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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 time, precisely controlled images

of a brass player's lips without the use of expensive high speed technology. The device is

stable enough in tracking the frequency of a note that the trombone slide can be varied

continuously over its full range of positions, yet the live,strobed image advances through

equally spaced fractions of a cycle at a rate determined entirely by the settings of the

circuit. This device is useful for both the scientist and theperformer by providing a way

to observe the detailed motion of the lip reed as it responds to feedback from the air

column, and to observe how the lip reed controls the �ow of airinto that structure.
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CHAPTER 1

INTRODUCTION

What We Have Done

A device has been designed and built to provide real time, precisely controlled images

of a brass player's lips during the relatively steady part ofa sustained note. This device is

useful for both the scientist and the performer by providinga way to observe the detailed

motion of the driver, or lip reed, as it responds to feedback from the air column, and to

observe how the lip reed controls the �ow of air into that structure. The device was built

at a cost of only $300, most of which was in the making of a printed circuit board and in

the metal box which holds the electronics.

Figure 1 shows the device we constructed, and Figure 2 shows our experimental setup

with a player viewing a slow, controlled motion of his own lips in a shaving mirror as he

plays. The trombone mouthpiece is clear and has a window for viewing the lips. In

addition, there is a microphone in the mouthpiece. The device tracks the signal from this

microphone in the mouthpiece, subdivides the period according to dials on the device,

and maintains a correct subdivision even when the signal from the microphone changes.

The device uses this subdivided period to activate a stroboscope at the appropriate time.

The device is stable enough in tracking the playing frequency that a trombone slide can

moved continuously through its full range of positions, yetthe live, strobed image

advances through equally spaced fractions of a cycle at a rate determined by the settings

of the device. The ability of the device to adjust to playing frequencies that are not

exactly constant is a big advantage over previous implementations that use just a

stroboscope because the playing frequency is not perfectlyconstant, especially for

1



FIGURE 1. The device we constructed

beginners. The device can be used for direct viewing by a performer as shown in Figure

2, or the device can be connected to a video camera and projector to allow many people to

view the images. Figure 3 shows still images that were obtained from the device using a

video camera. However, one should look at the video images inthe accompanying 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 driver and an air column. In

some cases, such as the voice and reed organ pipes, the playing frequency is determined

by the driver alone. Thus we can sing at a continuum of frequencies. The role of the

vocal tract is simply to �lter the sound from the vocal folds.In the true wind instruments

found in bands and orchestras, there is strong feedback fromthe air column to the driver.

2



FIGURE 2. A player viewing his lips moving in slow motion while playing
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FIGURE 3. Equally spaced still images in one viewed cycle
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This feedback to the driver limits the playing frequencies to distinct narrow ranges.

These ranges are found near peaks of the input impedance of the air column for the

brasses and cane reed instruments. For �utes and other air reed instruments those ranges

are found at the peaks of the input admittance. Input impedance is the ratio of pressure

amplitude to volume velocity amplitude at the driver. The frequencies at which we �nd

the peaks are called the resonance frequencies of the air column.

In a woodwind instrument, the resonance frequencies are controlled by opening and

closing holes in the air column, which changes the effectivelength of the air column.

Performers make use of the �rst few resonances by altering their embouchures, and

selectively damping resonance peaks by opening small vent holes. In a brass instrument,

the resonance frequencies are controlled by changing the actual length of the air column

using valves or slides. Typically performers do not use the lowest resonance frequency

but can select among many higher ones by changing the shape and tension of the lip reed.

Because of the property in a brass instrument that many resonance frequencies are used

for a given length, it's important to understand how feedback works 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 model for the operation of the

lip reed. Helmholtz stretched rubber strips, or membranes,across an air column as a

substitute for a performer's lips. His observations on how these membranes responded to

the air column led him to propose the “outward swinging” model for the lip reed. In the

outward swinging model the lips are physically blown open bya positive pressure

difference from the mouth to the cup of the mouthpiece.

A later model of the operation of the lip reed is called the “sliding door” model, which

works according to Bernoulli's principle. In this model, a reduced pressure in the

constriction between the lips pulls them together.

5



A third model, a 2 dimensional hybrid model, was proposed by Adachi and Sato. It

incorporates both driving forces by allowing orbital motion of a single lumped element

model for the upper lip: a piston that oscillates at a slant and is hinged at its upper end as

shown in Figure 4 after Adachi and Sato [4]. The hinged structure responds to the

“outward swinging” effect while the oscillating piston responds to the “sliding door”

effect.

The playing frequency, which is what we hear when an instrument is played, is the

result of feedback from the air column to the lip reed. That feedback restricts the playing

frequencies to relatively narrow ranges near to the frequencies for resonances in the air

column (peaks of the input impedance curve). We can evaluatethe lip reed models

discussed in this section by breaking this problem into two parts. The �rst part is how

does the playing frequency relate to the relevant resonancefrequency of the air column.

The second part is how does the playing frequency relate to the lip frequency, where the

lip frequency is the frequency of the driver when it is unin�uenced by feedback. In any

computer model the lip frequency is just that of the free motion that would result from

“plucking” the structure.

Helmholtz and later Fletcher calculated expected behaviors for the �rst two models.

Their results for a B �at trumpet with open �ngering (no valves depressed) were

summarized in Figure 5 after Adachi and Sato [3]. We see from the two sets of data

plotted there that the swinging door model operates consistently above the relevant

resonance frequency of the air column and above the lip frequency. The sliding door

model operates consistently below the relevant air column resonance and below the lip

frequency.

For the hybrid model, practical playing frequencies are those that are quite close to

resonance frequencies, and for them we see that the playing frequency is below the lip

frequency. For the �rst few resonances of the air column, theplaying frequency can be

6



FIGURE 4. Hybrid model

dropped noticeably below the resonance frequency by careful relaxation of the

embouchure. (These tones tend to be unstable in pitch and have poor tone quality.) As

seen in the graph the playing frequencies and lip frequencies are nearly equal.

