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ABSTRACT
A DEVICE FOR STROBOSCOPIC STUDIES OF THE LIP REED
By
Mark T. McLaughlin
December 2005
A device has been designed and built to provide real timejgely controlled images
of a brass player's lips without the use of expensive higledgechnology. The device is
stable enough in tracking the frequency of a note that thelitme slide can be varied
continuously over its full range of positions, yet the liggobed image advances through
equally spaced fractions of a cycle at a rate determinedeinby the settings of the
circuit. This device is useful for both the scientist and pleeformer by providing a way
to observe the detailed motion of the lip reed as it responéisadback from the air

column, and to observe how the lip reed controls the ow ofiriio that structure.
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CHAPTER 1
INTRODUCTION

What We Have Done

A device has been designed and built to provide real timeigely controlled images
of a brass player's lips during the relatively steady pas sfistained note. This device is
useful for both the scientist and the performer by providingay to observe the detailed
motion of the driver, or lip reed, as it responds to feedbacknfthe air column, and to
observe how the lip reed controls the ow of air into that stire. The device was built
at a cost of only $300, most of which was in the making of a pdrtircuit board and in
the metal box which holds the electronics.

Figure 1 shows the device we constructed, and Figure 2 shomexperimental setup
with a player viewing a slow, controlled motion of his owndim a shaving mirror as he
plays. The trombone mouthpiece is clear and has a windowidéaring the lips. In
addition, there is a microphone in the mouthpiece. The @gvarks the signal from this
microphone in the mouthpiece, subdivides the period ategito dials on the device,
and maintains a correct subdivision even when the signal fhee microphone changes.
The device uses this subdivided period to activate a stompesat the appropriate time.
The device is stable enough in tracking the playing frequéinat a trombone slide can
moved continuously through its full range of positions, et live, strobed image
advances through equally spaced fractions of a cycle acalesermined by the settings
of the device. The ability of the device to adjust to playingpguencies that are not
exactly constant is a big advantage over previous impleatienis that use just a

stroboscope because the playing frequency is not perfeatigtant, especially for



FIGURE 1. The device we constructed

beginners. The device can be used for direct viewing by ap®dr as shown in Figure

2, or the device can be connected to a video camera and ojecllow many people to
view the images. Figure 3 shows still images that were obthirom the device using a
video camera. However, one should look at the video imag#eiaccompanying CD to
get a better idea of what the device can really do.

What is Going on in a General Wind Instrument

Any general wind instrument consists of two parts, a drivet an air column. In
some cases, such as the voice and reed organ pipes, theydi@ginency is determined
by the driver alone. Thus we can sing at a continuum of fregsn The role of the
vocal tract is simply to Iter the sound from the vocal foldin the true wind instruments

found in bands and orchestras, there is strong feedbacktfrerair column to the driver.



FIGURE 2. A player viewing his lips moving in slow motion wéiplaying



FIGURE 3. Equally spaced stillimages in one viewed cycle



This feedback to the driver limits the playing frequencmslistinct narrow ranges.
These ranges are found near peaks of the input impedance aifrtbolumn for the
brasses and cane reed instruments. For utes and otherediimstruments those ranges
are found at the peaks of the input admittance. Input impeslathe ratio of pressure
amplitude to volume velocity amplitude at the driver. Theguencies at which we nd
the peaks are called the resonance frequencies of the amnol

In a woodwind instrument, the resonance frequencies areatlmd by opening and
closing holes in the air column, which changes the effedéngth of the air column.
Performers make use of the rst few resonances by alteriag #mbouchures, and
selectively damping resonance peaks by opening small \wesh In a brass instrument,
the resonance frequencies are controlled by changing thaldength of the air column
using valves or slides. Typically performers do not use tineeskt resonance frequency
but can select among many higher ones by changing the shdperasion of the lip reed.
Because of the property in a brass instrument that many aeserfrequencies are used
for a given length, it's important to understand how feedbaorks between the air
column and the lip driver.

Theoretical Models for Operation of the Lip Reed

Helmholtz was one of the rst scientists to propose a modettie operation of the
lip reed. Helmholtz stretched rubber strips, or membraae®ss an air column as a
substitute for a performer's lips. His observations on hbase membranes responded to
the air column led him to propose the “outward swinging” middethe lip reed. In the
outward swinging model the lips are physically blown operalpositive pressure
difference from the mouth to the cup of the mouthpiece.

A later model of the operation of the lip reed is called thédislg door” model, which
works according to Bernoulli's principle. In this model,educed pressure in the

constriction between the lips pulls them together.



A third model, a 2 dimensional hybrid model, was proposed Hac¢hi and Sato. It
incorporates both driving forces by allowing orbital matiof a single lumped element
model for the upper lip: a piston that oscillates at a sladtiarminged at its upper end as
shown in Figure 4 after Adachi and Sato [4]. The hinged stmgctesponds to the
“outward swinging” effect while the oscillating piston pEsds to the “sliding door”
effect.

The playing frequency, which is what we hear when an instntriseplayed, is the
result of feedback from the air column to the lip reed. Thatifeack restricts the playing
frequencies to relatively narrow ranges near to the fregesrfor resonances in the air
column (peaks of the input impedance curve). We can evathatip reed models
discussed in this section by breaking this problem into taxdgp The rst part is how
does the playing frequency relate to the relevant resorfaageency of the air column.
The second part is how does the playing frequency relateetbglirequency, where the
lip frequency is the frequency of the driver when it is unienced by feedback. In any
computer model the lip frequency is just that of the free orothat would result from
“plucking” the structure.

Helmholtz and later Fletcher calculated expected behs¥arrthe rst two models.
Their results for a B at trumpet with open ngering (no valvelepressed) were
summarized in Figure 5 after Adachi and Sato [3]. We see flwwo sets of data
plotted there that the swinging door model operates canrdigtabove the relevant
resonance frequency of the air column and above the lip &gy The sliding door
model operates consistently below the relevant air coluesnmance and below the lip
frequency.

For the hybrid model, practical playing frequencies areséhihat are quite close to
resonance frequencies, and for them we see that the plagiggdncy is below the lip

frequency. For the rst few resonances of the air column giaging frequency can be
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FIGURE 4. Hybrid model

dropped noticeably below the resonance frequency by daedfixation of the
embouchure. (These tones tend to be unstable in pitch amdguar tone quality.) As
seen in the graph the playing frequencies and lip frequerasie nearly equal.

