters 8 and 9, in which the zeros are
formed by introducing the input signal at appropriate nodes in the basic three
amplifier circuit. This circuit will be called the feedforward three amplifier biquad.

10.2.1 THE SUMMING FOUR AMPLIFIER BIQUAD

In the last section it was shown that the voltage at node 1 of the basic three
amplifier circuit (Figure 10.4) yields the band-pass function:
1
2y L +
R,C, R,R;C,C,
while node 3 exhibits the low-pass function:

1

" R;R,C,C
Vi=Vp= Vi (10.19)

2
S *Rc, *TRR,C.C,
The voltage at node 2 is the same as that at node 3 with the sign reversed, that is,
Vo= —Vip (10.20)

The band-pass, low-pass, and input voltages may be summed, using a fourth
amplifier, as shown in Figure 10.5. The output of the summing amplifier is

R R R ‘
~R, TR, RV (102
and the resulting transfer function, obtained by substituting Equation 10.18
and 10.19 for Vpp and V,p, respectively, is

S

Vi= V= Vin (10.18)

N

V0=

Rio 1 Ryp s Rlo( 2 1 1
—_— + — — —— —
Yo _Ro RiR.C,C; " Ry Ry~ Ro \" " RGP RiRsCiC,
Vin 2 1 , 1
T TRG T RERCG
(10.22)
Comparing this with the general biquadratic (form = 1, n = 1):
s+ces+d
T()= - K>+ ¢ .
) s?+as+b (10.23)
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346 THE THREE AMPLIFIER BIQUAD

‘R3

ML

Figure 10.5 Summing four amplifier biquad.

the following relationships are obtained:

a=Rc (10.24a)
he 10.24b)
= RR;C:C; | | (0.
_ Ruo
=R (10.24¢)
1 Ry 1 _ Ry 1
€= R.C, R, RC; " RyR.C (10.24d)
1 R, 1 R, 1
d = —_—— = b —_—— T ~ 1024e
R:R,C:C; Ry RaR,CiC; R, CC, 102

We have five equations and ten elements. Therefore, five of the elements can be
fixed. One choice for the fixed elements is

Cl = 1 C2 = 1 R2 = R3 = R R7 = RlO = R (10.25a)
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102 REALIZATION OF THE GENERAL BIQUADRATIC FUNCTION 347

Then the remaining elements are given by

1 1 1
Ri=i Ri=Ri=— Ri=po— |
. ) 1 (10.25b)
a—c
R7_R10_ﬁ Rs—m R —K——b
These synthesis kequations yield nonegative element values for
a>c and b>d C o (10.26)

The first inequality requires the zero to have a smaller real part than the pole.
This condition is satisfied for all the approximation functions described in
Chapter 4, since their zeros were constrained to lie on the jo axis.* ‘The second
inequality requires that the magnitude of the pole frequency be larger than that
of the zero frequency. This restriction can be removed by using ¥, instead of
V3 as the input to the summing amplifier (dotted lines in Figure 10.5). Then the
output of the summer is
RlO RlO R10

+——Vip—— Vgp —

Ry ' "R, TR, —

It can easily be seen that the resulting synthesis equations will be the same as
Equation 10.25, except in this case

Rg = | (10.28)

Thus, we see that the summing four amplifier biquad can be used to realize
the general biquadratic function of Equation 10.1.
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EXPERIMENT NO. 8 - Design of a Bipolar OTA Circuit

When early (ca. 1965) integrated circuits were being designed, it was customary to breadboard
them using standard chips with transistors similar to those expected to be made by the ultimate
production technology. Now it is usually done by computer simulation alone, but you can still
try one the old way. The point of breadboarding is to be sure that there are no undesirable op-
erating modes for the device. It also gives the designer a chance to try the device in practical
applications and to revise the specifications if necessary to make them more useful without
having to commit to the large costs involved in a set of masks. Although some of the tech-
niques for such breadboarding are not readily available to us, we do have two types of transis-
tor arrays available. You met the CA3083 (5 NPN’s) in lab 6 and the other is the CA3096 (3
NPN's and 2 PNP's on one chip).

Design and breadboard an IC circuit which is a voltage input to current output amplifi-
er. (This type of amplifier is called an operational transconductance amplifier or OTA.) If v;
and v, are two input voltages relative to ground and i, is an output current running through an
arbitrary impedance to ground, then your circuit should realize the function 1y, = A(v; - vp)
where A is a constant with units of conductance. If the amplifier output voltage is v, and the
power supply is + 12 V then this formula shall hold for | Vo | <10V and | iy | < 1.5ma. The

common mode rejection ratio is to be > 200 at 100 Hz. The input offset voltage is to be < 10
mvolts; the common mode voltage > +7 volts; the maximum differential input voltage 5 volts;
the minimum value of A = 0.4 amp/V and the minimum differential input impedance 30
kohms.

WARNING: DO NOT USE A
MILLIAMMETER OR A VOLTMETER
ON A MILLIAMPERE RANGE
TO MEASURE CURRENT IN THIS CIRCUIT

Milliammeters have very low input resistance. Connected between the wrong points in
this circuit they can blow out an IC instantaneously. These integrated circuits are expensive so
use them with care. Check wiring before applying power and ask a TA to check your circuit
configuration for safety. (He will not tell you if it is right, only if he thinks it would destroy an
IC.) For current measurements use a voltmeter across a 1.5 K ohm resistor.

In class, in the discussion of operational amplifiers, we cover circuit configurations for
all but the current amplifier. The creative part of the experiment is devising a current output
stage that can both source and sink current. (Hint: The output can be the difference between a
constant current and a unidirectional, variable current amplifier.)
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A block diagram of the circuit is given below. A simple version of the circuit can be
built with 8 transistors from 2 chips. The super fanciest version might take as many as 20
transistors. Build the circuit according to the rules of the next paragraph and test all the above
parameters except the maximum input voltage. We expect to have an automated arrangement
for measuring the differential gain and input offset. A circuit is given below for measuring the
CMRR. It may give you ideas for testing other parameters.