How to Evaluate which Model Best Re�ects the True Behavior ofa Brass Instrument

We can measure an experimental analog to the natural frequency of the lip [5]. If a

hole is opened in the backbore of the mouthpiece, the feedback from the air column is

drastically reduced. Rapid alternation of opening and closing the hole results in an

alternation between 2 stable pitches, with that for the openhole consistently higher than

that for the closed hole. The data that correlates open hole lip frequency with the closed

hole playing frequency is plotted in �gure 6. The qualitative behavior is clearly similar to

the hybrid model in the ranges for the lower resonance frequencies. In the higher ranges,

there is a gradual drifting towards disagreement with the hybrid model. The swinging

door model is dramatically different from the real lip reed,and the hybrid model is closer

to the behavior of the real lip reed than the sliding door model. The progressively poorer

agreement of the hybrid model in the higher frequency rangesindicates that further

re�nements of this model are needed. Some hints about possible modi�cations of the

hybrid model may be obtained from careful observation of thelip reed in motion.
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FIGURE 5. Theoretical models of the lip reed. These models are for a B �at trumpet with
open �ngering (no valves depressed). o = Hybrid model, * = Swinging door model, + =
Sliding door model. The horizontal dotted lines are the theoretical resonance frequencies
of the air column as computed by Adachi. The horizontal dashed line is the measured
resonance frequency of the air column. The data points belowthe diagonal line are those
in which the lip frequency is greater than the playing frequency. The data points above
the diagonal line are those in which the playing frequency isgreater than the lip frequency.

8



0 100 200 300 400 500 600 700 800 900
0

100

200

300

400

500

600

700

800

900

Lip Frequency (Hz)

P
la

yi
ng

 F
re

qu
en

cy
 (

H
z)

FIGURE 6. Measured behavior of the lip reed. The measured behavior of the lip reed
was made with a B �at trumpet with open �ngering (no valves depressed). The horizontal
dotted line is the theoretical resonance frequency of the air column as computed by Adachi.
The horizontal dashed lines are the measured resonance frequencies of the air column.
The data points below the diagonal line are those in which thelip frequency is greater
than the playing frequency. The data points above the diagonal line are those in which the
playing frequency is greater than the lip frequency.
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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 is not new. In 1942 Martin

[6] used stroboscopic photography to capture still images of lip motion using a cornet

mouthpiece made out of lucite. In 1963, Weast [7] used a stroboscope disk and a square

mouthpiece made out of Plexiglas to observe a player's lips in slow motion. Martin and

Weast relied on the principle of aliasing in order to capturethe lip motion. Aliasing

occurs when periodic motion that is normally too quick to observe has its motion appear

to look slowed down by a strobe light. (The principle of aliasing in discussed in detail in

Chapter 2 on page 12.)

More recently, Copley and Strong [8] used a rhino-laryngealstroboscope (RLS model

9100) made by Kay Elemetrics to observe images of a player's lips. This device is

normally used in clinical situations involving human vocalfold pathologies. A small

hole was made in the mouthpiece of a trombone and a �ber optic probe was placed there.

This setup also relied on the principle of aliasing to capture the lip motion. As a result, a

player still had to perform the dif�cult task of maintaininga constant playing frequency.

Also, the images looked a little �at, and the setup was expensive, costing around

$100,000 ten years ago. Today, a rhino-laryngeal stroboscope still costs around $50,000.

The difference between our setup and previous implementations is 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 can see this by selecting a

unique feature on the upper lip and following the trajectoryof this feature while playing.

The property of orbital motion was used in the hybrid model, which is the model that best

re�ects the behavior of the lip reed. The overall result of all of the orbital trajectories for

individual particle motions is a heavily damped, strongly driven wave disturbance on the

surface of the upper lip. The side view images show that the front and back of the upper

10



lip move out of phase with each other. From these observations it would appear that a

better model would need to include at least two masses that can move 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 notation in describing the

details of the circuit used in our device. Our setup has a microphone in the mouthpiece.

The acoustic signal from the microphone is denoted by A(t). Another important signal,

which is a square waveform that has a frequency N times as highas A(t), is denoted by

B(t). All other variables, or voltage signals in the circuit, aregiven descriptive names

that begin with lower case letters and are written in italics. Some examples of such

variables are�eldReadyandtrigger. (This follows the standard computer programming

convention of using a lower case letter to start the names of variables, while subroutines

begin with an upper case letter.)

Traditional Stroboscopy

By illuminating an object at different instants in its periodic motion, the object can be

made to appear to be stationary, moving backwards, or movingforwards. This is called

the stroboscopic effect. The easiest way to understand thisis through an example of

looking at a clock. Suppose you were in a dark room and a clock was illuminated once

every 60 seconds. In this case, the seconds hand of the clock would appear still. If the

illumination were to occur every 61 seconds, the seconds hand would appear to move

forward by 1 second after each illumination. And if the illumination occurred every 59

seconds, the seconds hand of the clock would appear to move backwards by one second

after each illumination. Under standard stroboscopy, we �ash an object which is moving

very quickly (not like the seconds hand of a clock in the example described above). If the
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�ashing is fast enough, the viewed motion will look like continuous motion since our

brains can't discriminate between images that are less thanroughly 0.03 seconds apart.

The frequency of the viewed motion, or image frequency, is given by

image frequency= object frequency -(k� strobe frequency) wherek is a positive

integer such that the magnitude of the image frequency is a minimum. If the image

frequency is a positive number, then the viewed motion is forward, and if the image

frequency is a negative number, then the viewed motion is backwards.

If a brass player were able to maintain a perfectly constant frequency, it would be easy

to see controlled images of the lip movement. You could simply adjust the strobe

frequency to give a particular image frequency for a given playing frequency.

Unfortunately, in the real world, brass players cannot maintain a perfectly constant

frequency while playing.

Stroboscopy Using a Phase-Locked Loop

The device that we constructed uses a different approach from the standard method of

stroboscopy. A microphone in the mouthpiece picks up the sound in the mouthpiece and

produces a periodic, electrical signal, A(t). The circuit in our device uses a remarkable

chip, the CMOS 4046 phase-locked loop chip, in conjunction with a divide by N counter

to produce a square wave signal, the frequency of which is N times the playing frequency.