How to Evaluate which Model Best Re ects the True Behavioadrass Instrument

We can measure an experimental analog to the natural freguéthe lip [5]. If a
hole is opened in the backbore of the mouthpiece, the feé&dbam the air column is
drastically reduced. Rapid alternation of opening andiefpthe hole results in an
alternation between 2 stable pitches, with that for the dpe consistently higher than
that for the closed hole. The data that correlates open hofeeuency with the closed
hole playing frequency is plotted in gure 6. The qualit&ivehavior is clearly similar to
the hybrid model in the ranges for the lower resonance frecjas. In the higher ranges,
there is a gradual drifting towards disagreement with tharilklymodel. The swinging
door model is dramatically different from the real lip readd the hybrid model is closer
to the behavior of the real lip reed than the sliding door nhodée progressively poorer
agreement of the hybrid model in the higher frequency rangieates that further
re nements of this model are needed. Some hints about dessibdi cations of the

hybrid model may be obtained from careful observation ofiifnesed in motion.
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Previous Work on the Problem of Seeing the Lip Motion

The idea of watching a brass player's lips in slow motion ismew. In 1942 Martin
[6] used stroboscopic photography to capture still imadéip onotion using a cornet
mouthpiece made out of lucite. In 1963, Weast [7] used a sgodipe disk and a square
mouthpiece made out of Plexiglas to observe a player's tigddw motion. Martin and
Weast relied on the principle of aliasing in order to captheelip motion. Aliasing
occurs when periodic motion that is normally too quick toete has its motion appear
to look slowed down by a strobe light. (The principle of almsin discussed in detail in
Chapter 2 on page 12.)

More recently, Copley and Strong [8] used a rhino-laryngé&aboscope (RLS model
9100) made by Kay Elemetrics to observe images of a playipss IThis device is
normally used in clinical situations involving human vot@t pathologies. A small
hole was made in the mouthpiece of a trombone and a ber optibgowas placed there.
This setup also relied on the principle of aliasing to capthe lip motion. As aresult, a
player still had to perform the dif cult task of maintainiregconstant playing frequency.
Also, the images looked a little at, and the setup was expengosting around
$100,000 ten years ago. Today, a rhino-laryngeal strolpasstill costs around $50,000.

The difference between our setup and previous implementais that the device in
our setup allows the player to vary the playing frequency.

Qualitative Observations of the Lip Motion

The motion of each particle on the upper lip is orbital. One see this by selecting a
unique feature on the upper lip and following the trajectoirthis feature while playing.
The property of orbital motion was used in the hybrid moddiich is the model that best
re ects the behavior of the lip reed. The overall result dfcdlthe orbital trajectories for
individual particle motions is a heavily damped, strongliyein wave disturbance on the

surface of the upper lip. The side view images show that & ftnd back of the upper
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lip move out of phase with each other. From these obsenatiovould appear that a
better model would need to include at least two masses thanoae in orbital motions

that are out of phase with each other.
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CHAPTER 2
DESCRIPTION OF THE CIRCUIT
Notation

This chapter as well as Appendix A uses the following notatiodescribing the
details of the circuit used in our device. Our setup has aoptwone in the mouthpiece.
The acoustic signal from the microphone is denoted [ty AAnother important signal,
which is a square waveform that has a frequency N times asasid{t), is denoted by
B(t). All other variables, or voltage signals in the circuit, green descriptive names
that begin with lower case letters and are written in itali&me examples of such
variables areeldReadyandtrigger. (This follows the standard computer programming
convention of using a lower case letter to start the namearidbies, while subroutines
begin with an upper case letter.)

Traditional Stroboscopy

By illuminating an object at different instants in its petio motion, the object can be
made to appear to be stationary, moving backwards, or mdemgards. This is called
the stroboscopic effect. The easiest way to understandstthsough an example of
looking at a clock. Suppose you were in a dark room and a clakiluminated once
every 60 seconds. In this case, the seconds hand of the ctmdkl appear still. If the
illumination were to occur every 61 seconds, the secondd haild appear to move
forward by 1 second after each illumination. And if the illumation occurred every 59
seconds, the seconds hand of the clock would appear to mokevaals by one second
after each illumination. Under standard stroboscopy, wah an object which is moving

very quickly (not like the seconds hand of a clock in the exiendescribed above). If the
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ashing is fast enough, the viewed motion will look like camious motion since our
brains can't discriminate between images that are lessrthaghly 0.03 seconds apart.
The frequency of the viewed motion, or image frequency,vsigby

image frequency: object frequency ¢k strobe frequency) wheleis a positive
integer such that the magnitude of the image frequency isvamaim. If the image
frequency is a positive number, then the viewed motion iwéod, and if the image
frequency is a negative number, then the viewed motion ikvaids.

If a brass player were able to maintain a perfectly constaquency, it would be easy
to see controlled images of the lip movement. You could synagljust the strobe
frequency to give a particular image frequency for a givaryiplg frequency.
Unfortunately, in the real world, brass players cannot na@mna perfectly constant
frequency while playing.

Stroboscopy Using a Phase-Locked Loop

The device that we constructed uses a different approaahttie standard method of
stroboscopy. A microphone in the mouthpiece picks up thedauthe mouthpiece and
produces a periodic, electrical signalth The circuit in our device uses a remarkable
chip, the CMOS 4046 phase-locked loop chip, in conjunctidh & divide by N counter
to produce a square wave signal, the frequency of which istf&dithe playing frequency.
We'll label this signal Bt). Even if the frequency of &) changes, the frequency o{B
will adjust very quickly to remain N times as fast a§tp For our work, we're more
concerned about®) following a gradual drift rather than sudden changes in the
frequency of At).

Using B(t) we can subdivide &) into N fractions of the cycle of &) and view N
different images spaced evenly within the period ¢f)A Showing these different
images in succession produces an apparent slow motion neowehA(t). This strategy

is best explained with an example. Figure 7 shows wavefor(hsakhd Bt). In this
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example, N =5, and so(B) has a frequency 5 times as high a@)A Each heavy dot
marks a trigger point on @&). The asterisks show instants when the stroboscope would
ash. The ashes from the stroboscope are spaced so that@aeis 1/5th of a period
farther into the cycle of &t). The number of images so far into a viewed cycle is given
by n. Once At) begins a new cycle, the circuit must count n + 1 rising edga® B(t)
before signaling the stroboscope to ash. For example, ifdy then once the trigger
point on A(t) is reached, the circuit will count 1 rising edge fronttBbefore the
stroboscope can ash. If n =1, then oncétAis triggered, the circuit will count 2 rising
edges from Bt) before the stroboscope can ash. There are 5 distinct imegthe
viewed cycle (Images/Viewed Cycle). To make the viewed orosimooth in this
hypothetical example, when n = N we would require 1 triggenpon A(t) to be ignored
and n resetto 0. Showing these 5 images in succession ovewvandgain will make the
apparent frequency of the image equaﬁ@%‘m. We should point out that our
actual circuit does not bother to ignore 1 of the trigger poon A(t) when the circuit is
set for live viewing. The error introduced by this is not largnough to be noticed when
viewing the lips live.

“Reaction Time” of the Phase-Locked Loop

In the previous section we assumed an ideal case in whithi8always N times as
fast as At) even when the frequency of(8 changes. It's useful to see what the
“reaction time” of the output of the phase-locked loop clsijar a sudden change in the
frequency of At). To test this we connected a signal generator, whose freguweould
suddenly change, to the input of the circuit. The output efthase-locked loop chip was
connected to an oscilloscope to record how long it took f@) B> become synchronized
to A(t). Figure 8 shows an example of this reaction time test whefrélggiency of At)
changed from 100 Hz to 120 Hz. The lower graph is a continnaifdhe upper one. It

only took only about 2 cycles for ) to readjust to this change. The speed with which
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A(f) = signal from the microphone (@ — #ofimages so far into the
viewed cycle. In this example

n has values from 0 to 4.
* = output to the stroboscope N = Images/Viewed Cycle = 5

e — trigger point on the B(r) = signal with a frequency equal
waveform A(¥?) to N times the frequency of A(?)