Since this is an IC design, there are certain restrictions on the components that lead to
the following rules:

1.

2.

No capacitors bigger than 40 pf may be used.

Resistors fall into two classes according to the voltage across them. Class 1 re-
sistors may have any voltage across them, but no individual resistor may ex-
ceed 39 K and the sum of all Class 1 resistors in the circuit may not exceed 70
K. Class 2 resistors may only have < 3 volts across them, but may have any
value from 2 K to 100 K with essentially no restriction on the total number.

Also, in using the CA3096 transistor arrays, you must connect the substrate (pin 16)
to the most negative voltage in the circuit in order to keep the transistors isolated. Those of
you who find the problem interesting might optionally consider how to add the following fea-
tures to the circuit:

Two nearly identical outputs instead of one, so that one might be a true current
output while the other is used for feedback. Alternatively, some OTAs have
two differential outputs, that is, one output is the negative of the other.

Ten times as much input impedance with three times the overall gain.

Provision for external adjustment of the input offset voltage.

Higher output current and lower power dissipation with two more current mir-
rors instead of the current amplifier.
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VCC
Y Differential Current Current Lour
Input voltages Amplifier o Amplifier
(Diff. Pair) Mirror v —
V2
Bias Network
VEE
Block Diagram
10K
Variable C]
+
pariab —\WW\
Supply — uuT
wpY — Scope
0-20VDC 100 Q p Ext.
(Not grounded) ®
1K

Sinewave

Generator —

100 Hz

’( Synch

v

Common Mode Rejection Test Circuit
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EXPERIMENT NO. 9 — 1 KHz Wien Bridge Oscillator with Low Distortion

Silicon Valley has two famous garages, one in Los Altos where the two Steves are popularly
credited with building the first Apple-I computers and the second in Palo Alto where Bill
Hewlett and David Packard started Hewlett Packard. The HP garage is now on the National
Register of Historic Landmarks and is CHISL # 976 (California State Historical Landmark).
In this lab you build the circuit that was the basis for HP’s very first product, the Model 200A
(10 Hz to 300 KHz) audio frequency sinewave oscillator with very low distortion that was as-
sembled in that garage. (Walt Disney bought some of the first ones to support the production
and distribution of Fantasia.) You will update Mr. Hewlett’s design with a more complicated
replacement for his Christmas tree bulb.

Requirements: Build a Wien bridge oscillator with a MOSFET used as a voltage variable re-
sistor to stabilize the output voltage of your oscillator. The oscillator should have 1 KHz +/-
100 Hz frequency and a stable amplitude of 5 volts peak. The Bode plotter boxes that you
used for other labs have software that turns them into a spectrum analyzer. Use that for a crude
estimate of the total harmonic distortion and the relative magnitudes of the first five harmon-
ics. If you need an extra LF353N or 1N4448, the TA’s have a stock of them in the cabinet in
room 196.

The Wien bridge oscillator uses an operational amplifier for its basic active element and has
two separate feedback paths. One path with two identical resistors (R) and two of the same
capacitor (C) is wired for frequency-dependent, positive feedback. (Notice that this RC net-
work connects to the POSITIVE, non-inverting, input terminal of the opamp.) It is a property

of this series-parallel circuit that at f = there is no phase shift and the amplitude is

TR
reduced by a factor of one third.
C
R2
R
+
Ul |
C —— =R R1 vour
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The second feedback path provides negative feedback through a simple voltage divider formed
by R1 and R2. The circuit oscillates when the positive feedback exceeds the negative and
stops oscillating when the negative feedback dominates. The problem with this circuit is that
when it oscillates the amplitude is usually limited by amplifier clipping, that is, the output goes
to a peak value determined by the maximum possible output of the amplifier. This generally
means very high distortion because the amplifier devices reach saturation or cutoff.

In principle, the trick is to adjust R1 so that the circuit oscillates stably with about half the pos-
sible output of the amplifier. This requires continuous small adjustments of R1 to compensate
for the effects of temperature, aging, and supply voltage variation.

Hewlett solved the problem by replacing R1 with a small incandescent light bulb. (Actually it
was a clear Christmas tree bulb. You can find his patent for the circuit on-line.) Tungsten has
a high thermal coefficient of resistance and as the amplitude of oscillation increases, the re-
sistance of the bulb increases because the filament is warmed by the current through it. In-
creasing R1 increases the negative feedback until it is just enough to sustain the oscillation at
the level to keep the bulb warm enough.

You will build the same oscillator but will replace part of R1 with a MOSFET transistor run as
voltage variable resistor. A MOSFET with VDS << VGS — VTH acts like a resistor between
source and drain that is inversely proportional to the gate overvoltage, VGS — VTH. A lower
gate voltage increases the resistance and hence increases the negative feedback in the oscilla-
tor. A precision active rectifier measures the amplitude of the oscillation and drives the gate
of the MOSFET to reach the desired equilibrium output of the oscillator.

c—=
R2
R Cr
| |
|
1
|
|

. R
+ Precision F

nctve FAMAMA

Rectifier

Ul
R R3 R4
1 =k —\\VW\, T
Ml T VserpoINT

v
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Here is the block diagram of the system. Ul is the Wien bridge oscillator. U2 filters the output
of the rectifier and compares that value to a reference voltage that is the level of output you
want from the oscillator. You will use a MOSFET from an ALD1106 quad matched MOSFET
IC. R3 and R4 compensate the non-linearity of the MOSFET as a voltage variable resistor so
that it does not introduce significant distortion to the output.

There is an example of how to build a precision rectifier in the handout on opamp applications
that I gave in class. (It is also on the class website.) That rectifier circuit has two stages, one
that produces a half-wave rectified output and a second that sums the half wave with the origi-
nal signal to give a current proportional to the instantaneous absolute magnitude of its input.
One can combine the integrator U2 with that summing circuit. The overall rectifier-integrator
scheme then looks like this circuit. The function of setting the amplitude of oscillation that is
shown as Vserpomt in the block diagram is filled by the resistor Rserpomnt. The current from
the negative power supply from the summing node will be offset by the rectified current when
the oscillator is in equilibrium. Set its value to get about 5 volts peak from the oscillator. in
this part of your circuit, vin is the output of the Wien bridge oscillator and vour is the signal to
the gate of the MOSFET in the bridge itself. It connects to R4.