We'll label this signal B(t). Even if the frequency of A(t) changes, the frequency of B(t)

will adjust very quickly to remain N times as fast as A(t). For our work, we're more

concerned about B(t) following a gradual drift rather than sudden changes in the

frequency of A(t).

Using B(t) we can subdivide A(t) into N fractions of the cycle of A(t) and view N

different images spaced evenly within the period of A(t). Showing these different

images in succession produces an apparent slow motion movement of A(t). This strategy

is best explained with an example. Figure 7 shows waveforms A(t) and B(t). In this
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example, N = 5, and so B(t) has a frequency 5 times as high as A(t). Each heavy dot

marks a trigger point on A(t). The asterisks show instants when the stroboscope would

�ash. The �ashes from the stroboscope are spaced so that eachone is 1/5th of a period

farther into the cycle of A(t). The number of images so far into a viewed cycle is given

by n. Once A(t) begins a new cycle, the circuit must count n + 1 rising edges from B(t)

before signaling the stroboscope to �ash. For example, if n =0, then once the trigger

point on A(t) is reached, the circuit will count 1 rising edge from B(t) before the

stroboscope can �ash. If n = 1, then once A(t) is triggered, the circuit will count 2 rising

edges from B(t) before the stroboscope can �ash. There are 5 distinct imagesin the

viewed cycle (Images/Viewed Cycle). To make the viewed motion smooth in this

hypothetical example, when n = N we would require 1 trigger point on A(t) to be ignored

and n reset to 0. Showing these 5 images in succession over andover again will make the

apparent frequency of the image equal tofrequency of A(t)
N + 1 . We should point out that our

actual circuit does not bother to ignore 1 of the trigger points on A(t) when the circuit is

set for live viewing. The error introduced by this is not large enough 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 which B(t) is always N times as

fast as A(t) even when the frequency of A(t) changes. It's useful to see what the

“reaction time” of the output of the phase-locked loop chip is for a sudden change in the

frequency of A(t). To test this we connected a signal generator, whose frequency would

suddenly change, to the input of the circuit. The output of the phase-locked loop chip was

connected to an oscilloscope to record how long it took for B(t) to become synchronized

to A(t). Figure 8 shows an example of this reaction time test when thefrequency of A(t)

changed from 100 Hz to 120 Hz. The lower graph is a continuation of the upper one. It

only took only about 2 cycles for B(t) to readjust to this change. The speed with which
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FIGURE 7. Activating the stroboscope at different instantsinto the cycle of A(t)

15



the phase-locked loop chip readjusts to frequency changes in A(t) is the key reason that

our device works. Although our device is intended to track gradual changes in frequency,

if there is a more drastic change in frequency, say from 100 Hzto 200 Hz, then it takes

10-15 cycles for B(t) to resettle at N times the new frequency of A(t).

Requirements from the Video Camera

We also wish to have the ability to display and record the images of the lip movement

using a camcorder. This introduces an additional complication in that we can only record

images during certain intervals to avoid �ickering. The output signal produced by a

camcorder contains information to record an image in the form of sets horizontal lines

called �elds. On completion of each �eld the camera sends a sequence of pulses, called

vertical synchronization pulses, which indicate that it istime for the camera to record a

new �eld. No image information is being recorded while the camera is sending vertical

synchronization pulses. The vertical sync pulses occur roughly every 1/60th of a second,

or 16.7 ms, and last about 0.8 milliseconds.

Dr: Eliason made a device that detects the vertical synchronization pulses and signals

a stroboscope when the camcorder is ready to record an image.Recording only one

image per �eld prevents �ickering and variations of light intensity in the recording. For

this discussion, our playing frequency is above 200 Hz. Thisis high enough so that each

�eld is guaranteed to contain an image of the lip movement. Dr: Eliason's device

behaves like the traditional stroboscopy described in Section 2, with the strobing

frequency �xed at the �eld rate, which is roughly 60 Hz. Sincethe strobing frequency is

�xed, a player can only play near to frequencies that are multiples of 60 Hz to see slow

apparent motion. In addition, Dr. Eliason's device has the previously described

limitation that the image frequency varies because the playing frequency cannot be held

constant. Nevertheless, Dr: Eliason's device provides clear images, and it is easy to

build. Our device incorporates most of circuit used in Dr: Eliason's device as a way to
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FIGURE 8. Reaction time for the PLL. The input signal, A(t), changes from 100Hz to
120Hz. N=5, so B(t) has a frequency 5 times the frequency of A(t). It takes about 2
cycles for B(t) to readjust to the frequency change of A(t) so that B(t) is again 5 times the
frequency of A(t). The signals on the bottom frame are a continuation of the signals from
the top frame.
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arm our device once the vertical synchronization pulses have been detected.

Fields/Image

Suppose we were to make a straightforward implementation ofour stroboscopic

method, and also take into account the additional needs fromthe camcorder. Then we

would do the following. First we would wait for a signal from�eldReady. Next we

would wait for a trigger point on A(t). After these conditions were met, we would count

the appropriate number of rising edges from B(t) before signaling the stroboscope. Since

�eldReadyhas a frequency of 60 Hz, our image frequency would be60
N Hz, where N is the

number of Images/Viewed Cycle. (Unlike our hypothetical example that was discussed

in Section 2, we do not need to skip a �eld to make the apparent motion smooth, and that

is why the image frequency is60
N Hz instead of 60

N+1 Hz).

If N is small, then the image frequency is too high for convenient viewing. The

obvious way to solve this problem is to increase N. However, we want to have the ability

to advance stepwise through a sequence of images even when N is small. Therefore, we

need an additional way to control the image frequency. Our circuit has dials to set M, the

number of �elds that contain an image at the same fraction into the cycle of A(t)

(Fields/Image). With dials to set N and M, the image frequency for our circuit is 60
MN Hz.

Flowchart and Timing Diagrams

The �owchart and timing diagrams in �gures 9 to 11 illustratehow our circuit works.