@ > s The Viewed Cycle repeats here

Bl ')?\/ Image Frequency = frequency of A()
N+1

B(¥)

FIGURE 7. Activating the stroboscope at different instants the cycle of At)
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the phase-locked loop chip readjusts to frequency chamg&g) is the key reason that
our device works. Although our device is intended to trackdgial changes in frequency,
if there is a more drastic change in frequency, say from 10@H00 Hz, then it takes
10-15 cycles for Bt) to resettle at N times the new frequency qtA

Requirements from the Video Camera

We also wish to have the ability to display and record the iesagf the lip movement
using a camcorder. This introduces an additional compdinah that we can only record
images during certain intervals to avoid ickering. The put signal produced by a
camcorder contains information to record an image in thenfof sets horizontal lines
called elds. On completion of each eld the camera sendscqusece of pulses, called
vertical synchronization pulses, which indicate that tinse for the camera to record a
new eld. No image information is being recorded while themsaa is sending vertical
synchronization pulses. The vertical sync pulses occughityevery 1/60th of a second,
or 16.7 ms, and last about 0.8 milliseconds.

Dr: Eliason made a device that detects the vertical synchriimizpulses and signals
a stroboscope when the camcorder is ready to record an inRgeording only one
image per eld prevents ickering and variations of lightensity in the recording. For
this discussion, our playing frequency is above 200 Hz. ®&hisgh enough so that each
eld is guaranteed to contain an image of the lip movement: Eliason's device
behaves like the traditional stroboscopy described ini@2&, with the strobing
frequency xed at the eld rate, which is roughly 60 Hz. Sinitee strobing frequency is
xed, a player can only play near to frequencies that are iplegis of 60 Hz to see slow
apparent motion. In addition, Dr. Eliason's device has tfevijously described
limitation that the image frequency varies because theipdglyequency cannot be held
constant. Nevertheless, [Eliason's device provides clear images, and it is easy to

build. Our device incorporates most of circuit used in Bifason's device as a way to
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FIGURE 8. Reaction time for the PLL. The input signalitA changes from 100Hz to
120Hz. N=5, so Bt) has a frequency 5 times the frequency dt)A It takes about 2
cycles for Rt) to readjust to the frequency change dtAso that Rt) is again 5 times the
frequency of At). The signals on the bottom frame are a continuation of theedsgfrom
the top frame.

17



arm our device once the vertical synchronization pulses baen detected.
Fields/Image

Suppose we were to make a straightforward implementationio$troboscopic
method, and also take into account the additional needstinernamcorder. Then we
would do the following. First we would wait for a signal fromldReady Next we
would wait for a trigger point on f). After these conditions were met, we would count
the appropriate number of rising edges froift)Before signaling the stroboscope. Since
eldReadyhas a frequency of 60 Hz, our image frequency Woul(%’ddz, where N is the
number of Images/Viewed Cycle. (Unlike our hypotheticamyple that was discussed
in Section 2, we do not need to skip a eld to make the appareian smooth, and that
is why the image frequency & Hz instead o£22- Hz).

If N is small, then the image frequency is too high for coneatiiewing. The
obvious way to solve this problem is to increase N. Howevernwant to have the ability
to advance stepwise through a sequence of images even wisesniNdil. Therefore, we
need an additional way to control the image frequency. Quuiihas dials to set M, the
number of elds that contain an image at the same fraction ihé cycle of At)

60

(Fields/Image). With dials to set N and M, the image freqyefoc our circuit is 5 Hz.

Flowchart and Timing Diagrams

The owchart and timing diagrams in gures 9 to 11 illustrdtew our circuit works.
For this discussion, we will assume that we want to recordygsan a camcorder. As
before, At) is the signal from the microphone, andtBis the square wave from the
phase-locked loop with a frequency N times as high as theiéiecy of A't). There are
5 other important quantities shown in these diagrams whieliisted in Table 1.

Figure 9 is a owchart that shows the conditions that must le¢ Inefore
downCounterCountnay begin its counting. The output signal from the camcogbers

to the eldReadydetector. When a new eld from the camcorder has been detgitte
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TABLE 1. A Listing of Important Variables

N Images/Viewed Cycle

n Number of images so far into the viewed cycle

M Fields/Image

m Number of fields so far that have captured the same image
downCounterCount gﬁgbﬁ Vf,)i ?zﬁlliii(;g:;a; IL Cfrom B(?) still to be counted

eldReadydetector sends a pulse to Control Input 1, and Latch 1 is exthagfter Latch
1 is engagedyigger, a signal which indicates that the trigger point oft)®has been
reached, can reach Control Input 2. Control Input 2 engagéshl2 when a rising edge
from trigger reaches Control Input 2. The down counting of the rising edgam B(t)
begins when Latch 2 is engaged.

Once the conditions in the owchart have been naetwnCounterCouns initialized
to n, and decrements by 1 after each rising edge fr¢th. BT he count that follows 0 for
downCounterCount 1111 1111 1111 binary. The circuit signals the strobosgcop
disengages the latches shown in the owchart in Figure 9,satsln and m to their
appropriate values on this count following zero. (The dowuanter counts this way for
convenience in the circuit design.) Figures 10 and 11 armtjrdiagrams that give an
example of this procedure. In this example, there are 5 isypgeviewed cycle and 2

elds perimage (N =5 and M =2). Since N =5, n counts from 0 to 8hwn
automatically resetting to zero once n counts to 5. And sMiee2, m counts from O to
2, with m automatically resetting to O once m counts to 2.

“Box 1” of the timing diagrams shown in Figure 10 shows the dhédof a viewed

cycle of A(t), where we want to signal the stroboscope on the 4th imageivigwed
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cycle for the 2nd time (n =3 and m = 1). Since n =d8wnCounterCouns initialized to

3 and begins its down count once the conditions describdtkiroivchart have been met.
After each rising edge from @), downCounterCoundecrements by 1 until it reaches
1111111111211 binary. WhaetownCounterCounteaches this count, the stroboscope is
signaled and the latches in the owchart are disengaged ddiitian, after a strobe

occurs, the circuit increments m. If m has been incrementéiinds, then m is reset to

0. Inthis example, after m is incremented, m = M = 2. Thereforés reset to 0. Also,

if m is reset, then n is incremented by 1. And if n has been merged N times, then n
isresetto 0. In this example, n is incremented to 4 since nibkas reset. However, nis
not reset since n is still less than N.

“Box 2” of the timing diagrams shows the case where we wanigoas the
stroboscope on the 5th image in the viewed cycle for the & (h = 4 and m = 0).
Again,downCounterCouris initialized to n, and the circuit signals the stroboscapéd
disengages the latches in the owchart widawnCounterCounteaches 1111 1111 1111
binary. Note that the strobe has occurred 1/5th fartherthrgaycle of At). After the
strobe, mis incremented to 1. Since itis less than M, m ises#tt And since M has
not been reset, n is not incremented.