CFII}TFR
R 1 Meg |
R D) —
A~ 7
VIN< 2Meg VSETPOINT Vet

%7 RsetpPomNT

VEE

A long-channel MOSFT operated with Vps << Vgs — Vrn has the drain current
[D = KN (VG _VT _%VDS)VDS
If you set R3 and R4 so that V¢ = %(VDS + Vcn) then the MOSFET drain-source terminals

2
become a resistor with value r,; = . The datasheet for the ALD1106 is on

KN (VCTL - 2VTH)

the class website and is available by Google. NOTE: for the ALD1106 to operate properly,
you HAVE TO CONNECT ITS SUBSTRATE PIN (Pin 4) TO GROUND.

The datasheet says that the typical value of Vry is 0.7 volts and it gives a graph of the drain-
source resistance at low VDS that can be used for your design. To keep distortion low, make
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r4s between 3 and 5 % of the total value of R1. As a second rule of thumb, keep the total DC
current from the Vet control voltage into the MOSFET below 10 microamperes. That sets the
range of values for R3 and R4.

Analysis Discussion: Intuitively one knows the circuit will oscillate when there is a single fre-
quency such that a signal at that frequency coming out of the opamp will return to the input
and will again go through the amplifier exactly in phase with the original output but it will be
bigger because of the overall loop gain. This is what happens when a microphone picks up a
signal from a speaker to which it is connected and the system squeals from the feedback. Un-
fortunately this intuitive idea does not help much in quantifying the action. For example, it
gives little insight into what the frequency of oscillation will be, how the circuit will start up or
how phase shift in U1 might affect startup or oscillation frequency. For any such questions, a
more sophisticated analysis is necessary.

One way to analyze the circuit is to break the connection from the output of U1 to the Wien
bridge and replace the Wien bridge drive with an input signal as shown below. Then one cal-
culates the transfer function and converts that function into a standard linear differential equa-
tion. Replace the input voltage with the output voltage and the LDE gives you the condition
for oscillating at all, the time response on startup, the frequency of oscillation, etc.

To simplify an initial analysis, assume that the opamp has a finite gain, 4o, but no phase shift.

R1
Define the voltage divider constant for R1 and R2 as f = ) and define the product RC
+

as 7 = RC . With those definitions the transfer function of this circuit becomes:

ST
Vou = 4o L%Z +3s7+1 ﬁ} i
With some manipulation this becomes:
(1+ 84, )(S2T2 +3s7+ l)vom = A,stv,
We were able to write this algebraic equation because we assumed implicitly that the volt-
ages were linear combination of complex exponentials. In that case the derivative operator
became the algebraic operator s. Now reverse that substitution to form a differential equa-
tion while at the same time assuming that A4, >1. Then we get

2
Bl 7’ d Vg“’ +37 Do +v, . |-7 v, _ 0
dt dt dt

If at some moment when the two voltages are zero, we replace the input source with a con-
nection to the output of U1, we get the differential equation that describes the closed loop

response.
2
rzﬂ+r(3—l]ﬂ+v =0
B

dt’ dt
This is the well-known equation for damped or underdamped sine waves. Whether the
amplitude grows or decays depends on the sign of the first derivative. If that is negative,
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1-3
ie. f< % , then the sinusoid will grow proportionally to exp [(2—ﬂ)t

J . The real system
T

will have a little noise in the amplifier that will excite some combination of the solutions to
this equation. If B is adjusted to exactly 1/3, which is the function of the rectifier-integrator
circuitry, then the amplitude of the sinewave will be constant and its frequency will be

1 1
Jose = 27t 27RC

It is straightforward to show by the same procedure that the effect of an opamp with a sin-
gle dominant pole is to change both the condition for oscillation and the frequency of oscil-
lation by small amounts. If f_,, is the gain-bandwidth product of the amplifier, then the

condition for oscillation is S >3+ o and the frequency of oscillation becomes
GBW
Jose = SN . (As areminder, the gain-bandwidth product of the LF353 is 4
2t 1+ e
fgbw

MHz.)

R2
Vin 6/) R Vour

R1

The lab report should include:

1. Your calculation of component values
Full schematic; xDxDesigner preferred but not mandatory.

3. A derivation of the relation between the Rserpomnt at the control integrator and the am-
plitude of the output of U1.

4. Measurement of the frequency and amplitude of the oscillator and the values of Vet

and VSerpoINT.

Plot from the spectrum analyzer showing the magnitude of the first five harmonics.

6. Magic number for lab 9.

b
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APPENDIX: DEVICE DATA SHEETS

IN4154
2N2222A
2N3440
2N3904
ALDI1106
ALDI107
CA3083
CA3096
IRF610PbF
LF353N

Note: these are abbreviated datasheets. Complete datasheets are on the class website.
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— 1IN A DISCRETE POWER AND SIGNAL
FAIRCHILD I1N4154 TECHNOLOGIES
SEMICONDUCTOR

General Description: Features:

The high breakdown veltage, fast switching speed and high + 500 milliwatt Power Dissipation package.

forward conductance of this diode packaged in a DO-35

miniature Glass Axial leaded package makes it desirable also * Fast Switching Speed,

as a general purpose diode. + Typical capacitance less than 1.0 picofarad.
High Conductance Ordering:
Fast Diode + 13 inch reel, 50 mm (T50R) & 26 mm (T26R) Tape:

10,000 units per reel.