For this discussion, we will assume that we want to record images on a camcorder. As

before, A(t) is the signal from the microphone, and B(t) is the square wave from the

phase-locked loop with a frequency N times as high as the frequency of A(t). There are

5 other important quantities shown in these diagrams which are listed in Table 1.

Figure 9 is a �owchart that shows the conditions that must be met before

downCounterCountmay begin its counting. The output signal from the camcordergoes

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

�eldReadydetector sends a pulse to Control Input 1, and Latch 1 is engaged. After Latch

1 is engaged,trigger, a signal which indicates that the trigger point on A(t) has been

reached, can reach Control Input 2. Control Input 2 engages Latch 2 when a rising edge

from trigger reaches Control Input 2. The down counting of the rising edges from B(t)

begins when Latch 2 is engaged.

Once the conditions in the �owchart have been met,downCounterCountis initialized

to n, and decrements by 1 after each rising edge from B(t). The count that follows 0 for

downCounterCountis 1111 1111 1111 binary. The circuit signals the stroboscope,

disengages the latches shown in the �owchart in Figure 9, andsets n and m to their

appropriate values on this count following zero. (The down counter counts this way for

convenience in the circuit design.) Figures 10 and 11 are timing diagrams that give an

example of this procedure. In this example, there are 5 images per viewed cycle and 2

�elds per image (N = 5 and M = 2). Since N = 5, n counts from 0 to 5, with n

automatically resetting to zero once n counts to 5. And sinceM = 2, m counts from 0 to

2, with m automatically resetting to 0 once m counts to 2.

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

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

3 and begins its down count once the conditions described in the �owchart have been met.

After each rising edge from B(t), downCounterCountdecrements by 1 until it reaches

1111 1111 1111 binary. WhendownCounterCountreaches this count, the stroboscope is

signaled and the latches in the �owchart are disengaged. In addition, after a strobe

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

0. In this example, after m is incremented, m = M = 2. Therefore, m is reset to 0. Also,

if m is reset, then n is incremented by 1. And if n has been incremented N times, then n

is reset to 0. In this example, n is incremented to 4 since m hasbeen reset. However, n is

not reset since n is still less than N.

“Box 2” of the timing diagrams shows the case where we want to signal the

stroboscope on the 5th image in the viewed cycle for the 1st time (n = 4 and m = 0).

Again,downCounterCountis initialized to n, and the circuit signals the stroboscopeand

disengages the latches in the �owchart whendownCounterCountreaches 1111 1111 1111

binary. Note that the strobe has occurred 1/5th farther intothe cycle of A(t). After the

strobe, m is incremented to 1. Since it is less than M, m is not reset. And since M has

not been reset, n is not incremented.

“Box 3” of the timing diagrams shown in Figure 11 shows the case where we want to

signal the stroboscope on the 5th image in the viewed cycle for the second time (n = 4 and

m = 1). As in the previous two boxes,downCounterCountis initialized to n and the

circuit signals the stroboscope and disengages the latchesin the �owchart when

downCounterCountreaches 1111 1111 1111 binary. Note that the strobe has occurred at

the same fraction into the cycle of A(t) as the previous strobe since we wanted to see the

5th image in the viewed cycle for the second time. After the strobe, m is incremented.

After m is incremented, m = M = 2. Therefore, m is reset to 0. Since m has been reset, n

is incremented. After n is incremented, n = N = 5. Therefore, nis reset to 0.
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Finally, “Box 4” of the timing diagrams shows the case where we want to signal the

stroboscope on the 1st image in the viewed cycle for the �rst time (n = 0 and m = 0). Just

as in the previous boxes,downCounterCountis initialized to n. Then the circuit signals

the stroboscope and disengages the latches in the �owchart shown in �gure 9 when

downCounterCountreaches 1111 1111 1111 binary. Note that the strobe has occurred

1/5th farther into the cycle of A(t), which also corresponds to the beginning of a new

viewed cycle.

Experimental Setup

We saw some pictures of the experimental setup in Chapter 1. Figures 12 and 13

show additional pictures of the experimental setup. These pictures show a video camera

instead of a shaving mirror for recording images instead of directly viewing them. Just as

in the earlier pictures, the trombone has a special mouthpiece that is clear. There is also a

microphone inserted into the mouthpiece. The output of the microphone goes to 2

Barcus-Berry “super boost” ampli�ers that are connected inseries so that the input signal

to the device is roughly 1 V peak to peak. (The main component in these ampli�ers is an

MC3476 operational ampli�er).
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FIGURE 9. Flowchart of the circuit
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FIGURE 10. Timing diagram part 1 of 2
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FIGURE 11. Timing diagram part 2 of 2

24



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, but with some additions.

Connections to a particular location on a chip or dial are labeled in txt font and

capitalized. One such example is,RST, which refers to the reset pin of a 4017 counter.

Finally, the circuit diagrams in the section Detailed Description of Each Block are drawn

in a program that allows only one font. However, one can stilldistinguish variables from

connections since the connections are all capitalized, while the variables are not.

Block Diagram of the Circuit

Figure 14 shows the circuit divided into eight blocks. We canrelate these blocks to

the �owchart from �gure 9. Blocks 1 and 2 producetrigger and�eldReadyrespectively.

Blocks 5 and 6 produce B(t). Block 3, andCE, PE, andCPon the 4029 counters that

down count in Block 8, play the role of latch 1 and latch 2. Finally, the rest of Block 8,

Block 4, and Block 7 perform the tasks labeled (a), (b), and (c) in �gure 9. The next two

subsections describe additional important features in �gure 14.
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FIGURE 14. Block diagram for the circuit
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qMostSigBit

In chapter 2 we frequently mentioned the variabledownCounterCount, but this

variable is noticeably missing in �gure 14. (Recall thatdownCounterCountis a 12 bit

binary number that counts down from n, the number of images sofar into the viewed

cycle, to 1111 1111 1111 binary, the next down count after 0).However,

downCounterCountis related to another variable,qMostSigBit, which is shown in �gure

14. qMostSigBitis a signal that goes high when the most signi�cant bit from

downCounterCountgoes high. Notice that ifdownCounterCountwere to equal 2048

(which is 1000 0000 0000 binary), then the most signi�cant bit of downCounterCount

would be high. However,downCounterCountcould never be directly set to 2048, since

the dials to set N, the total number of images in a viewed cycle, only go up to 999.