“Box 3” of the timing diagrams shown in Figure 11 shows theecabere we want to
signal the stroboscope on the 5th image in the viewed cyclh&second time (n =4 and
m = 1). As in the previous two boxedpwnCounterCounis initialized to n and the
circuit signals the stroboscope and disengages the laiichies owchart when
downCounterCounteaches 1111 1111 1111 binary. Note that the strobe hasredaitr
the same fraction into the cycle of( as the previous strobe since we wanted to see the
5th image in the viewed cycle for the second time. After thelst, m is incremented.
After m is incremented, m = M = 2. Therefore, m is reset to 0.c8im has been reset, n

is incremented. After nisincremented, n =N =5. Therefors,neset to 0.
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Finally, “Box 4” of the timing diagrams shows the case wheeewant to signal the
stroboscope on the 1stimage in the viewed cycle for the insét(n = 0 and m = 0). Just
as in the previous boxedpwnCounterCouns initialized to n. Then the circuit signals
the stroboscope and disengages the latches in the owdhantrsin gure 9 when
downCounterCounteaches 1111 1111 1111 binary. Note that the strobe hasredcur
1/5th farther into the cycle of @), which also corresponds to the beginning of a new
viewed cycle.

Experimental Setup

We saw some pictures of the experimental setup in Chapterdurds 12 and 13
show additional pictures of the experimental setup. Thédanes show a video camera
instead of a shaving mirror for recording images insteadreftly viewing them. Just as
in the earlier pictures, the trombone has a special moutbylet is clear. There is also a
microphone inserted into the mouthpiece. The output of tlieaphone goes to 2
Barcus-Berry “super boost” ampli ers that are connectedenes so that the input signal
to the device is roughly 1 V peak to peak. (The main componetitése ampli ers is an

MC3476 operational ampli er).
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Camera Signal

A(t), the acoustic signal
from the microphone

fieldReady detector

trigger - A pulse that
goes high at a trigger
point on A(t)

Latch 1 is engaged on
the rising edge of
fieldReady. (Latch 1 is
T Control Input 1 disengaged when the
circuit sends an output to

Latch 1 the stroboscope.)
M »el o

Control Input 2
Phase-locked Loop
Generates B(t), a square Latch 2
wave with a frequency N = —————— P o¢—
times as high as A(t), where — ]
N = Images/Viewed Cycle

Latch 2 is engaged on
the rising edge of
trigger. (Latch 2 is
disengaged when the
circuit sends an

output to the
stroboscope.)

(a) Down count the rising edges from B(t) and send an output
pulse to the stroboscope. This process is monitored by
downCounterCount.

(b) Disengage the latches shown above.

(¢) Prepare for the next strobe.

- See the following timing diagrams for details on (a) and (c)

FIGURE 9. Flowchart of the circuit
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N = number of images in the viewed cycle ¥
(Images/Viewed Cycle). For this
example, N=5

n = number of images so far into the °
viewed cycle. Since N=5, n counts
from 0 to 5, with n automatically
resetting to 0 after reaching 5.

M = number of fields that capture an image
at the same fraction into the viewed
cycle (Fields/Image).

For this example, M=2.

m = number of fields so far that have
captured the same image. Since M=2,
m counts from 0 to 2, with m automatically
resetting to 0 after reaching 2.

i

downCounterCount =

signal the stroboscope and disengage
the latches shown in the flowchart

down counting enabled because
fieldReady and trigger have been
detected

A(?), the waveform from the
microphone

B(?), a square waveform with a
frequency N times as high as
the frequency of A(?). In this
example, the frequency of B(7)
is 5 times the frequency of A(?).

number of rising edges + | from B( #) still to be counted since down counting has
been enabled. The count starts at n, and decrements by 1 after each rising edge.

Box 1: Signal the stroboscope on the 4th image for the 2nd time (n =3, m = 1)

Since n =3,
we start with
downCounterCount =3

downCounterCount =
L1111 1111 1111 binary

downCounterCount =0

downCounterCount = 1 —

downCounterCount =2

m is incremented. However, since m=M=2,
m is reset to 0. Also, since m has been reset,
n is incremented. Now n=4.

n is not reset since n <N.

Box 2: Signal the stroboscope on the 5th image for the 1st time (n =4, m = 0)

downCounterCount =

1111 1111 1111 binary

downCounterCount =0

downCounterCount =1 j |

downCounterCount =2 —
downCounterCount =3 M

Sincen =4,
we start with
downCounterCount =4

FIGURE 10. Timing diagram part 1 of 2

23




m is incremented. Now m = 1.
Since m has not been reset,

n is not incremented. Therefore,
n remains equal to 4.

Box 3: Signal the stroboscope on the 5th image for the 2nd time (n =4, m=1)

Since n =4,
we start with
downCounterCount =4

downCounterCount =
L1111 1111 1111 binary

downCounterCount =0

downCounterCount =1 |
downCounterCount = 2ﬁ AN

downCounterCount =3

m is incremented. However, since m=M=2,
m is reset to 0. Also, since m has been reset,
n is incremented. However, since n=N=5,

n is reset to 0.

Box 4: Signal the stroboscope on the 1st image for the 1st time (n =0, m=0)

n is reset since this instant in the cycle is equivalent to the \
time of the first rising edge after the down counting is enabled.

Also note that the delay from when down counting is enabled \
to the first rising edge from B(¢) has been exaggerated in all of
these timing diagrams. ‘ ‘

Since n =0,
we start with

downCounterCount =0 downCounterCount =
I[111 1111 1111 binary

FIGURE 11. Timing diagram part 2 of 2
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FIGURE 12. The entire setup

FIGURE 13. Mouthpiece, strobe light, and video camera
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THE CIRCUIT IN DETAIL

Additional Notation

Appendix A maintains the same notation as in Chapter 2, bilt same additions.
Connections to a particular location on a chip or dial areled) in txt font and
capitalized. One such example BST, which refers to the reset pin of a 4017 counter.
Finally, the circuit diagrams in the section Detailed Dgstacon of Each Block are drawn
in a program that allows only one font. However, one candiginguish variables from
connections since the connections are all capitalizedevitne variables are not.

Block Diagram of the Circuit

Figure 14 shows the circuit divided into eight blocks. We oalate these blocks to
the owchart from gure 9. Blocks 1 and 2 produd¢agger and eldReadyrespectively.
Blocks 5 and 6 produce(®). Block 3, andCE, PE, andCPon the 4029 counters that
down count in Block 8, play the role of latch 1 and latch 2. Hinahe rest of Block 8,
Block 4, and Block 7 perform the tasks labeled (a), (b), andnaure 9. The next two

subsections describe additional important features imeghs.
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strobeOccurred manualAdvance +Sv
4071 Output to
Strobe light
4538
Monostable 18'\89 04
5 gMostSigBit -
B(t) Up/
3 Dwn =
from 5
t — latches to 4029s
- . i i ~ down count from n
Signal from . trieger enable/disable down
migcrophone, gltggir S8 counters (When down to 1111 1111 1111
A(t) ctector counters are disabled, CE PE CP 0 Oy b
they are also set to n) ostaignificantt
2 enableDownCount
fieldReady | fieldRead)] reset —
CameraIn — "getector 4071 B(t)
from 5
advancelmage Up/
Dwn
4 40295 *ov
RST 40175 count n in binary
count m in manualAdvance
oLy decimal. Reset reset CE PE CP J @
4017s when 4071 4071 ‘ ‘ i ‘
resetBinarynCounters
1 pole 10 7
position —RST 4017s
switches count n in
“100s” "10s” to set M oLx decimal. Reset reset
4017s when
4071
compln (— reset
4071
vco RST
PCBIN 4046 ouT ‘401'3? B ‘ ‘ Ganged 1 pole
Phase-Locked B(t) zﬁuuigfre( ): I ' 10 position
PCAIN  Loop CLK put treq I ”100s” 1 “10s” 1 “l1s” switches
near trigger to set N
s freq LI RIIN RIIN S
> to3 } } }
1| “100s” 1| “10s” 1| “1s”
L—> to8