Absolute Maximum Ratings® Ta =250C unless otherwise noted

Sym Parameter Value Units
Teig Storage Temperafure -65 to +200 oC
T, Cperating Junction Temperature 175 oC
Pz Total Power Dissipation at T, = 25°C 500 my

Linear Derating Factor from T, = 25°C 3.33 mWeC
Rou Thermal Resistance Junction-to-Ambient 300 oChW
Wy Working Inverse Voltage 35 W
I Average Rectified Current 100 mA
I DC Forward Current {IF) 300 maA
i Recurrent Peak Forward Current (IF) 400 ma
i=,:EngEI FPeak Forward Surge Current {IFsm) Pulse Width = 1.0 second 1.0 Amp

Pulse Width = 1.0 microsecond 4.0 Amp

*These ratings are limiting values above which the sarviceability of any semiconductor device may be impaired

0.500 Minimum
CATHODE, 1370 Typ 1.000 ‘
BAND

MARKING

LOGO
N
41
34
hﬂ:ﬂ 0.022 (0.558) Diameter

0.018 (0.458) Typ 20 mils

0.090 (1.28) Diameter

0.060 (1.53)

Electrical Characteristics TA = 259C unless otherwise noted
S5YM CHARACTERISTICS MIN MAX UNITS TEST CONDITIONS

B, Breakdown Voltage 35 V lr = 50UA

s Reverse Leakage 100 nA Ve = 25V

100 uA Ve = 25V, T,=150°C

Ve Forward Voltage 1.0 W I = 30mA

C; Capacitance 4.0 pF Vg = 00V, f=1.0MHz
Ter Reverse Recovery Time 4.0 ns le=10mA Vg= 60V

lgr = 1.0 mA, R, = 100 ohms
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Philips Semiconductors Product specification
. ___________________________________________________________________________________________________________________________|]
NPN switching transistors 2N2222; 2N2222A
L ________________________________________________________________________________________________________|

FEATURES PINNING
= High cumrent (max. 500 mA) PIN DESCRIPTION
« Low voltage (max. 40 V). 1 emitter
2 base
APPLICATIONS 3 collector, connected to case

» Linear amplification and switching.

DESCRIPTION i 3
NPN switching transistor in a TCO-18 metal package. ¢J/' 2
PNP complement: 2N2907A. BN v s/ [ 2

3 I MALDSY

Fig.1 Simplified outline (TO-18) and symbol.

QUICK REFERENCE DATA

SYMBOL PARAMETER CONDITIONS MIN. MAX. UNIT
Veeo collector-base voltage open emitter
2N2222 - 60 A
2N22224A - 75 W
Veceo collector-emitter voltage open base
2N2222 - 30 Y
2N22224 - 40 Y
Ic collector cumrent (DC) - 800 mA
Pict total power dissipation Tamp=25°C - 500 mwW
hee DC current gain le =10 m&; Vee=10V [ -
fr transition frequency le =20 mA; Ve =20V, F= 100 MHz
2N2222 250 - MHz
2N22224A 300 - MHz
r turn-off time: loon = 150 MA; Iggn = 15 MA; lIgeg=-15mA |- 250 ns
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Philips Semiconducions

Spring 2020

Product specification

NPN switching transistors

2N2222; 2N2222A

CHARACTERISTICS
T, = 25 "C unless othenwise specified.
SYMBOL FARAMETER CONDITIONS MIM. | MAX. | UNIT
lega collector cut-off curment
INZ222 lg=0; Vg =50V - 10 né,
lg =0; Wog =80 W, Tamyp = 150 °C - 10 )
lezn collector cut-off curment
INZ2I2A lg =0; Vg =00W - 10 né,
lg =0; Vg = B0V, Tamyp = 150 °C - 10 )
lzzm emitter cut-off current le =0 Veg =3V - 10 i
hez OxC current gain lp = 0.1 mé&; Vo= 10V 35 -
g =1ma Vg =10V 50 -
lz = 10 m&; Vg = 10V 75 -
lz = 150 mA; Vg =1V note 1 50 -
I = 150 mA; Ve = 10 V; note 1 100 300
hee OxC current gain lo = 10 m&; Ve = 10V Tame = 55 °"C
INZ222A 35 -
he= OxC current gain Iz = 500 mA; Vice = 10 W note 1
NZ222 30 -
INZ2I2A 40 -
VioEsat collector-emitter saturation voltage
i lc. = 150 mA; I = 15 mA; note 1 - 400 i
Iz = 500 m&; g = 50 mA; mate 1 - 16 W
VioEsat collector-emitter saturation voltage
INZ2224 Iz = 150 mA; |s = 15 mA; mote 1 - 300 i
Iz = 500 mA: |z = 50 méA; mate 1 - 1 W
VBB base-emiftter saturation voltage
INZ222 lp = 150 m&; Ig = 15 m&; mote 1 - 1.3 W
lz = 500 m&; g = 50 mA; mate 1 - 26 W
VEE=a base-emitter saturation voltage
INZ2I2A lg = 150 m&: Ig = 15 mé; mote 1 0.6 12 W
Iz = 500 m&; g = 50 mA; mate 1 - 2 W
C. collector capacitance lg ==V =10V, f=1MH=z - ] pF
Ce emitter capacitance lp = ip =0 Vgg =500 mV; f=1MHz
INZ2224 - 25 pF
fr transition frequency lp = 20 m&; Vg =20V, F=100 MH=z
INZ222 250 - MHz
INZ2I2A 300 - MHz
F ricise figure lp = 200 p&A; Weg =5V Rg = 2 KL
IIIIIA f=1kHz; B=200 Hz _ 4 4B
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c r 2N3439
Y/ 2N3440

@.

SILICON NPN TRANSISTORS

» STMicroelectronics PREFERRED
SALESTYPES
» NPN TRANSISTOR

DESCRIPTION

The 2N3439 and 2MN3440 are silicon epitaxial
planar NPN transistors in jedec TO-39 metal case
designed for use in consumer and industnal
line-operated applications.

These devices are particularly suited as drivers in
high-voltage low current inverters, switching and
series regulators.