Therefore, the only way for the most signi�cant bit ofdownCounterCountto go high is

for downCounterCountto reset to 1111 1111 1111 binary on the down count that follows

0. This is very convenient, because we only need to look atqMostSigBitrather than all of

the 12 bits that make updownCounterCount.

How the 4017 Counters Automatically Reset Themselves

Notice in Figure 14 that a high output from the 4017 counters will always go toRST.

This is very convenient because it allows the 4017 counters to automatically reset

themselves once they have reached the appropriate count. Here is how this works. Once

the counters count to the number speci�ed by the dials, the output goes high. However,

this high output also goes toRST. A high on a pin toRSTforces the counters to reset to 0

and counting is halted. But once the counters are reset to 0, the output no longer equals

the count speci�ed on the dials. Therefore the output is low,and henceRSTreturns low,

and counting of the counters may proceed. This technique of automatically resetting the

4017 counters, along with the technique of looking at onlyqMostSigBitgreatly simpli�ed

the design of this circuit. These techniques should help to illustrate 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 from Figure 14 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 a comparator. The

noninverting input to the LM358 sets the trigger level usinga 10K pot. CAP2 blocks any

dc input from the microphone, and the inverting input to the LM358 is biased at 2.5 Volts.

When the voltage at the inverting input goes higher than the upper threshold of the trigger

level, the output goes from high to low. Conversely, when thevoltage at the inverting

input falls below the lower threshold of the trigger level, the output goes from low to

high. There is an upper and lower threshold of the trigger levels to screen out any false

triggering due to noise that might exist on the input signal.This difference in threshold

levels, or hysteresis, is roughly 0.01 V.

The output from the LM358 gives not only information about the level of the input

signal but also information about the slope of the input signal. When a signal crosses

above a triggering level, it has a positive slope, and when a signal crosses below a

triggering level, it has a negative slope. If the output fromthe LM358 goes from high to

low, then we can conclude that the input has a positive slope,and if the output goes from

low to high, then the input has a negative slope. A single poledouble throw (SPDT)

switch connects eitherslope(-)or slope(+)to trigger depending on whether one desires to

set the trigger point from A(t) on a negative or positive slope. Whentrigger produces a

rising edge, the trigger point on A(t) 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 diagram for Block 2. As

mentioned on page 16, the output signals produced by camcorders contain information to

form sets of interlaced horizontal lines called �elds. The purpose of Block 2 is to detect

the vertical sync pulses which separate �elds and send a signal, �eldReady, a short time

later.

The �rst line in Figure 16 shows qualitatively what the output from the video camera

looks like. The part of the signal above the black level contains picture information. The

sync pulses vary from black level to 0.28 V below the black level. The pnp transistor, T2,

separates the vertical sync pulse sequence from the rest of the camcorder signal. R21

biases the pnp transistor so thatpictSigRemovedis near zero. CAP3 blocks any dc at the

input and R20 and CAP4 allow the negative parts of the synchronization pulses to get to

the base of T2 and bring the transistor into signi�cant conduction. The signal at the

output of the inverter,sigCleaned, gives a solid 0 to 5 V output and the Schmitt trigger

compensates for any irregularly shaped pulses. Note that all of the inverters in Figure 17

have the additional feature of being Schmitt triggered, meaning that they have hysteresis.

This hysteresis response is most noticeably seen with the inverter between the signals,

integratorandthesholdXed. R23, CAP5, and CAP6 form an RC integrator circuit, the

output of which atintegrator. The inverter that follows detects whenintegratorcrosses

the upper and lower trigger thresholds. Whenintegratorcrosses below the lower

threshold,thresholdXedgoes high, and remains high untilintegratorcrosses above the

upper threshold. The duration of this pulse given bythresholdXedis about 180

microseconds.

Diode1, CAP7, and R24 form a monostable.monostablegoes high when

thresholdXedgoes high. WhilethresholdXedis high, CAP7 charges to 5 V. When

thresholdXedgoes low,�eldReadystays low until CAP7 has discharged through R24 and
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monostablehas crossed the lower threshold. The time for�eldReadyto go high after

thresholdXedhas gone high is about 1 ms. The delay of this monostable insures that the

strobe from the circuit will not occur between �elds.
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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 signalstrigger, �eldReady,

strobeOccurred, and B(t). Let's assume thatstrobeOccurredis high, which forces

enableDownCountto be high. The signalenableDownCountgoes toCEandPEof the

4029 counters that down count in Block 8. A high signal fromenableDownCount

disables down counting and setsdownCounterCountto n.

Also shown in Block 3 is a SPDT switch which gives one the option to bypass Block

2, the�eldReadydetector. It is useful to bypass the�eldReadydetector for two kinds of

situations. The �rst situation is if one simply wants to use the circuit to view live images,

without recording the images with a camcorder. This situation was shown in Figure 2.

The other situation occurs when one wants to record images with a camcorder at low

playing frequencies (roughly less than 60 Hz). In this case one can obtain better images

when the camcorder records images without waiting for a new �eld. Although this

causes variations in light intensity, more images are captured and one can get an overall

better recording without waiting for the�eldReadysignal. The switch in Block 3 either

connectsstrobeOccurreddirectly to�eldReadyOn/Off, or the switch connects

�eldReadyOnto �eldReadyOn/Off. In either case, whenstrobeOccurredis high,

readyToDownCountis low. WhenstrobeOccurredgoes low and ifstrobeOccurredis

connected to�eldReadyOn/Off, thenreadyToDownCountwill go high after a rising edge

is produced atoutOfPhase. (The signaloutOfPhaseis a square wave with the same

frequency as trigger. If one wishes, this signal could be replaced withtrigger.) On the

other hand, if the switch connects�eldReadyOnto �eldReadyOn/Off, then�eldReady

must produce a rising edge, and thenoutOfPhasemust produce a rising edge in order to

makereadyToDownCounthigh. OncereadyToDownCountand B(t) go high at A2, then

enableDownCountwill go low and down counting may proceed.