FIGURE 14. Block diagram for the circuit
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gMostSigBit

In chapter 2 we frequently mentioned the variatidevnCounterCounbut this
variable is noticeably missing in gure 14. (Recall tlldwnCounterCouns a 12 bit
binary number that counts down from n, the number of imagdarsato the viewed
cycle, t0 1111 1111 1111 binary, the next down count afterHfijwever,
downCounterCouns related to another variablgMostSigBitwhich is shown in gure
14. gMostSigBitis a signal that goes high when the most signi cant bit from
downCounterCoungoes high. Notice that dlownCounterCountvere to equal 2048
(which is 1000 0000 0000 binary), then the most signi cantdfidownCounterCount
would be high. HowevedownCounterCountould never be directly set to 2048, since
the dials to set N, the total number of images in a viewed ¢yxriey go up to 999.
Therefore, the only way for the most signi cant bit @ddwnCounterCourtb go high is
for downCounterCourib resetto 1111 1111 1111 binary on the down count that falow
0. This is very convenient, because we only need to loaVidstSigBitrather than all of
the 12 bits that make ugownCounterCount

How the 4017 Counters Automatically Reset Themselves

Notice in Figure 14 that a high output from the 4017 countahsalways go toRST.
This is very convenient because it allows the 4017 counteasitomatically reset
themselves once they have reached the appropriate coung. idHgow this works. Once
the counters count to the number speci ed by the dials, thpuigoes high. However,
this high output also goes ®ST. A high on a pin toRSTforces the counters to reset to 0
and counting is halted. But once the counters are reset he@utput no longer equals
the count speci ed on the dials. Therefore the output is lEng hencd&kSTreturns low,
and counting of the counters may proceed. This techniquatofiatically resetting the
4017 counters, along with the technique of looking at ajostSigBitgreatly simpli ed

the design of this circuit. These techniques should helfiustiate the reasoning behind
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the timing diagrams in Figures 10 and 11.

Detailed Description of Each Block

Each of the following subsections describes a block fronufeéd 4 in detail and
includes a circuit diagram of the block.

Block 1: trigger Detector

Figure 15 shows the trigger circuit. The LM358 is used as apayator. The
noninverting input to the LM358 sets the trigger level ussntOK pot. CAP2 blocks any
dc input from the microphone, and the inverting input to thé358 is biased at 2.5 \Volts.
When the voltage at the inverting input goes higher than gpeuthreshold of the trigger
level, the output goes from high to low. Conversely, whenvibléage at the inverting
input falls below the lower threshold of the trigger levéle toutput goes from low to
high. There is an upper and lower threshold of the triggeglteto screen out any false
triggering due to noise that might exist on the input signgthis difference in threshold
levels, or hysteresis, is roughly 0.01 V.

The output from the LM358 gives not only information aboug tavel of the input
signal but also information about the slope of the inputaigi#when a signal crosses
above a triggering level, it has a positive slope, and wheagreascrosses below a
triggering level, it has a negative slope. If the output fribrea LM358 goes from high to
low, then we can conclude that the input has a positive skpejf the output goes from
low to high, then the input has a negative slope. A single dolgle throw (SPDT)
switch connects eitheslope(-)or slope(+)to trigger depending on whether one desires to
set the trigger point from &) on a negative or positive slope. Wheigger produces a

rising edge, the trigger point on(8 has been reached at the desired slope and level.
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FIGURE 15. Trigger
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Block 2: eldReadyDetector

Figure 17 shows Block 2, and Figure 16 shows a timing diag@Block 2. As
mentioned on page 16, the output signals produced by camrsocdntain information to
form sets of interlaced horizontal lines called elds. Themose of Block 2 is to detect
the vertical sync pulses which separate elds and send akigtdReady, a short time
later.

The rst line in Figure 16 shows qualitatively what the outfiom the video camera
looks like. The part of the signal above the black level corstpicture information. The
sync pulses vary from black level to 0.28 V below the blaclelevlhe pnp transistor, T2,
separates the vertical sync pulse sequence from the rds oatncorder signal. R21
biases the pnp transistor so tipattSigRemoveis near zero. CAP3 blocks any dc at the
input and R20 and CAP4 allow the negative parts of the symshation pulses to get to
the base of T2 and bring the transistor into signi cant cartthn. The signal at the
output of the invertersigCleanedgives a solid 0 to 5 V output and the Schmitt trigger
compensates for any irregularly shaped pulses. Note theaitthle inverters in Figure 17
have the additional feature of being Schmitt triggered, mregathat they have hysteresis.

This hysteresis response is most noticeably seen with teeter between the signals,
integratorandthesholdXed R23, CAP5, and CAP6 form an RC integrator circuit, the
output of which aintegrator. The inverter that follows detects whartegratorcrosses
the upper and lower trigger thresholds. Whetegratorcrosses below the lower
thresholdthresholdXedjoes high, and remains high untitegratorcrosses above the
upper threshold. The duration of this pulse giverthtmgsholdXeds about 180
microseconds.

Diodel, CAP7, and R24 form a monostablaonostablgoes high when
thresholdXedjoes high. WhilghresholdXeds high, CAP7 charges to 5 V. When

thresholdXedjoes low, eldReadystays low until CAP7 has discharged through R24 and
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monostablénas crossed the lower threshold. The time &dReadyto go high after
thresholdXedhas gone high is about 1 ms. The delay of this monostablegaghat the

strobe from the circuit will not occur between elds.
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Black level

e Vertical Sync Pulse ———»f
cameraln

sigcteaned |1 L LU UL UL L L

Upper Threshold

integrator

¥
f

Lower Threshold

thresholdXed ‘

monostable ‘ K L

fieldReady \ $ [

FIGURE 16. Timing Diagram for Block 2
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FIGURE 17. Field Ready
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Block 3: Controlling Down Counters

Block 3 is shown in Figure 18. Block 3 has four input sigrtaigger, eldReady,
strobeOccurredand Bt). Let's assume thatrobeOccurreds high, which forces
enableDownCourtb be high. The signanableDownCourgoes toaCEandPE of the
4029 counters that down count in Block 8. A high signal fremableDownCount
disables down counting and selswnCounterCourtb n.