TO-39

INTERNAL SCHEMATIC DIAGRAM

Co(2)
(1)
B
E©(3)
SCO8BED
ABSOLUTE MAXIMUM RATINGS
Symbol Parameter Value Unit
2N3439 2N3440
Veso | Collector-Base Voltage (1= = 0) 450 300 v
Veeo Collector-Emitter Voltage (I = 0) 350 250 W
Veso Emitter-Base Voltage (lc = 0) 7 W
lg Collector Current 1 A
le Base Current 0.5 A
Piat Total Dissipation at T, < 25 °C 10 W
Piot Total Dissipation at Tams < 50 °C 1 W
Tetg Storage Temperature -G5 to 200 °c
T Max. Operating Junction Temperature 200 °c
December 2000 14
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2N3903, 2N3904

ELECTRICAL CHARACTERISTICS (Ts = 25°C unless othenwise noted)

Snrino 2020

Characteristic | symbol | Min | Max Unit |
OFF CHARACTERISTICS
Collector—Emitier Breakdown ‘ioltage (MNeote 2) {lg = 1.0 mAdc, Ig = 0} ViBRICED 40 - “de
Collector—Base Breakdown Voltage (I- = 10 pade, lz=0) Viericao &0 - Vide
Emitter-Base Breakdown Voltage (Iz = 10 wade, Ic=0) ViamEBD 6.0 - Vde
Base Cutoff Current {Vez = 30 Vde, Veg = 3.0 Vde) = - 50 nidc
Collector Cutoff Current (Ve = 30 Vde, Weg = 3.0 Vdc) lcEx - s0 nAdc
ON CHARACTERISTICS
O:C Current Gain (Mote 2) hrE -
{Ig = 0.1 mAde, Vg = 1.0 Vde) 2M3503 20 -
2N3904 40 -
{lg = 1.0 mAde, Vg = 1.0 Vide) 2M3503 35 -
2MN3504 70 -
{lz = 10 made, Ve = 1.0 Vde) 2M3903 50 150
2N3004 100 300
{Iz = 50 mAde, Ve = 1.0 Vde) 2M3903 30 -
23004 &0 -
(I = 100 mAde, Yoz = 1.0 Vdc) 2M3803 15 -
23004 30 -
Caollector-Emitter Saturation \oltage (Mote 2) VoE(sat) Wde
{Iz = 10 mAde, Ig = 1.0 m&dc) ) - 0.2
{Iz = 50 madc, Ig = 5.0 made - 0.3
Base - Emitter Saturation Voltage (Note 2) BEsat) Wde
{Iz = 10 mAde, Ig = 1.0 m&dc) 0.65 0.85
{lg = 50 made, Ig = 5.0 madc) - 0.95
SMALL-SIGNAL CHARACTERISTICS
Current—Gain — Bandwidth Product fr MHz
{lz = 10 mAde, Ve = 20 Vde, f= 100 MHz) 2N3303 250 -
2N3004 300 -
Cutput Capacitance (Vg = 5.0 Vde, Iz =0, f = 1.0 MHz) Crba - 4.0 pF
Input Capacitance (Vg = 0.5%de, Io =0, f= 1.0 MHz) Ciho - 8.0 pF
Input Impedance 1 kQ
{lz = 1.0 made, Vioe = 10 Vde, f= 1.0 kHz) 2M3503 1.0 8.0
2MN3904 1.0 10
\oltage Feedback Ratio Pirs X0
{Ic = 1.0 mAdc, Ve = 10 Vde, f= 1.0 kHz) 2M3803 0.1 5.0
2MN3904 0.s 0
Small-Signal Current Gain hi= -
{Ic = 1.0 mAdc, Ve = 10 Vde, f= 1.0 kHz) 2M3803 50 200
2N3504 100 400
Output Admittance (I = 1.0 made, Vg = 10 Vde, T= 1.0 kHz) Nge 1.0 40 umhos
Moise Figure MF ds
o= 100 pAde, Voz = 5.0 Vde, R = 1.0 k£, T= 1.0 kHz) 2M3503 - 8.0
23004 - 50
SWITCHING CHARACTERISTICS
Delay Time (Vee = 3.0 Vde, Vge = 0.5 Vide, i - 33 ng
Rise Time = 10 made, g1 = 1.0 madc) t - 35 ns
Storage Time (Voo =30 Vde, Ic = 10 mAdc 2N3903 - 175 ng
g1 = lgz = 1.0 madc) 23904 - 200
Fall Time t: - 50 ns

2. Pulse Test Pulse Width = 300 ps; Duty Cycle = 2%.
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ALD1106/ALD11186

QUAD/DUAL N-CHANNEL MATCHED PAIR MOSFET ARRAY

GENERAL DESCRIPTION

The ALD1106/ALD1116 are monolithic guad/dual N-channel enhance-
mentmode maiched MOSFET transistor arrays intended fora broad range
of precision analog applications. The ALD1106/ALD 1116 offer high input
impedance and negative current iemperaiure coefficient. The fransistor
pairs are maiched for minimum offset voliage and differential thermal
response, and they are designed for switching and amplifying applications
in+2V to +12V systems where low input bias current, low input capacitance
and fast swiiching speed are desired. These MOSFET devices feature very
large (almostinfinite) current gainin a low frequency, ornear DC, operating
environmeni. The ALD1106/ALD1116 are building blocks for differential
amplifier input stages, transmission gates, and muliiplexer applications,
current sources and many precision analog circuits.