PLL3 and the inverter that follows PLL3 add some trouble shooting �exibility in the
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rare case that one observes instabilities in the viewed cycle. However, PLL3 and the

inverter that follows PLL3 are not essential and could be replaced with the signal from

trigger. The output of PLL3,divideBy1, has the same frequency astrigger, although

divideBy1has a 50 50 duty cycle. (PLL3 is set to divide by 1 and that is whythe input

signal has the same frequency as the output signal atVCOOUT). After divideBy1is

inverted, the output signal from this inversion,outOfPhase, is 180� out of phase with

divideBy1and thereforeoutOfPhaseis also180� out of phase withtrigger. Hence, when

N is odd,outOfPhaseis guaranteed to be out of phase with B(t). If there were

instabilities while viewing an image, one could set N to an odd number, and this would

eliminate one possible cause for timing glitches becauseoutOfPhaseand B(t) cannot go

high at the same time in this situation. However, as already mentioned, PLL3 and the

inverter that follow it are really not necessary, and they could be replaced with a signal

from trigger.
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FIGURE 18. Enable/Disable Down Counters

39



Block 4: Count M, Fields/Image

Figure 19 shows Block 4. The 1 pole 10 position switches are used to set M. These

switches are labeled S7, S8, and S9. S7 sets the “1s” decimal,S8 sets the “10s” decimal,

and S9 sets the “100s” decimal. On each of these switchesOUTis connected to one of

TO0to TO9. Each rising edge fromstrobeOccurredincrements the counters. The

current count of the counters is called m. When m reaches M,OUTon each of S7, S8,

and S9 are all high, and thereforeadvanceImagegoes high. The signal,advanceImage

goes to Block 7 and 8 and increments n. In addition, a high signal fromadvanceImage

goes toRSTon C7, C8, and C9. Therefore, whenadvanceImageis high, C7, C8, and C9

are all reset to 0. Since the value of m is now set to 0 instead ofM, advanceImagereturns

to 0. If the buttonmanualAdvanceis pushed,advanceImagewill 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(t)

Blocks 5 and 6 produce B(t). The way this is done is shown qualitatively in Figure

20. The 4046 chip does everything it can to make the frequencyof the signals,trigger, at

PCAIN andcompIn, atPCBIN, the same. However, the frequency ofcompInis 1/N the

frequency of the signal at the output of the 4046 chip, B(t), due to the divide by N block

in between these signals. Therefore, the only way forcompInto have the same frequency

astrigger B(t)oldandfor the frequency ofcompInto be 1/N the frequency of B(t), is for

the frequency of B(t) to be N times the frequency oftrigger.

Figure 21 shows Block 5. Block 5 shows two phase-locked loop chips, PLL1 and

PLL2, that are used to generate B(t). If one wants the frequencies of B(t) to be in the

range from roughly 50 Hz to 30 kHz, then the SPDT switch shouldbe set to connect

lowFreqto B(t). This is the most common situation. However, if the frequencies of B(t)

are to be in the range from 1 kHz to 100 kHz, the SPDT switch should be set to connect

highFreqto B(t). The values of the external resistors and capacitors that set these

frequency ranges for PLL1 and PLL2 were found from a combination of trial and error,

and using the tables in the book The CMOS Cookbookby Lancaster [9].
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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 are used to set N. These

switches are labeled S1, S2, and S3. S1 sets the “1's” decimal, S2 sets the “10's”

decimal, and S3 sets the “100's” decimal. On each of these switchesOUTis connected to

one ofTO0to TO9. Each rising edge from B(t) increments the counters. After N rising

edges from B(t) have been counted, the signals at eachOUTat S1, S2, and S3 are all

high, and thereforecompIngoes high. The signal,compIngoes to the input,PCBIN, in

Figure 21. SincecompIngoes high once for every N rising edges from B(t), the

frequency ofcompInis 1/N the frequency of B(t). In addition,compInalso goes toRST

on C1, C2, and C3. Therefore, whencompInis high, C1, C2, and C3 are all reset to 0 to

allow the process of counting the rising edges from B(t) to repeat. (The time forcompIn

to go from high to low again is about 30 ns, which is much smaller than the period of

B(t). Therefore, the counters should not miss an increment whilethey 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 are used to set N. These

switches are labeled S4, S5, and S6. S4 sets the “1's” decimal, S5 sets the “10's”

decimal, and S6 sets the “100's” decimal. On each of these switchesOUTis connected to

one ofTO0to TO9. Each rising edge fromadvanceImageincrements the counters. The

current count of the counters is called n. When n reaches N, the signal at eachOUTat S4,

S5, and S6 are all high, and thereforeresetBinarynCountersgoes high. The signal,

resetBinarynCountersgoes to Block 8 and resets the counters that count n in binary.In

addition, a high signal fromresetBinarynCountersgoes toRSTon C4, C5, and C6.

Therefore, whenresetBinarynCountersis high, C4, C5, and C6 are all reset to 0. And

since the value of n is now set to 0 instead of N,resetBinarynCountersreturns 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 Binary &downCounterCount

Figure 24 shows Block 8. U1, U2, and U3 correspond to the counters that count n in

binary. The output of these counters, n, is a 12 bit binary number, whose most signi�cant

bit is onQ4of U3 and least signi�cant bit is onQ1of U1. n goes to D1, D2, and D3, the

counters whose output signal corresponds todownCounterCount. When eitherresetor

enableDownCountgo high,downCounterCountis set to n and down counting is disabled.