Also shown in Block 3 is a SPDT switch which gives one the aptmbypass Block
2, the eldReadydetector. It is useful to bypass theddReadydetector for two kinds of
situations. The rst situation is if one simply wants to uke tircuit to view live images,
without recording the images with a camcorder. This sitratvas shown in Figure 2.
The other situation occurs when one wants to record imagidsaxdamcorder at low
playing frequencies (roughly less than 60 Hz). In this caseaan obtain better images
when the camcorder records images without waiting for a neld. Although this
causes variations in light intensity, more images are captand one can get an overall
better recording without waiting for theldReadysignal. The switch in Block 3 either
connectsstrobeOccurredlirectly to eldReadyOn/Off or the switch connects
eldReadyOnto eldReadyOn/Off In either case, whestrobeOccurreds high,
readyToDownCournis low. WhenstrobeOccurredjoes low and iktrobeOccurreds
connected toeldReadyOn/OffthenreadyToDownCounwill go high after a rising edge
is produced abutOfPhase (The signabutOfPhases a square wave with the same
frequency as trigger. If one wishes, this signal could béaegal withtrigger.) On the
other hand, if the switch conneceddReadyOnto eldReadyOn/Offthen eldReady
must produce a rising edge, and trenOfPhasenust produce a rising edge in order to
makereadyToDownCourttigh. OnceeadyToDownCourdnd Bt) go high at A2, then
enableDownCounwill go low and down counting may proceed.

PLL3 and the inverter that follows PLL3 add some trouble simgp exibility in the
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rare case that one observes instabilities in the viewececydobwever, PLL3 and the
inverter that follows PLL3 are not essential and could béaega with the signal from
trigger. The output of PLL3divideByl has the same frequencytagger, although
divideBylhas a 50 50 duty cycle. (PLL3is setto divide by 1 and that is thieyinput
signal has the same frequency as the output signAC&OU) After divideBylis
inverted, the output signal from this inversiaytOfPhaseis 180 out of phase with
divideByland therefor@utOfPhases also180 out of phase withirigger. Hence, when
N is odd,outOfPhases guaranteed to be out of phase witftB If there were
instabilities while viewing an image, one could set N to ad admber, and this would
eliminate one possible cause for timing glitches becaus®fPhaseand Bt) cannot go
high at the same time in this situation. However, as alreadytimned, PLL3 and the
inverter that follow it are really not necessary, and theyldde replaced with a signal

from trigger.
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FIGURE 18. Enable/Disable Down Counters
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Block 4: Count M, Fields/Image

Figure 19 shows Block 4. The 1 pole 10 position switches aeel s set M. These
switches are labeled S7, S8, and S9. S7 sets the “1s” de@®akts the “10s” decimal,
and S9 sets the “100s” decimal. On each of these switOhEEs connected to one of
TOOto TO9. Each rising edge froratrobeOccurredncrements the counters. The
current count of the counters is called m. When m reache®Wlon each of S7, S8,
and S9 are all high, and therefadvancelmaggoes high. The signahdvancelmage
goes to Block 7 and 8 and increments n. In addition, a highaesiyjom advancelmage
goes toRSTon C7, C8, and C9. Therefore, whadvancelmages high, C7, C8, and C9
are all reset to 0. Since the value of m is now set to O inste&d] afdvancelmageeturns
to 0. If the buttormanualAdvance pushedadvancelmageill go high, thereby

incrementing n without waiting to count to M.
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FIGURE 19. Divide by M for Fields/Image
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Block 5 and 6: Generate(B

Blocks 5 and 6 produce(B). The way this is done is shown qualitatively in Figure
20. The 4046 chip does everything it can to make the frequehttye signalstrigger, at
PCAIN andcompln atPCBIN, the same. However, the frequencycoimplnis 1/N the
frequency of the signal at the output of the 4046 chift) Bdue to the divide by N block
in between these signals. Therefore, the only way@mpinto have the same frequency
astrigger B(t)oldandfor the frequency otomplinto be 1/N the frequency of @), is for
the frequency of B) to be N times the frequency tfigger.

Figure 21 shows Block 5. Block 5 shows two phase-locked Idops; PLL1 and
PLL2, that are used to generatéB If one wants the frequencies ofB to be in the
range from roughly 50 Hz to 30 kHz, then the SPDT switch shbeldet to connect
lowFreqto B(t). This is the most common situation. However, if the frequenof B(t)
are to be in the range from 1 kHz to 100 kHz, the SPDT switch khloel set to connect
highFreqto B(t). The values of the external resistors and capacitors th#tesse
frequency ranges for PLL1 and PLL2 were found from a comimnatf trial and error,

and using the tables in the book The CMOS Cookblypk ancaster [9].
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Divide by N

guTrPuT INPUT

H compln| [oopiy

l ‘ trigger lpcaln

4046
Phase-Locked
Loop

VCoouT

=B(1)

FIGURE 20. Explanation of the Phase-locked loop chip
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FIGURE 21. Phase Locked Loop
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Figure 22 shows Block 6. The 1 pole 10 position switches ageel s set N. These
switches are labeled S1, S2, and S3. S1 sets the “1's” decBfadets the “10's”
decimal, and S3 sets the “100's” decimal. On each of thesel@sOUTis connected to
one of TOOto TOY9. Each rising edge from @) increments the counters. After N rising
edges from Bt) have been counted, the signals at e@thrat S1, S2, and S3 are all
high, and thereforeomplngoes high. The signatomplngoes to the inpuf?CBIN, in
Figure 21. Sinceomplingoes high once for every N rising edges frorft)Bthe
frequency ofcomplnis 1/N the frequency of 8). In addition,complnalso goes t&RST
on C1, C2, and C3. Therefore, wheamplnis high, C1, C2, and C3 are all reset to O to
allow the process of counting the rising edges fro(h) Bo repeat. (The time focompin
to go from high to low again is about 30 ns, which is much smafan the period of

B(t). Therefore, the counters should not miss an increment g are being reset.)
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FIGURE 22. Divide by N for Phase Locked Loop
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Block 7: Count N, Images/Viewed cycle

Figure 23 shows Block 7. The 1 pole 10 position switches ageel s set N. These
switches are labeled S4, S5, and S6. S4 sets the “1's” dec8badets the “10's”
decimal, and S6 sets the “100's” decimal. On each of theseB@sOUTis connected to
one of TOOto TOY9. Each rising edge froradvancelmagecrements the counters. The
current count of the counters is called n. When n reachese\sitimal at eac®UTat S4,
S5, and S6 are all high, and therefoesetBinarynCountergoes high. The signal,
resetBinarynCountergoes to Block 8 and resets the counters that count n in birary.
addition, a high signal fromesetBinarynCountergoes toRSTon C4, C5, and C6.
Therefore, whemesetBinarynCounterns high, C4, C5, and C6 are all resetto 0. And

since the value of n is now set to 0 instead ofrdsetBinarynCountenseturns to 0.
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FIGURE 23. Divide by N for Images/Cycle
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Block 8: Output to Stroboscope, Count n in Binaryd@wnCounterCount

Figure 24 shows Block 8. U1, U2, and U3 correspond to the @yanhat count n in
binary. The output of these counters, n, is a 12 bit binarylmenmwhose most signi cant
bit is onQ4 of U3 and least signi cant bit is o@1of Ul. ngoesto D1, D2, and D3, the
counters whose output signal correspondddevnCounterCount When eitheresetor
enableDownCoungo high,downCounterCouns set to n and down counting is disabled.
(If n changes in U1, U2, and U3 whilesetor enableDownCourdre high, the output of
downCounterCounwill also change to remain the same as n.) Whesetand
enableDownCourdire low, down counting starts at n and the output of
downCounterCountecrements after each rising edge frot)B The count after O for
downCounterCount 1111 1111 1111 binary. On this couqiostSigBitgoes from low
to high. This rising edge frogMostSigBitgoes to the monostable, M1, and triggers an
output pulse from M1. The output pulse from M1 lasts aboud Onilliseconds and
makesoutputon the collector of T1 go from high to low, thereby activatihg
stroboscope. In addition, the output from M1 mak&sbeOccurredjo high.