FEATURES

Low threshold voltage of 0.7V

Low input capacitance

Low Yos 2m\ typical

High input impedance - 10140 typical
Megative current (Ips) temperature coefficient
Enhancement-mode (normally off)

OC current gain 109

Low input and output leakage currents

ORDERING INFORMATION

Operating Temperature Range*

-55°C to +125°C 0*C to +70°C 0°C to +70°C
8-Pin CERDIP 3-Pin Plastic Dip 8-Pin S0IC
Package Package Package
ALD1116 DA ALD1116 PA ALD1116 54
14-Fin CERDIP 14-Fin Plastic Dip 14-Pin SOIC
Package Package Package
ALD1106 DB ALD1106 PB ALD1105 5B

" Contact factory for Industral tamperalure rangs

BLOCK DIAGRAM

ALD1108
\-°|11;

D (1) Dnz (14 Ding [10) D [5)

o
S-.||3| 5'.2“2]

APPLICATIONS

Precision current mirmors
Precision current sources
Voltage choppers

Differential amplifier input stage
Voltage comparator

Diata converters

Sample and Hold

Analog signal processing

PIN CONFIGURATION
ALD1118

i
[

DN1 Dnz

GN1 GNz2

|

SN Shz

R [FL M
ol = &

DA, PA, SA PACKAGE

ALD1106
A

D1 Dnz

Gyi |2

Gpz

SN Sz

DNa D3

G4 GNa

Lol | Lol

]
[

A A A A A FF
T EEEE
<

SN3

DE, PB, SB PACKAGE

BLOCK DIAGRAM

ALD1116
'-“‘[53

Dy (1) Dnz (8)
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ALD1107/ALD1117

QUAD/DUAL P-CHANNEL MATCHED PAIR MOSFET ARRAY

GENERAL DESCRIPTION

The ALD1107/ALD1117 are monolithic quadidual P-channel enhance-
ment mode matched MOSFET transistor arrays intended for a broadrange
of precision analog applications. The ALD1107/ALD 1117 offer high input
impedance and negative current temperature coefficient. The transistor
pairs are matched for minimum offset voliage and differential thermal
response, and they are designed for precision analog switching and
amplifying applications in +2V to +12V systems where low input hias
current, low input capacitance and fast switching speed are desired. These
MOSFET devices feature very large (almost infinite) current gain ina low
frequency, or near DC operating environment. The ALD1107/ALD1117 are
builiding blocks for differential amplifier input stages, transmission gates,
multiplexer applications, current sources, current mirrors and other preci-
sion analog circuits.

FEATURES

Low threshold voltage of -0.7

Low input capacitance

Low Vos 2mV typical

High input impedance -- 10740 typical

Low input and output leakage currents
Megative current (Ips) temperature coefficient
Enhancement-mode (normally off)

DC current gain 109

Low input and output leakage currents

ORDERING INFORMATION

Operating Temperature Range*
-55°C to +125°C 0°C to +70°C 0°C to +70°C
8-Pin CERDIP 8-Pin Plastic Dip 8-Pin S0IC
Package Package Package
ALD1117 DA ALD1117PA ALD1117 54
14-Pin CERDIP 14-Pin Plastic Dip 14-Pin S0IC
Package Package Package
ALD1107 DB ALD1107 PB ALD1107 5B
* Contact factory for Industral temperature rangs.
BLOCK DIAGRAM
ALD110T
'-‘ ]
Dy (1) Dez(14) D=a (10) D4 (5)
G (2) "—‘ H }—"Gn 13) Gpzi3) “—I %ﬁ |—°G=4 (€]
31 (3) v SP: 12 Vi, 7

APPLICATIONS

Precision current sources
Precision curregnt mirmors

oltage Choppers

Differential amplifier input stage
Woltage comparator

Data converers

Sample and Hold

Precision analog signal procaessing

PIN CONFIGURATION

ALDAA4T 1
Dp1 Et‘ 7 ’jE DP2
Gr (2] 71 Gr2
SP1 Ej LE SP2
V- [4] (5] w+
DA, PA, SA PACKAGE
ALDH107 1
Dpy [1] 7 114] Dpz2
Gp1 IZ% i3] Gp2
spq [3] [12] sp2
v- [ 1] w+
DP4 [5] {10] DP3
Gp4 E% =1 cPra
Sps [T 18] Sp3
DB, PB, 5B PACKAGE

BLOCK DIAGRAM

ALD914T
4

Des (1) D=2 (8)

- ‘”"*%ﬁ“““

syt

& 2003 rev1102 Advancad Linear Devices, Inc. 415 Tasman Drive, Sunnyvale, CA 84089 -1706Tel: (408) 747-1155 Fax: (408) 747-1225 hitp:wwwealdinc.com
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Data Sheet

General Furpose High Current NPN
Transistor Array

The CA3083 is a versatile array of five high current {to
100mA) NPN fransistors on a commaon monolithic substrate.
In addition, two of these transistors (Q4 and Q5) are
matched at low current (i.e_, TmA) for applications in which
offset parameters are of special importance.

Independent connections for each transistor plus a separate
terminal for the substrate permit maximum flexibility in circuit
design.

Ordering Information

TEMP.
PART PART | RANGE PKG
NUMBER |MARKING| (*C) PACKAGE DWG. &
CA3083 CA3083 |-55to 125(16 Ld PDIP E16.3
CA3083Z CAZ0B3Z |-55to 125|16 Ld PDIP* (Ph-free)|E16.3
(Mote)

CA3083M86 3083 -5510 12516 Ld SOIC M16.15

Tape and Reel

CA3083MZ  [3083MZ  |-55to 12516 Ld SOIC (Ph-Free)|M1E.15
(Mote)

CA3083MZ56 [3083MZ  |-55to 12516 Ld SOIC (Ph-Free)|M16.15

CA3083

FN481.6

February 7, 2006

Features
s Highle ..o oo 100mA (Max)
* LowVepsg (@t530mA). ... 0TV (Max)
+ Matched Pair (Q4 and Qo)
- Vg (Vgg Match). ... . ... .. Z5mVY (Max)
- hofatimaA) oo 2.5pA (Max)

+ B Independent Transistors Flus Separate Substrate
Connection

+ Pb-Free Plus Anneal Available (RoHS Compliant)

Applications

Signal Processing and Switching Systems Operating from
DC to VHF

Lamp and Relay Driver

Differential Amplifier

Temperature Compensated Amplifier

Thyristor Firing

See Application Note AN5288 “Applications of the
CA3018 Circuit Transistor Array” for Suggested
Applications

(Mote) Tape and Reel
*Pl-free PDIPs can be used for through hols wave sclder processing Pinout
only. They are not intended for use in Reflow solder processing
applications. Pw‘;ﬁ’l c
MOTE: Intersil Pl-free plus anneal products emgloy special Ph-free {TCIFI" "IEW}
material sets; molding compounds'die attach materialz and 100% matts !
tin plate termination finish, which are ReHS compliant and compatible by
with bioth SnPb and Pls-fres soldering operations. Intersil Pb-fres E E’
products are MSL classified at Ph-free peak reflow temperatures that
mest or exceed the Ph-free requirements of IPCAEDEC J STD-020. E LiQ:E’
1
E ] EI
[ |
SUBSTRATE E— Qs El
[ i
Q3
E Qy El
[+] ]
1 CAUTICN: These devices are sensltive to electrostallc discharge; foliow proper IS Handling Procadures.