(If n changes in U1, U2, and U3 whileresetor enableDownCountare high, the output of

downCounterCountwill also change to remain the same as n.) Whenresetand

enableDownCountare low, down counting starts at n and the output of

downCounterCountdecrements after each rising edge from B(t). The count after 0 for

downCounterCountis 1111 1111 1111 binary. On this countqMostSigBitgoes from low

to high. This rising edge fromqMostSigBitgoes to the monostable, M1, and triggers an

output pulse from M1. The output pulse from M1 lasts about 0.64 milliseconds and

makesoutputon the collector of T1 go from high to low, thereby activatingthe

stroboscope. In addition, the output from M1 makesstrobeOccurredgo high.

Also shown in Block 8 is a debouncing circuit consisting of R49, CAP21, and a

Schmitt trigger inverter for the manual advance button. Pushing the manual advance

button will also makestrobeOccurredhigh.
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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 unused gates, theresetbutton, a

circuit to generate a 5 V power supply, and additional capacitors to insure that the 5 V

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 in designing and testing this

circuit that deserve mention. Suppose that in Figure 18,enableDownCountwas

connected directly toQon F1, and F2 and A2 were eliminated. This would simplify the

logic. But surprisingly, the circuit doesn't work in this case! It's impossible to see step

wise increments in the viewed cycle, and still images are jittery at best. Since the trigger

signal has small variations in its frequency, the additional logic circuits are necessary to

ensure correct timing.

The other surprising thing is that the circuit would not workif the LM358 is replaced

with an LM393 comparator. (The LM393 is a dual version of the LM339.) One would

guess that it would be better to use a comparator instead of anop amp in order to set the

trigger point on A(t). However, when we did this, althoughtrigger produced solid 0-5 V

pulses, it was impossible to see stepwise increments in the viewed cycle and still images

were jittery. It appears that the slower performing LM358 was needed in order keep

everything timed correctly.
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APPENDIX B

CONSTRUCTION OF THE DEVICE
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CONSTRUCTION OF THE DEVICE

Device Construction

The �rst prototype of the device was made on a breadboard as shown in Figure 26.

Once this was working, the circuit was produced on a printed circuit board and enclosed

in a box as shown in �gure 27. The wires from the rotary switches are crimped to 14 pin

plugs. (Although each plug has space for 14 wires, only 11 areused. 10 wires are used

for the connections of “0” through “9” on a rotary switch, andone additional wire for the

output of the rotary switch.) The wires from the rotary switches are color coded

according to the resistor color code to prevent confusion. Therefore, the black wire goes

to “0” on the rotary switch, brown to “1” on the rotary switch,etc. In the bill of

materials, the ganged rotary switches are 2 pole 12 positionswitches. Therefore, only 10

of the 12 positions are used on these ganged switches. Figures 28 to 31 show the rotary

switches and how they are connected to the printed circuit board.

Figure 32 shows where on the printed circuit board to place the components and wires

that go to the external pot, SPDT switches, and buttons. This�gure also shows all of the

holes that connect a trace on the bottom layer to a trace on thetop layer. Many of these

holes also provide test points for troubleshooting the circuit. (This was a very useful

feature!) Figure 33 shows the top layer of the printed circuit board and �gure 34 shows

the bottom layer of the printed circuit board. The printed circuit board layout was

designed using software provided by expressPCB.com. Afterthe printed circuit board

drawing was completed, the �le containing this drawing was emailed to expressPCB.com.

The printed circuit board arrived just a week later.

All of the components that were used in the construction of this circuit can be
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purchased from Mouser Electronics. Tables 2-4 list all of the items 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 (Only 10 positions 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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Mouser Part # Mfgr. Part # Product Desc./Customer Part # Qty
Price             
(as of 12/03)

Extended

517-3302/60FT 3302/60-CUT-LENGTH
3M IDC Flat Cable                        
0.050" 60C 10 COL/FT

5 $5.36 $26.80

151-2P14 151-2P14 DGS Sockets  BLK 14 PIN PLUG 9 $0.59 $5.31

575-199314 110-99-314-41-001
Mill-Max DIP Low Profile Sockets     
14P TIN PIN TIN CONT

16 $0.31 $4.96

575-199316 110-99-316-41-001
Mill-Max DIP Low Profile Sockets     
16P TIN PIN TIN CONT

19 $0.35 $6.65

575-199308 110-99-308-41-001
Mill-Max DIP Low Profile Sockets     
8P TIN PIN TIN CONT

1 $0.19 $0.19

561-K6.25 13SP041
Eagle Plastics Nylon Spacers  SPCR 
NYLN RND 6X.25

4 $0.14 $0.56

10YQ110 10YQ110
Xicon/Alpha Rotary Switches ROT 
1POL 10POS NS PC

3 $1.57 $4.71

10WR212 10WR212
Xicon/Alpha Rotary Switches 
ROTARY 2 POLE 12 POS

3 $3.17 $9.51

41FG100 41FG100
HIQ Heavy Duty Power Transformers 
TRANS FIL 12.6V 0.1A

1 $2.74 $2.74

534-3523 3523
Keystone Fuse Clips and Holders 
FUSE HOLDER

1 $1.40 $1.40

504-AGC-1/8 BK/AGC-1/8
Bussmann Standard 1/4 x 1-1/4 Fast 
Acting Fuses  FAST ACT FUSE 1/8A

1 $0.98 $0.98

563-SC-12101 SC-12101
Bud Small Metal Cabinets  3.25" x 
11.93" x 1"

1 $55.95 $55.95

173-33121 173-33121
DGS AC Power Cords  6' 3WIRE 
18AWG GRY

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
Carling Rocker Switches  AMBER 
125V NEON LAMP

1 $3.80 $3.80

16PJ052 16PJ052
DGS RCA Phono Jacks  RCA PHONO 
JACK

2 $0.69 $1.38

611-7101-021 7101P3YZQE
ITT Cannon (C&K) Toggle Switches 
ON-ON SPDT SLDR MNT

3 $5.41 $16.23

31CR401 31CR401
Xicon 17mm Carbon Potentiometers 
POT KNURL SHFT 10KB

1 $1.12 $1.12

103-1113 103-1113
Mountain Switch Pushbutton 
Switches  MTL BDY BLK STM/CAP

2 $0.83 $1.66

530-108-0903-1 108-0903-001
Johnson Components Electronic 
Hardware  BANANA JACK BLACK