Also shown in Block 8 is a debouncing circuit consisting oPRCAP21, and a
Schmitt trigger inverter for the manual advance button. higsthe manual advance

button will also makestrobeOccurrechigh.
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FIGURE 24. Current Max, Down count, & Strobe
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Block 9: Power and Unused Gates

Block 9 is shown in Figure 25. This block shows the unusedgyaiteresetbutton, a
circuit to generate a 5 V power supply, and additional capegio insure that the 5V

supply remains steady throughout the circuit.
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FIGURE 25. Power, Input, Output
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Blind Alleys

There were some unusual behaviors that were observed gniegiand testing this
circuit that deserve mention. Suppose that in Figureeh@8pleDownCountvas
connected directly tQon F1, and F2 and A2 were eliminated. This would simplify the
logic. But surprisingly, the circuit doesn't work in thisga It's impossible to see step
wise increments in the viewed cycle, and still images aterjitat best. Since the trigger
signal has small variations in its frequency, the additidogic circuits are necessary to
ensure correct timing.

The other surprising thing is that the circuit would not wdrthe LM358 is replaced
with an LM393 comparator. (The LM393 is a dual version of ti339.) One would
guess that it would be better to use a comparator insteadab amp in order to set the
trigger point on At). However, when we did this, althoughgger produced solid 0-5 V
pulses, it was impossible to see stepwise increments ini¢hneed cycle and still images
were jittery. It appears that the slower performing LM35&waeded in order keep

everything timed correctly.
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APPENDIX B
CONSTRUCTION OF THE DEVICE

54



CONSTRUCTION OF THE DEVICE

Device Construction

The rst prototype of the device was made on a breadboard @srsin Figure 26.
Once this was working, the circuit was produced on a printexlit board and enclosed
in a box as shown in gure 27. The wires from the rotary swithee crimped to 14 pin
plugs. (Although each plug has space for 14 wires, only 1Liseel. 10 wires are used
for the connections of “0” through “9” on a rotary switch, aoide additional wire for the
output of the rotary switch.) The wires from the rotary s\és are color coded
according to the resistor color code to prevent confusioneré&fore, the black wire goes
to “0” on the rotary switch, brown to “1” on the rotary switaktc. In the bill of
materials, the ganged rotary switches are 2 pole 12 postdtches. Therefore, only 10
of the 12 positions are used on these ganged switches. Eigan® 31 show the rotary
switches and how they are connected to the printed circaitcho

Figure 32 shows where on the printed circuit board to plaeetimponents and wires
that go to the external pot, SPDT switches, and buttons. ghire also shows all of the
holes that connect a trace on the bottom layer to a trace diopHayer. Many of these
holes also provide test points for troubleshooting theuiirc(This was a very useful
feature!) Figure 33 shows the top layer of the printed ctrboard and gure 34 shows
the bottom layer of the printed circuit board. The printeduwit board layout was
designed using software provided by expressPCB.com. Afeeprinted circuit board
drawing was completed, the le containing this drawing wasaéed to expressPCB.com.
The printed circuit board arrived just a week later.

All of the components that were used in the construction isf¢hricuit can be
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purchased from Mouser Electronics. Tables 2-4 list all efitams needed to construct

this circuit.
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FIGURE 26. The rst prototype of the device
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FIGURE 27. Inside of the Circuit Box

FIGURE 28. The connection from a rotary switch to a 14 pin plug
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FIGURE 29. Connections to the printed circuit board
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FIGURE 30. 1 pole 10 position dial for Fields per Image

FIGURE 31. 2 pole 12 position Dial for Images per Cycle (Onypbsitions used)
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FIGURE 32. Placement of Components on the PCB
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FIGURE 33. Top Layer of the PCB
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FIGURE 34. Bottom Layer of the PCB
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Price

Mouser Part # fgr. Part # roduct Desc./Customer Part # Qty (as of 12/03) Extended

517-3302/60FT 8302/60-CUT-LENGTH g_’\gs'g,csglgtlzagloel_ T 5 $5.36 $26.80
151-2P14 151-2P14 DGS Sockets BLK 14 PIN PLUG 9 $0.59 $5.31
575-109314 110-09-314-41-001 T;'F'; '\im EI'NP ;‘x" g C')OI\:"TE Sockets 16 $0.31 $4.96
575-109316 110-09-316-41-001 'i'g'F'; '\4?’: EI',\P‘ #m’ CP ;\:"Te Sockets 19 $0.35 $6.65
575-199308 110-99-308-41-001 gg'}“{'ﬁxpmi:‘;‘gg;’:'e Sockets 1 $0.19 $0.19
561-K6.25 135P041 Eigl_'; 2;?063)(%'0" Spacers  SPCR 4 $0.14 $0.56
10YQ110 10YQ110 ng:”l\gp;g:;tg“;gv"iwhes ROT 3 $1.57 $4.71
10WR212 10WR212 ég‘_’;}(g'\’:?%’g"lzsvgges 3 $3.17 $9.51
41FG100 41FG100 :'Lgn;aglyl_ Dl;t“é\':g‘fvle; Transformers 1 $2.74 $2.74
534-3523 8523 ESVSSI;OE‘EOE;S‘EERC"”S and Holders 1 $1.40 $1.40
504-AGC-1/8 BKIAGC-1/8 ig;j?izzesstanga:gﬁ nglét/‘;EF isl'; N 1 $0.98 $0.98
563-SC-12101 5C-12101 ?f‘;f”; al',.MEtal Cabinets  3.25"x 1 $55.95 $55.95
173-33121 173-33121 ?;S\Nf gsyer Cords  6"3WIRE 1 $2.33 $2.33
5164-2300 2300BM Davies Knobs  BLACK 1.25"DX.625"H 6 $1.12 $6.72
691-LTA201TAB/125N  LTA201-TA-B/125N f;;'\'?z ::gf\lkel_m'ﬁmhes AMBER 1 $3.80 $3.80
16PJ052 16PJ052 E)AGCSKRCA Phono Jacks  RCA PHONO 2 $0.69 $1.38
611-7101-021 7101P3YZQE g;_gij"g‘;"lafg‘g;o’\gﬂi Switches 3 $5.41 $16.23
31CR40L 31CR401 )ng?r"Kl’\fS“;_ Z:Ei"lzl‘fg"“ometers 1 $1.12 $1.12
103-1113 103-1113 Z'v‘;ﬁg:ig S"MV:CLhBP[;‘jh;:‘Ecg’TM A 2 $0.83 $1.66
530-108-0903-1 108-0903-001 Johnson Components Electronic 2 $0.45 $0.90