1-383-INTERSIL or 1-886-266-3774 | Interell |

o geeign) k= 3 registersd tragemark of intersll Amaricas Ing.
Copyright Intersll Amedicas nc. 1998, 2003, 2006, All Rights Reserved
All gihar tragemarks mentiansd are the propeny of thelr respectiva owners.
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MOTES:

1. The collector of each fransistor of the CA3083 iz izolated from the substrate by an integral diode. The substrate must be connected to a voltage
which is more negative than any collector voltage in order to maintain isclation between transistors and provide normal fransistor action. To
aveid undesired coupling befween transistors, the substrate Terminal (5) should be maintained at either DC or signal (AC) ground. A suitable
bypass capacitor can be used fo establish a signal ground.

2. 84 is measursd with the component mountsd on an evaluation PC board in free air.

Electrical Specifications  For Equipment Design, Ty, = 25°C

PARAMETER SYMBOL TEST CONDITIONS MIN TYP MAX UNITS
FOR EACH TRANSISTCOR
Collector-to-Base Breakdown \ioltage Viericeo | lo=100pA, IE=0 20 &0 -
Collector-to-Emitter Breakdown Voltage Viericeo [lo=1mA, lg=0 15 24 -
Collector-tn-Substrate Breakdown Voltage Viericlo | lgi=100p4, lg=0,1g=0 20 G0 -
Emitter-to-Baze Breakdown Violtage Viereso [ le=500uA, Ic=0 5 6.9 -
Collector-Cutefi-Currsnt lcED Ves=10V Ig=0 - - 10 Jir
Collector-Cutefi-Currsnt lcgo Vep=10V Ig=0 - - 1 Jir
DC Forward-Current Transfer Ratic (Note 3) (Figure 1) hre Vee=3V I =10maA 40 76 -

Ig = 50méa 40 75 -

Base-to-Emitter Voltage (Figure 2) Ve Ve =3V, 1o = 10ma D65 0.74 0.85
Collector-to-Emitter Saturation Voliage (Figures 3, 4) Yoz gar | lo=50mA, Ig =5Sma - 0.40 0.70
Gain Bandwidth Product fr Voe =3V, 1o = 10ma - 450 - MHz
FOR TRANSISTORS iy AND Q3 (As a Differential Amplifier)
Absolute Input Offset Voltage (Figure 6) Kils]| Ve =2V, o =1ma - 1.2 5 mY
Absolute Input Offset Cumrent (Figure 7) il Ve =2V, o =1ma - 0.7 25 Jir
NOTE:

3. Actual forcing current is via the emitter for this test.
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VISHAY. IRF610, SIHF610
' Vishay Siliconix
Power MOSFET
FEATURES
PRODUCT SUMMARY
Vs (V] 2 * Dynamic: Wit Fnting @
] o
C— Voz= 10W 15 = Fiepalittea fonlanche Axied RoHS"
Ol M) pC) "% # Fast Switching nona
_:'E nC I + Ensg of Fomlading
D ) 45 & Eimphs Dirfva Foquinemants
Caon figuradon Enge # Complant io RoHS Directive 2009SEC
DESCRIPTION
Third garamiicn Power MCSFETS from Vishay provide tha
dessigrar with Tw bost combination of fast swiiching,
ruggedized cievica  dasign, low  on-resisionce  ond
ool e tarseas.
The TO-ZHIAE pockngs s univensally prolomsd for ol
commarciol-indusiial applicaons ol powsr dissipation
Bvels 1o approdmaaly 50 WL The low Femal resisioroa
o iow packngs cost ol the TO-Z20AE conirbuics io fis
H-Chanmi HOGHT wide: nocoeplonos throughoul the indusing.
ORDERIMG IMFORMATION
Pk TO-EMAE
[ FRnoFLr
Foj-ea SHFEILES
RFE10
S =
ABSOLUTE MAXIMUM RATINGSE (T; - 26 “C, unle=s otherwizse noted)
PARAMETER EYMBOL LIKET URIT
Dvair-Souros Wolaos Wi 2} v
Tt EOUITS Yoitae Vs -3
Caniinuous, Dvain Cursnt Vasatrov | oo — - —
' = To= WG - 1 A
Pruised Drain Cuman® low 10
Lingar Derating Facior ik, ] WG
Singia Pulsa Awalarcha Erongy™ Eas [ mJ
Fepebies fasnche Cument® a3 a3 &
Fepelfive Aeslanohs Enarmy® Esn a8 mJ
Wandrmumn Powss Dissioation | To= 854G B 38 W
Pk Diodks Reooyvary it it 5.0 Wi
Coaring Junchion and Siomos Tampacsiong Fangs Ty Tug - 55 o+ 150 -
Sokiaring Fecommandaiions (Foak Tamparai) forigs F
Ef.n
komdng Tomua 652 or M3 sorow = =
Mot
a faws rating. pulsn widih imisd by sadsum junction h-Enr.nl'a il
h.\,ﬁ&l_'u 3 -.E-'..,._-EEII!" =25y gy =334 3eat 1::1;
O ey A A, el < 7O AR, Vi % Vs, T % 180T
d. 1.6 mm Fom casa