2 $0.45 $0.90

TABLE 2. Bill of Materials Pg 1 of 3
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530-108-0907-1 108-0907-001
Johnson Components Electronic 
Hardware  BANANA JACK YELLOW

1 $0.45 $0.45

530-108-0910-1 108-0910-001
Johnson Components Electronic 
Hardware  BANANA JACK BLUE

2 $0.45 $0.90

511-4017 HCF4017BEY
ST 5V Logic (HCF4xxx, M74HC/HCT, 
74AC/ACT, 74VHC/VHCT) DIP-16 
Decade Counter/Div

9 $0.60 $5.40

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

2 $0.40 $0.80

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

1 $0.44 $0.44

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

1 $0.70 $0.70

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

2 $0.34 $0.68

511-4071 HCF4071BEY
ST 5V Logic (HCF4xxx, M74HC/HCT, 
74AC/ACT, 74VHC/VHCT) DIP-14 
Quad 2-Input OR Gate

2 $0.34 $0.68

511-LM358AN LM358AN
ST Operational Amplifiers DIP-8 
DUAL OP AMP

1 $0.38 $0.38

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

3 $1.06 $3.18

512-CD4029BCN CD4029BCN
Fairchild CD4K CMOS Logic  DIP-16 
Binary/Decade Ctr

6 $0.64 $3.84

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

1 $0.06 $0.06

511-2N3906 2N3906
ST Small Signal Transistors  TO-92 
PNP GEN PUR SS

1 $0.06 $0.06

511-L78LO5ABZ L78LO5ABZ
ST Voltage Regulators  TO-92 +5V 
0.1A VREG

1 $0.28 $0.28

512-1N4002 1N4002 Fairchild Rectifiers  DO-41 4 $0.05 $0.20

512-1N914B 1N914B
Fairchild Diodes  DO35 High Cond Fast 
Diode

1 $0.04 $0.04

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

1 $0.20 $0.20

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

1 $0.44 $0.44

581-SR155C223K SR155C223KAA
AVX Radial Monolithic Capacitors 
50V 0.022uF X7R 10%

2 $0.18 $0.36

581-CK05BX102K CK05BX102K
AVX Multi-Layer Film Capacitors 
200V 1000pF 10%

6 $0.30 $1.80

581-SR201A332J SR201A332JAA
AVX Radial Monolithic Capacitors 
100V 3300pF NPO 5%

1 $0.72 $0.72

TABLE 3. Bill of Materials Pg 2 of 3
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581-CK05BX104K CK05BX104K
AVX Multi-Layer Film Capacitors  50V 
0.1uF 10%

6 $0.30 $1.80

581-SR305C105K SR305C105KAA
AVX Radial Monolithic Capacitors 
50V 1uF X7R 10%

4 $1.05 $4.20

75-517D50V47 517D476M050AA6A
Vishay/Sprague Aluminum 
Electrolytic Capacitors - 105 Degree 
RADIAL 50V 47uF

1 $0.27 $0.27

71-RN60D-F-475 RN60D4750FB14
Vishay/Dale 1/4W 1% Metal Film 
Resistors  1/4W 1% 475 OHM

1 $0.21 $0.21

71-RN60D-F-1K RN60D1001FB14
Vishay/Dale 1/4W 1% Metal Film 
Resistors  1/4W 1% 1K OHM

2 $0.21 $0.42

71-RN60D-F-2.0K RN60D2001FB14
Vishay/Dale 1/4W 1% Metal Film 
Resistors  1/4W 1% 2K OHM

2 $0.21 $0.42

71-RN60D-F-3.32K RN60D3321FB14
Vishay/Dale 1/4W 1% Metal Film 
Resistors  1/4W 1% 3.32K OHM

1 $0.21 $0.21

71-RN60D-F-4.75K RN60D4751FB14
Vishay/Dale 1/4W 1% Metal Film 
Resistors  1/4W 1% 4.75K OHM

1 $0.21 $0.21

71-RN60D-F-10K RN60D1002FB14
Vishay/Dale 1/4W 1% Metal Film 
Resistors  1/4W 1% 10K OHM

3 $0.21 $0.63

71-RN60D-F-22K RN60D2202FB14
Vishay/Dale 1/4W 1% Metal Film 
Resistors  1/4W 1% 22K OHM

1 $0.21 $0.21

71-RN60D-F-30K RN60D3002FB14
Vishay/Dale 1/4W 1% Metal Film 
Resistors  1/4W 1% 30K OHM

2 $0.21 $0.42

71-RN60D-F-68.1K RN60D6812FB14
Vishay/Dale 1/4W 1% Metal Film 
Resistors  1/4W 1% 68.1K OHM

1 $0.21 $0.21

71-RN60D-F-100K RN60D1003FB14
Vishay/Dale 1/4W 1% Metal Film 
Resistors  1/4W 1% 100K OHM

1 $0.21 $0.21

71-RN60D-F-221K RN60D2213FB14
Vishay/Dale 1/4W 1% Metal Film 
Resistors  1/4W 1% 221K OHM

1 $0.21 $0.21

71-RN60D-F-470K RN60D4703FB14
Vishay/Dale 1/4W 1% Metal Film 
Resistors  1/4W 1% 470K OHM

1 $0.21 $0.21

71-RN60D-F-1M RN60D1004FB14
Vishay/Dale 1/4W 1% Metal Film 
Resistors  1/4W 1% 1M OHM

27 $0.21 $5.67

71-RN60D-F-1.5M RN60D1504FB14
Vishay/Dale 1/4W 1% Metal Film 
Resistors  1/4W 1% 1.5M OHM

2 $0.27 $0.54

71-CMF-J-6-6.8M CMF556M8000FKBF
Vishay/Dale 1/8W 1% Metal Film 
Resistors  6.8 MEGOHM 100ppm

2 $0.98 $1.96

Printed Circuit Board from ExpressPCB
2 

(minimum 
order)

$195.90 $195.90

TOTAL $389.42

TABLE 4. Bill of Materials Pg 3 of 3
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