Hardware BANANA JACK BLACK

TABLE 2. Bill of Materials Pg 1 of 3
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Johnson Components Electronic

530-108-0907-1 108-0907-001 Hardware BANANA JACK YELLOW $0.45 $0.45
Johnson Components Electronic

530-108-0910-1 108-0910-001 Hardware BANANA JACK BLUE $0.45 $0.90
ST 5V Logic (HCF4xxx, M74HC/HCT,

511-4017 HCF4017BEY 74AACIACT, 74VHC/VHCT)  DIP-16 $0.60 $5.40
Decade Counter/Div
ST 5V Logic (HCF4xxx, M74HC/HCT,

511-4013 HCF4013BEY 74ACIACT, 74VHC/VHCT)  DIP-14 $0.40 $0.80
DUAL "D" Flip Flop
ST 5V Logic (HCF4xxx, M74HC/HCT,

511-40106 HCF40106BEY 74ACIACT, 74VHC/VHCT)  DIP-14 Hex $0.44 $0.44
Schmitt Trigger
ST 5V Logic (HCF4xxx, M74HC/HCT,

511-4538 HCF4538BEY 74AC/ACT, 74VHC/VHCT)  DIP-16 $0.70 $0.70
DUAL Mono Multivibtr
ST 5V Logic (HCF4xxx, M74HC/HCT,

511-4081 HCF4081BEY 74AC/ACT, 74VHC/VHCT) DIP-14 $0.34 $0.68
Quad 2-Input AND
ST 5V Logic (HCF4xxx, M74HC/HCT,

511-4071 HCF4071BEY 74AC/ACT, 74VHC/VHCT) DIP-14 $0.34 $0.68
Quad 2-Input OR Gate
ST Operational Amplifiers DIP-8

511-LM358AN LM358AN DUAL OP AMP $0.38 $0.38

512-CD4046BCN CD4046BCN Fairchild CD4K CMOS Logic  DIP-16 $1.06 $3.18
Phase-Locked Loop

512-CD4029BCN CD4029BCN Fairchild CD4K CMOS Logic  DIP-16 $0.64 $3.84
Binary/Decade Ctr
ST Small Signal Transistors TO-92

511-2N3904 2N3904 NPN GEN PUR SS $0.06 $0.06
ST Small Signal Transistors TO-92

511-2N3906 2N3906 PNP GEN PUR SS $0.06 $0.06
ST Voltage Regulators TO-92 +5V

511-L78LO5ABZ L78LO5ABZ 0.1A VREG $0.28 $0.28

512-1N4002 AN4002 Fairchild Rectifiers DO-41 $0.05 $0.20

512-1N914B HN914B Fglrchlld Diodes  DO35 High Cond Fast $0.04 $0.04
Diode
AVX Radial Monolithic Capacitors

581-SR211A470KAA SR151A470KAA 0.20 0.20
100V 47pF NPO 10% $ $
AVX Radial Monolithic Capacitors

581-SR211A222KAA SR211A222KAA 0.44 0.44
100V 2200pF NPO 10% 8 $
AVX Radial Monolithic Capacitors

581-SR155C223K SR155C223KAA 50V 0.022uF X7R 10% $0.18 $0.36
AVX Multi-Layer Film Capacitors

1-CKO5BX102K KO5BX102K . 1.
581-CK05BX10 CKO05BX10 200V 1000pF 10% $0.30 $1.80
581-SR201A332J SR201A332JAA AVX Radial Monolithic Capacitors $0.72 $0.72

100V 3300pF NPO 5%

TABLE 3. Bill of Materials Pg 2 of 3
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581-CKOSBX104K CKO5BX104K AVX Multi-Layer Film Capacitors 50V 6 $0.30 $1.80
0.1uF 10%
AVX Radial Monolithic Capacitors
581-SR305C105K SR305C105KAA 50V 1uF X7R 10% 4 $1.05 $4.20
Vishay/Sprague Aluminum
75-517D50v47 517D476MO50AA6A Electrolytic Capacitors - 105 Degree 1 $0.27 $0.27
RADIAL 50V 47uF
Vishay/Dale 1/4W 1% Metal Film
71-RN60D-F-475 RN60D4750FB14 . 1 0.21 0.21
Resistors  1/4W 1% 475 OHM 8 $
Vishay/Dale 1/4W 1% Metal Film
71-RN60D-F-1K RN60D1001FB14 . 2 0.21 0.42
Resistors  1/4W 1% 1K OHM $ $
Vishay/Dale 1/4W 1% Metal Film
71-RN60D-F-2.0K RN60D2001FB14 . 2 0.21 0.42
Resistors  1/4W 1% 2K OHM 8 $
Vishay/Dale 1/4W 1% Metal Film
71-RN60D-F-3.32K RN60D3321FB14 1 0.21 0.21
Resistors  1/4W 1% 3.32K OHM 8 $
Vishay/Dale 1/4W 1% Metal Film
71-RN60D-F-4.75K RN60D4751FB14 1 0.21 0.21
Resistors  1/4W 1% 4.75K OHM $ $
Vishay/Dale 1/4W 1% Metal Film
71-RN60D-F-10K RN60D1002FB14 21 .
60 0 600100 Resistors  1/4W 1% 10K OHM 8 $o $0.63
Vishay/Dale 1/4W 1% Metal Film
71-RNB0D-F-22K RN60D2202FB14 1 21 21
60 60 0 Resistors  1/4W 1% 22K OHM $0. $0.
Vishay/Dale 1/4W 1% Metal Film
71-RN60D-F-30K RN60D! 2FB14 2 .21 42
60 80 600300 Resistors  1/4W 1% 30K OHM $0 $0
Vishay/Dale 1/4W 1% Metal Film
71-RN60D-F-68.1K RN60D6812FB14 Resistors  1/4W 1% 68.1K OHM 1 $0.21 $0.21
Vishay/Dale 1/4W 1% Metal Film
71-RN60D-F-100K RN60D1003FB14 . 1 0.21 0.21
Resistors  1/4W 1% 100K OHM 8 8
Vishay/Dale 1/4W 1% Metal Film
71-RN60D-F-221K RN60D2213FB14 . 1 0.21 0.21
Resistors  1/4W 1% 221K OHM s $
Vishay/Dale 1/4W 1% Metal Film
71-RN60D-F-470K RN60D4703FB14 . 1 0.21 0.21
Resistors  1/4W 1% 470K OHM $ $
Vishay/Dale 1/4W 1% Metal Film
71-RN60D-F-1M RN60D1004FB14 . 27 0.21 5.67
Resistors  1/4W 1% 1M OHM $ $
Vishay/Dale 1/4W 1% Metal Film
71-RN60D-F-1.5M RN60D1504FB14 2 0.27 0.54
Resistors  1/4W 1% 1.5M OHM 8 $
Vishay/Dale 1/8W 1% Metal Film
71-CMF-J-6-6.8M CMF556M8000FKBF 2 0.98 1.96
Resistors 6.8 MEGOHM 100ppm 8 $
2
Printed Circuit Board from ExpressPCB (minimum $195.90 $195.90
order)
TOTAL $389.42

TABLE 4. Bill of Materials Pg 3 of 3
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