* P confaining frminations ara not AoHS oompilant, aeamphions may apply

Diooumeant Humbear: 01 5 WWaLVEnE0om

E11-0510-Figx. B, 31-Mar-11 1
AT ATE SLBET T0 SPEE I DECLAME T

THE PRODUCT DEECRBEDHEREIN AMID THES D#TRSHEET SRE ] IAC DIECLAMERS, 3ET FORTH AT s sy oo, 71
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-
D ber 200G | °T1
National sesmher g
Semiconductor o
LF353 §
Wide Bandwidth Dual JFET Input Operational Amplifier w
- D
General Description Features S
These devices are low cost, high speed, dual JFET input  ® Internally timmed offset voltage: 1omy | Q-
oparational amplifiers with an intemally trimmed input offsst & Low input bias curent: S0pA §
voltage (BI-FET II™ technology). They require low supply  m Low input noise voltage: 25 nViWHz | &
current yet maintain a large gain bandwidth product and fast @ | g input neise currant: 0.01 pAHHz 5."
slew rate. In addition, well matched high voltage JFET input = g Wide gain bandwidth: 4 MHz
devices provide very low input bias and offset currents. The ® High slew rate: ' 13 Vius ()
LF358 is pin compatible with the standard LM1558 allowing = | g - o '“A c
designers to immediately upgrade the overall performance of W supply currant: . ) |T ﬁ_)
existing LM1558 and LM358 designs. ® High input impedanee: _1D L PR
Thesa amplifiars may be usad in applications such as high ® Low total har‘monlc distortion : =0.02% by
spaad integrators, fast DVA converters, sample and hold @ Low 14 NoiSe cormer: 50Hz | 'm
circuits and many other circuits requiting low input offset  ® Fast seftling time to 0.01%: 2Hs | -
voltage, low input bias cumrent, high input impadance, high —
slew rate and wide bandwidth. The devices also exhibit low =
noise and offset voltage drift. -E
e
Typical Connection Connection Diagram .g'
Dual-In-Line Package -
jab)
e
DuTPUT A& —I U '—'I" 6.
D
INVERTING INPUT & — L outeuTe a2
JARTA) >
Emiibme
"'“'"""IE"':L':‘: ! INVERTIRG INFUT B 3
. 4 I L §  NOMANVERTING -E
INPUT B —
=h
[Le==2 = m
cosadnts Top View =
Order Number LF353M, LF353MX or LF353N
- i . See NS Package Number MOBA or NOSE
Simplified Schematic ¢
1/2 Dual
e O
i
INTERMALLY 'T'g::'::"o“ v
TEINMLD
Wgp O . -
5S4 B
ELFET II™ & & trademark of Hatioral Semizordustor Compernation,
i 2003 Mational Semiconductor Corporaticon DE005e48 wivew.national.com
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Absolute Maximum Ratings vt 1)

H Military/Aerospace specified devices are required,
please contact the National Semiconductor Sales Office/
Distributors for availability and specifications.

Small Qutline Package
Vapor Phase (80 soc.) 216°C
Infrared (15 sec.) 220°C
See AN-450 “Surface Mounting Mathads and Their Effect

Supply Voltage +18V on Product Reliability” for other methods of soldering

Paower Dissipation (Mote 2) surface mount devices.

Qperating Temperatura Rangea 0'Cto +70°C ESD Tolerance (Mote 8) 1000V

Tj[ MaX) 180°C 8,, M Package TEBD

Differential Input Veltage =30V Mote 1: Absoluts Meximurn Ratings indicate limits beyend which damage 1o

Input Voltage Range (Mote 3) +{5Y the device may occur. Operaling ratings indicate conditions for which the
_ . . devics is functional, but do not guarantes spacific parformance Imits. Elec-

Output Short Circuit Duration Continuous tizal Characteristics state DG and AC electrical spesifications urder particu-

_EE" ) lar teet conditions which guarantee specific perfornanace limits, This assumes

Storage Temperaiure Range 85°C to +1 5000 that the devics is within the Opserating Ratings. Specifications ars not guar-

Lead Temp. (Soldering, 10 sec.) 260°C anteed for parameters where no limit is given, howsver, the typical valus isa

Soldering Information good indication of device parformancs

Dual-In-Line Package
Saldering (10 sac.) 260°C

DC Electrical Characteristics
{Mota &)

Symbol Parameter Conditions LF353 Units.
Min Typ Max
Vs Input Offset Voltage Re=10k2, T.=25'C 5 10 mV
Ower Temperature 13 m\
AV /AT Average TC of Input Offset Voltage Ra=10 kit 10 T
les Input Offsat Curant TJ-=25'C: (Motas 5, 6) 25 100 (513
TE70°C 4 nA
Il Input Bias Curmrent TJ-=25'C: (Motas 5, 6) 50 200 (513
TE70'C 8 nA
B Input Resistance T=25'C 1012 Q
Aol Large Signal Vialtage Gain We=t15W, To=25"C 25 100 Wi\
Vo=210W, R =2 k2
Over Temperature 15 VimV
Vo Output Voltage Swing Wa=+15V, R =10k +12 +135 v
Vem Input Common-Maode Voltage Ve=215V +11 +15 v
Range -12 v
CMRR Common-Maode Rejection Ratio Re= 10k 70 100 dB
PSRR Supply Voltage Rejection Ratio (Mote 7) 70 100 dB
le, Supply Current 36 6.5 mA
AC Electrical Characteristics
(Mote 5)
Symbol Parameter Conditions. LF353 Units
Min Typ Max
amplifier to Amplifier Coupling T.=25'C, f=1 Hz-20 kHz —120 dB
{Input Referrad)
SR Slow Rate Ve=x15V, To=25°C 8.0 13 Wins
GBW Gain Bandwidth Product Vo=+18V, T,=25°C 27 4 MHz
=% Equivalent Input Moise Volage T.=25"C, Re=10002, 16 VI FE
f=1000 Hz
in Equivalent Input Moise Currant T=25'C, f=1000 Hz 0.01 pA/ iz
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